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Production of the ρ(770)0 meson in pp and Pb-Pb collisions at
√

sNN = 2.76 TeV

S. Acharya et al.∗
(ALICE Collaboration)

(Received 24 May 2018; published 4 June 2019)

The production of the ρ(770)0 meson has been measured at midrapidity (|y| < 0.5) in pp and centrality
differential Pb-Pb collisions at

√
sNN = 2.76 TeV with the ALICE detector at the Large Hadron Collider. The

particles have been reconstructed in the ρ(770)0 → π+π− decay channel in the transverse-momentum (pT )
range 0.5–11 GeV/c. A centrality-dependent suppression of the ratio of the integrated yields 2ρ(770)0/(π+ +
π−) is observed. The ratio decreases by ∼40% from pp to central Pb-Pb collisions. A study of the pT -differential
2ρ(770)0/(π+ + π−) ratio reveals that the suppression occurs at low transverse momenta, pT < 2 GeV/c. At
higher momentum, particle ratios measured in heavy-ion and pp collisions are consistent. The observed suppres-
sion is very similar to that previously measured for the K∗(892)0/K ratio and is consistent with EPOS3 predictions
that may imply that rescattering in the hadronic phase is a dominant mechanism for the observed suppression.

DOI: 10.1103/PhysRevC.99.064901

I. INTRODUCTION

Due to its very short lifetime (τ ∼ 1.3 fm/c) the ρ(770)0

meson is well suited to study various properties of the inter-
action dynamics in nucleon-nucleon and heavy-ion collisions
[1]. Previous measurements at the Large Electron–Positron
Collider (LEP) [2–5] and the Relativistiv Heavy Ion Collider
(RHIC) [6] showed that properties of ρ(770) mesons recon-
structed in the two-pion decay channel are modified in high-
energy hadronic interactions and e+e− annihilation. At low
momentum, reconstructed ρ(770)-meson peaks were found
to be significantly distorted from the p-wave Breit-Wigner
shape. The observed modifications in the ρ(770)0 → π+π−
channel were explained by rescattering of pions [π+π− →
ρ(770)0 → π+π−], Bose-Einstein correlations between pi-
ons from ρ(770)0 decays and pions in the surrounding matter,
and interference between differently produced π+π− final
states [7–9]. In general, the masses of ρ(770)0 mesons pro-
duced in hadronic interactions were measured to be system-
atically lower than the masses measured in e+e− annihila-
tion and a world-averaged difference of ∼10 MeV/c2 was
reported in Ref. [1]. It is apparent that these effects depend
on the charged pion density in the final state and should also
play an important role in proton-nucleus and nucleus-nucleus
collisions.

In heavy-ion collisions, properties of ρ(770)0 mesons can
additionally be affected by the hot and dense matter produced
in such collisions and by pseudoelastic or elastic interactions
in the late hadron gas stage occurring between chemical
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and kinetic freeze-out. In-medium modification of ρ(770)0

mesons was proposed as one of the signals for chiral symme-
try restoration [10–12]. Dilepton continuum measurements in
heavy-ion collisions at the Super Proton Synchrotron (SPS)
[13–20] and RHIC [21–23] indeed exhibit an excess of low-
pT dilepton pairs below the mass of the ρ(770)0 with respect
to a hadronic cocktail from all known sources. Results at the
SPS and RHIC are well reproduced by models, which assume
that ρ(770)0 mesons are regenerated via π+π− annihilation
throughout the hadron fireball lifetime and freeze-out later
than the other, longer-lived, hadrons. The low-mass dilep-
ton excess is thus identified as the thermal radiation signal
from the hadron gas phase, with broadening of the ρ(770)0-
meson spectral function from the scattering off baryons in the
dense hadronic medium and thermal radiation from the quark-
gluon plasma (QGP). In heavy-ion collisions, rescattering and
regeneration are expected to occur between chemical and
kinetic freeze-out, affecting the final-state yields and peak
shapes of short-lived resonances [24–26]. Rescattering of
daughter particles with the surrounding hadrons changes the
kinematics of the decay and some of the resonances can no
longer be reconstructed. However, the process of regeneration,
in which pseudoelastic scattering of hadrons results in the
production of resonances, tends to increase the yields. The cu-
mulative effect depends on the lifetime of the hadronic phase
and that of the resonance, as well as on particle cross sections
and medium density. Previous measurements at RHIC and
the LHC showed suppressed production of K∗(892)0 [27,28]
and �(1520) [29] but no effect for longer-lived resonances
such as the φ(1020) [27,30] and �(1385)± [29] in central
heavy-ion collisions. These results are qualitatively consis-
tent with expectations from rescattering and regeneration in
the hadronic phase. These measurements allowed for model-
dependent estimates of the hadronic phase lifetime of at least
2−4 fm/c in central collisions [27,29]. With the addition of
the very short-lived ρ(770)0 meson to this study, one can gain
additional insight into processes occurring in the late hadronic
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phase. A measurement of ρ(770)0 mesons at high pT also
contributes to the systematic study of parton energy loss via a
measurement of leading hadron suppression [31–33].

