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System-size dependence of the hadronic rescattering effect at energies available
at the CERN Large Hadron Collider
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The first measurements of K∗(892)0 resonance production as a function of charged-particle multiplicity in Xe-
Xe collisions at

√
sNN = 5.44 TeV and pp collisions at

√
s = 5.02 TeV using the ALICE detector are presented.

The resonance is reconstructed at midrapidity (|y| < 0.5) using the hadronic decay channel K∗0 → K±π∓.
Measurements of transverse-momentum integrated yield, mean transverse-momentum, nuclear modification
factor of K∗0, and yield ratios of resonance to stable hadron (K∗0/K) are compared across different collision
systems (pp, p-Pb, Xe-Xe, and Pb-Pb) at similar collision energies to investigate how the production of K∗0

resonances depends on the size of the system formed in these collisions. The hadronic rescattering effect is
found to be independent of the size of colliding systems and mainly driven by the produced charged-particle
multiplicity, which is a proxy of the volume of produced matter at the chemical freeze-out. In addition, the
production yields of K∗0 in Xe-Xe collisions are utilized to constrain the dependence of the kinetic freeze-out
temperature on the system size using the hadron resonance gas–partial chemical equilibrium model.

DOI: 10.1103/PhysRevC.109.014911

I. INTRODUCTION

Production of hadrons consisting of light-flavored quarks
(u, d , and s) have been extensively studied in heavy-ion
collisions as well as in small collision systems like pp and
p-Pb [1–8] at CERN Large Hadron Collider (LHC) energies
to investigate the bulk properties of strongly interacting
quantum chromodynamics (QCD) matter of deconfined
quarks and gluons, known as the quark-gluon plasma (QGP)
[9–23]. The produced QGP is modelled by hydrodynamical
equations [24,25]. The system while evolving cools down, and
after a certain time, hadronization takes place [26–31]. As the
temperature of the system dials down further, it first reaches
a space-time surface called chemical freeze-out surface [32]
where the hadronic abundances get fixed, and then a kinetic
freeze-out (Tkin) surface where the hadrons momenta get
frozen [33,34]. After the kinetic freeze-out surface, particles
stream freely to the detectors. In these collisions, several
kinds of light and heavy flavor hadrons and resonances
with different flavors of valence quark content, mass, and
lifetime are produced. Each of these hadrons and resonances
possesses unique characteristic features that can be exploited
to study the properties of the medium. Hadron yields are
used as an experimental input in the thermal model [35–39]
to extract the chemical freeze-out temperature, baryon
chemical potential, and volume of the produced matter. The
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transverse-momentum (pT ) spectra of hadrons are fitted with
a hydrodynamics-based model, such as the blast-wave model
[40], to obtain the kinetic freeze-out temperature [34,41]
and collective radial expansion velocity [41] of the medium.
The phase between the chemical and kinetic freeze-out
surface is termed as the hadronic phase [42]. Properties of
the hadronic phase can be probed by studying short-lived
resonance particles which decay via the strong interaction.
Short-lived resonances have a lifetime comparable to that
of the hadronic phase and, therefore, their decay products
get engaged in regeneration [43,44] and rescattering [45,46]
processes. These processes depend on the hadronic cross
section [47–49] of the decay products of the resonance inside
the hadronic medium, the lifetime of the resonance particle,
density of the hadron gas, and the hadronic phase lifetime.
The presence of these final-state hadronic interactions leads
to the modification of experimentally measured yields of
resonance particles [50,51].

To probe the final-state hadronic interactions, extensive
study for the production of light flavor resonances with dif-
ferent lifetimes (τ ), e.g., K∗0 (τ∼ 4 fm/c) and φ(1020) (τ∼
40 fm/c) has been carried out previously in various collision
systems [6,46,52–67]. The pT -integrated yield of K∗0 relative
to kaons is found to be suppressed in central heavy-ion col-
lisions compared to pp, peripheral heavy-ion collisions, and
to thermal model predictions, whereas no such suppression is
observed for the φ meson. The observed reduction in measur-
able yield suggests that the rescattering of K∗0 decay products
in the hadronic phase dominates over regeneration, leading to
the suppression of measurable yield. The suppression of K∗0

meson yields due to the rescattering is dominant at low pT

(<3 GeV/c) from the study of pT -differential K∗0/K yield
ratio [45]. Furthermore, at high pT , the phenomenon of energy
loss by energetic partons traversing the dense medium formed
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in high-energy heavy-ion collisions affects the production
yield of K∗0 and φ resonances [6,68] compared to the pp
collisions. The energy loss process depends on the lifetime of
the dense matter, initial medium density, the path length tra-
versed by the parton, and the parton flavor. The modification
in the yield of high-pT particles is quantified using the nuclear
modification factor (RAA) [14] defined as

RAA = 1

〈TAA〉
d2NAA/(dydpT )

d2σ pp/(dydpT )
, (1)

where d2NAA/(dydpT ) is the yield of the particle in heavy-
ion collisions and σ pp is its production cross section in pp
collisions. The average nuclear overlap function is denoted
by 〈TAA〉 and can be estimated as 〈TAA〉 = 〈Ncoll〉/σinel, where
〈Ncoll〉 is the average number of binary nucleon–nucleon col-
lisions obtained from Monte Carlo Glauber simulations [69]
and σinel is the inelastic pp cross section [70]. The RAA mea-
surements for K∗0 and φ in Pb-Pb collisions at

√
sNN = 2.76

and 5.02 TeV show that at high pT (>6 GeV/c) energy loss
for π , K , p, K∗0 and φ are consistent within uncertainties.
This observation suggests that the partonic energy loss in the
QGP medium is independent of the flavor of light quarks
(u, d , s) [6,41,68].

