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Abstract

The production of K∗(892)± meson resonance is measured at midrapidity (|y|< 0.5) in Pb−Pb col-
lisions at

√
sNN = 5.02 TeV using the ALICE detector at the Large Hadron Collider. The reso-

nance is reconstructed via its hadronic decay channel K∗(892)± → K0
Sπ±. The transverse momen-

tum distributions are obtained for various centrality intervals in the pT range of 0.4−16 GeV/c.
Measurements of integrated yields, mean transverse momenta, and particle yield ratios are reported
and found to be consistent with previous ALICE measurements for K∗(892)0 within uncertainties.
The pT-integrated yield ratio 2K∗(892)±/(K++K−) in central Pb−Pb collisions shows a significant
suppression at a level of 9.3σ relative to pp collisions. Thermal model calculations result in an over-
prediction of the particle yield ratio. Although both HRG-PCE and MUSIC+SMASH simulations
consider the hadronic phase, only HRG-PCE accurately represents the measurements, whereas MU-
SIC+SMASH simulations tend to overpredict the particle yield ratio. These observations, along with
the kinetic freeze-out temperatures extracted from the yields measured for light-flavored hadrons
using the HRG-PCE model, indicate a finite hadronic phase lifetime, which decreases with in-
creasing collision centrality percentile. The pT-differential yield ratios 2K∗(892)±/(K++K−) and
2K∗(892)±/(π++π−) are presented and compared with measurements in pp collisions at

√
s = 5.02

TeV. Both particle ratios are found to be suppressed by up to a factor of five at pT < 2.0 GeV/c in cen-
tral Pb−Pb collisions and are qualitatively consistent with expectations for rescattering effects in the
hadronic phase. The nuclear modification factor (RAA) shows a smooth evolution with centrality and
is found to be below unity at pT > 8 GeV/c, consistent with measurements for other light-flavored
hadrons. The smallest values are observed in most central collisions, indicating larger energy loss of
partons traversing the dense medium.

*See Appendix A for the list of collaboration members
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1 Introduction

The primary goal of ultra-relativistic heavy-ion collisions is to map the phase diagram of Quantum Chro-
modynamics (QCD) and to investigate the properties of the strongly-interacting matter at extreme con-
ditions of high temperatures and net baryon densities. At RHIC and LHC energies, compelling evidence
for the formation of a strongly-interacting quark–gluon plasma (QGP), where quarks and gluons are
the primary degrees of freedom, has been observed [1–15]. Hydrodynamic models provide success-
ful descriptions of the evolution of the QGP by assuming local thermal equilibrium and specific initial
conditions [16–26]. As the system expands and cools down to the hadronization temperature [27, 28],
the quark–gluon plasma turns into colorless hadrons in the process known as hadronization [29–32].
After the hadronization, the system reaches a certain temperature called the chemical freeze-out tem-
perature [33], where the inelastic collisions among the hadrons cease, and the yields of stable particles
become fixed [34, 35]. After the chemical freeze-out, the hadrons continue to interact among themselves
via elastic scattering, which can further modify the yields and shapes of their transverse momentum
spectra. Later, the system reaches a stage when the mean free path of the hadrons becomes much larger
than the system size, known as kinetic freeze-out [35] after which the hadrons stream freely to the de-
tectors. As the chemical freeze-out and quark-hadron transition temperatures are close by, the phase
between chemical and kinetic freeze-out is called here as the hadronic phase [27, 28, 36]. The dynamics
of this hadronic phase can be probed by the measurements of hadronic decays of short-lived resonances.
The decay products of the resonances inside the hadronic phase take part in two simultaneous processes
called regeneration and rescattering via elastic or pseudoelastic scattering (scattering through an inter-
mediate state), which can result in modification of the measured resonance yields [37, 38]. If at least
one of the decay products scatters elastically with other hadrons in the hadronic medium or pseudoelas-
tically scatters via a different resonance state (e.g. a pion from K∗(892)± decay scatters with another
pion in the hadronic medium, π−π+ → ρ0 → π−π+), the four-momentum information about the parent
resonance gets lost and the particle can no longer be reconstructed. On the other hand, pseudoelas-
tic scatterings among the hadrons inside the medium can regenerate the resonance state (eg. K0

Sπ± →
K∗(892)±→K0

Sπ±) which can lead to an increase in resonance yield. The strength of these two processes
depends on the hadronic phase lifetime, density of the hadronic medium, hadronic interaction cross sec-
tion of decay products of the resonances, and the lifetime of resonances. The dominance of one effect
over the other can be investigated by studying the yield ratios of resonances to longer-lived hadrons with
the same quark content as a function of the collision centrality.

The K∗(892)0 and φ (1020) meson resonances have been measured previously in various collision sys-
tems [39–52]. The K∗(892)0 resonance has a lifetime of about 4.16 fm/c, which is comparable to that of
the hadronic phase lifetime [39, 51, 53] and decays predominantly to K∗(892)0 → K∓π±, whereas the φ

