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What are Resonances and why study them ?
Experimental physicists observed pronounced peaks 
in the detection rate as they varied the collision 
energy.

Many of the bumps were very broad, suggesting 
the existence of particles that existed for barely 
more than a trillionth of a trillionth of a second.

These new ephemeral particles were fundamentally 
no different from protons and neutrons except for 
their short lifetimes. These short-lived particles 
are often simply referred to as “resonances”.
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What are Resonances and why study them ?
Experimental physicists observed pronounced peaks 
in the detection rate as they varied the collision 
energy

Many of the bumps were very broad, suggesting 
the existence of particles that existed for barely 
more than a trillionth of a trillionth of a second.

These new ephemeral particles were fundamentally 
no different from protons and neutrons except for 
their short lifetimes. Even so, short-lived particles 
are often simply referred to as “resonances”.
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Quark 
content

ρ0(770) K*(892) f0(980) ϕ(1020) f1(1285) Σ±(1385) Λ0(1520) Ξ0(1530)

τ(fm/c)

uū + dd̄

2
ds̄ ss̄ uus, dds uds uss

S. ACHARYA et al. PHYSICAL REVIEW C 99, 024905 (2019)
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FIG. 1. Example invariant-mass distributions of the !(1520) → pK− (and charged conjugate) reconstruction after subtraction of the
mixed-event background. The solid line represents the global fit (signal + residual background) to the data while the dashed line indicates the
estimated residual background. The error bars indicate the statistical uncertainties of the data.

measurement is performed at midrapidity, |y| < 0.5, with the
ALICE detector [12] at the LHC and is based on an analysis of
about 15 million minimum-bias Pb-Pb collisions recorded in
2010. Previous results on !(1520) production in high-energy
hadronic collisions have been reported by STAR in pp, d-Au,
and Au-Au collisions at

√
sNN = 200 GeV at RHIC [13,14].

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

A detailed description of the ALICE experimental appara-
tus and its performance can be found in Ref. [15]. The relevant
features of the main detectors utilized in this analysis are
outlined here. The V0 detector is composed of two scintillator
hodoscopes, placed on either side of the interaction point,
and covers the pseudorapidity regions 2.8 < η < 5.1 and
−3.7 < η < −1.7, respectively. It is employed for triggering,
background suppression, and collision-centrality determina-
tion. The inner tracking system (ITS) and the time-projection
chamber (TPC) provide vertex reconstruction and charged-
particle tracking in the central barrel, within a solenoidal
magnetic field of 0.5 T. The ITS is a high-resolution tracker
made of six cylindrical layers of silicon detectors. The TPC
is a large cylindrical drift detector of radial and longitudinal
dimensions of about 85 < r < 247 cm and −250 < z < 250
cm, respectively. Charged-hadron identification is performed
by the TPC via specific ionization energy loss (dE/dx) and
by the time-of-flight (TOF) detector. The TOF is located
at a radius of 370–399 cm and measures the particle time
of flight with a resolution of about 80 ps, allowing hadron
identification at higher momenta. A minimum-bias trigger
was configured to select hadronic events with high efficiency,
requiring a combination of hits in the two innermost layers
of the ITS and in the V0 detector. The contamination from
beam-induced background is removed offline, as discussed in
detail in Refs. [16,17]. The collision centrality is determined
based on the signal amplitude of the V0 detector, whose
response is proportional to the event multiplicity. A complete
description of the event selection and centrality determination
can be found in Ref. [18].

The !(1520) resonance is reconstructed via invariant-
mass analysis of its decay daughters in the hadronic decay
channel !(1520) → pK− (and charge conjugate, c.c.), with a
branching ratio of 22.5 ± 0.5% [19]. Particle and antiparticle
states are combined to enhance the statistical significance of
the reconstructed signal. !(1520) refers to their sum in the
following, unless otherwise specified. Candidate daughters
are selected from tracks reconstructed by the ITS and TPC,
are required to have pT > 150 MeV/c, and are restricted
to the pseudorapidity range |η| < 0.8 for uniform acceptance
and efficiency performance. Furthermore, a cut on the impact
parameter to the primary vertex is applied to reduce contam-
ination from secondary tracks emanating from weak decays
or from interactions with the detector material. Details on the
track selection can be found in Ref. [10]. Kaons and protons
are identified from the combined information of the track
dE/dx in the TPC and the time of flight measured by the TOF.
The invariant-mass distribution of unlike-sign pairs of se-
lected kaon and proton tracks is constructed for each centrality
class and pT interval. The rapidity of the candidate !(1520) is
required to be within |y| < 0.5. A large source of background
from random combinations of uncorrelated hadrons affects
the invariant-mass spectrum. A mixed-event technique [20]
is employed to estimate the combinatorial background, using
unlike-sign proton and kaon tracks taken from different events
with similar characteristics. The background is normalized
and corrected for event-mixing distortions using a fit to the
mixed/same-event ratio of like-sign pairs. Figure 1 shows
examples of the reconstructed invariant-mass distribution af-
ter background subtraction. The !(1520) raw yield is then
extracted by means of a global fit, where a Voigtian function
(the convolution of the nonrelativistic Breit-Wigner with the
Gaussian detector resolution) is used to describe the signal.
The shape of the residual background resembles that of a
Maxwell-Boltzmann distribution; therefore the residual back-
ground is fitted with a similar functional form,

fbackground(mpK )

= B
√

(mpK − mcutoff )n C3/2 exp[−C (mpK − mcutoff )n],

(1)

024905-2

How do we detect resonances ?
Reconstruction  via invariant mass 
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Mesonic Resonance : pT spectra
K→(892)0 and φ(1020) in pp and Pb–Pb collisions at

√
sNN = 5.02 TeV ALICE Collaboration
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Figure 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.

results further help in understanding the nuclear modification factor (derived using pp reference spectra)
for Pb–Pb collisions that will be discussed in Sec 3.5. The ratios are compared to the corresponding
calculations from the PYTHIA6 (Perugia 2011 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.