The measurement of ρ(770)0 → π+π− in heavy-ion col-
lisions was done only in peripheral Au-Au collisions at√

sNN = 200 GeV, where the ratio of integrated yields,
2ρ(770)0/(π+ + π−), was found to be consistent with that
in pp collisions and the reconstructed mass of the ρ(770)0

was shifted to lower values [6]. In this paper, production of
ρ(770)0 mesons is studied in the ρ(770)0 → π+π− decay
channel in pp and centrality differential Pb-Pb collisions at√

sNN = 2.76 TeV, including in the 0–20% most central Pb-
Pb collisions. Measurements in the hadronic decay channel
do not have enough sensitivity for a detailed study of the
reconstructed ρ(770)0-meson peak shape. As a result, particle
yields can be extracted only by using a certain peak model
with a limited number of parameters. At present, there are no
measurements for the ρ(770)0-meson yields or line shapes
available in the dilepton decay channels at LHC energies.
Besides, sensitivity to the in-medium spectral function of the
ρ(770)0 is expected to be different in the dilepton and the
hadronic decay channels. Measurements in the dilepton chan-
nels are sensitive to the whole evolution of the system since
leptons leave the fireball mostly unaffected. Measurements in
the hadronic channel, because of rescattering and regenera-
tion, should be more sensitive to ρ(770)0 mesons, which de-
cay late in the evolution of the hadron gas, where the medium
density is low and the mean free path of the decay pions is
large. Prediction of the ρ(770)0 peak shape in the hadronic
channel should rely on the models that describe the full
dynamics of heavy-ion collisions, including the late hadronic
phase. An example of such studies performed for K∗(892)0

can be found in Ref. [34]. Similar studies are not yet available
for ρ(770)0. In this work, the yields of ρ(770)0 mesons in
pp collisions in different pT bins were extracted by using a
p-wave relativistic Breit-Wigner function corrected for phase
space, a mass-dependent reconstruction efficiency, and pion
interference as described by the Söding parametrization [35].
The peak position was kept as a free parameter. Due to the lack
of detailed predictions for the ρ(770)0-meson peak shape as a
function of transverse momentum and centrality in heavy-ion
collisions, the same model was also used in Pb-Pb collisions.

The paper is organized as follows. Details of the data
analysis and the peak model are described in Sec. II. Sec-
tions III and IV present details on the normalization and
corrections used to obtain the invariant differential yields of
ρ(770)0 mesons in pp and Pb-Pb collisions. Results, including
ρ(770)0-meson yields, reconstructed masses, particle ratios,
and nuclear modification factors are presented in Sec. V
and compared to model predictions where available. For the
remainder of this paper, the ρ(770)0 will be denoted by
the symbol ρ0 and the half sum of the charged pion yields
(π+ + π−)/2 as π .

II. DATA ANALYSIS

A. Event and track selection

In this work, the production of ρ0 mesons is measured at
midrapidity (|y| < 0.5) in Pb-Pb and pp collisions at

√
sNN =

2.76 TeV using the data samples collected by the ALICE
experiment at the LHC during the 2010 and 2011 data taking
periods, respectively. The experimental setup and the event
selection criteria for these periods are described in detail
in previous ALICE publications on resonance production
[27,36].

