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Centrality dependence of strange particle production in Pb-Pb collisions at
√
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(Received 24 November 2025; accepted 26 May 2026; published 20 August 2026)

The centrality dependence of strange (K0
S , �+ �) and multistrange (�−+ �

+
, �−+ �

+
) hadron production is

measured by ALICE in the Large Hadron Collider (LHC) lead-lead (Pb-Pb) collisions at a center-of-mass energy
per nucleon pair

√
sNN = 5.02 TeV, using the full dataset collected during the LHC Run 2 campaign in the years

2015 and 2018. This is the largest heavy-ion dataset analyzed to date at the LHC, and it allows for the extraction
of transverse momentum (pT ) spectra and pT -integrated yields with unprecedented precision, over a broad range
of charged particle multiplicity densities (〈dNch/dη〉|η|<0.5), probing regions where smaller collision system (pp
and p-Pb) results are also available. The pT spectra evolve with centrality, featuring higher 〈pT 〉 in central events
for all particles. The �/K0

S ratio exhibits the distinctive baryon-to-meson enhancement in the intermediate pT

region, with a maximum which is shifted to larger pT for more central collisions. The hadron-to-pion yield
ratios are presented as a function of 〈dNch/dη〉|η|<0.5 and compared to results from different collision systems
and energies. A smooth connection from pp to Pb-Pb is observed, thus demonstrating that collision system or
energy do not play a role in the multiplicity evolution of this observable. The previously reported enhancement
of strangeness production in the multiplicity range probed in pp and p-Pb collisions saturates in the multiplicity
range of Pb-Pb data. These results constitute a key test bench for theoretical models and a first comparison to the
EPOS 4 generator is presented.

DOI: 10.1103/j21y-pqd6

I. INTRODUCTION

Strange hadron production studies in ultrarelativistic
heavy-ion collisions are an important tool to characterize
the strongly interacting matter known as quark-gluon plasma
(QGP). As predicted by quantum chromodynamics (QCD),
this state is created when nuclear matter, under extreme en-
ergy density conditions (ε � 0.5 GeV/fm3 [1]), undergoes
a transition into a system whose relevant degrees of free-
dom are partonic. In this respect, a modified (multi-)strange
hadron production probability was originally proposed as a
signature for QGP formation [2–4]. The argument was that in
the high-temperature deconfined state of strongly interacting
matter, the abundant presence of gluonic excitations would
cause a higher rate of strange quark-antiquark production,
leading to a fast equilibration of strangeness. In contrast to a
purely hadronic gas scenario, where reaction rates are too low
to allow for equilibration of strange particle densities, QGP
formation would lead to an enhancement of strange hadrons
and, in particular, of multistrange (anti)hyperons.

∗Full author list given at the end of the article.
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However, it has also been argued that strangeness enhance-
ment strongly depends on the thermodynamical circumstances
considered. Therefore, the predicted enhancement due to the
plasma might not be as large as previously expected [5,6]. The
comparison of a plasma with a hadronic system in equilib-
rium with the same amount of entropy and baryon number
showed that strangeness could be equally abundant in both
cases [7]. In fact, statistical hadronization models with their
grand-canonical formalism have been successful in fitting the
abundance of light hadrons over a wide range of masses,
from pions to light nuclei, and across various energies [8–12].
In this approach, the baseline for strange hadron production
is the measurement in heavy-ion collisions. However, the
smaller abundances observed in hadronic interactions could
be regarded as coming from the limited phase space available
due to local strange quantum number conservation (“canon-
ical suppression” [13]). Moreover, in small-volume systems,
the γS approach [14,15] accounts for the fact that strangeness
may not reach full chemical equilibrium, meaning that its
abundance would not match the one expected in a fully
thermalized scenario. In a scenario without QGP formation,
but considering alternate processes like hadronization through
string formation in multiple collisions, strangeness production
could be significantly enhanced as well [16–18].

The comparison between strange hadron production in
heavy-ion and smaller collision systems led to the observa-
tion of the strangeness enhancement phenomenon, from the
energy ranges of the CERN Super Proton Synchrotron with√

sNN = 17.3 GeV [19–23], through the Relativistic Heavy
Ion Collider (RHIC) with

√
sNN = 200 GeV [24,25] up
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to the Large Hadron Collider (LHC) at
√

sNN = 2.76 TeV
[26]. Furthermore, in the energy range from RHIC to LHC,
the hyperon-to-pion ratio as a function of collision centrality
exhibits a universal behavior across different collision ener-
gies, showing a feeble increase of the ratio from peripheral to
central collisions and reaching a saturation value from mid-
to-central collisions. In recent years, the extension of these
studies to smaller collision systems such as pp and p-Pb trig-
gered large interest in both particle and high-energy nuclear
physics theory communities. The hyperon-to-pion ratio was
studied as a function of event multiplicity instead of using
geometrical quantities, allowing for a direct comparison of
results obtained in different collision systems. Surprisingly,
strangeness enhancement was observed in high-multiplicity
pp [27–30] and p-Pb [31,32] interactions, with a pattern that is
insensitive to the collision center-of-mass energy and system.
To solidify this observation, significant emphasis has been
given to extending the study to the highest accessible multi-
plicity in small systems. However, the extension to the most
peripheral collisions in Pb-Pb is equally important in order to
cover a multiplicity region common to all the three systems.
The latter is the focus of the work reported here.