3.2 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 φ mesons in Pb–Pb collisions for the 0–10%

11
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Figure 7: Transverse-momentum distributions of K→0 and φ resonances 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 parameters of the model distributions. The lower panels show the ratios of the measured distribution to the
values from the model.

Table 2: 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

where βT(r) is the transverse expansion velocity and βs is the transverse expansion velocity at the surface.
The free parameters in the fits are Tkin, βs, and the velocity profile exponent n. For the current study, the
above parameters, listed in Table 2, 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 resonance pT distributions, and the ratios of the measurement to the blast-wave model for cen-
tral (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. On the other hand, 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 for pT > 3 GeV/c (> 2.5 GeV/c) in central
(peripheral) collisions. 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 decreases [27]. For central

13
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Figure 7: Transverse-momentum distributions of K→0 and φ resonances 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 parameters of the model distributions. The lower panels show the ratios of the measured distribution to the
values from the model.

Table 2: 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

where βT(r) is the transverse expansion velocity and βs is the transverse expansion velocity at the surface.
The free parameters in the fits are Tkin, βs, and the velocity profile exponent n. For the current study, the
above parameters, listed in Table 2, 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 resonance pT distributions, and the ratios of the measurement to the blast-wave model for cen-
tral (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. On the other hand, 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 for pT > 3 GeV/c (> 2.5 GeV/c) in central
(peripheral) collisions. 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 decreases [27]. For central

13

For low pT  (< 2 GeV/c), the data/blast wave for phi meson is close to unity and 
no significant difference between central and peripheral collisions. 

For low pT  (< 3 GeV/c), the data/blast wave for K* meson is lower than 
unity with a deviation of ~(40 -60) % in central collisions.
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For low pT  (< 2 GeV/c), the data/blast wave for phi meson is close to unity and 
no significant difference between central and peripheral collisions. 

For low pT  (< 3 GeV/c), the data/blast wave for K* meson is lower than 
unity with a deviation of ~(40 -60) % in central collisions.
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Mean transverse momentum,<pT >K→(892)0 and φ(1020) in pp and Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration
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Figure 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 corre-

sponding 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.

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 3.

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 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 towards peripheral Pb–Pb
collisions.

3.4 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 collisions, 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.
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sNN = 5.02 TeV. Also shown for comparison are the corre-

sponding values from Pb–Pb and pp collisions at
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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.

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 3.

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 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 towards peripheral Pb–Pb
collisions.

3.4 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 collisions, 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.
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Figure 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 corre-

sponding 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.

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 3.

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 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 towards peripheral Pb–Pb
collisions.

3.4 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 collisions, 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.
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Figure 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 corre-

sponding 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.

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 3.

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 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 towards peripheral Pb–Pb
collisions.

3.4 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 collisions, 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.

15

K→(892)0 and φ(1020) in pp and Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration

|<0.5η|〉η/dchNd〈
210 310

)c
 (G

eV
/

〉 Tp〈

0.2

0.4

0.6

0.8

1

1.2

1.4

 = 5.02 TeVNNsALICE, Pb-Pb 
Uncertainties: stat. (bars), sys. (boxes)

-π++π
-+K+K 0K* pp+ φ

Figure 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 uncorrelated systematic uncertainties.

Panels (b) of Fig. 11 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.

Panels (c) and (d) of Fig. 11 show the φ/K ratio for different 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, 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
collisions, but agree within uncertainties. The φ/K ratio is found to be independent of collision energy
and system from RHIC to LHC energies.

Figure 11 (panels (a) and (c)) also shows the K→0/K and φ/K ratios from EPOS3 model calculations with
and without a hadronic cascade phase modeled by UrQMD [20], and thermal model calculations with
chemical freezeout temperature Tch = 156 MeV [39]. The thermal or statistical hadronization model
assumes that the system formed in heavy-ion collisions reaches thermal equilibrium through multiple
interactions 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 evolution where the initial stage
is treated via multiple scattering approach based on Pomerons and strings and the reaction volume is
divided into two parts, “core” and “corona”. It is the core part that provides the initial condition for
QGP evolution, described by viscous hydrodynamics. The corona part is composed of hadrons from
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Figure 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 corre-

sponding 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.

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 3.

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 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 towards peripheral Pb–Pb
collisions.

3.4 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 collisions, 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.
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Figure 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 uncorrelated systematic uncertainties.

Panels (b) of Fig. 11 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.

Panels (c) and (d) of Fig. 11 show the φ/K ratio for different 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, 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
collisions, but agree within uncertainties. The φ/K ratio is found to be independent of collision energy
and system from RHIC to LHC energies.

Figure 11 (panels (a) and (c)) also shows the K→0/K and φ/K ratios from EPOS3 model calculations with
and without a hadronic cascade phase modeled by UrQMD [20], and thermal model calculations with
chemical freezeout temperature Tch = 156 MeV [39]. The thermal or statistical hadronization model
assumes that the system formed in heavy-ion collisions reaches thermal equilibrium through multiple
interactions 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 evolution where the initial stage
is treated via multiple scattering approach based on Pomerons and strings and the reaction volume is
divided into two parts, “core” and “corona”. It is the core part that provides the initial condition for
QGP evolution, described by viscous hydrodynamics. The corona part is composed of hadrons from

17

Ph
ys

.R
ev

.C
 1

06
 (
20

22
) 
03

49
07

Larger for  higher energies at similar values of  < >dNch/dη Breaking of mass ordering in peripheral  
collisions.