The main detector subsystems used in this analysis are
the V0 detectors, the Inner Tracking System (ITS), the Time
Projection Chamber (TPC), and the Time-of-Flight (TOF)
detector [37]. The minimum bias trigger in pp collisions was
configured to obtain high efficiency for hadronic interactions
and required at least one hit in either of the V0 detectors
(V0A and V0C) or in the Silicon Pixel Detector (SPD), which
constitutes the two innermost layers of the ITS. In Pb-Pb
collisions, the minimum bias trigger required at least two out
of the following three conditions: (i) two hits in the outer
layer of the SPD, (ii) a signal in V0A, and (iii) a signal in
V0C [38]. The collision centrality is determined on the basis
of the multiplicity measured in the V0 detectors. Glauber-
model simulations are used to estimate the average number of
participants (〈Npart〉) and number of binary inelastic nucleon-
nucleon collisions (〈Ncoll〉) for each selected centrality interval
[39,40]. The number of analyzed minimum bias events is
equal to about 6 × 107 in pp collisions, corresponding to an
integrated luminosity of Lint = NMB/σMB = 1.1 nb−1, where
NMB and σMB = (55.4 ± 1.0) mb are the number and cross
section of pp collisions passing the minimum bias trigger
conditions [41]. In Pb-Pb collisions the number of analyzed
events is 17.5 × 106. The TPC is used to reconstruct charged
particle tracks with the requirement that the track has crossed
at least 70 read-out rows out of a maximum 159 [42]. Only
high-quality tracks reconstructed with the TPC and ITS are
selected for analysis; tracks are required to be matched to
the primary vertex within 2 cm in the longitudinal direction
and within 7σ in the transverse plane, where σ is (0.0015 +
0.0050/p1.1

T ) cm for pp and (0.0026 + 0.0050/p1.01
T ) cm for

Pb-Pb [27], with pT in units of GeV/c. The primary vertex is
required to be within ±10 cm of the detector center along the
beam axis. Tracks are required to have a minimum transverse
momentum of 150 MeV/c in pp collisions and 400 MeV/c in
Pb-Pb collisions and a pseudorapidity of |η| < 0.8. The higher
pT cut in Pb-Pb collisions was needed to improve the signal-
to-background ratio at low and intermediate momentum. To
be identified as charged pions, reconstructed tracks in pp
collisions need to have a specific ionization energy loss dE/dx
measured in the TPC within 2σTPC of the expected value. For
Pb-Pb collisions, particles with a signal in the TOF subsystem
are identified by requiring the time-of-flight and dE/dx to be
within 2σTOF and 5σTPC of the expected values, respectively.
Particles without a signal in the TOF are identified in the same
way as in pp collisions. The σTPC is about 5% for isolated
tracks and 6.5% for central Pb-Pb collisions. The typical value
of σTOF is about 80 ps.

B. Yield extraction

Yields of ρ0 mesons for each pT and centrality inter-
val are measured by calculating invariant mass distributions
of oppositely charged identified pions (π+π− pairs). The
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FIG. 1. Invariant mass distributions for π+π− pairs after subtraction of the like-sign background. Plots on the left and right are for the
low- and high-transverse-momentum intervals, respectively. Examples are shown for minimum bias pp, 0–20%, and 60–80% central Pb-Pb
collisions at

√
sNN = 2.76 TeV. Solid red curves represent fits to the function described in the text. Colored dashed curves represent different

components of the fit function, which includes a smooth remaining background as well as contributions from K0
S , ρ0, ω(782), K∗(892)0,

f0(980), and f2(1270). See text for details.

combinatorial background is estimated using the like-sign
method: This background is 2

√
N++N−−, where N++ and

N−− are the numbers of π+π+ and π−π− pairs within
the same event, respectively. In addition to the uncorrelated
combinatorial background, the like-sign method also partly
subtracts the minijet [43] contribution in the background; this
is the main reason why it is preferred to the mixed-event
approach in this analysis. However, production of like-sign
and opposite-sign pairs in jets differ and a perfect background
description is not expected. Examples of invariant mass distri-
butions after subtraction of the like-sign background in mini-
mum bias pp, 0–20%, and 60–80% central Pb-Pb collisions at√

sNN = 2.76 TeV are shown in Fig. 1. The analysis has also
been performed using an event-mixing technique to compute
the combinatorial background. The ρ0 yields obtained using
event mixing are consistent with those obtained when a like-
sign background is subtracted.

