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PHYSICAL REVIEW C 106, 034907 (2022)

Production of K∗(892)0 and φ(1020) in pp and Pb-Pb collisions at
√

sNN = 5.02 TeV

S. Acharya et al.∗
(ALICE Collaboration)

(Received 10 July 2021; accepted 19 August 2022; published 14 September 2022)

The production of K∗(892)0 and φ(1020) mesons in proton–proton (pp) and lead–lead (Pb–Pb) collisions
at

√
sNN = 5.02 TeV has been measured using the ALICE detector at the Large Hadron Collider (LHC). The

transverse momentum (pT) distributions of K∗(892)0 and φ(1020) mesons have been measured at midrapidity
(|y| < 0.5) up to pT = 20 GeV/c in inelastic pp collisions and for several Pb–Pb collision centralities. The
collision centrality and collision energy dependence of the average transverse momenta agree with the radial flow
scenario observed with stable hadrons, showing that the effect is stronger for more central collisions and higher
collision energies. The K∗0/K ratio is found to be suppressed in Pb–Pb collisions relative to pp collisions: this
indicates a loss of the measured K∗(892)0 signal due to rescattering of its decay products in the hadronic phase.
In contrast, for the longer-lived φ(1020) mesons, no such suppression is observed. The nuclear modification
factors (RAA) of K∗(892)0 and φ(1020) mesons are calculated using pp reference spectra at the same collision
energy. In central Pb–Pb collisions for pT > 8 GeV/c, the RAA values of K∗(892)0 and φ(1020) are below unity
and observed to be similar to those of pions, kaons, and (anti)protons. The RAA values at high pT (>8 GeV/c)
for K∗(892)0 and φ(1020) mesons are in agreement within uncertainties for

√
sNN = 5.02 and 2.76 TeV.

DOI: 10.1103/PhysRevC.106.034907

I. INTRODUCTION

Experiments at the Large Hadron Collider (LHC) at CERN
have recorded Pb–Pb collisions at the center of mass energy√

sNN = 5.02 TeV, to date the highest energy for collisions of
heavy ions, that has allowed for the creation of a long-lived,
hot, dense, and strongly interacting QCD matter [1,2]. One
of the physics interests of ALICE experiment is to study the
properties of the deconfined state of quarks and gluons (the
quark-gluon plasma, QGP) produced in the early stages of
the collision relative to the confined state of hadrons and
resonances (excited state hadrons) [3–5]. In these collisions,
several kinds of hadrons and resonances with different flavors
of valence quark content, mass, spin, and lifetime are pro-
duced. Each of these hadrons and resonances possesses unique
characteristic features that can be exploited to study the prop-
erties of the medium [6]. Strongly decaying resonances like
K∗(892)0 and φ(1020) with strange valence quarks have sim-
ilar masses and spin = 1, but different lifetimes of 4.16 ±
0.05 fm/c and 46.3 ± 0.4 fm/c [7], respectively. The large
difference in the lifetimes of these resonances allows one to
probe the system formed in heavy-ion collisions at different
timescales [8–22].

∗Full author list given at the end of the article.
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Experiments usually measure the transverse momentum
(pT), rapidity (y), and azimuthal angle (ϕ) distributions of
the produced particles. Other observables are mostly derived
from these basic measurements. The total yields of the reso-
nances like K∗(892)0 and φ(1020) dominantly come from the
low transverse momentum (pT < 3 GeV/c) particles and are
sensitive to the rescattering and regeneration processes in the
hadronic phase of the heavy-ion collisions [10,14,18,20,21].
Further, the pT-integrated yields have been used to construct
various particle ratios to understand strangeness enhancement
in high-energy collisions [10,12–14,18,19,21,23]. In the in-
termediate pT range (3–6 GeV/c), effects of radial flow and
recombination have been probed [24,25]. Different kinds of
particle ratios, particularly baryon-to-meson, have been used
to understand these dynamics [18,19,21,26–29]. At high pT,
the phenomenon of energy loss by energetic partons traversing
the dense medium formed in high-energy heavy-ion collisions
has been studied [27,30–38]. The energy loss process depends
on the initial medium density, on the lifetime of the dense
matter, on the path length traversed by the parton, and on
the quark flavor. The contributions of these parameters can be
understood by studying the identified hadron pT spectra for
various collision centralities and collision energies relative to
pp collisions.

ALICE has previously measured the K∗(892)0 and
φ(1020) meson production in pp and Pb–Pb collisions at√

sNN = 2.76 TeV [18,21]. The low-pT physics phenomena
of rescattering of resonance decay products and regener-
ation of resonances in hadronic medium, radial flow, and
strangeness enhancement are addressed through the measure-
ments of the particle yield (dN/dy), yield ratios, and mean
transverse momentum (〈pT〉). The measured 〈pT〉 in central
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Pb–Pb collisions is observed to be 15–20% higher than in
peripheral collisions and is also higher than the 〈pT〉 mea-
sured in nucleus–nucleus collisions at RHIC energies [10,12–
14], suggesting a stronger radial flow effect at the LHC. In
Ref. [27], it is shown that 〈pT〉 of π , K, and p in central Pb–Pb
collisions is slightly higher at 5.02 TeV than at 2.76 TeV.
This effect is consistent with the presence of a stronger radial
flow at the highest collision energy in Pb–Pb collisions. The
K∗(892)0 and φ(1020) resonances, having a mass similar to
the mass of the proton, can further be used to test this effect.
The pT-integrated yield of K∗(892)0 relative to kaons is ob-
served to be suppressed in central Pb–Pb collisions compared
to pp and peripheral Pb–Pb collisions. No such suppression
is observed for the φ(1020) meson. This suggests that the
rescattering of the decay products of the short-lived reso-
nance K∗(892)0 in the hadronic phase is the mechanism that
determines the reduced measurable yield. This characteristic
is further supported by the expectations from thermal model
predictions for Pb–Pb collisions with a chemical freezeout
temperature of 156 MeV, which does not include rescattering
effect [39]. A detailed study on the energy and system size
dependence of pT-integrated particle yield ratios, K∗0/K and
φ/K is performed. For current measurements, these ratios are
calculated with the average of particle and anti-particle yields
i.e. (K∗0 + K

∗0
)/(K+ + K−) and 2φ/(K+ + K−), which are

denoted as K∗0/K and φ/K , respectively throughout this
paper unless specified otherwise. The reader is referred to
Ref. [22] for more elaborate discussions on the observation
of rescattering in Pb–Pb collisions, lifetime of the hadronic
phase and physics related to pT dependence of particle ratios
involving K∗(892)0 and φ(1020) resonances in Pb–Pb colli-
sions at

√
sNN = 5.02 TeV.

The comparison of K∗(892)0 and φ(1020) pT distributions
to the expected pT distributions from a blast-wave function
[40] with parameters obtained from combined fits to π±, K±,
and p( p̄) [41], which does not include rescattering effects,
shows a suppression of the K∗(892)0 yield by ≈40% for
pT < 3 GeV/c. However, it is not yet established if the
observed pT-dependence of the K∗(892)0 suppression is only
due to the rescattering effect. No such suppression is observed
for the φ(1020) meson, suggesting that φ(1020) mesons typ-
ically decay outside the fireball (lifetime ≈10 fm/c [42])
because of their longer lifetime.

The high-pT parton energy loss is studied by measuring the
nuclear modification factor (RAA). It is defined as

RAA = 1

〈TAA〉
d2NAA/(dyd pT)

d2σ pp/(dyd pT)
, (1)

where d2NAA/(dyd pT) is the yield of particles in heavy-
ion collisions and σ pp is the production cross section in pp
collisions. 〈TAA〉 = 〈Ncoll〉/σinel is the average nuclear over-
lap function, where 〈Ncoll〉 is the average number of binary
nucleon–nucleon collisions calculated using MC Glauber [43]
simulations, and σinel is the inelastic pp cross section equal to
(67.6 ± 0.6) mb at

√
sNN = 5.02 TeV [27,44]. The RAA mea-

surements in Pb–Pb collisions at
√

sNN = 2.76 TeV [10,31]
show that at high transverse momentum (pT > 8 GeV/c) nu-
clear modification factors for π , K , p, K∗(892)0, and φ(1020)

are consistent within uncertainties. This suggests that the par-
tonic energy loss in the dense medium produced in heavy-ion
collisions does not change the relative particle abundancies
at pT > 8 GeV/c in the light quark sector (u, d, s). The
new measurements in pp and Pb–Pb collisions at

√
sNN =

5.02 TeV will be useful in the study of energy dependence
of RAA and in further testing the flavor dependence of partonic
energy loss in the dense medium produced in heavy-ion colli-
sions. The centrality, collision energy and flavor dependence
of the RAA are studied using precise measurements at the high-
est beam energy available for Pb–Pb collisions at the LHC.