Rise in <pT> is steeper for hadrons with  
higher mass : Radial flow effect<pT> values increase with charged particle multiplicity 



Particle Ratios ( K*0/K & /K ) ϕK→(892)0 and φ(1020) in pp and Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration

0 2 4 6 8 10 12

/K0
K*

0

0.1

0.2

0.3

0.4

0.5 (a)

 (TeV)NNs     ALICE, 
pp 2.76 5.02 7.0
p-Pb  5.02  
Pb-Pb 2.76 5.02  

 = 200 GeVNNs   STAR, 
pp Cu-Cu Au-Au

0

0.1

0.2

0.3

0.4

0.5(b) A-A and p-Pb Data: Central
STAR pp Cu-Cu Au-Au

ALICE pp p-Pb Pb-Pb
 = 156 MeVchTThermal Model 

1/3〉η/d
ch

Nd〈
0 2 4 6 8 10 12

/Kφ

0.1

0.2

(c)  = 200 GeVNNs   STAR, 
pp* d-Au* Cu-Cu Au-Au*

 = 156 MeVchTThermal Model  
EPOS3 EPOS3 w/o UrQMD

 (GeV)NNs
210 310 410

0.1

0.2

(d) A-A, p-Pb and d-Au Data: Central
STAR pp* d-Au* Cu-Cu Au-Au*

0

Figure 11: (Color online) 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 thermal 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). Otherwise, 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.

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 reproduced by the EPOS3 generator with
UrQMD. However, EPOS3 model without hadronic interactions is unable to reproduce the suppression
of K→0/K ratios towards the higher 〈dNch/dη〉1/3 values or central collisions.

3.5 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 energy. The RAA values of resonances are also compared to those of π , K, and p to
investigate the hadron species dependence of RAA.
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reported). Otherwise, bars represent the statistical uncertainties and boxes represent the systematic uncertainties
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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 reproduced by the EPOS3 generator with
UrQMD. However, EPOS3 model without hadronic interactions is unable to reproduce the suppression
of K→0/K ratios towards the higher 〈dNch/dη〉1/3 values or central collisions.

3.5 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 energy. The RAA values of resonances are also compared to those of π , K, and p to
investigate the hadron species dependence of RAA.
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reported). Otherwise, bars represent the statistical uncertainties and boxes represent the systematic uncertainties
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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 reproduced by the EPOS3 generator with
UrQMD. However, EPOS3 model without hadronic interactions is unable to reproduce the suppression
of K→0/K ratios towards the higher 〈dNch/dη〉1/3 values or central collisions.

3.5 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 energy. The RAA values of resonances are also compared to those of π , K, and p to
investigate the hadron species dependence of RAA.
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panels (b) and (d), these ratios are presented for pp, central d–Au, p–Pb, and heavy-ion collisions as a function of
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reported). Otherwise, 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.
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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 reproduced by the EPOS3 generator with
UrQMD. However, EPOS3 model without hadronic interactions is unable to reproduce the suppression
of K→0/K ratios towards the higher 〈dNch/dη〉1/3 values or central collisions.

3.5 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 energy. The RAA values of resonances are also compared to those of π , K, and p to
investigate the hadron species dependence of RAA.
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FIG. 8. Left panel shows the RAA comparison of various light-flavored hadrons [39,40,57], and the right panel shows the RAA of K∗± for
different centrality intervals both as a function of pT in Pb-Pb collisions at

√
sNN = 5.02 TeV. Statistical (systematic) uncertainties are shown

by bars (shaded boxes). The shaded bands around unity represents the normalization uncertainty on RAA.

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 collisions,
etc., which are difficult to disentangle from RAA measure-
ments 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
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 periph-
eral collisions similarly for other light hadrons. The results are
consistent with centrality-dependent energy loss of partons.

V. CONCLUSION

The first measurement of K∗± resonance in Pb-Pb colli-
sions 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 inter-
vals. 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 suppression 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 and 2.76 TeV.

The values of the pT-integrated K∗/K ratios in Pb-Pb col-
lisions 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 suppression
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
temperature. 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 colli-
sions and increase towards peripheral collisions. No species
dependence is observed at high pT.
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FIG. 8. Left panel shows the RAA comparison of various light-flavored hadrons [39,40,57], and the right panel shows the RAA of K∗± for
different centrality intervals both as a function of pT in Pb-Pb collisions at

√
sNN = 5.02 TeV. Statistical (systematic) uncertainties are shown

by bars (shaded boxes). The shaded bands around unity represents the normalization uncertainty on RAA.

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 collisions,
etc., which are difficult to disentangle from RAA measure-
ments 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
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 periph-
eral collisions similarly for other light hadrons. The results are
consistent with centrality-dependent energy loss of partons.

V. CONCLUSION

The first measurement of K∗± resonance in Pb-Pb colli-
sions 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 inter-
vals. 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 suppression 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 and 2.76 TeV.