meson has a longer lifetime of about 46.3 fm/c decaying as φ → K+K−. Due to the smaller lifetime of
the K∗(892)0 resonance, it can decay inside the hadronic medium. As a result, the decay daughters are
expected to take part in rescattering and regeneration processes between chemical and kinetic freeze-out,
which can alter the reconstructible yield of K∗(892)0. In contrast, the yield of the φ (1020) meson is an-
ticipated to be largely unaffected by rescattering effects due to its significantly longer lifetime compared
with the hadronic phase. Specifically, its lifetime differs from that of the K∗(892)0 by a factor of ten.
However, its yield can be enhanced by the regeneration of kaons inside the hadronic medium. If rescat-
tering dominates over regeneration, one would observe a reduction of the K∗(892)0 yield with respect
to the longer-lived hadron yields with increasing system size, defined by collision centrality. Indeed in
Refs. [39, 40, 43, 51], the integrated yield ratio 2K∗(892)0/(K+ +K−) decreases with increasing sys-
tem size suggesting the dominance of rescattering over regeneration in the hadronic phase of heavy-ion
collisions. The study of pT-differential particle ratios shows that the observed suppression occurs in the
range of small transverse momenta, pT < 2 GeV/c [54]. In contrast, 2φ(1020)/(K++K−) ratio remained
fairly constant as a function of centrality, ruling out a significant contribution of the regeneration effect
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for φ (1020) meson.

In high-energy heavy-ion collisions, the high-pT partons lose their energy while traversing the medium
leading to jet quenching [6], manifesting itself in a suppressed production of high-pT hadrons. The
suppression is quantified using the nuclear modification factor (RAA), defined as

RAA =
1

⟨TAA⟩
d2NAA/(dydpT)

d2σpp/(dydpT)
, (1)

where d2NAA/(dydpT) is the particle yield in heavy-ion collisions, d2σpp/(dydpT) is the production cross
section of the particle in pp collisions, ⟨TAA⟩ = ⟨Ncoll⟩/σinel is the average nuclear overlap function,
⟨Ncoll⟩ is the average number of binary nucleon–nucleon collisions obtained from MC Glauber simula-
tions [55] and σinel is the inelastic pp cross section [56]. The RAA measurements in Pb−Pb collisions at√

sNN = 5.02 TeV and 2.76 TeV [39, 40, 57, 58] show that at high pT (> 8 GeV/c) the nuclear modifi-
cation factor for all light-flavored hadrons, including K∗(892)0 are consistent with each other, signifying
flavor-independence of parton energy loss in the QGP.

In this article, the first measurement of K∗(892)± mesons at midrapidity, |y| < 0.5, in the transverse
momentum range from 0.4 to 16 GeV/c in Pb−Pb collisions at

√
sNN = 5.02 TeV is presented. The

K∗(892)± resonance signal is reconstructed via the invariant mass method from the decay channel
K∗(892)± → K0

Sπ± where K0
S, in turn, is obtained from its decay to a pair of oppositely charged pi-

ons, K0
S→ π+π−. As the quark content of K∗(892)± (us and us) is similar to that of K∗(892)0 (ds and

ds), their momentum distributions are expected to be comparable with each other. Their masses dif-
fer by about (0.0067±0.0012) GeV/c2 (MK∗(892)0 = (0.8955±0.0002) GeV/c2 and MK∗(892)± = (0.8916
± 0.0002) GeV/c2), and their lifetimes by about 0.16 fm/c (τK∗(892)0 ≈ 4.16 fm/c and τK∗(892)± ≈ 4
fm/c). Thus, this measurement will complement and verify the experimental findings for K∗(892)0 [39]
by using the particle reconstruction techniques characterized by different systematic uncertainties. The
measurement will also complete the first excited state measurements of the kaon family. The system size
dependence of pT-integrated and pT-differential particle yield ratios 2K∗(892)±/(K++K−) are presented
along with model comparisons to shed light on the rescattering and regeneration effects in the hadronic
phase. The variation of hadronic phase lifetime with collision centrality is studied by extracting the ki-
netic freeze-out temperature using the HRG-PCE model [59] assuming a constant chemical freeze-out
temperature as a function of centrality. The flavor dependence of RAA is tested further with the inclusion
of K∗(892)± meson along with other light-flavored hadrons.
Throughout this article, the results for K∗(892)+, K∗(892)− and K∗(892)0, K∗(892)0 are averaged and
denoted as K∗±and K∗0, respectively, unless otherwise stated. Also, K and π in this article refer to the
average of particle and antiparticle yields, (K+ + K−)/2 and (π+ + π−)/2, respectively. The article is
organized as follows. Section 2 describes the ALICE experimental setup. In Section 3, the data analysis
technique, including the event and track selection criteria applied, yield extraction procedure, and sys-
tematic uncertainties are described. Section 4 presents the results related to the K∗± meson. Finally, the
article is concluded with a summary in Section 5.

2 Experimental apparatus

The production yield of the K∗± mesons is measured in Pb−Pb collisions at
√

sNN = 5.02 TeV using
the data collected by the ALICE detector in the year 2018. A complete description of the ALICE detec-
tor can be found in Refs. [60, 61]. This analysis is performed by using the information from the Inner
Tracking System (ITS) [62], Time Projection Chamber (TPC) [63], Time-of-Flight (TOF) [64, 65] and
V0 [66] detectors.
The ITS and TPC detectors are located inside a large solenoidal magnet with a magnetic field strength
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of 0.5 T. They are used for charged-particle tracking, reconstruction of the primary vertex and particle
identification. The ITS, TPC, and TOF detectors span the full azimuthal coverage, covering a pseudo-
rapidity range of |η | < 0.9. The ITS detector consists of six cylindrical layers of silicon detectors and
is the innermost ALICE detector surrounding the beam pipe. The layer radii vary between 3.9 and 43
cm. The ITS is used for precise reconstruction of the event primary vertex (PV) and improvement of
the angular and momentum resolution of tracks reconstructed in the TPC. The TPC is the main ALICE
detector for tracking and identification of charged particles. It provides three-dimensional space point
information for charged particles. The maximum number of crossed pad rows for a full-length recon-
structed track is 159 in the TPC. Particle identification (PID) in the gas-filled TPC is achieved by the
specific energy loss (dE/dx) measured for reconstructed charged-particle tracks. The dE/dx resolution of
the TPC detector is around 5% for tracks with 159 clusters, and when averaged over all tracks, it is about
6.5%. The TPC detector provides greater than 2σ separation between pions and kaons in 0.2 < pT < 0.7
GeV/c and between kaons and protons in 0.4 < pT < 0.8 GeV/c [56]. The TOF is a gaseous detector,
built of Multigap Resistive Plate Chambers (MRPC) with a time resolution of 80 ps. The TOF detector
provides a 2σ separation between pions and kaons at pT < 3.2 GeV/c and between kaons and protons at
pT < 5.4 GeV/c [56].