In this article, K∗(892)0 and φ(1020) meson production
is studied at midrapidity, |y| < 0.5, over a wide transverse
momentum range up to 20 GeV/c in Pb–Pb and inelastic pp
collisions at

√
sNN = 5.02 TeV. Throughout this article, the

results for K∗(892)0 and K
∗
(892)0 are averaged and denoted

by the symbol K∗0, and φ(1020) is denoted by φ unless
specified otherwise. The article is organized as follows: Sec-
tion II describes the data analysis techniques, which include
the event and track selection, the technique adopted to obtain
the yields of the resonances, correction factors and systematic
uncertainties. Section III presents results related to the K∗0

and φ meson pT spectra, yields, mean transverse momentum,
particle ratios and nuclear modification factors. A summary of
the work presented in the article is given in Sec. IV.

II. DATA ANALYSIS

The measurements of K∗0 and φ meson production in pp
and Pb–Pb collisions at

√
sNN = 5.02 TeV have been per-

formed on data taken with the ALICE detector in the year
2015. The resonances are reconstructed via their hadronic
decay channels, K∗0 → π±K∓ (B.R. = 66.6% [7]) and
φ → K+K− (B.R. = 49.2% [7]). In pp collisions, K∗0 and
φ mesons are measured in inclusive inelastic events, whereas
in Pb–Pb collisions they are measured in eight collision cen-
trality classes 0–10%, 10–20%, 20–30%, 30–40%, 40–50%,
50–60%, 60–70%, and 70–80% [45].

A. Event and track selection

A detailed description of the ALICE detector can be found
in Refs. [46,47]. The measurements are obtained with the
ALICE central barrel detectors, which are located inside a
solenoidal magnet providing a magnetic field of 0.5 T, and are
used for tracking, particle identification and reconstruction of
the primary vertex. The measurements have been performed
by using central barrel detectors: the inner tracking system
(ITS), the time projection chamber (TPC), and the time-of-
flight (TOF) detector. These detectors have full azimuthal
coverage around midrapidity, at pseudorapidity |η| < 0.9. The
primary vertex position is determined from global tracks [47].
Global tracks are reconstructed using both the TPC and ITS,
and are used to determine the primary vertex position [47].
Events are selected according to the position of the primary
vertex along the beam axis (vz), which is required to be within
10 cm from the nominal interaction point to ensure a uniform
acceptance and reconstruction efficiency in the pseudorapid-
ity region |η| < 0.8. In addition, the difference between the
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vertices reconstructed with the two innermost layers of the
ITS and those reconstructed with global tracks (|vz,Track −
vz,SPD|) is required to be less than 0.5 cm. This selection is
required to reject pile-up events in pp collisions, which are
less than 1% of the overall number of events. Pb–Pb colli-
sions have negligible pile-up. A pair of scintillator arrays (V0
detector) that cover the pseudorapidity region 2.8 < η < 5.1
(V0-A) and −3.7 < η < −1.7 (V0-C), is used for the interac-
tion trigger both in pp and in Pb–Pb collisions. The trigger is
defined as a coincidence between the V0-A and the V0-C. In
addition, at least one hit in the central barrel detector SPD is
required for the minimum bias trigger in pp collisions. The V0
detector signal is the total charge collected (V0M amplitude)
in the detector, which is proportional to the charged particle
multiplicity in its acceptance, and it is used to classify the
Pb–Pb events into centrality classes, defined in terms of per-
centiles of the hadronic cross section. A Glauber Monte Carlo
model is fitted to the V0 amplitude distribution to compute
the fraction of the hadronic cross section corresponding to any
given range of V0 amplitudes. Based on these studies, the data
are divided into several centrality classes [48]. The number
of events analyzed after the event selections are ≈110 × 106

and ≈24 × 106 in minimum bias pp and Pb–Pb collisions,
respectively.

K∗0 and φ mesons are reconstructed using global tracks. To
ensure high tracking efficiency and to limit the contamination
due to secondary particles and tracks with wrongly associated
hits, global selected tracks are required to have a minimum
number of TPC hits associated to the track (70 of a maximum
of 159). The reconstructed track χ2 normalized to the number
of TPC clusters is required to be lower than 4. To reduce the
contamination from beam-background events and secondary
particles coming from weak decays, selection criteria on the
distance of closest approach to the primary vertex in the trans-
verse plane (DCAxy) of the selected tracks and in the beam
direction (DCAz) are applied [47]. The value of DCAxy is
required to be DCAxy (pT) < 0.0105 + 0.035p−1.1

T cm (pT in
GeV/c) which corresponds to 7 times the DCAxy resolution,
and DCAz is required to be less than 2 cm. The pT is requested
to be larger than 0.15 GeV/c. The charged tracks are selected
within the pseudorapidity range |η| < 0.8, which ensures
uniform acceptance and the best reconstruction efficiency.
Furthermore, the charged tracks from the decay of weakly
decaying kaons are rejected.

The TPC and TOF are used to identify pions and kaons by
measuring the specific ionization energy loss (dE/dx) in the
TPC and their time-of-flight in the TOF, respectively. When-
ever the TOF information for a given track is not available,
only the TPC information is used for particle identification.
The dE/dx resolution of the TPC is denoted as σTPC. For
K∗0 and φ meson reconstruction in Pb–Pb collisions, and K∗0

reconstruction in pp collisions, pion and kaon candidates are
required to have 〈dE/dx〉 within 2σTPC of the expected dE/dx
values for each particle species over the whole momentum
range. To further reduce the number of misidentified particles,
the measured time-of-flight is required not to deviate from
the expected value for each given mass hypothesis by more
than 3σTOF (σTOF ≈ 60 ps) [27]. For φ meson reconstruction
in pp collisions, the kaon candidates are selected using the

TPC with selection criteria of 6σTPC, 4σTPC, and 2σTPC on the
measured 〈dE/dx〉 distributions in the momentum ranges p <

0.3 GeV/c, 0.3 < p < 0.4 GeV/c, and p > 0.4 GeV/c, respec-
tively. In addition, a 3σTOF selection criterion is applied on the
time-of-flight over the measured momentum range whenever
the TOF information is available.

B. Yield extraction

The raw yields are extracted in each pT bin and centrality
class as done in previous work [18,21,49–51]. The pT spectra
for K∗0 (φ) mesons cover the range 0–20 GeV/c (0.4–20
GeV/c) for pp collisions. For Pb–Pb collisions, the pT spectra
of K∗0 and φ mesons are measured from pT = 0.4 GeV/c
up to 20 GeV/c in all centrality classes. The K∗0 and φ

mesons are reconstructed via their hadronic decay channels
by calculating the invariant mass of their decay daughters. For
each event, the unlike-sign kaons and pions are paired for K∗0,
and unlike-sign kaons are paired for the φ meson to construct
the invariant-mass distribution. The rapidity of the daughters
pair is required to lie in the range, |y| < 0.5. An event
mixing technique is used to estimate the combinatorial back-
ground where the kaons and pions from one event are mixed
with oppositely charged kaons and pions from other events.
Two events are mixed only if they have similar multiplicity
(|�n| < 5) and collision vertex (|�vz| < 1 cm). To reduce the
statistical uncertainties from the background distribution, each
event is mixed with five other events. Then the mixed-event
invariant mass distribution is normalized in the mass region
outside of the mass peak, namely 1.1 < MKπ < 1.15 GeV/c2

and 1.035 < MKK < 1.045 GeV/c2 for K∗0 and φ mesons,
respectively. The left panels of Figs. 1 and 2 show the in-
variant mass distributions of unlike-sign Kπ and KK pairs
from the same event (black marker) and the normalized mixed
event background (red marker) for the transverse momentum
ranges 1.2 < pT < 1.6 GeV/c and 0.8 < pT < 1.0 GeV/c,
respectively. The invariant mass distributions are shown for
the 0–10% and 70–80% centrality classes in Pb–Pb collisions.
The combinatorial background subtracted invariant-mass dis-
tributions are fitted using a combined function to describe the
signal peak and the residual background. As shown in the right
panels of Figs. 1 and 2, respectively, a Breit-Wigner function
[Eq. (2)] is used to describe the K∗0 peak and a Voigtian
function [a convolution of a Breit-Wigner and a Gaussian
function, Eq. (3)] is used to describe the φ peak. A second
order polynomial is used to describe the residual background
in both cases. The residual background is what remains after
the combinatorial background subtraction and it is mainly
due to correlated pairs from real resonance decays where the
daughter particles are misidentified as K or π . The signal peak
fit functions for K∗0 and φ are

dN

dMKπ

= Nraw

2π

	