In this paper, results on strange (K0
S , �, and �) and

multistrange (�−, �
+

, �−, and �
+

) hadron production in
Pb-Pb collisions at

√
sNN = 5.02 TeV are presented. These

results constitute the most precise determination of strange
particle transverse momentum (pT ) distributions and yields
at the highest center-of-mass collision energy provided by
LHC during its Run 2 (2015–2018) Pb-Pb data taking period.
As such, they will serve as a key test bench for a precise
determination of the thermodynamic parameters of the cre-
ated system and for the tuning of Monte Carlo (MC) event
generators. A comprehensive model comparison is out of the
scope of this paper, but a first comparison of the results to
the EPOS 4 MC event generator [33,34] is carried out. EPOS
is based on the Gribov-Regge theory at the parton level [35],
with an hydrodynamic evolution and statistical hadronization
of the hot regions (core) and in-vacuum hadronization of the
colder regions (corona). In version 4 of the EPOS model,
considerable focus has been placed on tuning the dynamics
associated with strange particle formation [36], making it a
suitable tool to highlight all the general features connected to
the hadronization of a hot extended rapidly expanding system,
from hydrodynamic parton flow, to quark coalescence and
gluon fragmentation dynamics. At the same time, it enables
a comparison of the expected yields from its core-corona
approach with the real data.

The paper is organized as follows: Section II summarizes
the ALICE setup used during the LHC Run 2 campaign, while
Sec. III provides details on the data analysis, including sample
definition and all steps from reconstruction to signal extrac-
tion and corrections. In the same section, a description of all
sources of systematic uncertainty is given. Finally, Sec. IV
presents the results and Sec. V presents the conclusions.

II. EXPERIMENTAL SETUP

A detailed description of the ALICE detector and its per-
formance can be found in Ref. [37,38]. Strange hadrons are

measured in ALICE through the reconstruction of their decay
daughter particles, arranged in a distinctive weak-decay topol-
ogy. The relevant detectors for this analysis can be divided
into two subgroups: the midrapidity tracking and particle
identification systems and the forward rapidity detectors used
to trigger and select events. The ALICE central barrel tracking
system consists of the Inner Tracking System (ITS) [39] and
the Time Projection Chamber (TPC) [40]. The ITS detector
covers the pseudorapidity range |η| < 0.9 and it is further
divided into three different subdetectors, each consisting of
two cylindrical layers surrounding the beam vacuum tube. The
four outer layers are based on silicon drift and double-sided
silicon strip technologies, used for tracking and particle iden-
tification. The innermost two layers, based on hybrid-pixel
sensors, are used for tracking and for primary vertex determi-
nation. The main tracking detector is the TPC, which provides
full azimuthal and a longitudinal coverage of |η| < 0.9, allow-
ing up to 159 reconstructed clusters per track. The TPC also
enables precise particle identification through specific ioniza-
tion energy loss in the detector gas (dE/dx). The outermost
detector used in this work is the time of flight (TOF) [41],
positioned at a radial distance of 370 cm from the beam axis.
It has a pseudorapidity coverage of |η| < 0.9, full azimuthal
acceptance, and it is used to measure the time-of-flight of par-
ticles with an intrinsic time resolution of <60 ps. A solenoidal
magnet generates a uniform 0.5-T field along the longitudinal
axis, bending charged particle tracks in the transverse plane.
The main detector used for triggering is the V0 system [42],
an array of scintillator detectors comprising two parts placed
in the forward (2.8 < η < 5.1) and backward (−3.7 < η <

−1.7) regions outside the TPC coverage. Event selection also
uses data from the Zero Degree Calorimeter (ZDC) [43],
located at ±112.5 m from the interaction point (IP), to reject
electromagnetic interactions and to remove background from
collisions involving charge circulating outside the nominal
LHC bunch position. Additionally, the signal amplitude in
the V0 detector is employed to determine collision centrality
[44], expressed in terms of the percentile of the hadronic cross
section, with 0% identifying the most central collisions.

III. DATA ANALYSIS

A. Data sample and event selection

This analysis is based on 280 million Pb-Pb collision
events at

√
sNN = 5.02 TeV, comprising the entire Pb-Pb data

sample collected in 2015 and 2018 by ALICE during the LHC
Run 2 campaign. On top of a minimum-bias trigger, requiring
at least one hit in both the V0 detectors, two specific triggers
were implemented, called central and semicentral, where the
thresholds of the V0 detector signal were tuned in order to
collect additional events in the 0–10% and 30–50% centrality
intervals. Only collisions occurring within 10 cm from the
nominal IP position in the longitudinal direction are accepted
to ensure uniform acceptance within the measured η range and
to avoid border effects. Beam-induced background events are
removed offline exploiting the V0 and ZDC timing informa-
tion [45]. Pileup of collisions from different bunch crossings
in the TPC is rejected by comparing multiplicity estimates
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from the V0 detector to those of tracking detectors at midra-
pidity, exploiting the difference in readout times between the
systems. The data sample is divided into nine equally wide
centrality intervals, ranging from 0% to 90%. The 90–100%
centrality class is not considered for the analysis because it is
significantly contaminated by electromagnetic processes.