The values of the pT-integrated K∗/K ratios in Pb-Pb col-
lisions 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 suppression
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
temperature. 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
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energy loss of partons while traversing the hot and dense
medium. The RAA values are smaller in most central colli-
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Rescattering e!ect on ω(1520) resonance production Sonali Padhan (For the ALICE Collaboration)
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Figure 1: ω(1520) 𝐿T spectra for di!erent multiplicity and centrality classes at mid rapidity in pp collisions
at 13 TeV (left side) and Pb–Pb collisions at 5.02 TeV (right side) respectively.

flow-like e!ects in heavy-ion collisions. For Pb–Pb collisions at 5.02 TeV, the spectral shapes are
well-described by the blast-wave model [6] and are well reproduced by the MUSIC with SMASH
afterburner prediction [7] at low 𝐿T, while they diverge at high 𝐿T. The →𝐿T↑ of ω(1520) resonance
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Figure 2: The mean transverse momentum (→𝐿T↑) of ω(1520) as a function of charge particle multiplicity
(left side) and →𝑀𝑁ch/𝑀𝑂↑1/3 (right side) in pp collisions at 13 TeV and Pb–Pb collisions at 5.02 TeV
respectively.

in di!erent systems and energies are shown in Figure 2. It increases with event multiplicity and
rises from peripheral Pb–Pb to central Pb–Pb collisions.
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Fig. 3 pT spectra of !(1385)+ (left) and !(1385)− (right) resonances
in Pb–Pb collisions at

√
sNN = 5.02 TeV in three centrality classes.

Empty and shaded boxes depict the total and uncorrelated uncertain-

ties, respectively. The Blast-Wave fit functions are plotted up to 7 GeV/c.
The measurements in pp collisions at

√
s = 7 TeV [25] and in p–Pb

collisions at
√
s = 5.02 TeV (NSD) [28] are quoted for comparisons

Table 3 Average charged-particle multiplicity density per central-
ity class at midrapidity (|η| < 0.5) and pT-integrated yields for
!(1385)±. The first, second and third uncertainty in the pT-integrated

yields indicate the statistical, the total systematic uncertainty and the
multiplicity-uncorrelated systematic uncertainty, respectively

Class 〈dNch/dη〉 dN /dy

!(1385)+ + cc !(1385)− + cc

0–10% 1756.6 ± 51.5 4.956 ± 0.005 ± 0.839 ± 0.550 4.746 ± 0.005 ± 0.871 ± 0.536

30–50% 415.0 ± 13.5 1.851 ± 0.003 ± 0.311 ± 0.158 1.599 ± 0.002 ± 0.266 ± 0.160

50–90% 85.4 ± 9.5 (3.357 ± 0.007 ± 0.494 ± 0.308) × 10−1 (2.800 ± 0.006 ± 0.471 ± 0.251) × 10−1

Table 4 〈pT〉 of !(1385)± per centrality class. The first, second, and third uncertainty indicate the statistical, the total systematic uncertainty and
the multiplicity-uncorrelated systematic uncertainty, respectively

Class 〈pT〉 (GeV/c)

!(1385)+ + cc !(1385)− + cc

0–10% (17.185 ± 0.007 ± 0.812 ± 0.748) × 10−1 (16.974 ± 0.007 ± 1.067 ± 0.974) × 10−1

30–50% 1.556 ± 0.001 ± 0.068 ± 0.057 1.587 ± 0.001 ± 0.082 ± 0.075

50–90% 1.465 ± 0.001 ± 0.086 ± 0.079 1.551 ± 0.002 ± 0.103 ± 0.070

1.37 GeV/c in p–Pb and further increases with centrality in
Pb–Pb as reported in Table 4.

Figure 4 presents the ratios of the measured spectra of
the summed !(1385)± resonance states to the distributions
obtained from the EPOS3 and PYTHIA8/Angantyr Monte
Carlo event generators in the three Pb–Pb centrality classes.

The EPOS3 model [7,8,31] describes the evolution of a
heavy-ion collision with the reaction volume being divided
into a core and a corona part. For high string densities,
the model does not allow the strings to decay indepen-
dently, instead, if the energy density from string segments
is high enough, these fuse into the so-called “core” region,
which evolves hydrodynamically. The low energy density
region forms the “corona”, which hadronizes according to
the unmodified string fragmentation. After hadronization,

hadrons are fed into the UrQMD hadron cascade after-
burner, which describes hadronic interactions in a micro-
scopic approach [6]. Previous ALICE measurements of
ρ(770)0, K∗(892)0 and $(1520) in Pb–Pb collisions at√
sNN = 2.76 TeV were compared with predictions from

the EPOS 3.107 event generator [5,10,11], indicating that the
UrQMD afterburner is necessary for the model to describe
the spectral shape of these resonances in central collisions,
especially at low pT. Remarkably, the model calculation with
UrQMD in [11] predicted that regeneration effects could bal-
ance rescattering in the hadronic phase for the !(1385)±

decay products, resulting in no suppression for this resonance
as a function of centrality. The new !(1385)± data reported
in this Letter are compared with the latest version of EPOS3
(EPOS 3.4) both with and without coupling it to the UrQMD
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Figure 1: ω(1520) 𝐿T spectra for di!erent multiplicity and centrality classes at mid rapidity in pp collisions
at 13 TeV (left side) and Pb–Pb collisions at 5.02 TeV (right side) respectively.

flow-like e!ects in heavy-ion collisions. For Pb–Pb collisions at 5.02 TeV, the spectral shapes are
well-described by the blast-wave model [6] and are well reproduced by the MUSIC with SMASH
afterburner prediction [7] at low 𝐿T, while they diverge at high 𝐿T. The →𝐿T↑ of ω(1520) resonance
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Figure 2: The mean transverse momentum (→𝐿T↑) of ω(1520) as a function of charge particle multiplicity
(left side) and →𝑀𝑁ch/𝑀𝑂↑1/3 (right side) in pp collisions at 13 TeV and Pb–Pb collisions at 5.02 TeV
respectively.

in di!erent systems and energies are shown in Figure 2. It increases with event multiplicity and
rises from peripheral Pb–Pb to central Pb–Pb collisions.
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Figure 3: The 𝐿T-integrated ratio of ω(1520)/ω production as a function of →𝑀𝑁ch/𝑀𝑂↑1/3.