(MKπ − M0)2 + 	2

4

, (2)

dN

dMKK
= Nraw

2π

∫
	

(MKK − m′)2 + 	2/4

e−(m′−M0 )2
/2σ 2

√
2πσ

dm′,

(3)
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FIG. 1. Invariant-mass distributions of πK pairs for the 0–
10% and 70–80% centrality classes in Pb–Pb collisions at√

sNN = 5.02 TeV for the transverse momentum range 1.2 < pT <

1.6 GeV/c. The left panels show the unlike charge πK invariant-
mass distribution from the same event and the normalized mixed
event background. The right panels report the invariant-mass distri-
bution after subtraction of the combinatorial background for K∗0. The
solid curves represent fits to the distributions and the dashed curves
are the components of the fits that describe the residual background.
The statistical uncertainties are shown by bars.

where MKπ and MKK are the reconstructed invariant masses
of K∗0 and φ mesons. M0, 	, and Nraw are the mass, width
and raw yield of the resonances, respectively. The parameter
σ in Eq. (3) represents the mass resolution, which depends
on pT. The widths of K∗0 and φ are fixed to the vacuum
values [7] while fitting the invariant mass distributions. For
the φ meson, the σ is kept free. The measured σ on the φ

mass is pT dependent, varies between 1–2 MeV/c2 and its
values are consistent with the values obtained from Monte
Carlo simulations. The raw particle yields are extracted by
integrating the invariant mass distribution within the mass in-
terval approximately M0 ± 2	 and subtracting the integral of
the residual background function in the same mass region. The
resonance yields beyond the integration region are obtained
by integrating the tail part of the signal fit function; these
yields are then added to the yields extracted by integrating
the invariant mass distribution.

C. Yield correction

1. Acceptance and reconstruction efficiency

The raw transverse momentum distributions are corrected
for the detector acceptance and reconstruction efficiency (A ×
εrec). These correction factors are evaluated by using Monte
Carlo (MC) events generated with PYTHIA8 (Monash 2013
Tune) [52] for pp and HIJING [53] for Pb–Pb collisions,

FIG. 2. Invariant-mass distributions of KK pairs for the 0–
10% and 70–80% centrality classes in Pb–Pb collisions at√

sNN = 5.02 TeV for the transverse momentum ranges 0.8 < pT

< 1.0 GeV/c. The left panels show the unlike charge KK invariant-
mass distribution from the same event and the normalized mixed
event background. The right panels report the invariant-mass distri-
bution after subtraction of the combinatorial background for φ. The
solid curves represent fits to the distributions and the dashed curves
are the components of the fits that describe the residual background.
The statistical uncertainties are shown by bars.

and by transporting the particles through a full simulation of
the ALICE detector with GEANT3 [54]. The A × εrec has a
centrality dependence in Pb–Pb collisions and a deviation of
≈5–7% is observed from the most central to the most pe-
ripheral centrality classes. As the real data and the generated
MC spectral shapes are different, the pT spectra of the gener-
ated mesons are reweighted to the respective pT spectra from
the data in an iterative method to re-estimate the efficiency
[55]. The effect of re-weighting the generated pT spectra on
A × εrec is ∼4–6% at low-pT (<1 GeV/c) and is negligible at
high pT (>1 GeV/c).

2. Normalization

The normalized yield is given by

1

Nevent

d2N

dyd pT
= 1

Nacc
event

Nraw

�y�pT

εtrig εvert εSL

(A × εrec) BR
, (4)

where �y and �pT are the widths of rapidity and pT bins,
respectively. The raw spectra are corrected for the branching
ratio (BR). The extracted yields are normalized to the number
of analyzed events (Nacc

event). In order to obtain the absolute
resonance yields per inelastic pp collision, the factor εtrig =
0.757 ± 0.019 due to trigger efficiency is used. This is the ra-
tio between the V0 visible cross section [56] and the inelastic
cross section [44].
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The correction factor εvert accounts for the vertex recon-
struction efficiency, which is calculated as the ratio of the
number of events having good vertex to the total number of
triggered events. This is estimated to be 0.958 in pp collisions.
The signal loss correction, εSL accounts for the loss in K∗0 and
φ yields that is caused by the event selection with minimum
bias trigger, rather than all inelastic events. The εSL has a pT

dependence and is only significant for low pT (<2.5 GeV/c).
It is calculated as the ratio of the pT spectrum from inelastic
events to the pT spectrum from triggered events. The value of
εSL is less than 1.05 for both K∗0 and φ mesons in pp col-
lisions. The effects of inelastic trigger, vertex reconstruction
efficiency and signal loss corrections are negligible in Pb–Pb
collisions [28,41] and, hence, are not considered.

D. Systematic uncertainties

The systematic uncertainties in the measurement of K∗0

and φ production in pp and Pb–Pb collisions at
√

sNN =
5.02 TeV have been estimated by considering uncertain-
ties due to signal extraction, track selection criteria, particle
identification, global tracking efficiency, uncertainty in the
material budget of the ALICE apparatus and the hadronic
interaction cross section in the detector material. To study the
systematic uncertainty for K∗0 and φ in Pb–Pb and K∗0 in pp,
an approach similar to that described in Refs. [18,21,49,51]
has been adopted. For the estimation of systematic uncer-
tainties for φ in pp, a similar approach is followed as in
Refs. [57,58].

A summary of the systematic uncertainties from various
sources, for K∗0 and φ in pp and Pb–Pb collisions is given in
Ref. [22] where the values of relative systematic uncertainties
are quoted for low, intermediate, and high pT. The track selec-
tion criteria have been varied to study the systematic effect due
to the track selection. In order to study the effect of the choice
of particle identification criteria of the daughter tracks on raw
yield extraction, the selection criteria on TPC and TOF have
been varied. To estimate the systematic uncertainty of particle
identification (PID), the NσTPC/TOF cut is varied by 1σTPC/TOF

from the default PID selection criterion.
The uncertainty due to the signal extraction includes vari-

ations of the event mixing background normalization range,
signal fit range, residual background fit function, choice of
combinatorial background, and mass resolution. The mixed
event background distributions for K∗0 and φ have been
normalized in different invariant-mass regions excluding the
signal peaks; the change in yield is considered as the sys-
tematic uncertainty. The Kπ invariant-mass fitting ranges are
varied by 10–50 MeV/c2 for K∗0 whereas for the φ the KK
invariant-mass fitting ranges are varied by 5–10 MeV/c2. The
residual background is fitted with a third-order polynomial for
Pb–Pb collisions, and in pp collisions, a first- and third-order
polynomial is used for systematic studies. The systematic un-
certainties due to the combinatorial background are estimated
by changing the method of background reconstruction (like
sign and event mixing).

Another source of uncertainty comes from the determina-
tion of the global tracking efficiency, which arises from the
ITS-TPC track matching efficiency. The systematic uncertain-

FIG. 3. Transverse momentum spectra of K∗0 (left panel) and
φ (right panel) for inelastic pp collisions at

√
s = 5.02 TeV. The

statistical and systematic uncertainties are shown by bars and boxes,
respectively. The results are compared with model calculations from
PYTHIA 6.4 (Perugia 2011 Tune) [62,63], PYTHIA 8.1 (Monash
2013 Tune) [52,64], PYTHIA 8.2 (Rope hadronization) [65], EPOS-
LHC [66], and HERWIG 7.1 [67], which are shown as different
dashed lines. The lower panels show the data to model ratio.

ties due to global tracking efficiency are calculated from the
corresponding values for single charged particles uncertainty
and by combining the two charged tracks used in the invariant
mass reconstruction of K∗0 and φ. In both pp and Pb–Pb colli-
sions, this contribution has been estimated to be pT dependent
for charged particles [28].