B. Strange particle reconstruction and corrections

Strange and multistrange hadrons are detected by recon-
structing their weak decay topologies [46]:

K0
S → π+ + π− B.R. = (69.20 ± 0.05)%

� → p + π−(+c.c.) B.R. = (64.1 ± 0.5)%

�− → � + π−(+c.c.) B.R. = (99.887 ± 0.035)%

�− → � + K−(+c.c.) B.R. = (67.8 ± 0.7)%

In the rest of the paper, when similar considerations apply
to particles and antiparticles, the generic symbols �, �, and
� will be used. Given that K0

S and � are charge neutral,
the decay is characterized by a V-shape topology (hence the
name of particles) and it is built by pairing opposite-charge
tracks reconstructed in ITS and TPC. Multistrange baryons
decay into a pair formed by a V 0 and a charged particle, also
known as bachelor, and it is followed by the weak decay
of the V 0 as described before (hence the name of cascade
particles). The reconstruction process relies on the standard
ALICE weak-decay finder [47], which implements very loose
track quality, kinematical, and geometrical selections. These
criteria are then tightened at the analysis level to reduce the
large combinatorial background. The list of final selections
used in this analysis is reported in Table I.

The most effective geometrical selection on the displaced
decay-vertex topology is related to the pointing angle (θpa), the
angle between the reconstructed mother particle momentum
and the straight line connecting the primary vertex and decay
vertices. A tight selection on the cosine of the pointing angle
(cos θpa) for all the weak decays involved in the analysis
guarantees the decay products pointing towards their decay
vertex. A pointing angle selection is also applied in the anal-
ysis of multistrange particles to exclude candidates built up
from a true � particle, whose meson daughter is retained as
the cascade’s bachelor and whose baryon daughter is wrongly
associated to an unrelated pion. In this case, a diversified
selection on the minimum bachelor-to-baryon pointing angle
is developed to remove wrong candidates, whose presence
appears as a structure in the cascade’s invariant mass dis-
tribution in central events and at low transverse momentum,
with selection values going from 2.56◦ at pT ≈ 0.8 GeV/c to
0.08◦ at pT ≈ 3.2 GeV/c. Since moving from central to pe-
ripheral events the loss of candidates increases and the impact
of the wrong topology association becomes less important,
this selection is applied in the centrality range 0–40% only.
Additional selections on the decay radius (R), defined in the
plane perpendicular to the beam direction, are set in order
to reject decays not displaced enough or too far from the
interaction point, to guarantee an accurate secondary vertex
determination and good TPC tracking performance for the

TABLE I. Selection criteria applied to the (multi-)strange can-
didates and their decay products. When the selection criterion value
changes between K0

S and � or between � and �, the values for � and
� are given in brackets. The topological selection marked with (∗) is
applied only in the 0–40% centrality range, and it is parameterized
across pT , ranging between the low- and high-pT values separated
by� (more information in the text).

Daughter-track selection criterion Value

|η| <0.8
TPC crossed rows �80
TPC crossed rows over findable �0.8
χ 2 per TPC cluster �2.5
TPC nσ �5
V 0 candidate selection criterion value

cos θpa >0.97(>0.99)
R2D (cm) 1–125
DCA V 0 daughters–primary vertex (PV) (cm) >0.11
DCA V 0 daughters (σ ) <1
pArm

T (GeV/c) >0.13 (not applied)
Proper lifetime (ncτ ) <7.5 (<3.8)
|y| <0.5
ndaughters with ITS refit or hit in TOF �1
Cascade candidate selection criterion value

cos θpa >0.99
V 0 cos θpa >0.99
(∗) bachelor–baryon θpa >2.56◦ � 0.08◦

cascade R2D (cm) >1
V 0 R2D (cm) 3–85
Distance of closest approach (DCA) V 0-PV (cm) >0.1
DCA bachelor–PV (cm) >0.1
DCA V 0 daughters–PV (cm) >0.2
DCA bachelor–V0 (cm) <1
DCA V 0 daughters (σ ) <1
Proper lifetime (ncτ ) <3.0
V 0 mass window (MeV/c2) ±5
Competing mass rejection (MeV/c2) Not applied (±8)
|y| <0.5

decay products. Reconstructed tracks are propagated towards
the interaction point in order to compute the distance of clos-
est approach (DCA) with respect to the primary vertex or
between pairs of tracks. Candidates are rejected depending on
DCA selections which limit the presence of decay topologies
not compliant with displaced secondary vertices or with decay
products not pointing to the same space origin. Proper lifetime
is also considered as a criterion to exclude candidates which
decay too far from the IP with respect to the expected cτ for
the particles under study. To suppress the contamination of �

baryons reconstructed as K0
S , a selection on the maximum al-

lowed Armenteros-Podolanski transverse momentum (pArm
T ),

i.e., the transverse momentum of the positive V 0 daughter with
respect to the V 0 momentum vector, is applied. In the cascade
analysis, a selection on the estimated invariant mass of the V 0