The ω(1520)/ω ratio is shown in Figure 3. The ratio is suppressed in central Pb–Pb collisions
compared to pp and peripheral Pb–Pb collisions. No suppression is observed in the ω(1520)/ω
ratio for p–Pb at ↓𝑃NN = 5.02 and pp collisions at

↓
𝑃 = 5.02 and 13 TeV. The suppression in the

resonance yield could be attributed to the presence of the hadronic phase, where the rescattering
e!ect a!ects the resonance yield in heavy-ion collisions.

4. Conclusion

The 𝐿T spectra ofω(1520) exhibit a hardening trend with increasing multiplicity irrespective of
the system and energies. The ω(1520)/ω ratio is suppressed in central Pb–Pb collisions, indicating
potential rescattering dominance over regeneration. No suppression is observed in p–Pb and pp
collisions suggesting the influence of the hadronic phase on resonance yield in heavy-ion collisions.
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Figure 3: The 𝐿T-integrated ratio of ω(1520)/ω production as a function of →𝑀𝑁ch/𝑀𝑂↑1/3.

The ω(1520)/ω ratio is shown in Figure 3. The ratio is suppressed in central Pb–Pb collisions
compared to pp and peripheral Pb–Pb collisions. No suppression is observed in the ω(1520)/ω
ratio for p–Pb at ↓𝑃NN = 5.02 and pp collisions at

↓
𝑃 = 5.02 and 13 TeV. The suppression in the

resonance yield could be attributed to the presence of the hadronic phase, where the rescattering
e!ect a!ects the resonance yield in heavy-ion collisions.

4. Conclusion

The 𝐿T spectra ofω(1520) exhibit a hardening trend with increasing multiplicity irrespective of
the system and energies. The ω(1520)/ω ratio is suppressed in central Pb–Pb collisions, indicating
potential rescattering dominance over regeneration. No suppression is observed in p–Pb and pp
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The ω(1520)/ω ratio is shown in Figure 3. The ratio is suppressed in central Pb–Pb collisions
compared to pp and peripheral Pb–Pb collisions. No suppression is observed in the ω(1520)/ω
ratio for p–Pb at ↓𝑃NN = 5.02 and pp collisions at

↓
𝑃 = 5.02 and 13 TeV. The suppression in the

resonance yield could be attributed to the presence of the hadronic phase, where the rescattering
e!ect a!ects the resonance yield in heavy-ion collisions.

4. Conclusion

The 𝐿T spectra ofω(1520) exhibit a hardening trend with increasing multiplicity irrespective of
the system and energies. The ω(1520)/ω ratio is suppressed in central Pb–Pb collisions, indicating
potential rescattering dominance over regeneration. No suppression is observed in p–Pb and pp
collisions suggesting the influence of the hadronic phase on resonance yield in heavy-ion collisions.
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Fig. 4 Ratio of the measured pT distributions of summed !(1385)±

to model predictions from PYTHIA8/Angantyr (green) and EPOS with
(blue) and without (red) the UrQMD afterburner. Each panel corre-
sponds to one of the three centrality classes in Pb–Pb collisions at√
sNN = 5.02 TeV. Shaded bands represent the model statistical uncer-

tainty, while bars correspond to the data total uncertainties

afterburner in Fig. 4. No significant difference is observed
between the calculation with the UrQMD afterburner and
without it in semicentral and peripheral Pb–Pb collisions at√
sNN = 5.02 TeV. A difference in the two predictions is

observed for most central collisions for 1 < pT < 5 GeV/c.
The model largely overestimates the production of !(1385)±

resonances for pT < 5 GeV/c in 0–10% central Pb–Pb colli-
sions, ≈ 60% in the lowest pT interval, whereas it describes
the data within 20–30% in semicentral and peripheral colli-
sions.

PYTHIA8/Angantyr [32] is an extension of the PYTHIA
8 [33] event generator to the case of heavy-ion collisions.
PYTHIA describes nucleon–nucleon interaction at the parton
level, based on multiple partonic interactions and Lund-string
hadronization. In Angantyr, PYTHIA is extended to model
nucleon–nucleus and nucleus–nucleus collisions in a three
steps procedure. First, the number of participating nucleons
in a collision is calculated from a Glauber-like model. Sec-
ond, PYTHIA is used to simulate the collision at the partonic
level according to the results of the Glauber calculation as a
sum of incoherent inelastic, diffractive and/or elastic colli-
sions. Third, the partonic state is allowed to have final state
interactions before it is hadronized according to the Lund-
string model in PYTHIA. Hadronic rescattering and regen-
eration processes like those implemented in UrQMD are not
considered in the version of PYTHIA8/Angantyr employed
here. The data-to-model ratios reported in Fig. 4 show that
PYTHIA8/Angantyr underpredicts the !(1385)± produc-

Fig. 5 !(1385)± to pion yield ratio measured in ALICE [25,28]
together with the STAR measurements [34,35] in various collision
systems and energies are reported as a function of the charged-
particle multiplicity density at midrapidity, 〈dNch/dηlab〉|ηlab<0.5|. Data
are compared with model calculations for LHC energies from the
GSI–Heidelberg grand canonical statistical hadronization model [2],
PYTHIA 8.2 [33], PYTHIA8/Angantyr [32] and EPOS3 with and with-
out UrQMD [31]

tion at low momenta by a factor of 3–4 and exhibits a softer
spectrum. It only tends to describe the data reasonably well
at momenta above pT % 7 GeV/c.