The material budget of the ALICE detector setup is known
with an uncertainty of 7% in terms of radiation length, deter-
mined on the basis of γ conversion measurements [59]. The
systematic uncertainty contribution due to material budget is
thus estimated by varying the amount of material by ±7% in
the Monte Carlo simulation. The systematic uncertainty due to
the hadronic interaction cross section in the detector material
is estimated by comparing different transport codes: GEANT3
[54], GEANT4 [60], and FLUKA [61]. The effects of material
budget and hadronic interactions are evaluated by combining
the uncertainties for a pion and a kaon (in case of K∗0), and
for two kaons (in case of φ) according to the kinematics of
the decay [28]. These effects are found to be negligible at
intermediate and high pT for both K∗0 and φ.

Raw yield extraction and global tracking efficiency domi-
nate total uncertainties in the lowest and highest pT intervals.
The total systematic uncertainties for K∗0 and φ amount to
10.9–12.3% (9.1–13.0%) and 6.4–9.2% (5.4–9.5%) in Pb–Pb
(pp) collisions, respectively. Among the sources of systematic
uncertainty, the yield extraction is the only fully uncorrelated
source, while track selection, PID, global tracking efficiency,
material budget and hadronic interaction are correlated across
different centrality classes.

III. RESULTS

A. pT spectra in pp collisions

Figure 3 shows the invariant yields of K∗0 and φ mesons as
a function of pT for inelastic pp collisions at

√
s = 5.02 TeV.

These first measurements at
√

s = 5.02 TeV extend to
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TABLE I. Lévy-Tsallis fit parameters for K∗0 and φ meson pT

spectra in pp collisions at
√

s = 5.02 TeV. The errors on the fit
parameters result from the total (quadrature sum of statistical and
systematic) uncertainties on the data.

Resonance n C (GeV) χ 2/ndf

K∗0 7.05 ± 0.14 0.267 ± 0.006 0.23
φ 7.47 ± 0.16 0.309 ± 0.006 0.62

pT = 20 GeV/c in the rapidity range of |y| < 0.5. The shape
of both spectra is well described by a Lévy-Tsallis function
[68] whose form is given by

d2N

d pTdy
= pT

dN

dy

(n − 1)(n − 2)

nC[nC + m(n − 2)]

[
1 + mT − m

nC

]−n

, (5)

where dN/dy, n, and C are the parameters of the function that
are determined from the fit to the measured spectra, m is the
mass of the hadron, and mT is the transverse mass defined as√

p2
T + m2. The Lévy-Tsallis function provides a fair descrip-

tion of the shape of the transverse momentum spectrum over
a wide pT range, thanks to its two parameters: the exponent n
and the inverse slope C. The parameters obtained from the fit
to K∗0 and φ spectra in pp collisions at

√
s = 5.02 TeV are

given in Table I. They are similar to the parameters obtained
in pp collisions at

√
s = 7 and 8 TeV [57]. The χ2/ndf

values are less than unity because the bin-to-bin systematic
uncertainties taken in the fit could be correlated. The data are
compared to the corresponding results from the QCD inspired
Monte Carlo event generators like PYTHIA6 [62], PYTHIA8
[64], HERWIG [67], and EPOS-LHC [66]. In PYTHIA model
hadronization of light and heavy quarks is simulated using
the Lund string fragmentation model [69]. Various PYTHIA
tunes have been developed on the basis of extensive compar-
isons of Monte Carlo distributions with the minimum bias
data from different experiments. Perugia tunes of PYTHIA6
include the revised set of parameters of fragmentation and
flavor which improves the overall description of the Tevatron
data as well as the reliability of the extrapolations to the
LHC measurements [63]. Perugia 2011 takes into account the
minimum bias and underlying event data from the LHC at√

s = 0.9 and 7 TeV. The Monash 2013 Tune of PYTHIA8
uses the updated set of hadronization parameters compared
to the previous tunes [52]. It gives an overall good descrip-
tion of kaon data but significantly underestimates the baryon
yields at the LHC. The Rope Hadronization model within the
framework of PYTHIA8 assumes that instead of independent
string fragmentation, the strings overlap to form ropes in the
high multiplicity environment [65]. In the Rope Hadronization
model, the larger and denser collision systems form color
ropes that hadronize with larger string tension leading to en-
hanced production of strange hadrons with increasing charged
particle multiplicity. The HERWIG model includes processes
such as coherent parton showers for initial and final state QCD
radiation, an eikonal multiple parton-parton interaction model
for the underlying event and a cluster hadronization model for
the formation of hadrons from the quarks and gluons produced
in the parton shower [67]. EPOS-LHC, which is built on the
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FIG. 4. Comparison of transverse momentum spectra of K∗0

(left panel) and φ (right panel) for inelastic pp collisions at
√

s =
5.02 TeV (solid markers) and 2.76 TeV (open markers) [21]. The
lower panels show the ratio of the pT spectra at

√
s = 5.02 TeV

to those from
√

s = 2.76 TeV. The statistical uncertainties on the
data are shown by bars and the systematic uncertainties by boxes.
The ratios are compared with model calculations from the PYTHIA
6.4 (Perugia 2011 Tune) [62,63], PYTHIA 8.1 (Monash 2013 Tune)
[52,64], PYTHIA 8.2 (Rope hadronization) [65], EPOS-LHC [66],
and HERWIG 7.1 [67], which are shown as different dashed lines.

Parton-Based Gribov Regge Theory, implements a different
type of radial flow for pp collisions, where a very dense
system is created in a small volume. The model, utilizing the
color exchange mechanism of string excitation, is tuned to
LHC data [66]. In this model, the part of the collision system
that has high string or parton densities becomes a “core”
region that may evolve as a quark–gluon plasma; this is sur-
rounded by a more dilute “corona” for which fragmentation
occurs as in the vacuum. The strangeness production is higher
in the core region that results in strangeness enhancement with
increasing multiplicity.

For K∗0, all the tunes of PYTHIA model overestimate
the data for pT < 0.5 GeV/c, underestimate the data in the
intermediate pT region and give a better description for pT >

10 GeV/c. For φ, all the tunes of PYTHIA model give a better
description of the data for pT > 10 GeV/c and underestimate
the data for lower pT region. The deviations in limited pT

ranges observed between data and PYTHIA for both K∗0 and
φ are similar to those reported for

√
s = 2.76 [21] and 7 TeV

[49]. The EPOS-LHC model results are in agreement with the
data for pT < 5 GeV/c (3.5 GeV/c) and overestimate the data
at higher pT for K∗0 (φ). HERWIG does not describe the data
for both K∗0 and φ over the measured pT region.

Figure 4 shows the comparison of pT spectra of K∗0 and φ

mesons between
√

s = 5.02 and 2.76 TeV. The yields of both
K∗0 and φ mesons are higher at

√
s = 5.02 TeV compared

to
√

s = 2.76 TeV. The ratio of the pT spectra at
√

s = 5.02
to 2.76 TeV as a function of pT shows that the differential
yield ratio increases with pT for both K∗0 and φ mesons and
show a hint of saturation at higher pT. These results further
help in understanding the nuclear modification factor (derived
using pp reference spectra) for Pb–Pb collisions that will
be discussed in Sec III E. The ratios are compared to the
corresponding calculations from the PYTHIA6 (Perugia 2011
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FIG. 5. Transverse momentum spectra of K∗0 (left panel) and φ

(right panel) at midrapidity in various centrality classes in Pb–Pb
collisions at

√
sNN = 5.02 TeV. The statistical uncertainties on the

data are shown by bars and the systematic uncertainties by boxes.
The results are compared with model calculations from HIJING 1.36
[53], which are shown as dashed lines. The lower panel shows the
data to model ratios.