Two scintillator detectors, V0A (2.8 < η < 5.1) and V0C (−3.7 < η < −1.7), which are located on
either side of the interaction point along the beam line and have a time resolution of less than 1 ns, are
used for event triggering and beam induced background rejection. The measured V0M (V0A + V0C)
signal is proportional to the total charge accumulated in the detectors [66] and is used to classify Pb−Pb
events into different centrality classes. A Glauber Monte Carlo model [55] is fitted to the measured V0M
amplitude distribution to compute the fraction of hadronic cross section sampled by the trigger.

3 Data analysis

The yield of the K∗± meson is reconstructed via its hadronic decay channel, K∗± → K0
Sπ±, with BR

= (33±0.003)% [67] at midrapidity |y|< 0.5, taking into consideration the decay channel K∗± → K0π±

and a probability of 0.5 for K0 be K0
S. The analysis is performed in five different centrality intervals,

0−10%, 10−20%, 20−40%, 40−60% and 60−80%, in the transverse momentum range from 0.4 GeV/c
to 16 GeV/c. The K0

S is reconstructed by exploiting its weak decay topology (V0 topology) into two
oppositely charged particles (K0

S → π−π+) with a branching ratio of (69.2 ± 0.05)% [67].

3.1 Event and Track selections

The analyzed data, which correspond to an integrated luminosity of 20 µb−1 were collected in 2018 using
a minimum bias (MB) trigger that requires a coincidence of signals in both the V0A and V0C detectors.
Only events with the reconstructed event vertex lying within 10 cm from the nominal interaction point
are accepted in the analysis. The events containing more than one reconstructed vertex are tagged as
pile-up events in the same bunch crossing and discarded from the analysis. After all the event section
criteria, the total number of analyzed events is ≈ 1.2×108. Charged pions from K∗± → K0

Sπ± decays
are reconstructed as primary tracks using signals measured both in the ITS and TPC detectors. Charged
pions from weak decays (K0

S→ π−π+) are reconstructed as secondary tracks using the TPC only. For
high tracking efficiency, a minimum requirement of 70 out of the maximum possible 159 TPC hits
are required for primary and secondary tracks. The χ2 of the reconstructed tracks, which quantifies
the deviation between the measured hits and the expected positions of the tracks in the TPC and ITS
detectors, normalized to the number of measured hits in each detector is required to be less than 4 and 36,
respectively. These thresholds ensure that the reconstructed tracks closely match the expected positions
within a reasonable range of uncertainty. The primary tracks are required to have a distance of closest
approach to the primary vertex, DCAxy < 7σ , where σ = 0.0105 + (0.0350/p1.1

T ) in the transverse plane
and within |DCAz|< 2 cm along the beam direction. Only tracks with transverse momentum pT > 0.15
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GeV/c and pseudorapidity |η |< 0.8 are accepted for the analysis. The PID for primary charged-particle
tracks is achieved by requiring the specific energy loss (dE/dx) in the TPC gas to be consistent with the
signal expected for a charged pion within two standard deviations 2σTPC. If the track is matched with
a signal in the TOF, it is additionally required that the measured time of flight is consistent with that
expected for a charged pion within 3σTOF [63, 68].

The secondary particle, K0
S, is reconstructed based on weak decay topological criteria [69]. Selection

criteria for K0
S reconstruction are listed in Table 1 . Two oppositely charged tracks lying in the accep-

tance window |η | < 0.8 are identified as pions (daughters of K0
S) based on a 4σTPC selection criterion.

The DCA between negatively and positively charged tracks is required to be smaller than 0.8 cm. Fur-
thermore, the DCA of charged tracks to the primary vertex is required to be greater than 0.1 cm. Also,
a requirement of less than 0.3 cm on the DCA of the V0 particle to the primary vertex in the transverse
plane is applied. The cosine of the pointing angle, which refers to the angle between the V0 momentum
and the line connecting the secondary to the primary vertex, is required to be greater than 0.98. Only
those V0 candidates with a radius of the reconstructed secondary vertex larger than 1.6 cm are chosen.
Furthermore, K0

S candidates exhibiting a proper lifetime, calculated as LMK0S/p, where L represents the
linear distance between the primary and secondary vertex, MK0

S denotes the mass of K0
S, and p indicates

the total momentum of K0
S, exceeding 15 cm are eliminated to mitigate the presence of combinatorial

background arising from interactions with the detector material. To improve the signal-to-background
ratio under the K0

S peak, a selection criterion is imposed on the asymmetry of pion momenta (Armenteros
parameter), (pπ− − pπ+)/(pπ− + pπ+), allowing only pairs of pions with an Armenteros parameter value
exceeding 0.2 to be considered. Finally, the invariant mass of π+π− is required to be compatible within
2σ of the K0

S nominal mass, where σ is the detector mass resolution, which is found to be equal to ≈5
MeV/c2 with a very weak dependence on collision centrality and particle momentum. After all these
topological criteria, only those K0

S candidates with |y|< 0.5 are analyzed.