After subtraction of the like-sign background, the resulting
distributions contain the remaining correlated background
from minijets and pairs from hadronic decays. The latter has
a very complex shape, which depends on π+π− pair-invariant
mass and transverse momentum. The main contributions
to the correlated background are as follows: (i) ω(782) →
π0π+π−, ω(782) → π+π−, f0(980) → π+π−, f2(1270) →
π+π−, and K0

S → π+π−; (ii) K∗(892)0 → K±π∓, where the
charged kaon in the final state is reconstructed as a pion;
and (iii) η → π0π+π−, η′(958)→ ηπ+π−, and φ(1020) →
K−K+ decays. The first two contributions overlap with the

wide ρ0-meson peak and need to be correctly accounted
for as described in Sec. II B 2. The last contribution can be
neglected if the analysis is limited to a mass range of Mπ+π− >

0.4 GeV/c2. Contributions from misreconstructed decays of
heavier hadrons do not result in peaked structures and were
estimated to be negligible.

In order to extract the ρ0 yields, the invariant mass distri-
butions after subtraction of the combinatorial like-sign back-
ground are fitted with a function that accounts for all known
correlated contributions to the π+π− mass distribution. In
this section, we discuss the assumptions used to approximate
different components of the background.

1. Background from minijets

The invariant mass distribution of π+π− pairs has been
extensively studied using full event Monte Carlo simula-
tions of the experimental setup. PYTHIA 6 [44] and HI-
JING [45] are used as event generators for pp and Pb-
Pb collisions, respectively. The produced particles and their
decay products are propagated through the ALICE detec-
tor using GEANT 3 [46]. Invariant mass distributions for
pairs of charged pions are accumulated after application of
the same event, track, and particle identification cuts as in
data. The study shows that after subtraction of the like-
sign background and known contributions from K0

S , η, ρ0,
ω(782), K∗(892)0, η′(958), f0(980), φ(1020), and f2(1270),
the remaining background has a smooth dependence on mass.
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FIG. 2. Left: Measured ω/π ratio as a function of transverse momentum in pp collisions at
√

s = 62 and 200 GeV [51,52]. The smooth
curve shows the estimated ω/π ratio in pp collisions at

√
s = 2.76 TeV. Right: Estimated ω/π ratio as a function of the transverse momentum

for 0–20% central Pb-Pb collisions at
√

sNN = 2.76 TeV. The shaded regions in the two panels correspond to a ±20% variation of the ratio,
see text for details.

Based on a dedicated study of PYTHIA simulations, this
remaining contribution is due to minijets. As described in
Refs. [3–5], the remaining background is parameterized with
the following function: FBG(Mππ ) = (Mππ − 2mπ )nexp(A +
BMππ + CM2

ππ ), where mπ is the mass of the charged pion
and n, A, B, and C are fit parameters. It has been checked that
this function describes the remaining background in Monte
Carlo events for all analyzed pT and centrality intervals. A
lower-order polynomial in the exponential would not provide
enough flexibility for the function to describe the remaining
background in a wide mass range. A higher-order polynomial,
while not improving the fit quality, could result in unjustified
fluctuations of the background function. When a polynomial
is tried as a fit function, it needs larger number of fit pa-
rameters to describe the background in the same mass range.
Parameters of the background function are not constrained in
fits to data.

2. Contributions from K0
S , ω(782), and K∗(892)0

The production of K∗(892)0 mesons in pp and Pb-Pb
collisions at

√
sNN = 2.76 TeV was measured in Refs. [27,36].

The yield of K0
S mesons in pp collisions is estimated as (K+ +

K−)/2 using the charged kaon measurements published in
Ref. [47]. For Pb-Pb collisions, the production of K0

S mesons
was measured in Ref. [48]. The production of ω(782) mesons
has not been measured in the collision systems under study.
However, it has been estimated using procedures similar to
those previously used in calculations of hadronic cocktails
in the dilepton continuum or direct photon measurements
[21,23,49,50].

Contributions from K0
S , ω(782), and K∗(892)0 are approxi-

mated with templates extracted from Monte Carlo simulations
and normalized to known yields. The template shapes are
simulated by applying the same analysis cuts as in data and re-
constructing the K0

S , ω(782), and K∗(892)0 mass shapes in the
π+π− channel separately for each pT and centrality interval
used in the ρ0 analysis. Then the templates are normalized to
the independently measured K0

S , ω(782), and K∗(892)0 yields
in the corresponding intervals and corrected for the branching

ratios and the acceptance times reconstruction efficiency val-
ues (A × εrec, hereafter “efficiency”) estimated in simulations.