Recent measurements of light flavor hadron production in
high-multiplicity pp and p-Pb collisions show some charac-
teristics [71–75] which have so far been solely attributed to the
medium created in heavy-ion collisions. The systems created
in pp, p-Pb, and heavy-ion collisions, can be classified based
on the final state average charged-particle pseudorapidity
density measured at midrapidity (〈dNch/dη〉|η|<0.5). In small
collision systems, multiplicities range from a few to a few tens
of charged particles per unit of pseudorapidity. In contrast,
in Pb-Pb collisions, multiplicities of a few thousand charged-
particles per unit of rapidity can be produced. Recent studies
by the ALICE Collaboration at LHC energies show a smooth
evolution of the yield or abundance of different hadron species
as a function of 〈dNch/dη〉|η|<0.5 across different collision
systems and energies [7,8]. In contrast, the mean transverse-
momentum (〈pT 〉), which depends on the radial flow, follows
a different trend across various colliding systems, rising faster
in small collision systems (pp, p-Pb) compared to heavy-ion
(Pb-Pb) collisions [8]. One of the primary motivations for
studying resonances like K∗0 and φ in high-multiplicity pp
and p-Pb collisions is to search for the presence of a hadronic
phase with a nonzero lifetime in a small collision system.
A hint of suppression of K∗0 meson production in high-
multiplicity pp and p-Pb collisions was previously reported
by the ALICE Collaboration [53]. In fact, the suppression
of K∗0/K yield ratio evolves smoothly as a function of
〈dNch/dη〉|η|<0.5 from low-multiplicity pp collisions to central
Pb-Pb collisions across different collision energies.

The measurement of K∗0 production yield in the collisions
of medium-sized nuclei such as Xe-Xe provides a test for
validating the picture of the smooth evolution of hadronic
rescattering across different colliding systems by bridging
the gap between p-Pb and Pb-Pb multiplicities. Using the
data sets of pp, p-Pb, Xe-Xe, and Pb-Pb collisions, collected
by the ALICE Collaboration at center-of-mass energies per

nucleon pair (
√

sNN ) of about 5 TeV, a systematic study of
system-size dependence of hadronic rescattering is possible.
In this article, the first measurements of K∗0 meson production
at midrapidity (|y| < 0.5) as a function of 〈dNch/dη〉|η|<0.5

in pp collisions at
√

s = 5.02 TeV and in Xe-Xe collisions
at

√
sNN = 5.44 TeV are presented. The measured K∗0 yield

and K∗0/K yield ratio in these collisions are compared with
the results obtained from p-Pb and Pb-Pb collisions to under-
stand the system-size dependency of K∗0 production and the
hadronic rescattering effect. The yield ratio K∗0/K is used to
constrain the hadronic phase lifetime across different collision
systems. Furthermore, the measured K∗0 yields in Xe-Xe and
Pb-Pb collisions are used as an experimental input in a partial
chemical equilibrium (PCE) based thermal model HRG-PCE
[76] to constrain the kinetic freeze-out temperature. This is
a novel procedure to extract Tkin that is independent of as-
sumptions about the flow velocity profile and the freeze-out
hypersurface [76]. In addition, the mean values of transverse-
momentum (〈pT 〉) of K∗0 in different collision systems are
also compared to understand the evolution of radial flow from
small collision systems to heavy-ion collisions. Moreover, the
RAA of K∗0 at similar charged-particle multiplicity in Pb − Pb
and Xe − Xe collisions are compared to shed light on the
system-size dependence of parton energy loss.

The organization of the article is as follows. The ALICE
experimental setup, data analysis technique, and sources of
systematic uncertainties are described in Secs. II, III, and IV,
respectively. Results are shown in Sec. V, and the article is fi-
nally summarized in Sec. VI. Since the production of particles
and antiparticles are in equal amounts at midrapidity at LHC
energies [41], the results for K∗0 and K∗0 are averaged and
denoted as K∗0 throughout the article unless stated otherwise.