Table 1: Selection criteria for K0
S.

Selection criteria Value Variations
Crossed rows >70 60, 80
Acceptance window of pions (|η |) < 0.8 -
Pion dE/dx (σ ) <4 3, 5
DCA V0 daughters < 0.8 cm 0.4, 0.5 cm
DCA of V0 daughters to PV > 0.1 cm -
DCA of V0 particle to PV < 0.3 cm 0.4, 0.5 cm
V0 cosine pointing angle > 0.98 0.985, 0.995
V0 radius > 1.6 cm 1 cm
Proper lifetime < 15 cm 12, 20 cm
Armenteros parameter > 0.2 -
K0

Smass window (σ ) ± 2 -

3.2 Yield extraction

The reconstructed K0
S and π± candidates are paired in the same events. Only pairs in the rapidity range

|y| < 0.5 are selected. The invariant mass distribution of K0
Sπ± consists of a signal peak hidden un-

der a large combinatorial background. The combinatorial background from uncorrelated K0
Sπ± pairs is

estimated using a mixed-event technique. The mixed-event invariant mass distribution is accumulated
by pairing K0

S from one event with π± from different events. The mixed events are required to belong
to the same centrality intervals, and the absolute difference between the primary vertex positions in the
beam direction is required to be less than 1 cm. Each event is mixed with ten other events to reduce
the statistical fluctuations in the mixed-event invariant mass distributions. The selected number of mixed
events led to minimal additional statistical uncertainties in the results following the subtraction of the
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mixed-event background. This approach ensured that computational efficiency was maintained at an
acceptable level. The K0

Sπ± invariant mass distribution obtained from the mixed events is normalized
in the range of masses 1.2−1.3 GeV/c2 to have the same integral as for the same event K0

Sπ± invariant
mass distribution. After the subtraction of the normalized mixed-event combinatorial background from
the same event K0

Sπ± distribution, the signal peak is observed on top of a residual background. The
sources of this residual background are the correlated K0

Sπ± pairs emitted within a jet, correlated pairs
from decaying particles, and correlated pairs from misidentified decays. Invariant mass distributions for
K0

Sπ± pairs were obtained in the Monte Carlo analysis using the same event and track selections as in
data. The study showed that the correlated background has a smooth dependence on the mass. The left
panel of Fig. 1 shows an example of the invariant mass distribution of K0

Sπ± pairs from the same events
and the normalized mixed event background distribution for the transverse momentum range 2.5 < pT
< 3.0 GeV/c for 0−10% Pb−Pb collisions. The right panel of the same figure shows the invariant mass
distribution after the mixed-event background subtraction. The subtracted invariant mass distribution is
fitted using a combined function to describe both the signal peak, and residual background. For the sig-
nal peak, a Breit–Wigner function is used, and for the residual background, a product of an exponential
function and a polynomial of second order is used.
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Figure 1: (Left panel): Invariant mass distribution of K0
Sπ± pairs in same (black marker) and mixed events (red

marker). (Right panel): Invariant mass distribution of K0
Sπ± pairs after the subtraction of normalized mixed-event

background distribution. The solid red curve is the fit function defined by Eq. 2, with the dotted blue line describing
the residual background distribution given by Eq. 3

The fit function is defined as

dN
dM

=
Y
2π

Γ0

(M−M0)2 +Γ2
0/4

+Res.bkg, (2)

where M0 and Γ0 are the mass and width of K∗±, M is invariant mass of the K0
Sπ± pair (MK0

Sπ±), and the
parameter Y is the normalization constant. The mass resolution of the detector for reconstruction of K∗±

is negligible as compared with the vacuum width of the K∗± (0.0514 ± 0.0009) GeV/c2 [67], hence it is
not included. The last term in Eq. 2 is a residual background function (Res.bkg) taken as

Res.bkg = [M− (mπ± +MK0
S
)]nexp(A+BM+CM2), (3)
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where mπ± and MK0
S

are the mass of the pion, and K0
S, respectively, and A, B, C, and n are the fit param-

eters. This form of residual background is motivated from Ref. [69]. During fitting, by default, the Γ0
parameter was set equal to the vacuum width of the K∗± meson. The raw particle yields are then obtained
by integrating the invariant mass distribution within the mass interval M0 ±2Γ0 and subtracting from it
the integral of the residual background function in the same mass region. The yield of the resonance in
the peak tails beyond the counting range is obtained by integrating the tail part of the signal fit function
in the corresponding mass ranges. The tail part contributes ≈ 13% of the total yield, and the fraction
does not depend on pT or collision centrality. The significance of the K∗±peak presented in Fig. 1 is 23.