The pT-integrated yield ratios of !(1385)± to pions are
shown in Fig. 5 for different collision systems as measured
by the ALICE [25,28] and the STAR collaborations [34,35].
In general, no particular trend with multiplicity is observed
given the uncertainties. A fit with a zeroth order polynomial
of all data points reported in Fig. 5 yields a χ2/NDF of
20.2/10, whereas the exclusion of the Pb–Pb most central
point from the fit leads to a χ2/NDF of 14.6/9. In addition,
for the ratio of the most central Pb–Pb point to the pp one, we
obtain 0.86± 0.16 by taking into account both the statistical
and systematic uncertainties, with the latter having the largest
contribution to the error of this ratio.

In the same figure, models applicable to different charged-
particle multiplicities are also presented. The comparison to
the models, concerning especially the higher multiplicities,
can give insight to the dominating mechanism in the hadronic
phase that results in the observed behaviour. The statisti-
cal hadronization model [2] (indicated as GSI-Heidelberg
in Fig. 5) describes the process of hadron formation at the
scale where perturbative QCD is no longer applicable. It
is assumed that near hadronization the fireball created in
heavy-ion collisions is close to thermal equilibrium and
hadron yields can be characterized by a grand canonical par-
tition function. The prediction compared to data in Fig. 5
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Figure 3: The 𝐿T-integrated ratio of ω(1520)/ω production as a function of →𝑀𝑁ch/𝑀𝑂↑1/3.

The ω(1520)/ω ratio is shown in Figure 3. The ratio is suppressed in central Pb–Pb collisions
compared to pp and peripheral Pb–Pb collisions. No suppression is observed in the ω(1520)/ω
ratio for p–Pb at ↓𝑃NN = 5.02 and pp collisions at

↓
𝑃 = 5.02 and 13 TeV. The suppression in the

resonance yield could be attributed to the presence of the hadronic phase, where the rescattering
e!ect a!ects the resonance yield in heavy-ion collisions.

4. Conclusion

The 𝐿T spectra ofω(1520) exhibit a hardening trend with increasing multiplicity irrespective of
the system and energies. The ω(1520)/ω ratio is suppressed in central Pb–Pb collisions, indicating
potential rescattering dominance over regeneration. No suppression is observed in p–Pb and pp
collisions suggesting the influence of the hadronic phase on resonance yield in heavy-ion collisions.
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afterburner in Fig. 4. No significant difference is observed
between the calculation with the UrQMD afterburner and
without it in semicentral and peripheral Pb–Pb collisions at√
sNN = 5.02 TeV. A difference in the two predictions is

observed for most central collisions for 1 < pT < 5 GeV/c.
The model largely overestimates the production of !(1385)±

resonances for pT < 5 GeV/c in 0–10% central Pb–Pb colli-
sions, ≈ 60% in the lowest pT interval, whereas it describes
the data within 20–30% in semicentral and peripheral colli-
sions.

PYTHIA8/Angantyr [32] is an extension of the PYTHIA
8 [33] event generator to the case of heavy-ion collisions.
PYTHIA describes nucleon–nucleon interaction at the parton
level, based on multiple partonic interactions and Lund-string
hadronization. In Angantyr, PYTHIA is extended to model
nucleon–nucleus and nucleus–nucleus collisions in a three
steps procedure. First, the number of participating nucleons
in a collision is calculated from a Glauber-like model. Sec-
ond, PYTHIA is used to simulate the collision at the partonic
level according to the results of the Glauber calculation as a
sum of incoherent inelastic, diffractive and/or elastic colli-
sions. Third, the partonic state is allowed to have final state
interactions before it is hadronized according to the Lund-
string model in PYTHIA. Hadronic rescattering and regen-
eration processes like those implemented in UrQMD are not
considered in the version of PYTHIA8/Angantyr employed
here. The data-to-model ratios reported in Fig. 4 show that
PYTHIA8/Angantyr underpredicts the !(1385)± produc-

Fig. 5 !(1385)± to pion yield ratio measured in ALICE [25,28]
together with the STAR measurements [34,35] in various collision
systems and energies are reported as a function of the charged-
particle multiplicity density at midrapidity, 〈dNch/dηlab〉|ηlab<0.5|. Data
are compared with model calculations for LHC energies from the
GSI–Heidelberg grand canonical statistical hadronization model [2],
PYTHIA 8.2 [33], PYTHIA8/Angantyr [32] and EPOS3 with and with-
out UrQMD [31]

tion at low momenta by a factor of 3–4 and exhibits a softer
spectrum. It only tends to describe the data reasonably well
at momenta above pT % 7 GeV/c.

The pT-integrated yield ratios of !(1385)± to pions are
shown in Fig. 5 for different collision systems as measured
by the ALICE [25,28] and the STAR collaborations [34,35].
In general, no particular trend with multiplicity is observed
given the uncertainties. A fit with a zeroth order polynomial
of all data points reported in Fig. 5 yields a χ2/NDF of
20.2/10, whereas the exclusion of the Pb–Pb most central
point from the fit leads to a χ2/NDF of 14.6/9. In addition,
for the ratio of the most central Pb–Pb point to the pp one, we
obtain 0.86± 0.16 by taking into account both the statistical
and systematic uncertainties, with the latter having the largest
contribution to the error of this ratio.