II. EXPERIMENTAL APPARATUS, EVENT
AND TRACK SELECTION

The production yield of K∗0 meson is measured in Xe-Xe
and pp collisions at

√
sNN = 5.44 TeV and

√
s = 5.02 TeV,

respectively, using the data collected by the ALICE detector
at the LHC. The Xe-Xe collision events were collected in the
year 2017 with a magnetic field strength B = 0.2 T, whereas
the pp collision events were collected with B = 0.5 T in the
year 2015. A full description of the ALICE detector and its
performance can be found in [77,78]. Analyzed events are
selected using a minimum-bias trigger that requires at least
one hit in both forward scintillator detectors V0A (2.8 <

η < 5.1) and V0C (−3.7 < η < −1.7) [79]. Pileup removal
involves analyzing hits in the SPD detector, correlating cluster
numbers in the ITS and TPC detectors, identifying multiple
vertices with the SPD detector, and utilizing the correlation
between the SPD and V0M detectors. Beam-induced back-
ground and pileup events are eliminated through an offline
event selection process, as described in Refs. [8,77] for pp
and [41,80] for Xe-Xe collisions. The results for pp colli-
sions presented in this paper are based on the “INEL > 0”
event class, which is a subset of inelastic collisions where
at least one charged particle is emitted in the pseudorapid-
ity interval |η| < 1 [81]. In addition, selected events must
have one primary collision vertex which is reconstructed
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TABLE I. Analyzed multiplicity classes in pp collisions at
√

s = 5.02 TeV.

V0M (%) 0–1 1–5 5–10 10–20 20–30 30–40 40–50 50–70 70–100

Multiplicity classes I II III IV V VI VII VIII IX

using the two innermost layers of the Inner Tracking Sys-
tem (ITS) [82] and is located within ±10 cm along the
beam axis from the nominal center of the ALICE detector.
Measurements for K∗0 production yields are carried out us-
ing 1.44 × 106 and 100 × 106 minimum-bias Xe-Xe and pp
collision events. The selected events are categorized into dis-
tinct classes based on their centrality in heavy-ion collisions
(Xe-Xe) or multiplicity in proton-proton (pp) collisions.
These event classes are defined using percentiles of the
hadronic cross section. The classification of event classes
is accomplished by analyzing the signal deposited in both
V0 detectors, referred to as the “V0M amplitude”, which
is proportional to the charged-particle multiplicity. Various
measured observables, such as the transverse momentum (pT )
spectrum, transverse-momentum-integrated yield (dN/dy),
mean transverse momentum (〈pT 〉), yield ratios of resonances
to stable particles, kinetic freeze-out temperature (Tkin), and
nuclear modification factor (RAA), are presented for different
multiplicity (or centrality for heavy-ion collisions) classes as a
function of pseudorapidity density (〈dNch/dη〉|η|<0.5) [83,84].

In Xe-Xe collisions, the measurements are conducted in
four different centrality classes: 0–30%, 30–50%, 50–70%,
and 70–90%. The centrality classes of 0–30% and 70–90%,
represent central and peripheral collisions, respectively. On
the other hand, in pp collisions, the measurements are per-
formed in nine different multiplicity classes, as listed in
Table I, with class I having the highest multiplicity and class
IX having the lowest multiplicity.

Charged tracks in a selected event are reconstructed using
the ITS [82] and time projection chamber (TPC) [85] de-
tectors, which are located within a solenoid that provides a
homogeneous magnetic field. In order to ensure good track
quality, a set of track selection criteria are used, as done
in previous works [53,86]. Charged tracks coming from the
primary collision vertex are selected with minimum pT of
0.15 GeV/c and |η| < 0.8. Selected tracks must have at least
one hit in the two innermost layers of the ITS and must
have crossed a minimum of 70 out of total 159 rows along
the transverse readout plane of the TPC. The maximum χ2

per space point in the TPC and ITS obtained from the track
fit are required to be 4 and 36, respectively. To minimize
the contribution of secondary charged particles, the distance
of closest approach in the transverse plane of reconstructed
tracks to the primary vertex (DCAxy) is required to be smaller
than 7σ , where σ is the DCAxy resolution. The DCAxy res-
olution is found to be pT dependent and is parametrized as
σ = 0.0105 + 0.0350/(pT )1.1. The DCA in the longitudinal
direction is required to be smaller than 2 cm. Selected charged
particles are further identified via the TPC and the time of
flight (TOF) [87] detectors using their specific ionization
energy loss dE/dx in the TPC and flight time measured in
the TOF. Pions (π ) and kaons (K) are identified with the
condition that their specific energy loss lies within 2 standard

deviations (σTPC) (for p > 0.4), 4σTPC (for 0.3 < p < 0.4),
and 6σTPC (for p < 0.3) from their expected dE/dx, where
σTPC corresponds to the dE/dx resolution (typically ≈5% of
the measured dE/dx value) of the TPC. Furthermore, if the hit
for a track is available in the TOF, the measured time of flight
is required to be within 3σ from its expected value for each
particle species [88].

III. ANALYSIS DETAILS

The K∗0 meson being a short-lived resonance is recon-
structed using the invariant mass method [5] via its hadronic
decay channel, K∗(892)0 → K±π∓ with a branching ratio
(BR) of 66% [89] for |y| < 0.5.