3.3 Efficiency and acceptance

The measured yields are corrected for the detector acceptance and reconstruction efficiency (A×εrec),
which were evaluated using a detailed Monte Carlo simulation of the ALICE detector. The Pb−Pb
collisions at

√
sNN = 5.02 TeV were generated using the HIJING event generator [70]. The produced

particles were traced through detector materials using GEANT3 simulations [71]. The A×εrec, defined
as the ratio of reconstructed to generated K∗±, was calculated as a function of pT within |y|< 0.5. Only
those K∗± that decay into K0π± channel, taking into account the 0.5 probability of K0 to be K0

S, were
accounted in the denominator. The same track and PID selections used in data were considered in the
simulation as well. Since the reconstruction efficiency depends on the shape of the generated K∗± meson
pT spectra, they were reweighted to reproduce the measured ones. The reweighting procedure required
several iterations to converge. The reweighting resulted in the reduction of A×εrec by ≈ 4−6% at low
momentum, pT < 1 GeV/c, and negligible corrections at higher momenta.
The evaluated detector acceptance and reconstruction efficiencies for different centrality intervals are
shown in Fig. 2. For each centrality interval, A×εrec rises at low pT, reaches the maximum at pT ≈ 4 GeV/c
and then decreases at higher momenta. This decrease in the efficiency at higher momenta is due to the
reduced probability of K0

S reconstruction with the selection criteria described in the previous section. The
efficiencies show a strong centrality dependence with a maximum magnitude varying from 0.15 to 0.21
in 0–10% to 60–80% centrality intervals, respectively.

The pT-differential raw yields of K∗± are finally corrected using the A×εrec of the respective centrality
intervals. The corrected yields are given by

1
Nevent

d2N
dydpT

=
1

Nacc
event

d2Nraw

dydpT

1
(A× εrec)BR

, (4)

where dy, dpT are the widths of the analyzed rapidity and pT intervals, respectively. As seen from the
above equation, the raw yields are normalized to the number of accepted events in the centrality interval
(Nacc

event) and branching ratio (BR) of the decay channel.

3.4 Systematic uncertainties

The systematic uncertainties in the measurement of K∗± yields are summarized in Table 2. The total
systematic uncertainty includes contributions from the signal extraction method, primary and secondary
track selection criteria, PID, global tracking efficiency, knowledge of the ALICE material budget, and
interaction cross section of hadrons with the detector material. The total uncertainty is calculated by
summing the uncertainties from each source in quadrature. The uncertainties are found to be similar in
various measured centrality intervals. The uncertainty values given in the table are reported for three pT
intervals averaged over all measured centralities.

The uncertainty in the signal extraction is assessed by varying several factors, including fitting ranges,
mixed-event background normalization ranges, residual background fit functions, and yield extraction
methods. Additionally, the default fits to the invariant mass distributions are repeated with the width
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Figure 2: The acceptance times efficiency correction for K∗± as a function of transverse momentum for different
centrality intervals.

Table 2: Systematic uncertainties for K∗± in Pb−Pb collisions at
√

sNN = 5.02 TeV. The systematic uncertainties
are shown for low, intermediate, and high pT intervals averaged over all centralities.

Systematic variation Low pT (GeV/c) Mid pT (GeV/c) High pT (GeV/c)
0.4−0.8 2.0−2.5 12.0−16.0

Signal extraction (%) 7.4 5.2 5.6
Primary track selection (%) 5 3.3 4.7

K0
S reconstruction (%) 5.4 3.8 4.6

PID (%) 3.7 2.3 3.2
Global tracking efficiency (%) 3 3.9 2.2

Material budget (%) 3.1 1.1 0.5
Hadronic interaction (%) 1 0.9 negl.

Total (%) 12 8.8 9.6

of K∗± treated as a free parameter. The choice of fitting range in the default case is determined based
on the background shape. As part of the systematic uncertainty evaluation, the boundaries of the fitting
ranges are adjusted by 20 MeV/c2 on both sides. The mixed-event normalization range is shifted from
the default range of 1.2-1.3 GeV/c2 to 1.1-1.2 GeV/c2 and 1.3-1.4 GeV/c2. To study systematic effects,
the residual background is modeled using second- and third-order polynomials. The resultant uncertainty
for signal extraction from different sources is determined as the RMS of the particle yields obtained with
different variations and ranges from 5.2% to 7.5%. For primary track selection, the criteria are varied
following the procedure described in Ref. [39] to investigate the systematic impact of track selections.
The resulting uncertainty varies from 3.3% to 5%. By varying the topological selection criteria provided
in Table 1, the uncertainty in K0

S reconstruction is found to be in the range of 3.7% to 5.8%. To determine
the yield uncertainty associated with the identification of primary daughter tracks, the selection criteria
in the TPC (1.5 < |nσTPC| < 3.0) and TOF (3 < |nσTOF| < 4.0) are varied. The resulting uncertainty
ranges from 1.7% to 3.9%. The global tracking uncertainty, originating from efficiency of the ITS–TPC
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track matching, is determined based on the single-particle tracking uncertainty of charged particles [56],
reaching a maximum of approximately 4%. Uncertainties related to the material budget and hadronic
cross section, as obtained from Ref. [69], contribute up to 3% and 1% respectively. Taking all these
factors into account, the average total uncertainty ranges from 8.8% to 12%. The total uncertainty for K∗±

is found to be similar to that of K∗0 [39]. Among the systematic uncertainties, only the signal extraction
uncertainty is a fully uncorrelated source, while track selection, PID, global tracking efficiency, material
budget, and hadronic interaction are correlated across different centrality intervals.