decay candidate is performed, requiring that it does not fall
too far from the expected nominal � mass [46]. � candidates
whose invariant mass computed under the competing cascade
hypothesis falls in a close window around the nominal � mass
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[46] are discarded to avoid large contamination from wrongly
identified decay daughters. In addition to the selections related
to the decay topology, a set of kinematic and track quality
selections is also implemented. A first requirement on the
particle rapidity and on its daughters’ pseudorapidity is in-
troduced to consider candidates well inside the central barrel
region, in order to ensure a uniform tracking performance.
Good quality TPC tracks are also required in terms of min-
imum number of TPC crossed raws and good TPC track fit
quality. In addition, a successful refit of TPC tracks at the
end of the reconstruction process is also required. Particle
identification selections are performed on all decay products
with the TPC detector, retaining daughter tracks whose energy
loss in the detector gas is within a given range of nσ from the
expected dE/dx, where σ is the dE/dx resolution. In addition,
a dedicated selection is applied to remove those tracks falling
for a large fraction of their path in the dead areas between TPC
azimuthal sectors or in pads close to the sector boundaries of
the TPC detector. These tracks are not correctly modeled in
the simulations, so that their removal allows avoiding biases
in the analysis and to have better track quality. This selection
is fully applied in the V 0 analysis, while it is used only up to
a centrality of 40% for multistrange particles, since no effects
on the corrected spectra for peripheral events are observed in
this case. Finally, in order to reduce the effect of candidates
coming from out-of-bunch pile-up events not rejected at the
event selection step, for the V 0 analysis it is required that
at least one of the daughter tracks is refitted within the ITS
detector or is associated to a cluster in the TOF detector.
This selection is not required for multistrange particles, since,
despite a severe reduction in statistics, full compatibility is
observed in the final results with and without its application.

After all selections, candidates are divided in pT and
centrality intervals and the invariant mass is computed. Ex-
amples of the invariant mass distribution for strange and
multistrange particles are reported in the top and bottom pan-
els of Fig. 1 for the lowest transverse momentum region in
which a successful signal extraction is possible. In general, the
signal-over-background ratio improves with increasing pT , so
the figure shows the situation where the signal extraction is the
most challenging due to the large combinatorial background.
The signal-over-background ratio increases from central to
peripheral collisions. In order to extract the raw yields, a fit to
the invariant mass distribution is performed. The fit function
is modeled with the sum of two functions which describe
the signal and the combinatorial background respectively.
While the V 0 signal is described by a Gaussian shape, for
multistrange particles a Crystal-Ball function [48] is used. In
the latter case, the non-Gaussian tails are fixed by fitting the
invariant mass distribution of pure signal candidates extracted
from MC simulations in each pT and centrality interval. The
combinatorial background is modeled with a second (pol2)
or first-degree (pol1) polynomial function, depending on the
particle species, centrality, and transverse momentum. The
raw yield is then estimated with the bin counting method, i.e.,
by subtracting the integral of the background function from
the total number of candidates in the peak region. The peak
region is defined as a ±nσ invariant mass window around the
signal peak position. For V 0, where the signal peak is narrow

and non-Gaussian tails do not contribute significantly to the
yield estimation, n is fixed to 3, while for cascades n = 5.

A correction factor is considered to take into account
the detector acceptance, the track reconstruction efficiency,
and the efficiency of the applied candidate selection criteria
(Acc × Eff). This correction is evaluated from MC simula-
tion of HIJING [49] events injected with multiple V 0 and
cascade particles in each event to achieve negligible statistical
uncertainty with respect to real data. The generated particles
are fed to a transport code, which can be either GEANT3
[50] or GEANT4 [51]. The comparison between two MC
samples obtained with the different transport codes shows
compatible results, so the two are merged. Figure 2 (left)
shows the Acc × Eff correction factor integrated in the cen-
trality interval 0–90%, including the branching ratio factor,
as a function of pT for all particles under study. Acc × Eff
corrections are estimated for each centrality class, as large
multiplicities and tightened selections implemented in central
collisions have a significant effect on Acc × Eff. For the �

analysis, an additional correction to remove feed-down can-
didates from � decays is applied to the raw spectra: A 2D
matrix describing the decay kinematics and incorporating sec-
ondary � reconstruction efficiencies is weighted for twice the
measured � spectrum (to account for the charged and neutral
cascade decays). Figure 2 (right) reports the estimated fraction
(in the 0–90% centrality range) of uncorrected � candidates
which come from the decay of � particles. The fraction is
strongly pT dependent and reaches a maximum of 30% in
the low-pT region. The observed pT modulation reflects the
slightly different kinematics of primary and secondary � and
it becomes visible where the pT bin width changes (e.g., at
2 and 4 GeV/c). As previously discussed for Acc × Eff, also
in this case, the fraction is centrality dependent, reaching its
highest value at intermediate pT in central collisions (35%)
and decreasing to 23% in the 80–90% centrality class.

Integrated yields and 〈pT 〉 are obtained by extrapolating
the pT spectra in the low-pT region by means of a fit with
individual blast-wave functions [52]. Other parametrizations
have been exploited to assess the sensitivity to the choice of
the functional form on the extrapolated fraction, as discussed
in the next paragraph.