Oppositely charged kaons and pions are paired in the
same event to reconstruct the resonance signal. The resulting
invariant-mass distribution of unlike sign charge Kπ pair con-
sists of a signal with significant combinatorial background,
which is estimated using the mixed-event method [53] (for
0.4 < pT < 0.8 GeV/c in Xe-Xe collisions like-sign pairs
from the same event [53] are used to get better description
of the combinatorial background). The mixed-event invariant
mass distribution is constructed by combining kaons from one
event with oppositely charged pions from five other events.
Only the events with a similar topology, such as an absolute
difference in the z coordinate of their collision vertex less than
1 cm and the centrality difference (for Xe-Xe) or multiplicity
percentile (for pp) difference less than 5% are mixed. The
mixed-event background is scaled to match the unlike-sign
foreground distribution in the invariant mass range 1.1–1.15
GeV/c2. The left panel of Fig. 1 shows the invariant-mass
distribution of unlike charged πK pairs from the same-event
along with the rescaled mixed-event background. The unlike
sign πK invariant mass distribution with mixed-event back-
ground subtracted is shown in the right panel of Fig. 1. The
combinatorial background subtracted invariant mass distri-
bution consists of K∗0 signal and a residual background of
correlated pairs. The correlated background pairs can orig-
inate from sources such as jets, decays of resonances with
misidentified daughters, and decays with multiple daugh-
ters. The combinatorial background subtracted invariant mass
distribution is fitted with a combination of a nonrelativistic
Breit-Wigner distribution and a polynomial of second order.
The Breit-Wigner distribution describes the signal of K∗0,
whereas the residual background is modelled using the poly-
nomial function. The width of K∗0 is kept fixed to its vacuum
value in the fit procedure to estimate the signal, whereas it is
allowed to vary freely to estimate the systematic uncertainty.
Finally, raw yields of K∗0 in each pT interval and event class
is obtained from the integral of the Breit-Wigner distribution
as done in Refs. [45,68].

The extracted raw yields (N raw) are further corrected for
detector acceptance and reconstruction efficiency (A × εrec)

014911-3



S. ACHARYA et al. PHYSICAL REVIEW C 109, 014911 (2024)

0.6 0.8 1 1.2 1.4
)2c (GeV/KπM

20

40

60

80

610×

)
2 c

C
ou

nt
s 

/ (
0.

02
 G

eV
/

ALICE

30%− = 5.44 TeV, Centrality 0NNsXe,−Xe

)+π
-

 (K-π+ K→)*0K (*0K

 < 0.5y

c < 2.0 GeV/
T

p1.6 < 

Unlike-charge pairs

Mixed event background

)2c (GeV/KπM
0.8 0.9 1

)
2 c

C
ou

nt
s 

/ (
0.

02
 G

eV
/

0.0

0.2

0.4

0.6

610×

Data (stat. uncert.)
Signal + Residual background
Signal
Residual background

FIG. 1. The left panel shows the invariant mass distribution of unlike sign πK pairs from the same and mixed events. The right panel shows
the same but after the mixed-event background subtraction. The mixed event background subtracted invariant mass distribution is fitted with
a combination of Breit-Wigner function [5] and second order polynomial distribution. The Breit-Wigner distribution represents the K∗0 signal
and the second order polynomial describes the residual background.

and BR of the decay channel. The A × εrec is estimated using
dedicated Monte Carlo (MC) event generators, PYTHIA8 [90]
for pp collisions and HIJING [91] for Xe-Xe collisions, with
particles propagated through a simulation of the ALICE detec-
tor using GEANT3 [92]. A weighting procedure of the A × εrec

is further used to account for the variation of A × εrec over
the width of a pT interval in the measured spectrum and for
the mismatch in the shape of the spectrum in data and MC
simulation [6]. The input pT distribution in MC is adjusted to
match the real distribution using pT -dependent weights. These
are defined as the ratio between the measured pT distribution
after all corrections are applied and the default distribution
in MC. In the first iteration, an appropriate fit function with
parameters taken from similar analyses is used to parametrize
the pT shape. After all corrections, the pT spectrum is fitted
with the fit function again and the updated parameters are used
to modify the weights in the next iteration. Such an iterative
procedure is repeated until convergence. Finally, the yields
are normalized by the number of accepted events (Nacc

event) to
obtain the corrected pT spectrum in different event classes.
Measurements in pp collisions are further corrected for the
event loss and the signal loss, evaluated from the MC simu-
lation. The signal loss correction (fSL) for K∗0 is calculated
for each multiplicity class by taking the ratio of the simulated
K∗0 pT spectrum before trigger and event selection with the
corresponding pT spectra after applying all the selections. The
fSL is dominant at low pT in 70–100% multiplicity class with
the maximum value of 22%. The event loss correction (fev)
corresponds to the fraction of INEL > 0 events that do not
pass the event-selection criteria and is estimated in [8]. The fev

is not particle and pT dependent, and its value spans from 0.99
in 0–1% multiplicity class to 0.71 in 70–100% multiplicity
class. The corrected pT spectrum can be expressed as

1

Nevent

d2N

dydpT
= 1

Nacc
event

d2N raw

dydpT

fevfSL

(A × εrec)BR
. (2)

IV. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties on the measured K∗0 yields orig-
inate from various sources, including the signal extraction
method, track selection, and particle identification criteria,
the method used to match track segments in the ITS with
tracks in the TPC, as well as uncertainties in the material
budget and interaction cross section. The resulting changes
in the K∗0 yields for each pT and multiplicity (centrality)
interval, obtained from repeating the full analysis chain with
the variations and corrections described below, are incorpo-
rated as systematic uncertainties. Table II provides a summary
of the systematic uncertainties on the measured K∗0 yields.
The reported uncertainties in the table are averaged over all
centrality/multiplicity classes and presented for a low- and
high-pT interval.