4 Results and discussions

4.1 Transverse momentum spectra

The fully corrected pT distributions for K∗± meson at midrapidity for centrality intervals 0−10%, 10−20%,
20−40%, 40−60%, and 60−80% are shown in Fig. 3. The transverse momentum spectra become harder
from peripheral to central collisions.
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Figure 3: The pT distributions of K∗± meson in various centrality intervals in Pb−Pb collisions at
√

sNN =

5.02 TeV. The statistical and systematic uncertainties are shown as bars and boxes, respectively.

Figure 4 compares the transverse momentum distributions of K∗± and K∗0 mesons in Pb−Pb collisions at√
sNN = 5.02 TeV for the 0−10% and 40−60% centrality intervals. The bottom panels of Fig. 4 show the

ratio of K∗± to K∗0. The statistical and systematic uncertainties on the ratio are obtained by propagating
the corresponding statistical and total systematic uncertainties on the K∗0 and K∗± pT spectra. The ratio
is consistent with unity within uncertainties. A similar consistency of the spectra for K∗± and K∗0 has
been previously observed in pp collisions [69].

4.2 dN/dy and ⟨pT⟩

To extract the pT-integrated particle yield (dN/dy) and average transverse momentum (⟨pT⟩) for each
centrality interval, the measured pT distributions of K∗± are integrated, while fit functions are used to
estimate the resonance yield in the unmeasured pT regions. The fully corrected pT distributions are fitted
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Figure 4: The pT distributions of K∗±(blue circles) and K∗0(red squares) [39] in 0−10% (left) and 40−60%
(right) centrality intervals in Pb–Pb collisions at

√
sNN = 5.02 TeV. Statistical and systematic uncertainties are

shown by bars and shaded boxes, respectively. The bottom panels show the K∗± to K∗0 ratio as a function of pT.

with Boltzmann-Gibbs blast-wave function [72] in the pT range 0.4–3.5 GeV/c. The fit function is then
extrapolated down to zero transverse momentum. The low pT extrapolation (< 0.4 GeV/c) accounts for
8% (12%) of the total yield in the 0−10% (60−80%) centrality interval.Various fitting functions, includ-
ing Levy–Tsallis, Boltzmann–Gibbs, and Bose–Einstein [73, 74], are employed to assess their impact on
the integrated dN/dy and ⟨pT⟩. The variations in dN/dy and ⟨pT⟩ due to the choice of different fitting
functions are incorporated into the systematic uncertainties. The left panel of Fig. 5 shows dN/dy of
K∗± measured at midrapidity (|y|< 0.5) as a function of average charged-particle pseudorapidity density
(⟨dNch/dη⟩|η |<0.5) in Pb−Pb collisions at

√
sNN = 5.02 TeV. The results for K∗0in Pb−Pb collisions at√

sNN = 5.02 TeV and
√

sNN = 2.76 TeV are also shown for comparison. For a given charged-particle
multiplicity, the dN/dy of K∗± is consistent with the K∗0 measurements at 2.76 TeV and 5.02 TeV. This
signifies that resonance production is purely driven by charged-particle multiplicity and not by colli-
sion energy at the LHC. The right panel of Fig. 5 shows the ⟨pT⟩ of K∗± at

√
sNN = 5.02 TeV together

with K∗0 measurements at
√

sNN = 5.02 TeV and 2.76 TeV. The ⟨pT⟩ values increase with increasing
charged-particle multiplicity, which is consistent with the picture of a growing contribution of radial flow
with ⟨dNch/dη⟩|η |<0.5 [56]. The central values of ⟨pT⟩ for K∗± and K∗0 at

√
sNN = 5.02 TeV are sys-

tematically higher than at
√

sNN = 2.76 TeV, although consistent within systematic uncertainties, which
are rather large in the latter case. The results are compared with MUSIC with and without SMASH
afterburner model predictions [75, 76]. MUSIC is a hydrodynamic-based model with SMASH as an
afterburner on top of the hydrodynamic expansion to simulate the hadronic interactions. In this model,
the probability of resonance disappearing is proportional to the Knudsen number Kn= λ /L, where λ is
the mean free path of the resonance and L is the system size. The model does not take into account the
regeneration of resonances. Rapid kinetic freeze-out simultaneously for all species is assumed, and the
centrality dependence of resonance suppression originates from different temperatures of kinetic freeze-
out for different centrality intervals. MUSIC and MUSIC+SMASH results are only shown for K∗0 in
Pb−Pb collisions at

√
sNN = 5.02 TeV as no significant quantitative difference between predictions for

K∗0 and K∗± is expected. MUSIC and MUSIC+SMASH both overpredict the yield measurements and
underpredict the ⟨pT⟩ of the K∗±. MUSIC+SMASH is closer to the measurements than MUSIC only
predictions.
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√
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and dashed lines, respectively. Statistical (systematic) uncertainties are shown by bars (boxes).

4.3 Freeze out temperature using the HRG-PCE model

The thermodynamic properties of the system created in heavy-ion collisions can be studied using thermal
model calculations. In this study, the hadron resonance gas (HRG) model in partial chemical equilibrium
(PCE) [59] is used to extract the freeze-out parameters of the system. The evolution of the system in
partial chemical equilibrium follows the conservation of the total yields and entropy of the stable hadrons.
Resonance decays and formation take place, obeying the law of mass action. Including resonances in
the HRG-PCE model fit is necessary for the PCE evolution of the system in the hadronic phase. The
model parameters are the baryon chemical potential (µB), the chemical freeze-out temperature (Tch),
the kinetic freeze-out temperature (Tkin), the volume (Vch) of the system formed at freeze-out and the
fugacity parameters which regulate deviations from chemical equilibrium in the light and strange quark
sectors. It is assumed that µB = 0, and yields of particles and antiparticles are the same. The chemical
freeze-out temperature is fixed to 155 MeV, and all fugacity parameters to unity. The free parameters
of the fit are the kinetic freeze-out temperature, and the volume. The kinetic freeze-out temperature is
extracted from the HRG-PCE model [59] fit to the yields of π , K, p, φ , K∗0 and K∗± in Pb−Pb collisions
at

√
sNN = 5.02 TeV. The procedure for fitting the HRG-PCE model to the data is implemented in

THERMAL-FIST [78] since version 1.3. The temperature is determined for five different centrality
intervals 0−10%, 10−20%, 20−40%, 40−60%, and 60−80% as shown in Table 3 and compared with
the results of blast-wave fits to the pT spectra of π±, K±, p(p) [56]. The fitting of pT spectra depends
on the assumed flow velocity profile and the freeze-out hypersurface within the blast-wave model. The
concept of the HRG-PCE model is free from these assumptions. Table 3 shows that results from the
HRG-PCE model are consistent within uncertainties with the published blast-wave model results.