C. Systematic uncertainties

The list of all sources of systematic uncertainty for the
0–90% centrality class is summarized in Table II for two
representative pT intervals at low and high pT . For all baryons,
the values corresponding to the sum of particles and an-
tiparticles are reported. The major contribution to the total
systematic uncertainty comes from the adopted track and
candidate selection criteria. This uncertainty is evaluated by
changing each selection with respect to the default value in
a range leading to a ±10% variation in the raw yields and
reevaluating the corrected spectra. The maximum variation in
the final results for each selection variable is then quadrati-
cally added to all other contributions. The estimation of the
systematic uncertainty related to the signal extraction is dif-
ferent among the considered species. For both strange and
multistrange particles, the interval in which the counting of
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FIG. 1. Invariant mass distributions for (top left) K0
S , (top right) �, (bottom left) �−, and (bottom right) �− for the lowest transverse

momentum intervals accessed by the analysis. The distributions for the most central (red full markers) and most peripheral (blue open markers)
class of events are reported. The dashed lines illustrate the fits used for signal extraction.

candidates is performed is varied by ±1σ with respect to
the default case. Additionally, for K0

S and � particles, the
functions exploited in the signal extraction are varied: The raw
signal is reevaluated by using either a double Gaussian for the
signal or a third-degree polynomial for the background. This
approach is not suitable for multistrange particles due to the
more complicated shape of the invariant mass distributions.
In this case, a modified background is considered by vary-
ing the interval in which the invariant mass distributions are
fitted. Moreover, the integral of the signal function is used
as raw signal evaluation instead of the default bin counting
technique. Another source of systematic uncertainty is the
implementation of the material budget of the detector in the

MC simulations. This is evaluated by comparing different
MC simulations in which the material budget of the ALICE
detector was varied by ±4.5%, corresponding to the uncer-
tainty in the determination of the material budget obtained by
measuring photon conversions [38]. The effect of the out-of-
bunch pile-up rejection is also tested by changing the number
of daughter tracks that are required to be ITS refitted or as-
sociated to a TOF hit. Another contribution is considered to
account for the track quality for the selection on the fraction
of track path in the insensitive regions between TPC sectors,
whose parametrization is varied to study its effect on the
final corrected yields. The effect of secondary (multi-)strange
particles coming from interactions with the beam pipe or
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FIG. 2. Left: Acceptance times efficiency (Acc × Eff) as a function of pT for the reconstruction of K0
S , �, �−, and �− (full markers) and

respective antiparticles (open markers). The 0–90% centrality class is displayed. Right: Ratio of � coming from charged and neutral � baryon
decays to the inclusive � yield as a function of pT . Full and hollow markers are for matter and antimatter, respectively. The 0–90% centrality
class is displayed.

the detector material is also studied via the MC simulation,
and it leads to negligible uncertainty. In the � analysis, the
feed-down estimation is varied by shifting the � spectra by
±1σ of their systematic uncertainty, thus accounting for the
imprecision in the cascade spectrum determination. Finally,
since the overall data sample used for the analysis consists of
data collected in two different periods, a contribution taking
into account the difference in corrected yields between the
2015 and 2018 data samples is considered. This amounts to
an effect smaller than 3%, thus showing the stability of the
ALICE detector and running conditions during the entire LHC
Run 2 campaign.

The effect of different pT parametrizations in the extrac-
tion of integrated yields and 〈pT 〉 is studied by exploring
several functional forms in the low-pT extrapolation proce-
dure, such as Lévy-Tsallis [53], Bylinkin [54], Hagedorn [55],

Bose-Einstein, and Fermi-Dirac. This source of systematic
uncertainty is centrality dependent, being the highest in pe-
ripheral collisions (6%, 5%, 4%, and 6% for K0

S , �, �, and �,
respectively, in the 80–90% centrality class) and the lowest in
central ones (2%, 1%, 1%, and 3%, respectively, in the 0–10%
centrality class). For the 〈pT 〉 measurement, the systematic
uncertainty associated to the extrapolation function is in gen-
eral lower, reaching the highest value of 5% for peripheral
collisions in the � case.

The normalization uncertainty due to the centrality in-
terval definition was estimated by varying the limits of
the centrality classes to account for the uncertainty on the
fraction of the hadronic cross section used in the Glauber
fit to the total amplitude from the V0 detector [56]. It
reaches 10% in the most peripheral event class, while it de-
creases down to <0.5% in the 0–10% class. The systematic

TABLE II. Summary of systematic uncertainties (classified by source) in percent on the K0
S , �, �, and � pT spectra measurement for the

0–90% centrality class. Values at low and high pT are displayed.

K0
S � � �

pT (GeV/c) 0.35 18.5 0.65 13.5 0.9 9.5 1.4 7.5

Track and candidate selection 3% 4% 13% 12% 6% 15% 11% 17%
Signal extraction 6% 10% 3% 6% 1% 4% 2% 7%
Material budget 1% <1% 4% <1% 4% 1% 3% 1%
Pile-up rejection <1% 2% <1% 5% <1% 2% <1% 8%
Track-length in TPC inactive areas <1% <1% 3% 7% 4% 6% 5% 12%
Secondary particles from material <1% <1% 1% <1% <1% <1% <1% <1%
Feed-down correction − − 4% 2% − − − −
Consistency between data samples 1% 1% 3% 2% <1% 3% 2% 2%
Total 7% 11% 15% 15% 8% 17% 13% 23%
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FIG. 3. K0
S , �, �, and � transverse momentum spectra in Pb-Pb collisions at

√
sNN = 5.02 TeV for different event centrality intervals.