In the same figure, models applicable to different charged-
particle multiplicities are also presented. The comparison to
the models, concerning especially the higher multiplicities,
can give insight to the dominating mechanism in the hadronic
phase that results in the observed behaviour. The statisti-
cal hadronization model [2] (indicated as GSI-Heidelberg
in Fig. 5) describes the process of hadron formation at the
scale where perturbative QCD is no longer applicable. It
is assumed that near hadronization the fireball created in
heavy-ion collisions is close to thermal equilibrium and
hadron yields can be characterized by a grand canonical par-
tition function. The prediction compared to data in Fig. 5
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Σ*±/π±

  and   Λ(1520)/Λ Σ*±/π±



Summary
Hadronic resonances are valuable probes to study the properties of 
hadronic phase in heavy ion experiments 

Suppression of short-lived resonances in large collision systems 
- dominance of re-scattering over regeneration 
- no suppression observed for the longer-lived resonances 

There is lot of excitement for resonance studies in small systems and 
exotic sector. 
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Article

Pattern of global spin alignment of φ and K*0 
mesons in heavy-ion collisions

STAR Collaboration*

Notwithstanding decades of progress since Yukawa !rst developed a description  
of the force between nucleons in terms of meson exchange1, a full understanding  
of the strong interaction remains a considerable challenge in modern science. One 
remaining di"culty arises from the non-perturbative nature of the strong force, 
which leads to the phenomenon of quark con!nement at distances on the order of the 
size of the proton. Here we show that, in relativistic heavy-ion collisions, in which 
quarks and gluons are set free over an extended volume, two species of produced 
vector (spin-1) mesons, namely φ and K*0, emerge with a surprising pattern of global 
spin alignment. In particular, the global spin alignment for φ is unexpectedly large, 
whereas that for K*0 is consistent with zero. The observed spin-alignment pattern and 
magnitude for φ cannot be explained by conventional mechanisms, whereas a model 
with a connection to strong force !elds2–6, that is, an e$ective proxy description within 
the standard model and quantum chromodynamics, accommodates the current data. 
This connection, if fully established, will open a potential new avenue for studying the 
behaviour of strong force !elds.

At the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National 
Laboratory, heavy ions (such as gold nuclei) are accelerated up to 
99.995% of the speed of light and collide from opposite directions. 
Owing to the extreme conditions achieved, quarks and gluons are lib-
erated for a brief time (about 10%23 s), instead of being confined inside 
particles such as protons and neutrons by the strong force. The hot and 
dense state of matter formed in these collisions is called the quark–
gluon plasma (QGP)7–10. These collisions offer an ideal environment 
for studying phenomena related to quantum chromodynamics, the 
theory of strong interaction among quarks and gluons.

In collisions that are not exactly head-on, the approach paths of the 
two nuclei are displaced by a distance called the impact parameter (b), 
generating a very large orbital angular momentum (OAM) in the system. 
Part of the OAM is transferred to the QGP in the form of fluid vorticity 
along the OAM direction, which can polarize the spin of the particles 
through spin–orbit coupling, a phenomenon called global polariza-
tion11–16. According to the flavour–spin wave function, the polarization 
of the Λ (Λ) hyperon is carried solely by the strange quark s (s), indicat-
ing the global polarization of the s (s) quark17. The global polarization 
of Λ (Λ) hyperons produced in heavy-ion collisions has been studied 
through their decays by the STAR18–20, the ALICE21 and the HADES22 
collaborations.

The global polarization of quarks influences production of vector 
mesons such as φ(1020) and K*0(892). Unlike Λ (Λ) hyperons, which 
can undergo weak decay with parity violation, and for which the prod-
ucts in the rest frame of the decay are emitted preferentially in the spin 
direction, the polarization of vector mesons cannot be directly meas-
ured because they mainly decay through the strong interaction, in 
which parity is conserved. Nevertheless, the spin state of a vector meson 
can be described by a 3 ( 3 spin density matrix with unit trace23. The 
diagonal elements of this matrix, namely ρ11, ρ00 and ρ%1%1, are 

probabilities for the spin component along a quantization axis to take 
the values of 1, 0 and %1, respectively. The quantization axis is a chosen 
axis onto which the projection of angular momentum has well-defined 
quantum numbers. When the three spin states have equal probability 
to be occupied, all three elements are 1/3 and there is no spin alignment. 
If ρ00 ) 1/3, the probabilities of the three spin states along the quantiza-
tion axis are different and there is a spin alignment. In the rest frame 
of a vector meson decaying to two particles, the angular distribution 
of one of the decay products can be written as

N
θ

ρ ρ θ
d

d(cos *)
* (1 % ) + (3 % 1)cos *, (1)00 00

2

in which θ* is the polar angle between the quantization axis and the 
momentum direction of that decay particle. By fitting the angular dis-
tribution of decay particles with the function above, one can infer the 
ρ00 value. For the study of global spin alignment, the quantization axis 
(n̂) is chosen to be the direction of the OAM (L̂), which is perpendicular 
to the reaction plane. The reaction plane is defined by the direction of 
the colliding nuclei (beam direction) and the impact parameter vector 
(b̂)24. See Fig.+1 for a schematic view of the coordinate setup for measur-
ing global spin alignment in heavy-ion collisions. φ mesons are identi 
fied by means of their decay φ , K+ + K%. The K*0 and K*0 mesons are 
reconstructed by means of their decay K* (K* ) , K - (K - )0 0 + % % + . Here-
after, K*0 refers to the combination of K*0 and K*0 unless otherwise 
specified.