The extracted kinetic freeze-out temperature increases from 95 MeV in 0−10% Pb−Pb collisions to 124
MeV in 60−80% Pb−Pb collisions. The results indicate the presence of the hadronic phase of a finite
lifetime in heavy-ion collisions, longer lived in central collision and shorter in peripheral collision.
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Table 3: HRG-PCE model fits results in Pb−Pb collisions at
√

sNN = 5.02 TeV. Numbers in brackets show the
published kinetic freeze-out temperatures obtained using blast-wave fits to π±, K±, p(p) spectra [56].

Centrality (%) Tkin (MeV) χ2/Ndf
0−10 95 ± 3 (91 ± 3) 2.25

10−20 104 ± 4 (94 ± 3) 2.17
20−40 109 ± 5 (99 ± 3) 1.48
40−60 116 ± 6 (112 ± 3) 0.77
60−80 124 ± 8 (138 ± 6) 1.63

4.4 Particle ratios

Ratios of resonance yields to those of longer-lived particles with similar quark contents are constructed
to numerically study the effects of rescattering and regeneration processes. Figure 6 shows the pT-
integrated yield ratios of K∗±/K, K∗0/K and φ /K as a function of ⟨dNch/dη⟩1/3

|η |<0.5 in Pb−Pb collisions

at
√

sNN = 5.02 TeV and K∗±/K in pp collisions at
√

s = 5.02 TeV [39, 56, 69]. The ⟨dNch/dη⟩1/3
|η |<0.5 is

proportional to the linear (radial) path through the produced matter. The kaon yields in Pb−Pb collisions
at
√

sNN = 5.02 TeV are taken from Ref. [56].
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Figure 6: The pT-integrated particle yield ratios K∗±/K, K∗0/K and φ /K measured at midrapidity (|y| < 0.5) in
pp and Pb−Pb collisions at

√
sNN = 5.02 TeV as a function of ⟨dNch/dη⟩1/3

|η |<0.5. For Pb−Pb collisions, K∗0/K
and φ /K data points are taken from Ref. [39] and for pp collisions K∗±/K is taken from Ref. [69]. The results of
the Gamma canonical statistical model calculation [79] for K∗0/K, in addition to predictions from the HRG-PCE
model [59], as well as MUSIC with and without afterburner [75] are shown. Statistical uncertainties are shown by
bars, total systematic uncertainties by open boxes, and the multiplicity-uncorrelated systematic uncertainty by the
shaded boxes. The two highest multiplicity data points for K∗0 and φ mesons are slightly shifted for visibility.

The pT-integrated K∗±/K ratio decreases with increasing system size. The suppression of the K∗±/K ratio
is similar to that of K∗0/K at similar multiplicity. This is consistent with the picture of the rescattering
effect for the decay products in the hadronic phase. The lifetime of the φ meson is one order of magnitude
longer than that of the K∗ meson, hence its decay products are not expected to take part in rescattering
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processes, while the regeneration of kaons can increase the measured φ meson yields. A constant φ /K
ratio as a function of charged-particle multiplicity indicates that neither rescattering nor regeneration
plays an important role for the φ meson in the hadronic medium.

For comparison, the predictions of the Gamma canonical statistical model (γSCSM) [79], HRG-PCE [59],
hydrodynamic model MUSIC with and without hadronic afterburner [75] for K∗0/K are also shown in
Fig.6. Generally, the statistical models involve an ideal hadron resonance gas in thermal and chemical
equilibrium at the chemical freeze-out surface. The baryon number, the strangeness, and the electric
charges are fixed to a particular value and remain conserved exactly across the correlation volume Vc.
In the Gamma canonical statistical model, a multiplicity-dependent chemical freeze-out temperature is
considered, where the possibility of incomplete chemical equilibrium in the strangeness sector is in-
cluded via the γS factor. The canonical volume considered in this model corresponds to three units of
rapidity Vc = 3 dV /dy. The model overpredicts the measurements and predicts a relatively flat ratio with
increasing system size. The prediction from MUSIC with SMASH as an afterburner also fails to describe
the level of suppression as observed in the experimental data. The hadron resonance gas model in partial
chemical equilibrium, which incorporates the hadronic phase, qualitatively describes the experimental
data. This suggests the importance of the rescattering effect for the measured K∗± yields in the hadronic
phase of heavy-ion collisions.

The significance of the suppression of the yield ratio (K∗±/K) in central Pb–Pb collisions with respect
to pp collisions can be quantified using the double ratio (K∗±/K)PbPb/(K∗±/K)pp = 0.448 ± 0.057, where
the multiplicity uncorrelated uncertainty for K∗± and total uncertainty for K are considered. This double
ratio deviates from unity by 9.3 standard deviations. The suppression of the K∗±/K ratio is found to be
similar to that of K∗0/K, but measured with higher precision (9.3σ compared with 6.02σ ) [39].