Tune), PYTHIA8 (Monash 2013 Tune), PYTHIA8 (Rope
hadronization), EPOS-LHC, and HERWIG models. For the
K∗0 meson, all the models except PYTHIA8-Monash 2013
Tune are in good agreement with the measurements within
uncertainties for the whole pT range. For the φ meson, all
the models except PYTHIA8-Monash 2013 Tune are in good
agreement with the measurements within uncertainties for
pT < 8 GeV/c. The ratio of the pT spectra for K∗0 and φ

from the Monash 2013 Tune of PYTHIA8 are higher than
the measurements for all pT. All the models presented here
fail quantitatively and/or qualitatively to describe the K∗0

and φ data over the entire measured pT range. It has proven
challenging for event generators to accurately model the pT

distributions of such resonances [21,49,57,58]. Thus, the data
and model comparisons may provide valuable inputs to tune
the MC event generators so that one get a unified physics
description of present results.

B. pT spectra in Pb–Pb collisions

Figure 5 shows the pT distributions for K∗0 and φ mesons
in Pb–Pb collisions at

√
sNN = 5.02 TeV. The measurements

are carried out at midrapidity (|y| < 0.5) for eight different
centrality classes. For the most central collisions (0–10%),
the measurements extend up to pT = 20 GeV/c for both
K∗0 and φ mesons. The HIJING model was used to calculate
the reconstruction efficiency of K∗0 and φ mesons in Pb–Pb
collisions, hence the data are compared to the corresponding
results from the HIJING model [53]. For K∗0 meson, HIJING
does not describe the data for all centrality classes over the
whole measured pT region. For φ meson, the model gives a
good agreement with the data in mid-central collisions for
pT > 7 GeV/c, however does not describe the data for most of
the centrality classes. The pT spectra are further characterized
by the integrated yields (dN/dy) and the average transverse
momentum (〈pT〉) which are discussed in the next subsection.
Figure 6 shows the comparison of the pT spectra for K∗0 and

FIG. 6. Comparison of transverse momentum spectra of K∗0 (left
panel) and φ (right panel) in central (0–10%) and mid-central (40–
50%) centrality classes in Pb–Pb collisions at

√
sNN = 5.02 (solid

marker) and 2.76 (open marker) TeV [18,21]. The lower panels show
the ratio of the pT spectra at

√
sNN = 5.02 TeV to those from

√
sNN =

2.76 TeV. The statistical uncertainties on the data are shown by bars
and the systematic uncertainties by boxes.

φ mesons in Pb–Pb collisions for the 0–10% and 40–50%
centrality classes at

√
sNN = 5.02 and 2.76 TeV. The ratios

of the pT spectra increase with pT and then tend to saturate
at high pT for both mesons in central as well as in peripheral
collisions, as also observed in pp collisions (Fig. 4). These
results are useful in understanding the energy dependence of
the nuclear modification factor which is discussed in Sec III E.
For pT > 5.0 GeV/c, the pT differential yields at 5.02 TeV
are ≈1.8 times higher than those measured at 2.76 TeV.

A blast-wave model, which does not include rescattering
effects, is used to investigate the pT dependence of reso-
nance yield suppression. Previously, in Pb–Pb collisions at√

sNN = 2.76 TeV [18], the K∗0 and φ pT spectra were com-
pared to the expected distributions based on the blast-wave
model [40] using parameters obtained from the combined fit
to π±, K±, and p( p̄) spectra. A suppression of the K∗0 yield
with respect to the blast-wave distribution was observed for pT

< 3 GeV/c in central collisions. This suppression is attributed
to rescattering of resonance decay products in the hadronic
phase that reduces the measurable yield of K∗0 mesons [22].
The lack of similar suppression for the φ meson is interpreted
as being due to the absence of rescattering, as it mostly de-
cays outside the fireball because of its longer lifetime. We
have carried out a similar exercise for Pb–Pb collisions at√

sNN = 5.02 TeV. The Boltzmann-Gibbs blast-wave function
is a three parameter simplified hydrodynamic model, which
assumes that the emitted particles are locally thermalized in
a uniform-density source at a kinetic freezeout temperature
Tkin and move with a common collective transverse radial flow
velocity field. It is given by [40]

1

pT

dN

d pT
∝

∫ R

0
r dr mT I0

(
pT sinhρ

Tkin

)
K1

(
mT coshρ

Tkin

)
,

(6)

where I0 and K1 are the modified Bessel functions, R is the
fireball radius, and r is the radial distance in the transverse
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TABLE II. Blast-wave parameters from fit to charged pion, kaon,
and proton spectra in Pb–Pb collisions at

√
sNN = 5.02 TeV.

Centrality Tkin (GeV) 〈βT〉 n

0–10% 0.091 ± 0.003 0.662 ± 0.003 0.735 ± 0.013
70–80% 0.147 ± 0.006 0.435 ± 0.011 1.678 ± 0.088

plane. The velocity profile ρ is defined as

ρ = tanh−1βT(r) = tanh−1
[( r

R

)n
βs

]
, (7)

where βT(r) is the transverse expansion velocity and βs is the
transverse expansion velocity at the surface. The free parame-
ters in the fits are Tkin, βs, and the velocity profile exponent n.
For the current study, the above parameters, listed in Table II,
are fixed to the values from fits to the charged pion, kaon, and
(anti)proton pT distributions in Pb–Pb collisions at

√
sNN =

5.02 TeV [27].
Figure 7 shows the expected K∗0 and φ pT distributions

from the blast-wave model (as solid lines), the measured res-
onance pT distributions, and the ratios of the measurement to
the blast-wave model for central (0–10%) and peripheral (70–
80%) collisions. The expected distributions are normalized so
that their integrals are equal to the measured yield of charged
kaons in Pb–Pb collisions at

√
sNN = 5.02 TeV [27] multiplied

by the K∗0/K and φ/K ratios from pp collisions at
√

s =
5.02 TeV. A similar procedure of normalization was used in
Pb–Pb collisions at

√
sNN = 2.76 TeV [18]. The ratio for the

φ meson pT distribution is close to unity and no significant
differences are observed in central or peripheral collisions
for pT < 2 GeV/c. However, the data/blast-wave ratio for
the K∗0 is lower than unity with a deviation of 40–60% for
pT < 3 GeV/c in central collisions. In peripheral collisions,
the data/blast-wave ratio for the K∗0 shows a significantly
smaller deviation from unity for pT < 2 GeV/c relative to
central collisions. Both K∗0 and φ show a similar deviation

FIG. 7. Transverse-momentum distributions of K∗0 and φ reso-
nances in Pb–Pb collisions at

√
sNN = 5.02 TeV along with expected

distributions for central (left) and peripheral (right) collisions. The
shapes of the expected distributions are given by Boltzmann-Gibbs
blast-wave functions [40] using parameters obtained from fits to
pion, kaon, and (anti)proton pT distributions [27] (see text for
details). The shaded bands indicate the uncertainties in the fit pa-
rameters of the model distributions. The lower panels show the ratios
of the measured distribution to the values from the model.

FIG. 8. Transverse momentum integrated yield (dN/dy) of K∗0

and φ as a function of the averaged charged particle density
(〈dNch/dη〉|η|<0.5) in pp and Pb–Pb collisions at

√
sNN = 5.02 TeV

and compared with result from Pb–Pb collisions at
√

sNN = 2.76 TeV
[18,21]. The statistical uncertainties on the data are shown by bars
and the systematic uncertainties by boxes. The shaded box shows the
uncorrelated systematic uncertainties.

for pT > 3 GeV/c (>2.5 GeV/c) in central (peripheral) col-
lisions. The blast-wave model is expected to describe the
measured pT distributions over the entire pT range if these
are driven purely by the collective radial expansion of the
system. The model describes the data over a wider pT interval
for central Pb–Pb collisions than for peripheral collisions as
observed for π , K , p in Pb–Pb collisions at

√
sNN = 5.02 TeV

[27]. For Pb–Pb collisions, the average transverse velocity
〈βT〉 is observed to increase with centrality while Tkin de-
creases [27]. For central Pb–Pb collisions, the shape of the
pT distributions of K∗0 and φ mesons for pT < 2 GeV/c
are consistent with the blast-wave parameterization within
uncertainties. The suppression of yields of K∗0 with respect to
the blast-wave model expectation in central collisions, relative
to peripheral collisions and φ mesons, is consistent with the
dominance of rescattering effects in the medium formed in
Pb–Pb collisions at

√
sNN = 5.02 TeV.