Error bars show the statistical uncertainty, while boxes represent the total systematic uncertainty. For each centrality class, predictions from the
EPOS4 [36] model are reported as solid lines, with the corresponding transparent area accounting for the statistical uncertainty on the model.
Scale factors are applied to both the results and the model to improve visibility.

uncertainty on the branching ratio is lower than 1% and is
neglected.

The total systematic uncertainty is calculated as the
quadratic sum of the individual contributions.

IV. RESULTS

Transverse momentum spectra of particles and their charge
conjugates are found to be compatible within uncertainties in
all the pT range, as expected at LHC energies and previously

reported [57]. For this reason, all results presented here corre-
spond to the average of particles and antiparticles.

The corrected pT spectra of strange hadrons K0
S , �, �,

and � in Pb-Pb collisions at
√

sNN = 5.02 TeV are shown
in Fig. 3 for the different centrality classes considered in
the analysis along with the centrality-integrated (0–90%) re-
sults. Nine centrality classes are considered for all particles,
achieving high granularity in pT and extending the momen-
tum reach with respect to previous results, thanks to the
large data samples acquired during the LHC Run 2 campaign.
For all the measured particle species a hardening of the pT
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FIG. 4. Left: 〈pT 〉 as a function of 〈dNch/dη〉 for K0
S , �, �, and � particle production in Pb-Pb collisions at

√
sNN = 5.02 TeV at

midrapidity (square markers). Results from pp [30] and p-Pb [31,32] collisions at the same center-of-mass energy are also reported as circles
and open diamonds, respectively. Error bars correspond to the statistical uncertainty, while boxes correspond to the total systematic uncertainty.
Solid lines are predictions from the EPOS4 [36] model. Right: �/K0

S ratio as a function of pT for the 0–10% most central (red), 40–50%
intermediate (green) and 80–90% most peripheral (blue) centrality classes. Error bars correspond to the statistical uncertainty, while boxes
correspond to the total systematic uncertainty. EPOS4 [36] predictions, scaled to the total particle yields in the corresponding centrality class,
are reported as solid lines.

spectrum moving from peripheral to central events is ob-
served. The measured spectra are compared to predictions
from the EPOS 4 event generator, which qualitatively repro-
duces the trend with centrality. EPOS 4 describes the K0

S
and � spectra within uncertainties for pT < 4 GeV/c in all
centrality classes, while it underestimates the ones of � at
pT > 2 GeV/c and overestimates the � spectrum in peripheral
collisions. In this model the hardening of the spectra from pe-
ripheral to central collisions reflects the radial flow of partons
in the hydrodynamically expanding colored medium. This
effect can be studied more quantitatively by looking at the
dependence of the 〈pT 〉 on the average charged particle mul-
tiplicity at midrapidity 〈dNch/dη〉|η|<0.5, calculated for each
centrality class, as reported in Fig. 4 (left) and in Table III.
A clear multiplicity dependence is observed for all particles
under study. This phenomenon has been previously reported
in pp [30] and p-Pb [31,32] collisions at the same center-of-
mass energy. The results from such systems are also reported
in Fig. 4 (left), where a clear discontinuity among the trends
at high multiplicity in pp, in p-Pb and at low multiplicity
Pb-Pb is observed, as previously reported for charged parti-
cles [58]. This suggests that similar multiplicities in different
collision systems are achieved by means of softer interactions
in large collision systems, or that rescattering processes in
Pb-Pb tend to decrease the 〈pT 〉 of the final state hadrons.
The 〈pT 〉 in EPOS 4 is significantly lower than the one ob-
served in the data, with a smaller deviation in more central
collisions.

The �/K0
S yield ratio as a function of the transverse

momentum is an interesting observable, as it is sensitive

to different competing physics processes in the strange
baryon/meson formation: hydrodynamic expansion, quark re-
combination, and jet fragmentation at low, intermediate, and
high pT [59]. Figure 4 (right) reports this ratio in three se-
lected centrality classes to improve visibility. The effect turns
out to be progressive when considering all centrality classes
(results corresponding to all centrality classes are available in
the data compilation). In the high-pT region, the ratios from
different centrality classes merge to a common value, a feature
that is expected if particle production at high pT is dominated
by pQCD processes as jet fragmentation. At low pT , a steep
increase in the ratio is observed, more prominent in central
than in peripheral collisions. In the 0–10% centrality class the
ratio reaches a peak of about 1.4 at pT ≈ 3.5 GeV/c, while
in the 80–90% class it reaches a peak of around 0.6 at pT ≈
2.5 GeV/c. This observation is consistent with the hydrody-
namic expansion picture, predicting that baryons should be
pushed to higher pT by radial flow more effectively than
mesons. The phenomenological interpretation of this observ-
able can be tested with the comparison to the EPOS 4 model,
which includes all the physics mechanisms discussed and the
cross-talk between hard and soft processes. As the objective
here is to compare spectral-shape ratios, EPOS 4 spectra have
been rescaled here to match the overall production yield for
the considered particle in all centrality classes. The net ef-
fect of the rescaling procedure is a ≈17% upwards shift of
the �/K0

S ratio for all centrality classes. The pT reach of
the model is restricted to 6 GeV/c due to limited statistics.
The agreement with the model is very good in most central
collisions, while the comparison worsens at intermediate and
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TABLE III. pT -integrated particle yields (dN/dy) and 〈pT 〉 as a function of centrality for K0
S , �+ �, �−+ �

+
, and �−+ �

+
hadron

production in Pb-Pb collisions at
√

sNN = 5.02 TeV. The value 0.00 indicates negligible statistical uncertainty.