To evaluate the signal extraction uncertainty, several fac-
tors are varied, such as fitting ranges, mixed-event background
rescaling region, residual background fit functions, and yield
extraction methods. The default case involved fixed-width fits
to the invariant mass distributions, based on the background
shape. To assess the systematic uncertainty, the boundaries of
the fitting ranges are adjusted by 20 MeV/c2 on both sides.
The rescaling of the mixed-event background distribution is
shifted to different ranges to examine its impact. The resid-
ual background is modeled using a third-order polynomial
to study systematic effects. For the primary track selection,
the criteria are varied following the procedure described in
Ref. [53]. Uncertainties associated with the identification of
primary daughter tracks are estimated by varying the selec-
tion criteria in the TPC and TOF. Furthermore, uncertainties
related to the material budget and hadronic cross section are
obtained from Ref. [53]. The total uncertainty, obtained by
summing the uncertainties from each source in quadrature,
is averaged over all multiplicity classes. In pp collisions, the
total uncertainty ranges from 6.5% to 12.3%, while in Xe-Xe
collisions, it ranges from 15% to 18%.
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TABLE II. Systematic uncertainties on measured K∗0 yield in pp and Xe-Xe collisions at
√

s = 5.02 TeV and
√

sNN = 5.44 TeV
respectively. The systematic uncertainties are shown for different sources for a low- and a high-pT interval.

pp [pT (GeV/c)] Xe-Xe [pT (GeV/c)]

Systematic variation 0–0.4 10.0–14.0 0.4–0.8 8.0–12.0

Signal extraction (%) 7.4 9.6 12.7 11.5
Primary track selection (%) 1.9 5.0 7.2 7.1
Particle identification (%) 1.4 5.5 7.1 7.8
ITS–TPC matching (%) 2 negl. 6.4 8.6
Material budget (%) 1.8 negl. 1.4 negl.
Hadronic interaction (%) 2.6 negl. 2.3 negl.
Total (%) 8.7 12.3 17.6 17.8

V. RESULTS

The K∗0 pT spectra in pp collisions at
√

s = 5.02 TeV for
different multiplicity classes after all corrections mentioned
in Sec. III are shown in the upper panel of Fig. 2. The lower
panel of Fig. 2 shows the ratios of the K∗0 pT spectra in
different multiplicity classes to the corresponding spectrum in
multiplicity integrated (INEL > 0) pp collisions. An increase
in the inverse slopes of the pT spectra from low to high
multiplicity is clearly visible for pT <4 GeV/c. However, at
higher pT , the spectra in different multiplicity classes have
the same shape, indicating that the low pT processes are
primarily responsible for the change in the shape of the pT

spectra from low to high multiplicity classes. The corrected
pT distributions for K∗0 in four different centrality classes of
Xe-Xe collisions at

√
sNN = 5.44 TeV are shown in the left

panel of Fig. 3. The right panel of Fig. 3 shows the comparison

FIG. 2. Upper panel: The pT spectra of K∗0 in various mul-
tiplicity classes of pp collisions at

√
s = 5.02 TeV. Lower

panel: The ratios of the multiplicity-dependent pT spectra to the
multiplicity-integrated INEL > 0 spectra. The statistical and system-
atic uncertainties are shown as bars and boxes, respectively.

of the K∗0 pT spectrum between Xe-Xe and Pb-Pb collisions
with similar final-state charged-particle multiplicity. At simi-
lar multiplicity values, the K∗0 pT distributions in Xe-Xe and
Pb-Pb collisions are consistent within uncertainties. The final-
state charged-particle multiplicity is a proxy of the volume of
the produced matter. It is similar in the central collision of
medium (Xe) and mid-central collisions of large (Pb) size nu-
clei. This indicates that the physics processes such as hadronic
rescattering and radial flow, which determine the shape of the
pT distribution in heavy-ion collisions, have a similar effect
on the K∗0 pT spectra irrespective of the size of the colliding
nuclei. The transverse momentum integrated K∗0 yield dN/dy
and average transverse momentum 〈pT 〉 are extracted from the
measured pT spectrum and the extrapolation to the unmea-
sured regions using a blast-wave function [6]. In pp collisions,
K∗0 is measured down to pT = 0 GeV/c. Therefore, no low-
pT extrapolation is used to extract the dN/dy and 〈pT 〉 in
pp collisions. The contribution of the extrapolation on the
extracted dN/dy is ≈9% (≈13%) in central (peripheral) Xe-
Xe collisions. The systematic uncertainties on the extracted
dN/dy, and 〈pT 〉 are estimated by varying the data points
randomly up and down within their systematic uncertainty to
obtain the softest and hardest spectra. An additional system-
atic uncertainty due to the extrapolation of pT spectra to pT

= 0 GeV/c is evaluated in Xe-Xe collisions by using different
fit functions (Levy-Tsallis, Boltzmann) for the extrapolation
[93,94]. The systematic uncertainty for the extrapolation is
≈2% and ≈1.7% on dN/dy and 〈pT 〉, respectively.