C. dN/dy and 〈pT〉
Figure 8 shows the pT-integrated yield dN/dy of K∗0 and

φ mesons scaled by the average charged particle multiplic-
ity measured at midrapidity (〈dNch/dη〉|η|<0.5) as a function
of 〈dNch/dη〉|η|<0.5 for Pb–Pb and pp collisions at

√
sNN =

5.02 TeV. The pT-integrated yields (dN/dy) have been ob-
tained by integrating the spectra over pT using the measured
data and a blast-wave function (Lévy-Tsallis function) in the
unmeasured regions for Pb–Pb (pp) collisions. The fraction
of the yields from the extrapolation to the total for K∗0 (φ)
mesons is 0.09 (0.08) in the 0–10% centrality class, and is 0.16
(0.12) in the 70–80% centrality class. This fraction is 0.17
for φ in pp, whereas no extrapolation is needed for K∗0. For
comparison, the corresponding results from

√
sNN = 2.76 TeV

are also shown in Fig. 8. The dependence of the normalized
dN/dy on 〈dNch/dη〉 is found to be the same regardless of the
beam energy.

The average transverse momentum 〈pT〉 values for the K∗0

and φ resonances are obtained by using the data in the mea-
sured region and a blast-wave function (Lévy-Tsallis function)
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FIG. 9. Mean transverse momentum of K∗0 and φ as a function of
the averaged charged particle density (〈dNch/dη〉|η|<0.5) in Pb–Pb and
pp collisions at

√
sNN = 5.02 TeV. Also shown for comparison are

the corresponding values from Pb–Pb and pp collisions at
√

sNN =
2.76 TeV [18,21], and Au–Au and pp collisions at

√
sNN = 200 GeV

[9,10,12,13]. The statistical uncertainties on the data are shown by
bars and the systematic uncertainties by boxes. The shaded box
shows the uncorrelated systematic uncertainties.

in the unmeasured regions for Pb–Pb (pp) collisions. Figure 9
shows 〈pT〉 values obtained at midrapidity (|y| < 0.5) as a
function of 〈dNch/dη〉|η|<0.5 for Pb–Pb and pp collisions at√

sNN = 5.02 TeV. The 〈pT〉 values increase with charged
particle multiplicity. The 〈pT〉 of K∗0 and φ mesons, which
have similar masses, are similar for events with the same

〈dNch/dη〉|η|<0.5 in Pb–Pb collisions. Both of these features
are consistent with the picture of a growing contribution of
radial flow with increasing 〈dNch/dη〉|η|<0.5 for the system
formed in Pb–Pb collisions at

√
sNN = 5.02 TeV [27]. These

results are also compared to the corresponding results from
Pb–Pb collisions at

√
sNN = 2.76 TeV [18,21], and to Au–Au

and pp collisions at
√

sNN = 200 GeV [9,10,12,13]. The 〈pT〉
values are larger for higher energy collisions at similar values
of 〈dNch/dη〉|η|<0.5, although the uncertainties are also larger
at lower collision energies for K∗0. The qualitative features of
the dependence of K∗0 and φ meson 〈pT〉 on 〈dNch/dη〉|η|<0.5

are similar at RHIC and LHC energies. The values of dN/dy
and 〈pT〉 of K∗0 and φ measured in Pb–Pb and pp collisions
at

√
sNN = 5.02 TeV are given in Table III.

Figure 10 compares the 〈pT〉 of K∗0 and φ as a function
of 〈dNch/dη〉|η|<0.5 with the respective values for π±, K±,
and p( p̄) [27] for Pb–Pb collisions at

√
sNN = 5.02 TeV. All

the hadrons exhibit an increase in 〈pT〉 from peripheral to
central Pb–Pb collisions: the largest increase is observed for
protons, followed by the K∗0 and φ mesons, and then by K
and π . The rise in the 〈pT〉 values is steeper for hadrons with
higher mass, as expected in presence of a radial flow effect.
For 〈dNch/dη〉|η|<0.5 > 300, the 〈pT〉 values of K∗0, p, and φ

hadrons follow a similar trend and have quantitatively similar
values within uncertainties at a given 〈dNch/dη〉|η|<0.5 value.
The masses of these hadrons are similar, K∗0 ≈ 896 MeV/c2,
p ≈ 938 MeV/c2, and φ ≈ 1019 MeV/c2. The hadron mass

TABLE III. The values of dN/dy and 〈pT〉 measured in Pb–Pb and pp collisions at
√

sNN = 5.02 TeV. Pb–Pb results are shown for the
different centrality classes. In each entry the first uncertainty is statistical and the second one is systematic.

K∗0

Centrality class dN/dy 〈pT〉
0–10% 19.726 ± 1.357 ± 2.475 1.457 ± 0.053 ± 0.044
10–20% 16.363 ± 0.895 ± 1.725 1.411 ± 0.039 ± 0.035
20–30% 12.129 ± 0.547 ± 1.331 1.364 ± 0.031 ± 0.034
30–40% 8.260 ± 0.361 ± 1.111 1.368 ± 0.030 ± 0.043
40–50% 5.321 ± 0.268 ± 0.574 1.305 ± 0.034 ± 0.032
50–60% 3.039 ± 0.140 ± 0.300 1.259 ± 0.030 ± 0.037
60–70% 1.661 ± 0.079 ± 0.176 1.209 ± 0.028 ± 0.035
70–80% 0.793 ± 0.033 ± 0.076 1.150 ± 0.024 ± 0.033

φ

Centrality class dN/dy 〈pT〉
0–10% 14.937 ± 0.154 ± 1.210 1.429 ± 0.008 ± 0.023
10–20% 10.483 ± 0.113 ± 0.828 1.371 ± 0.008 ± 0.024
20–30% 7.497 ± 0.083 ± 0.647 1.393 ± 0.009 ± 0.027
30–40% 5.192 ± 0.056 ± 0.404 1.344 ± 0.008 ± 0.024
40–50% 3.113 ± 0.038 ± 0.237 1.343 ± 0.009 ± 0.021
50–60% 1.829 ± 0.024 ± 0.148 1.256 ± 0.010 ± 0.027
60–70% 0.870 ± 0.013 ± 0.072 1.248 ± 0.011 ± 0.029
70–80% 0.378 ± 0.008 ± 0.031 1.171 ± 0.014 ± 0.029

pp collisions

Particle specie dN/dy 〈pT〉
K∗0 0.0872 ± 0.0006 ± 0.0072 1.0131 ± 0.0038 ± 0.0216
φ 0.0302 ± 0.0002 ± 0.0024 1.1239 ± 0.0047 ± 0.0282
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FIG. 10. Mean transverse momentum of K∗0 and φ as a function
of the averaged charged particle density (〈dNch/dη〉|η|<0.5) in Pb–Pb
collisions at

√
sNN = 5.02 TeV compared with the corresponding

values for other identified particles such as π±, K±, and p( p̄) [27].
The statistical uncertainties on the data are shown by bars and the
systematic uncertainties by boxes. The shaded boxes show the un-
correlated systematic uncertainties.

dependence of 〈pT〉 is consistent with the expectation from
a hydrodynamic evolution of the system formed in Pb–Pb
collisions at

√
sNN = 5.02 TeV for 〈dNch/dη〉|η|<0.5 > 300. In

peripheral collisions (〈dNch/dη〉|η|<0.5 < 300), 〈pT〉 of proton
is lower than those of K∗0 and φ, indicating the breaking
of mass ordering while going toward peripheral Pb–Pb col-
lisions.