It is assumed2,12,25–27 that the global spin alignment of φ mesons can 
be produced by the coalescence of polarized s and s quarks, which can 
be caused by vortical flow or the local fluctuation of mean field (meson 
field). The conventional sources for the polarization of s and s quarks 
include: the vortical flow25,28 in the QGP in collisions with non-zero 
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and calculating the corresponding factor R. This gives
Δρ00ðRNDEPÞ ¼ Δρ00ðEPÞ × 1

4 (R ¼ 0 for random plane)
andΔρ00ðPPÞ ¼ Δρ00ðEPÞ × ð1þ 3v2Þ=4 (R ¼ v2 for pro-
duction plane, where v2 is the second Fourier coefficient of
the azimuthal distribution of produced particles relative to
the event plane angle). Here Δρ00 ¼ ρ00-1=3. This is
further confirmed using a toy model simulation with the
PYTHIA 8.2 event generator [30] by incorporating v2 and
spin alignment (see the Supplemental Material [17] for
further details).
In the past, spin alignment measurements in eþe−

[31–33], hadron-proton [34] and nucleon-nucleus colli-
sions [35] were carried out to understand the role of spin in
the dynamics of particle production, finding ρ00 > 1=3 and
off-diagonal elements close to zero with respect to the PP.
For pp collisions at

ffiffiffi
s

p
¼ 13 TeV, we find ρ00 ∼ 1=3

within the studied pT range (see Fig. 2). New preliminary
results from RHIC have found deviations of ρ00 from 1=3
indicating spin alignment for vector mesons at lower

ffiffiffiffiffiffiffiffi
sNN

p

[36,37]. The ρ00 for ϕ mesons in mid-central Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV is less than 1=3 while
the preliminary finding for mid-central Au-Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is ρ00 greater than 1=3. The ρ00 > 1=3
for ϕ mesons has been interpreted as evidence for a
coherent ϕ meson field [38]. Similar conclusions cannot
be easily applied to K%0 as it consists of valence quarks of
unequal mass (s and d̄), which makes it impossible to
separate the effects of vorticity and due to electromangetic
and mesonic fields. Significant polarization of Λ baryons
(spin ¼ 1=2) was reported at low RHIC energies. The
polarization is found to decrease with increasing

ffiffiffiffiffiffiffiffi
sNN

p

[39,40]. At the LHC, the global polarization for Λ baryon is
compatible with zero within uncertainties [PΛð%Þ ¼
0.01& 0.06& 0.03] [41]. The spin alignment for vector
mesons in heavy ion collisions could have contributions
from angular momentum [12,13], electromagnetic fields
[15] and mesonic fields [38]. While no quantitative
theoretical calculation for vector meson polarization at
LHC energies exists, the expected order of magnitude can
be estimated and the measurements for vector mesons and
hyperons can be related in a model dependent way.
Considering only the angular momentum contribution
and recombination as the process of hadronization [13],
the ρ00 of vector mesons are related to quark polarization as
ρ00 ¼ ð1 − PqPq̄Þ=ð3þ PqPq̄Þ where Pq and Pq̄ are quark
and antiquark polarization, respectively. Assuming Pu ¼
Pū ¼ Pd ¼ Pd̄ and Ps ¼ Ps̄, the measured pT integrated
ρ00 values for K%0 and ϕ mesons in 10–50% Pb-Pb colli-
sions could translate to light quark polarization of ∼0.8 and
strange quark polarization of ∼0.2. Using a thermal and
nonrelativistic approach as discussed in [42], vorticity (ω)
and temperature (T) are related to ρ00 and vector
meson polarization (PV) as ρ00 ≃ 1

3 f1 − ½ðω=TÞ2=3(g and
PV ≃ ð2ω=3TÞ, respectively. Also in this approach, the
measured ρ00 for K%0 would correspond to K%0 polarization
of ∼0.6 and the ρ00 for ϕ mesons would give ϕ meson
polarization of ∼0.3.
In the recombination model, Λ polarization depends

linearly on quark polarization whereas vector meson
polarization depends quadratically on it. One would there-
fore expect the polarization for K%0 to be of the same order
or smaller than the one measured for theΛ at LHC [41], i.e.,
vanishing small [Oð0.01%Þ] rather than order 1. The large
effect observed for the ρ00 in mid-central Pb-Pb collisions
at low pT is therefore puzzling. This result should stimulate
further theoretical work in order to study which effects
could make such a huge difference between Λ and K%0

polarization. Possible reasons may include the transfer of
the quark polarization to the hadrons (baryon vs meson),
details of the hadronization mechanism (recombination vs
fragmentation), rescattering, regeneration, and possibly the
lifetime and mass of the relevant hadron. Moreover, the
vector mesons are predominantly directly produced
whereas the hyperons have large contributions from res-
onance decays.
In conclusion, for the first time, evidence has been found

for a significant spin alignment of vector mesons in heavy-
ion collisions. The effect is strongest at low pT with respect
to a vector perpendicular to the reaction plane and for mid-
central (10–50%) collisions. These observations are quali-
tatively consistent with expectations from the effect of large
initial angular momentum in noncentral heavy-ion colli-
sions, which leads to quark polarization via spin-orbit
coupling, subsequently transferred to hadronic degrees of
freedom by hadronization via recombination. However, the
measured spin alignment is surprisingly large compared to
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FIG. 3. Measurements of ρ00 as a function of hNparti forK%0 and
ϕ mesons at low and high pT in Pb-Pb collisions. The statistical
and systematic uncertainties are shown as bars and boxes,
respectively. Some data points are shifted horizontally for better
visibility.
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