Figure 4 shows the dN/dy (left panel) and 〈pT 〉 (right
panel) of K∗0 as a function of 〈dNch/dη〉1/3

|η|<0.5 in pp collisions
at

√
s = 5.02 TeV and in Xe-Xe collisions at

√
sNN = 5.44

TeV, where 〈dNch/dη〉1/3
|η|<0.5 is proportional to the linear (ra-

dial) path through the produced matter. Measurements are
compared with the results obtained in p-Pb [5] and Pb-Pb
collisions [6] at

√
sNN = 5.02 TeV. A smooth evolution of

the dN/dy as a function of 〈dNch/dη〉1/3
|η|<0.5 is observed across

all the collision systems. This suggests that K∗0 production
is solely driven by final-state charged-particle multiplicity,
which is used as a proxy for the system size [95]. The 〈pT 〉 of
K∗0 increases with 〈dNch/dη〉1/3

|η|<0.5 for all collision systems,
indicating the increase of radial flow velocity from the low-
multiplicity event class to the high-multiplicity event class. In
contrast to the dN/dy, intensive variable 〈pT 〉 shows a strong
dependency on the colliding system and does not scale with
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]
[

FIG. 3. The left panel shows the pT distributions of K∗0 meson in four different centrality classes of Xe-Xe collisions at
√

sNN = 5.44 TeV.
The right panel shows the comparison between the K∗0 pT spectrum in 0–30% Xe-Xe collisions at

√
sNN = 5.44 TeV and in 20–30% Pb-Pb

[6] collisions at
√

sNN = 5.02 TeV, both having similar multiplicities. The statistical and systematic uncertainties are shown by bars and boxes,
respectively.

charged-particle multiplicity across all collision systems. The
〈pT 〉 of K∗0 increases more steeply in small collision sys-
tems compared to heavy-ion collisions. For 〈dNch/dη〉1/3

|η|<0.5
>2 the following ordering of 〈pT 〉 is observed for a fixed
multiplicity: 〈pT 〉 (pp) > 〈pT 〉 (p–Pb) > 〈pT 〉 (Xe-Xe) ∼ 〈pT 〉
(Pb-Pb). In the blast wave fit, where the fit parameters are in-
terpreted in terms of a collective expansion, it is observed that
small collision systems exhibit a larger pressure gradient and
faster expansion of produced matter compared to heavy-ion
collisions with similar charged-particle multiplicity [96,97].
Furthermore, the 〈pT 〉 of K∗0 in Xe-Xe and Pb-Pb collisions
are comparable at similar 〈dNch/dη〉1/3

|η|<0.5, suggesting similar
dynamical evolution of the system produced in the collision
of large and medium size nuclei at LHC energy. The left
panel of Fig. 5 shows the pT -integrated K∗0/K yield ratio

as a function of 〈dNch/dη〉1/3
|η|<0.5. Measurements in Xe-Xe

collisions are compared with the yield ratios obtained in pp,
p-Pb [5], and Pb–Pb [6] collisions at

√
sNN = 5.02 TeV. The

kaon yields in pp collisions at
√

s = 5.02 TeV are obtained
through an extrapolation of kaon yields from pp collisions
at

√
s = 13 TeV [96] and

√
s = 7 TeV [7]. To perform this

extrapolation, the yields at both
√

s = 13 and
√

s = 7 TeV
are fitted as a function of 〈dNch/dη〉1/3

|η|<0.5 with a first-order
polynomial. The resulting fit function value is then used to
estimate the kaon yields at the corresponding 〈dNch/dη〉1/3

|η|<0.5

for
√

s = 5.02 TeV. To assess the uncertainty in the yield
estimation, a Gaussian distribution is constructed for each data
point. The mean of the distribution corresponds to the value
of the data point, while the standard deviation (σ ) represents
the associated statistical or systematic uncertainty. For each
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FIG. 4. The dN/dy (left panel) and 〈pT 〉 (right panel) of K∗0 as a function of 〈dNch/dη〉1/3
|η|<0.5 in pp collision at

√
s = 5.02 TeV and in

Xe-Xe collisions at
√

sNN = 5.44 TeV. Measurements are compared with the results obtained in p-Pb [5] and Pb-Pb [6] collisions at
√

sNN =
5.02 TeV. Bars and shaded boxes correspond to the statistical and systematic uncertainties, respectively.
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FIG. 5. The left panel shows the measured K∗0/K yield ratio along with model calculation. The right panel shows the lower limit of
hadronic phase lifetime as a function of 〈dNch/dη〉1/3

|η|<0.5 in different collision systems. Bars and shaded boxes represent the statistical and
systematic uncertainties, respectively.