D. Particle ratios

Figure 11 shows the K∗0/K ratio in panels (a) and (b) for
different collision systems at RHIC [9,10,12–14,49] and at
the LHC [18,21,50,51,70] as a function of 〈dNch/dη〉1/3 and√

sNN , respectively. The K∗0/K ratio in heavy-ion collisions is
smaller than those in pp collisions, with the results from p-Pb
lying in between. The K∗0/K ratio decreases when the system
size increases, as reflected by the values of 〈dNch/dη〉1/3 (a
proxy for system size [42]). To quantify the suppression of
K∗0/K ratio in central Pb–Pb collisions with respect to pp col-
lisions, we calculate the double ratio (K∗0/K )PbPb/(K∗0/K )pp.
The K∗0/K double ratio in Pb–Pb collisions at 5.02 TeV (2.76
TeV) is 0.483 ± 0.082 (0.585 ± 0.122), which deviates from
unity by 6.2 (3.4) times its standard deviation. The same
ratio in Au–Au collisions at

√
sNN = 200 GeV gives 0.571 ±

0.147, which deviates from unity by 2.9 times its standard
deviation. Figure 11(b) shows K∗0/K ratio as a function of√

sNN for pp collisions, as well as for central p-Pb, Cu–Cu,
Au–Au, and Pb–Pb collisions. The K∗0/K ratio is higher in
pp collisions than in central Au–Au and Pb–Pb collisions at
various center of mass energies. The value of the K∗0/K ratio
is larger in central Cu–Cu than in central Au–Au collisions, as
expected because of the smaller Cu–Cu system size.

Figures 11(c) and 11(d) show the φ/K ratio for differ-
ent collision systems at RHIC [9,10,12–14,49] and LHC
[18,21,50,51,70] as a function of 〈dNch/dη〉1/3 and

√
sNN ,

FIG. 11. Particle ratios K∗0/K [panels (a) and (b)] and φ/K
[panels (c) and (d)] in pp, d–Au, p-Pb, Cu–Cu, Au–Au, and Pb–Pb
collisions [9,10,12–14,18,21,49–51,70]. In panels (a) and (c) these
ratios are presented as a function of 〈dNch/dη〉1/3. These ratios are
measured as K∗0/K− and φ/K− in Pb–Pb collisions at

√
sNN =

2.76 TeV and in STAR experiment. The values of 〈dNch/dη〉|η|<0.5

were measured at midrapidity. In panels (b) and (d), these ratios are
presented for pp, central d–Au, p-Pb, and heavy-ion collisions as
a function of

√
sNN . The values given by a grand-canonical ther-

mal model with a chemical freezeout temperature of 156 MeV are
also shown [39]. For quantities marked “*”, boxes represent the
total uncertainty (separate uncertainties are not reported). Other-
wise, bars represent the statistical uncertainties and boxes represent
the systematic uncertainties (including centrality-uncorrelated and
centrality-correlated components). EPOS3 model predictions [20] of
K∗0/K and φ/K ratios in Pb–Pb collisions are also shown as violet
lines.

respectively. In contrast to the K∗0/K ratio, the φ/K ratio is
approximately constant as a function of 〈dNch/dη〉1/3. The
values of the φ/K ratio in Au–Au and Cu–Cu collisions are
slightly larger than the corresponding results from Pb–Pb col-
lisions, but agree within uncertainties. The φ/K ratio is found
to be independent of collision energy and system from RHIC
to LHC energies.

Figures 11(a) and 11(c) also show the K∗0/K and φ/K
ratios from EPOS3 model calculations with and without a
hadronic cascade phase modeled by UrQMD [20], and ther-
mal model calculations with chemical freezeout temperature
Tch = 156 MeV [39]. The thermal or statistical hadroniza-
tion model assumes that the system formed in heavy-ion
collisions reaches thermal equilibrium through multiple in-
teractions and undergoes a rapid expansion followed by the
chemical freezeout. The freezeout surface is characterized by
three parameters: the chemical freezeout temperature Tch, the
chemical potential μ and the fireball volume V. The value of
the K∗0/K ratio in central Pb–Pb collisions is smaller than
the thermal model expectation, however φ/K ratio is in fair
agreement with the model calculations. The EPOS3 event
generator is based on 3 + 1D viscous hydrodynamical evolu-
tion where the initial stage is treated via multiple scattering
approach based on Pomerons and strings and the reaction
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FIG. 12. The nuclear modification factor, RAA, as a function of
pT for K∗0 and φ mesons at midrapidity (|y| < 0.5) for different
centrality classes in Pb–Pb collisions at

√
sNN = 5.02 TeV. The

statistical and systematic uncertainties are shown as bars and boxes,
respectively. The boxes around unity indicate the uncertainty on the
normalization of RAA.

volume is divided into two parts, “core” and “corona.” It is
the core part that provides the initial condition for QGP evo-
lution, described by viscous hydrodynamics. The corona part
is composed of hadrons from the string decays. In EPOS3 +
UrQMD approach [20], the hadrons separately produced from
core and corona parts are fed into UrQMD [71,72], which
describes the hadronic interactions in a microscopic approach.
The chemical and kinetic freezeouts occur during this phase.
The model predictions from EPOS3 and EPOS3 + UrQMD
are shown for Pb–Pb collisions at

√
sNN = 2.76 TeV. As the

ratios are shown as a function of 〈dNch/dη〉, no significant
qualitative differences are expected between the two energies.
The observed trends of the K∗0/K and φ/K ratios are re-
produced by the EPOS3 generator with UrQMD. However,
EPOS3 model without hadronic interactions is unable to re-
produce the suppression of K∗0/K ratios toward the higher
〈dNch/dη〉1/3 values or central collisions.

E. Nuclear modification factor

The nuclear modification factor, RAA, of K∗0 and φ mesons
are studied as a function of centrality and center-of-mass en-
ergy. The RAA values of resonances are also compared to those
of π , K , and p to investigate the hadron species dependence
of RAA.

1. Centrality dependence of the nuclear modification factor

The centrality dependence of RAA helps in understanding
the evolution of parton energy loss in the medium as a function
of the system size. Figure 12 shows the RAA for K∗0 and φ

mesons as a function of pT for different centrality classes at
midrapidity (|y| < 0.5) for Pb–Pb collisions at

√
sNN = 5.02

TeV. The RAA values are lower for K∗0 compared to φ for
pT < 5 GeV/c for most of the collision centralities studied.
This can be attributed to the dominance of rescattering effects
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FIG. 13. The nuclear modification factor, RAA, as a function of pT

for K∗0 for different centrality classes in Pb–Pb collisions at
√

sNN =
5.02 TeV compared with the results from Pb–Pb collisions at

√
sNN =

2.76 TeV [21]. The statistical and systematic uncertainties are shown
as bars and boxes, respectively. The boxes around unity indicate the
respective uncertainty on the normalization of RAA.

at lower pT. At higher pT (> 6 GeV/c) the RAA values for
K∗0 and φ mesons are comparable within uncertainties. The
RAA values below unity at high pT support the picture of
a suppression of high pT hadron production due to parton
energy loss in the medium formed in heavy-ion collisions. For
all the collision centralities studied, the RAA values are below
unity and the values increase for pT > 6 GeV/c. The average
RAA values at high pT (> 6 GeV/c) are found to decrease when
going from peripheral to central collisions for both K∗0 and
φ mesons. The dependence of RAA on collision centrality at
high pT provides information on the path length dependence
of parton energy loss in the medium formed in high energy
heavy-ion collisions [21,31,73–76]. This is reflected as a more
pronounced suppression of RAA in the most central collisions,
as expected from the longer path length traversed by the hard
partons as they lose energy via multiple interactions.

2. Center-of-mass energy dependence of the nuclear
modification factor

Figure 13 (Figure 14) show the pT-differential RAA for the
K∗0 (φ) meson for five different collision centrality classes
(0–10%, 10–20%, 20–30%, 30–40%, and 40–50%) in Pb–Pb
collisions. The RAA values for

√
sNN = 5.02 TeV are compared

to the corresponding values at
√

sNN = 2.76 TeV. No signifi-
cant differences are observed between 5.02 and 2.76 TeV for
both the K∗0 and φ resonances. This is supported by Figs. 4
and 6, which show that the ratios of pT spectra of K∗0 and φ at
5.02 TeV to that at 2.76 TeV are similar for both pp and Pb–Pb
collisions. The results from Figs. 12–14 indicate that within
uncertainties, the nuclear modification factor is independent
of the resonance species at high pT and compatible with
measurements at

√
sNN = 2.76 TeV for different centrality

classes. However, the RAA measurements of other mesonic and
baryonic resonances like ρ(770)0, �(1232)++, �(1385), and
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FIG. 14. The nuclear modification factor, RAA, as a function of
pT for φ mesons in different centrality classes in Pb–Pb collisions at√

sNN = 5.02 TeV compared with the results in Pb–Pb collisions at√
sNN = 2.76 TeV [21]. The statistical and systematic uncertainties

are shown as bars and boxes, respectively. The boxes around unity
indicate the uncertainty on the normalization of RAA.