Centrality K0
S � � �

dN/dy ± stat ± syst

0–10% 115.69 ± 0.08 ± 7.96 55.62 ± 0.14 ± 4.26 10.14 ± 0.04 ± 0.99 1.36 ± 0.019 ± 0.234
10–20% 78.00 ± 0.05 ± 5.32 38.89 ± 0.10 ± 3.05 6.96 ± 0.02 ± 0.66 0.878 ± 0.016 ± 0.165
20–30% 52.91 ± 0.05 ± 3.97 27.17 ± 0.03 ± 2.13 4.66 ± 0.01 ± 0.41 0.601 ± 0.014 ± 0.109
30–40% 33.77 ± 0.03 ± 2.68 17.95 ± 0.03 ± 1.52 3.16 ± 0.01 ± 0.28 0.418 ± 0.009 ± 0.070
40–50% 20.92 ± 0.08 ± 1.69 11.45 ± 0.02 ± 1.07 1.93 ± 0.01 ± 0.17 0.240 ± 0.011 ± 0.040
50–60% 11.93 ± 0.03 ± 1.09 6.72 ± 0.01 ± 0.69 1.13 ± 0.00 ± 0.11 0.133 ± 0.003 ± 0.022
60–70% 6.13 ± 0.01 ± 0.61 3.57 ± 0.01 ± 0.48 0.56 ± 0.00 ± 0.05 0.062 ± 0.002 ± 0.010
70–80% 2.75 ± 0.01 ± 0.32 1.70 ± 0.02 ± 0.24 0.23 ± 0.00 ± 0.03 0.024 ± 0.000 ± 0.004
80–90% 1.07 ± 0.00 ± 0.13 0.67 ± 0.00 ± 0.11 0.08 ± 0.00 ± 0.01 0.008 ± 0.000 ± 0.001
0–90% 36.81 ± 0.05 ± 2.95 17.93 ± 0.03 ± 1.77 3.23 ± 0.00 ± 0.31 0.412 ± 0.004 ± 0.082

〈pT 〉 ± stat ± syst (GeV/c)

0–10% 0.94 ± 0.00 ± 0.02 1.55 ± 0.00 ± 0.04 1.77 ± 0.00 ± 0.12 1.98 ± 0.02 ± 0.13
10–20% 0.94 ± 0.00 ± 0.02 1.53 ± 0.00 ± 0.04 1.72 ± 0.00 ± 0.10 2.00 ± 0.02 ± 0.13
20–30% 0.94 ± 0.00 ± 0.02 1.49 ± 0.00 ± 0.03 1.69 ± 0.00 ± 0.09 1.94 ± 0.03 ± 0.11
30–40% 0.94 ± 0.00 ± 0.02 1.45 ± 0.00 ± 0.04 1.60 ± 0.00 ± 0.08 1.80 ± 0.02 ± 0.11
40–50% 0.92 ± 0.00 ± 0.02 1.38 ± 0.00 ± 0.05 1.53 ± 0.00 ± 0.05 1.76 ± 0.02 ± 0.09
50–60% 0.90 ± 0.00 ± 0.03 1.30 ± 0.00 ± 0.05 1.42 ± 0.00 ± 0.04 1.64 ± 0.02 ± 0.09
60–70% 0.89 ± 0.00 ± 0.03 1.23 ± 0.00 ± 0.07 1.35 ± 0.00 ± 0.03 1.56 ± 0.01 ± 0.10
70–80% 0.88 ± 0.00 ± 0.04 1.14 ± 0.01 ± 0.06 1.32 ± 0.00 ± 0.03 1.55 ± 0.01 ± 0.07
80–90% 0.85 ± 0.00 ± 0.03 1.08 ± 0.00 ± 0.06 1.25 ± 0.01 ± 0.04 1.46 ± 0.04 ± 0.07
0–90% 0.92 ± 0.00 ± 0.03 1.50 ± 0.00 ± 0.05 1.67 ± 0.00 ± 0.12 1.92 ± 0.01 ± 0.12

high pT in semicentral and peripheral collisions, where EPOS
predicts a larger radial boost than what is observed in the data.