data point, a random value is sampled from its corresponding
Gaussian distribution. It is assumed that the data points are un-
correlated with multiplicity. A linear fit is then applied to these
randomly sampled values. This process is repeated thousands
of times, generating multiple linear fits. The standard devi-
ation of the fitting values obtained from these repetitions is
considered as the uncertainty of the yield for a given multiplic-
ity. The K∗0/K yield ratio in different collision systems shows
a smooth evolution with 〈dNch/dη〉1/3

|η|<0.5, and is independent
of the collision system at similar final-state charged-particle
multiplicity. This further confirms the smooth evolution of
hadron chemistry, observed for other light flavour hadrons
[86]. The K∗0/K yield ratio decreases with increasing event
multiplicity. This decrease in the K∗0/K yield ratio can be
understood as the rescattering of K∗0 meson’s decay daughters
inside the hadronic phase [45]. Since the lifetime of K∗0 is
comparable to that of the hadronic phase, its decay products
scatter in their passage through the hadronic medium chang-
ing their momenta and hence affecting the reconstruction of
the parent particle, thereby decreasing the measured yield.
Measurements in heavy-ion collisions are further compared
with the EPOS3 model calculations with and without the
hadronic phase [98]. The EPOS3 model calculations are for
Pb-Pb collisions at

√
sNN = 2.76 TeV, as no significant quan-

titative differences are expected between the two energies. In
the presence of the hadronic phase, which is modelled by
the UrQMD model [99], the EPOS3 generator qualitatively
reproduces the multiplicity dependence of the K∗0/K yield
ratio. The canonical ensemble based statistical model (CSM)
[37], which successfully describes the production of other
light flavor hadrons in small collision systems and heavy-ion
collisions, does not explain the multiplicity dependence of
K∗0/K yield ratio. The yield ratio is suppressed compared to
the γs CSM, and the suppression is more prominent in central
Xe-Xe and Pb-Pb collisions. In the recent development of
the hadron resonance gas (HRG) model, the hadronic phase
effect is modelled by a concept of partial chemical equilibrium

(PCE) [76]. In this model, decays and regenerations of the
resonances obey the law of mass action, ensuring an equilib-
rium between the abundance of different resonances and their
decay products. By applying the HRG-PCE calculation, the
measured data points of particle ratios (K∗0/K), in heavy-ion
collisions can be accurately described. The K∗0/K yield ratio
can also be used to get an estimate of the lower bound of the
hadronic phase lifetime τ , i.e., the time between chemical and
kinetic freeze-out. The K∗0/K yield ratio at kinetic freeze-
out can be expressed as [K∗0/K]kinetic = [K∗0/K]chemical ×
e−τ/τK∗0 , where τK∗0 is the vacuum lifetime of K∗0, taken
to be 4.16 fm/c. The [K∗0/K] yield ratio in the 70–100%
multiplicity class of pp collisions at

√
s = 5.02 TeV is used

as a proxy for the [K∗0/K]chemical and the measured K∗0/K
yield ratio in different multiplicity or centrality classes of pp,
p-Pb, Xe-Xe, and Pb-Pb collisions are used as [K∗0/K]kinetic.
The above procedure estimates the lower bound of the τ

with the assumption that there is no regeneration of K∗0 in
the hadronic medium. The hadronic phase lifetime obtained
with this simple model is further scaled by a Lorentz factor√

1 + ( 〈pT〉
mass of K∗0 )2 and the extracted τ values are shown in the

right panel of Fig. 5 as a function of 〈dNch/dη〉1/3
|η|<0.5. The

hadronic phase lifetime evolves smoothly with multiplicity.
The lifetime of the hadronic phases produced in Xe-Xe and
Pb-Pb collisions are consistent with each other at similar
charged-particle multiplicity. The time span by the hadronic
phase is reflected in the temperature difference between the
chemical and the kinetic freeze-out. The kinetic freeze-out
temperature is extracted using the HRG-PCE [76] model fit
to the experimentally measured yields of π±, K±, p(p), φ

[6], K∗0 in 0–30%, 30–50%, and 50–70% centrality classes
for Xe-Xe collisions at

√
sNN = 5.44 TeV. The parameters of

the fit are the baryon chemical potential, chemical freeze-out
temperature, kinetic freeze-out temperature, and freeze-out
volume of the system. The baryon chemical potential and
chemical freeze-out temperature are fixed at 0 and 155 MeV,
respectively, at LHC energies [30,101–103]. Figure 6 shows
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FIG. 6. The kinetic freeze-out temperature estimated using the
fit of HRG-PCE model to the measured yields of π±, K±, p(p), φ,
K∗0 in different centrality classes of Xe-Xe collisions at

√
sNN =

5.44 TeV. Results are compared with extracted kinetic freeze-out
temperature in Pb-Pb collisions at

√
sNN = 5.02 TeV [100].

the kinetic freeze-out temperature obtained from the HRG-
PCE fit in Xe-Xe collisions, and the results are compared with
the Pb-Pb measurements [100]. The freeze-out temperature is
found to increase systematically while moving from central
to peripheral centrality class both for Xe-Xe and Pb-Pb col-
lisions due to longer duration of hadronic phase, though the
uncertainties are larger in Xe-Xe collisions. The freeze-out
temperatures in both collision systems are consistent within
uncertainties at similar charged-particle multiplicity. The dif-
ference between chemical and kinetic freeze-out temperature
supports the presence of a hadronic phase with a finite lifetime
in Xe-Xe collisions, a long-lived one in central collisions,
and a short-lived one in peripheral collisions. Furthermore,
to understand the pT dependence of the hadronic rescattering
effect, the K∗0/K yield ratios in Xe-Xe collisions at