The pT-differential yield ratios are measured in order to study the pT dependence of the rescattering
effect. The upper panels of Fig.7 show the pT-differential yield ratios of K∗±/K (a) and K∗±/π (b)
in Pb−Pb collisions at

√
sNN = 5.02 TeV for 0−10%, 60−80% centrality intervals compared with pp

collisions at
√

sNN = 5.02 TeV [69]. The bottom panels (c and d) show the double ratios. At low
pT (< 2 GeV/c), the double ratios (K∗±/K)PbPb/(K∗±/K)pp and (K∗±/π)PbPb/(K∗±/π)pp are suppressed
by up to a factor of five. The suppression is stronger in central collisions than peripheral ones due
to a stronger rescattering effect in the larger system produced in the central collisions. For pT (> 5
GeV/c), the double ratios are consistent with unity for both central and peripheral collisions, suggesting
that the rescattering effect is a low pT phenomenon. The lower panels of Figure 7 (c and d) present
the comparison of results for K∗±and K∗0 [39] in the 0–10% centrality interval, demonstrating their
consistency with each other. In the intermediate pT range (3–5 GeV/c), both the double ratios (c and
d) show an enhancement in central Pb−Pb collisions compared with peripheral and pp collisions. This
enhancement is more pronounced for K∗±/π yield ratio and is consistent with the picture of larger radial
flow in the most central collisions relative to peripheral and pp collisions.

4.5 Nuclear modification factor

The left panel of Fig. 8 shows the species dependence of RAA for 0−10% Pb−Pb collisions at√
sNN = 5.02 TeV. The species vary in mass from 0.139 GeV/c2 for pions to 1.020 GeV/c2 for the φ

meson. Both baryons and mesons have been considered. At low pT (< 2 GeV/c), K∗± and K∗0 RAA
values are the smallest among the listed hadrons, which is consistent with the picture of the rescattering
effect. RAA values in the intermediate pT range show species dependence with evidence of baryon–meson
splitting. RAA values in this pT range are influenced by a combination of effects like radial flow, parton
recombination, enhanced strangeness production, steepness of particle pT spectra in reference pp colli-
sions, etc., which are difficult to disentangle from RAA measurements alone. For pT > 8 GeV/c, all the
particle species show similar RAA within the uncertainties, including the K∗±. This observation suggests
that suppression of various light flavored hadrons is independent of their quark content and mass. The
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Figure 7: The pT-differential particle yield ratios K∗±/K (a) and K∗±/π (b) in pp (black marker) and Pb−Pb col-
lisions at

√
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panels (c) and (d) show the ratios of Pb−Pb to pp results, compared with 0−10% K∗0 results [39]. Statistical un-
certainties are shown by bars and systematic uncertainties by boxes. The statistical and systematic uncertainties on
the data points are obtained by propagating the statistical and total systematic uncertainties of the measurements.

right panel of Fig. 8 shows the evolution of RAA values with centrality for K∗±. The RAA is found to be
the smallest in most central collisions. It gradually increases towards more peripheral collisions similarly
for other light hadrons. The results are consistent with centrality-dependent energy loss of partons.

5 Conclusion

The first measurement of K∗± resonance in Pb−Pb collisions at
√

sNN = 5.02 TeV using the ALICE
detector has been presented. The transverse-momentum spectra are measured at midrapidity up to
pT = 16 GeV/c in various centrality intervals. A good consistency between the presented K∗± results and
the previously published K∗0 measurements is observed. The pT-integrated yields and ⟨pT⟩ values for
K∗± and K∗0 at

√
sNN = 5.02 TeV and

√
sNN = 2.76 TeV exhibit a common smooth evolution with event

multiplicity. A suppression is observed in the K∗±/K yield ratio in central Pb−Pb collisions compared
with peripheral Pb−Pb collisions and pp collisions. The measured suppression of the K∗±/K ratio is
observed to be akin to that of K∗0/K, albeit with higher precision (9.3σ as opposed to 6.02σ ). A suppres-
sion factor of about five is observed for K∗/K at low pT. These observations indicate the dominance of
rescattering effect over regeneration at low pT in the hadronic phase of the system produced in heavy-ion
collisions, which is consistent with the observations made from K∗0 measurements at

√
sNN = 5.02 TeV
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and 2.76 TeV.
The values of the pT-integrated K∗/K ratios in Pb−Pb collisions are smaller than those obtained from
thermal model predictions but qualitatively consistent with models which include a finite hadronic phase
lifetime. Predictions of the hydrodynamic model MUSIC are noticeably closer to the measurements
when processed with the hadronic afterburner SMASH. HRG-PCE qualitatively describes the suppres-
sion trend of K∗/K particle ratios. These observations emphasize the importance of the hadronic phase
in central heavy-ion collisions. The kinetic freeze-out temperature is determined in different centrality
intervals using the HRG-PCE model fit to the experimental data at a fixed chemical freeze-out tempera-
ture. The results suggest a longer-lived hadronic phase in central collisions as compared with peripheral
collisions. The kinetic freeze-out temperature results are consistent with predictions obtained from blast-
wave fits to pion, kaon, and proton pT spectra.
The values of the nuclear modification factor (RAA) for K∗ are below unity at all centralities and are
consistent with energy loss of partons while traversing the hot and dense medium. The RAA values are
smaller in most central collisions and increase towards peripheral collisions. No species dependence is
observed at high pT.
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