The pT -integrated yields for all particles and central-
ity classes are reported in Table III. A distinct evolution
of the yields with the collision centrality is observed, to
some extent mapping the large variation in charged parti-
cle multiplicity across centrality. Thanks to the large data
samples considered in the analysis, the statistical uncer-
tainty is negligible as compared to the systematic one, not
only for the abundant K0

S meson but also for cascades as
well, notably for the �. To study how the probability of
strange particle formation evolves relative to the activity
in the analyzed events, the ratios of integrated yields be-
tween strange hadrons and pions [60] are evaluated and
reported in Fig. 5. The plot also includes data measured
by ALICE in pp collisions at

√
s = 7 TeV [27,28] and√

s = 13 TeV [29], in p-Pb collisions at
√

s = 5.02 TeV
[31,32], and in Pb-Pb collisions at

√
sNN = 2.76 TeV

[26,59].
The results show an increase of the strange-to-pion ratio

in Pb–Pb compared to results from pp and p-Pb collisions.
The enhancement is proportional to the strangeness content
of the hadron, being the largest for cascades. The evolution
of the ratio is progressive and smooth across multiplicity,
perfectly superimposing for all collision systems in the com-
mon multiplicity region (10 � 〈dNch/dη〉 � 100). Focusing
on the measurement in Pb-Pb collisions, there is no significant
multiplicity dependence of the ratio for all particles under
study, except for the �/π ratio. It has been proposed [61]
that baryon annihilation in the hadronic phase after crossover

FIG. 5. K0
S , �+ �, �−+ �

+
, and �−+ �

+
particle yield ratios

to the pion yield in Pb-Pb collisions at
√

sNN = 5.02 TeV (squares),
compared to results in pp collisions at

√
s = 7 TeV [28] and

√
s =

13 TeV [29] (hollow and full circles, respectively), in p-Pb collisions
at

√
s = 5.02 TeV [32] (hollow diamonds), and in Pb-Pb collisions

at
√

sNN = 2.76 TeV [26,59] (stars). Error bars show the statistical
uncertainty, while boxes represent the total systematic uncertainty.
EPOS4 [36] predictions are reported for the top Pb-Pb energy as solid
lines.
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could result in a depletion of the baryon/pion ratio in central
collisions with respect to peripheral. This would be more vis-
ible for the � baryon, as the π − � cross section is expected
to be higher than the π − � and π − � ones [62]. With the
presented results, it is not possible to conclude on a signif-
icant evolution of this ratio, though a mild decreasing trend
is observed in �/π , well inside the systematic uncertainty.
Consistent with what has been previously observed in pp, the
collision center-of-mass energy has no impact on the strange
hadron relative production rate once similar multiplicities at
different energies are compared: Results at

√
s = 5.02 TeV

and
√

sNN = 2.76 TeV are in very good agreement, with
one single data point at the lower energy lying outside the
common trend by more than one standard deviation (central
�, 2.4σ from the results at higher collision energy). All these
observations suggest that, in the energy range probed at the
LHC, charged-particle multiplicity density is a good scaling
variable for strange hadron abundances.

The evolution of the ratio is rather well reproduced by
EPOS 4, thus supporting the recent tuning of the core-corona
mechanism which is responsible for the strangeness enhance-
ment pattern in the model. K0

S are slightly overestimated,
while the low-multiplicity tail of the trend for �, �, and �

tends to be underestimated by the model.

V. CONCLUSIONS

Results on the production of K0
S , �+ �, �−+ �

+
, and

�−+ �
+

, in Pb-Pb collisions at
√

sNN = 5.02 TeV are
reported. Thanks to the large data samples considered
in the analysis, pT spectra from all the above-mentioned
particles have been extracted in nine centrality classes, with
〈dNch/dη〉|η|<0.5 ranging over two orders of magnitude, from
less than 20 to almost 2000. This enables probing (multi-
)strange particle production in multiplicity regions that are
typical for p-Pb or high multiplicity pp collisions, on one side,
and yet unexplored experimentally on the higher end.

Transverse momentum spectra evolve with centrality, fea-
turing a higher 〈pT 〉 in more central collisions. This is
compatible with the expectations from a collective colored
fluid that expands hydrodynamically, as shown in comparison
to the EPOS 4 MC generator. The EPOS MC model nicely
reproduces the spectra, though having a ≈15% lower 〈pT 〉
across all centralities and for all particles. Spectra evolution
has been studied also through the �/K0

S ratio as a function of
pT . The ratio features a bump at intermediate pT , with a maxi-
mum at pT ≈ 2–5 GeV/c, whose magnitude is larger in central
than in peripheral collisions. At the highest pT the ratios are
similar for all centralities, thus showing that spectra evolution
is limited to the low- and intermediate-pT (nonperturbative)
region. The comparison to the EPOS 4 model shows a good
agreement in central collisions, worsening in semicentral and
peripheral ones, where the MC prediction overestimates the
effect at the peak. Nonetheless, the low-pT hydrodynamic-like
increasing trend is well reproduced by the model.

Production yields have been extracted for all particles in
every centrality class by integrating the pT spectra and ex-
trapolating in the unmeasured region. The ratio between the
yields of strange particles and those of pions shows a very

limited evolution with centrality, with an hint of an increasing
trend, not fully significant within the current systematic uncer-
tainties, for the �−+ �

+
baryon. For the � baryon, a hint of

decrease with multiplicity is observed, though not significant
given the present systematic uncertainties. Yield ratios have
been compared to the same quantity extracted at lower energy
and for smaller collision systems at different energies. The
evolution of particle yield ratios with multiplicity, reported
from ≈2 to ∼2000 average charged-particle density at midra-
pidity, follows a common pattern, which does not depend on
the center-of-mass energy of the collision nor on the collision
system type. The comparison of the yield ratio to pions with
the EPOS 4 model shows a good agreement, with a depletion
towards low multiplicity that is more pronounced in the model
than in the data.
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