�(1520) which differ in lifetime, mass, quark content, and
particle type are required to further support these results.

3. Hadron species dependence of the nuclear modification factor

Figure 15 shows the hadron species dependence of RAA

for various collision centrality classes in Pb–Pb collisions at√
sNN = 5.02 TeV. The hadron species considered here are

charged pions, kaons, (anti)protons, K∗0 and φ mesons. They
vary in mass from about 140 to 1019 MeV, both baryons
and mesons are considered, and their valence quark contents
are also different. At low pT (<2 GeV/c), the K∗0 RAA val-
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FIG. 15. The nuclear modification factor, RAA, as a function of
pT for K∗0 and φ mesons in Pb–Pb collisions for different centrality
classes at

√
sNN = 5.02 TeV. The results are compared with the RAA

values of π , K , and p measured by ALICE [27]. The statistical and
systematic uncertainties are shown as bars and boxes, respectively.
The boxes around unity indicate the uncertainty on the normalization
of RAA.

ues are the smallest for central collisions; this is attributed
to the rescattering effect as discussed earlier in the article.
For the pT range 2–8 GeV/c, there appears to be a hadron
mass dependence for mesons. It is also observed that RAA of
proton is higher than all mesons including φ. This indicate
a baryon-meson ordering. So, even in the presence of strong
radial flow in this pT region, there are other effects which
can affect RAA. For pT larger than 8 GeV/c, all the particle
species show similar RAA values within uncertainties for all the
collision centralities studied. This suggests that, despite the
varying degree of energy loss at different collision centralities,
the relative particle composition at high pT remains the same
as in vacuum.

IV. CONCLUSIONS

The transverse momentum distributions of K∗0 and φ

mesons have been measured in inelastic pp and Pb–Pb col-
lisions at

√
sNN = 5.02 TeV using the ALICE detector. The

measurements are carried out at midrapidity (|y| < 0.5) up to
pT = 20 GeV/c and for Pb–Pb collisions in various collision
centrality classes.

The pT distributions for K∗0 and φ mesons in pp collisions
are well described by a Lévy-Tsallis function and are com-
pared to results from the PYTHIA6, PYTHIA8, EPOS-LHC,
and HERWIG event generators. None of the models are able
to describe the transverse momentum distributions of K∗0 and
φ in the measured pT range. The 〈pT〉 values are found to
increase with 〈dNch/dη〉|η|<0.5, with the mass of the hadron
and with

√
sNN . These measurements are consistent with the

observation that radial flow effects are larger for more central
collisions and increased high-pT production at higher colli-
sion energies.

The pT-integrated particle ratios as a function of
√

sNN and
〈dNch/dη〉1/3 in Pb–Pb and inelastic pp collisions have been
compared. The K∗0/K and φ/K ratios as a function of

√
sNN

and 〈dNch/dη〉1/3 taken together indicate the dominance of the
rescattering effect in the hadronic phase in Pb–Pb collisions.
EPOS3 and thermal models that do not include hadronic inter-
actions are unable to describe the suppression of K∗0/K ratio.
EPOS3 + UrQMD, where the hadronic phase is described by
the UrQMD model, is able to reproduce the decreasing trend
of K∗0/K ratio as a function of multiplicity in the Pb–Pb colli-
sions. In contrast, the φ/K ratios in Pb–Pb collisions are quite
comparable to those from pp collisions, and agree well with
all model calculations. The dissimilarity in the behavior of
K∗0/K and φ/K ratios is dominantly attributed to the lifetime
of K∗0, which is a factor of 10 smaller than the lifetime of
the φ meson. Hence, K∗0 decay daughters are subjected to a
greater rescattering in the hadronic medium. The comparison
of transverse momentum distributions of K∗0 and φ in central
Pb–Pb collisions with blast-wave predictions, which does not
include rescattering effects, show a suppression of K∗0 yield
for pT < 3 GeV/c.

At low pT (< 5 GeV/c), the nuclear modification factor
values for K∗0 are lower with respect to those obtained for
φ mesons, chiefly because of rescattering effects. The RAA

values at high pT (> 6–8 GeV/c) for K∗0 and φ mesons
are comparable within uncertainties. The average RAA values
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at high pT are found to decrease when going from periph-
eral to central collisions. The RAA values at high pT for K∗0

and φ mesons at
√

sNN = 5.02 TeV are comparable to the
corresponding measurements at

√
sNN = 2.76 TeV for most

of the collision centralities studied. At the same time, the
transverse momentum spectra at high pT in both pp and
Pb–Pb collisions are found to be higher by a factor of about
1.8 at

√
sNN = 5.02 TeV compared to

√
sNN = 2.76 TeV.

Further, we find that the RAA values at high pT for the hadrons
π , K , K∗0, p, and φ are similar within uncertainties for all
the collision centrality classes studied. This suggests that the
energy loss in the medium which leads to the suppression
does not modify the particle composition in the light quark
sector.
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M. Krzewicki,40 V. Kučera,35 C. Kuhn,139 P. G. Kuijer,93 T. Kumaoka,136 D. Kumar,143 L. Kumar,103 N. Kumar,103

S. Kundu,35,89 P. Kurashvili,88 A. Kurepin,65 A. B. Kurepin,65 A. Kuryakin,111 S. Kushpil,98 J. Kvapil,113 M. J. Kweon,63

J. Y. Kwon,63 Y. Kwon,149 S. L. La Pointe,40 P. La Rocca,27 Y. S. Lai,82 A. Lakrathok,118 M. Lamanna,35 R. Langoy,132

K. Lapidus,35 P. Larionov,53 E. Laudi,35 L. Lautner,35,108 R. Lavicka,38 T. Lazareva,115 R. Lea,142,24,59 J. Lee,136 J. Lehrbach,40

R. C. Lemmon,97 I. León Monzón,122 E. D. Lesser,19 M. Lettrich,35,108 P. Lévai,147 X. Li,11 X. L. Li,7 J. Lien,132 R. Lietava,113

B. Lim,17 S. H. Lim,17 V. Lindenstruth,40 A. Lindner,49 C. Lippmann,110 A. Liu,19 J. Liu,130 I. M. Lofnes,21 V. Loginov,96

C. Loizides,99 P. Loncar,36 J. A. Lopez,107 X. Lopez,137 E. López Torres,8 J.R. Luhder,146 M. Lunardon,28 G. Luparello,62

Y. G. Ma,41 A. Maevskaya,65 M. Mager,35 T. Mahmoud,44 A. Maire,139 M. Malaev,101 Q. W. Malik,20 L. Malinina,77,d

D. Mal’Kevich,95 N. Mallick,51 P. Malzacher,110 G. Mandaglio,33,57 V. Manko,91 F. Manso,137 V. Manzari,54 Y. Mao,7

J. Mareš,68 G. V. Margagliotti,24 A. Margotti,55 A. Marín,110 C. Markert,121 M. Marquard,70 N. A. Martin,107 P. Martinengo,35

J. L. Martinez,127 M. I. Martínez,46 G. Martínez García,117 S. Masciocchi,110 M. Masera,25 A. Masoni,56 L. Massacrier,80

A. Mastroserio,141,54 A. M. Mathis,108 O. Matonoha,83 P. F. T. Matuoka,123 A. Matyja,120 C. Mayer,120 A.L. Mazuecos,35

F. Mazzaschi,25 M. Mazzilli,35 M.A. Mazzoni,60 J. E. Mdhluli,134 A. F. Mechler,70 F. Meddi,22 Y. Melikyan,65

A. Menchaca-Rocha,73 E. Meninno,116,30 A. S. Menon,127 M. Meres,13 S. Mhlanga,126,74 Y. Miake,136 L. Micheletti,61,25

L. C. Migliorin,138 D. L. Mihaylov,108 K. Mikhaylov,77,95 A. N. Mishra,147 D. Miśkowiec,110 A. Modak,4 A. P. Mohanty,64
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