√
sNN =

5.44 TeV are shown in Fig. 7 for two different pT intervals,
0.4 < pT < 2.0 GeV/c and 2.0 < pT < 4.0 GeV/c. The re-
sults are also compared with the φ/K [86] yield ratio. In the
low pT range, the K∗0/K yield ratio decreases from periph-
eral Xe-Xe collisions to central Xe-Xe collisions, whereas
φ/K remains more or less constant with system size. The
observed low pT suppression of measured K∗0 yield can be
attributed to the rescattering effect of the decay products of
K∗0 in the hadronic phase. The lifetime of φ mesons is one
order of magnitude larger than that of K∗0; therefore, the φ

meson decay daughters are not expected to be affected by the
rescattering in the hadronic phase. As a result, the φ/K yield
ratio remains constant within uncertainties across the whole
range of multiplicities. In contrast to low pT , at high pT , both
the K∗0/K and φ/K yield ratios remain flat as a function of
〈dNch/dη〉1/3

|η|<0.5. This suggests that the rescattering effect is a
low transverse momentum phenomenon.

The left panel of Fig. 8 shows the comparison of the
nuclear modification factor RAA of K∗0 in Xe-Xe and Pb-
Pb systems at similar final-state charged-particle multiplicity.
The RAA values are found to be less than unity at high pT in
both systems. Similar RAA is observed at both low momentum
(hydro-like expansion) and high momentum (partonic energy
loss) in Xe-Xe and Pb-Pb collisions at similar charged-particle
multiplicity. The centrality dependence of energy loss is stud-
ied by measuring the pT -integrated RAA in the range 4.0 <

pT < 12.0 GeV/c. The pT -integrated RAA of K∗0 as a function
of 〈dNch/dη〉1/3

|η|<0.5 is shown in the right panel of Fig. 8. Mea-
surements are compared with the results of charged hadrons
and are found to be consistent within uncertainties. This
suggests that jet quenching does not significantly affect the
light-flavor particle species composition for the leading parti-
cles. The RAA is smaller in central Xe-Xe collisions compared
to the peripheral collisions. This reflects more energy loss via
multiple partonic interactions in central collisions, as expected
from the longer path length traversed by the hard partons in
central collisions.

FIG. 7. The K∗0/K and φ/K yield ratios as a function of 〈dNch/dη〉1/3
|η|<0.5 in Xe-Xe collisions at

√
sNN = 5.44 TeV. The left and right panels

show the measurements for a low-pT and a high-pT interval, respectively. Statistical and systematic uncertainties are represented by bars and
shaded boxes.
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√
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|η|<0.5
for 4.0 < pT < 12.0 GeV/c in Xe-Xe collisions. The results are compared to the RAA of charged hadron [80]. Statistical and systematic
uncertainties are represented by bars and shaded boxes.

VI. CONCLUSION

The ALICE Collaboration has reported measurements of
K∗0 meson at midrapidity (|y| < 0.5) for different central-
ity and multiplicity classes in Xe-Xe and pp collisions at√

sNN = 5.44 TeV and
√

s = 5.02 TeV, respectively. Both
pT -integrated K∗0 yield and K∗0/K yield ratio are found to
smoothly evolve with 〈dNch/dη〉1/3

|η|<0.5, independent of the
size of the colliding nuclei, confirming a universal scaling
of hadron chemistry or relative abundance of hadron species
with final-state charged-particle multiplicity at LHC energies.
In contrast, the 〈pT 〉, which depends on the radial expansion
velocity of the produced matter, rises more steeply in smaller
collision systems compared to the heavy-ion collisions. This
indicates that the matter produced in small collision systems
expands more rapidly compared to the system produced in
heavy-ion collisions. The K∗0/K ratio decreases with increas-
ing final-state charged-particle multiplicity. This decrease in
the K∗0/K yield ratio can be attributed to the rescattering of
decay daughters of K∗0 in the hadronic phase. In addition, the
pT -differential yield ratio K∗0/K confirms the dominance of
rescattering effect at low pT . Moreover, the nuclear modifica-
tion factor for K∗0 is similar in Xe-Xe and Pb-Pb collisions
at similar charged-particle multiplicity indicating a scaling of
the parton energy loss with final-state charged-particle multi-
plicity, independent of the size of the collision system.

The decreasing K∗0/K ratio is qualitatively described by
the EPOS3 model in presence of hadronic afterburner. The
best description of the measurement is provided by the PCE
based thermal model, which models the rescattering and the
regeneration effect using the law of mass action. In con-
trast, the canonical ensemble based thermal model does not
describe the measured K∗0/K yield ratio. Furthermore, the
lower limit of hadronic phase lifetime is extracted using
K∗0/K yield ratios in different colliding systems. A smooth
evolution of the lifetime is observed as a function of multiplic-
ity. The kinetic freeze-out temperature is extracted using the
HRG-PCE model. A higher temperature is obtained for more

peripheral collisions implying an early decoupling of the pro-
duced hadrons.
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