Measurements of the ω(782)-meson pT spectrum are
rare. A summary of the worldwide measurements of ω(782)
mesons in pp collisions at different energies is given in the
left panel of Fig. 2 [51,52]. The data are presented in terms
of the ω/π ratio. Most of the data come from PHENIX
measurements at

√
s = 200 GeV. It is important to note that

the ω/π ratio does not depend on the collision energy within
uncertainties in the range

√
s = 62−200 GeV. In this analysis,

it is assumed that the ω/π ratio stays constant in the range√
s = 200−2760 GeV. This assumption is supported by other

light-flavor meson ratios like K/π , η/π , and φ/π , which do
not show any significant energy dependence in pp collisions in
the range

√
s = 200−7000 GeV [47,53–57]. This assumption

is also confirmed with PYTHIA 6 [44] and PYTHIA 8 [58]
calculations, which predict the ω/π ratios in pp collisions
at

√
s = 200 GeV and

√
s = 2.76 TeV to be consistent within

10%.
For pp collisions at

√
s = 2.76 TeV, the shape of the ω(782)

pT spectrum is approximated using the fit to π spectrum
[47] with a mT -scaling correction [59]. The function, which
is fit to the transverse-momentum distribution of pions, is
transformed into a production spectrum of ω(782) in two
steps. First, pπ

T of charged pions in the function is replaced

with
√

m2
ω − m2

π + pω
T

2, where mω and pω
T are the mass and

transverse momentum of the ω meson. Second, the resulting
function is scaled to the ω/π ratio measured at high transverse
momentum. Based on the left panel of Fig. 2, the ratio is
normalized to ω/π = 0.81, which is in agreement with the
value of ω/π = 0.81 ± 0.02 ± 0.09 measured by PHENIX in
pp collisions at

√
s = 200 GeV [51]. The ratio of the derived

ω(782) spectrum to the measured π spectrum is shown with a
curve in the same figure. The shaded region corresponds to a
±20% variation of the ω/π ratio, which is used in Sec. V to
estimate the systematic uncertainty for measurement of the ρ0

yields.
For Pb-Pb collisions one has to additionally account for

radial flow that modifies the shapes of particle production
spectra at low and intermediate transverse momenta. The
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strength of the radial flow for each centrality interval is
estimated by simultaneous fits of the charged pion, kaon,
and (anti)proton production spectra [60,61] with Tsallis blast-
wave (TBW) functions [62]. The nonextensivity parameter q
is set to be equal for mesons and baryons, thus keeping all
fit parameters the same for all particles, except for particle
masses and normalizations. Pions, kaons, and protons are fit
in similar pT ranges, from the lowest measured momentum
(0.1 GeV/c, 0.2 GeV/c, and 0.3 GeV/c for pions, kaons, and
protons, respectively) up to 3.5 GeV/c. In this range, the fits
reproduce the measured results within the experimental uncer-
tainties. Fits performed in different pT ranges, 0.1–2 GeV/c
and 0.5–3.5 GeV/c, produce very similar results and therefore
lead to negligible systematic ucncertainties in this procedure.
For all fits, it has been checked that the total integrated yields
extracted from the fit curves are consistent with the published
values within uncertainties. The expected ω(782) pT spectrum
is parameterized with a TBW function with the ω(782) mass
[1] and all other fit parameters set to the values from the
combined fit. This function is normalized so that the ratio of
the integrated yields ω/π = 0.1. This value of the ratio was
previously measured with high precision in pp and e+e− colli-
sions [3,63]. Measurements of the ratio in heavy-ion collisions
are available only from STAR in Au-Au collisions at

√
sNN =

200 GeV: ω/π = 0.086 ± 0.019 [21]. This measurement is in
good agreement with pp results. This is similar to the K/π

and p/π ratios, which vary only within ∼20% from pp to
central heavy-ion collisions for

√
sNN = 200−2760 GeV [60].

The resulting ω/π ratio is shown in the right panel of Fig. 2
with a solid red curve. The shaded region around the curve
corresponds to a ±20% variation of the ratio, which is used to
estimate the systematic uncertainty (see Sec. V). Up to pT =
3.5 GeV/c the ratio is determined from TBW fits as described
above. It is important to note that two alternative approaches
are also used for estimation of the ω(782) production spectrum
in this pT range. In these approaches, only the production
spectra for charged pions and kaons or only the spectra for
charged kaons and (anti)protons are used to fix parameters
of the TBW function. Both approaches result in ω/π ratios
which are consistent with the default value within the shaded
region.

At very high transverse momentum it is assumed that the
ω/π ratio returns to the same values measured in pp collisions
(a mT -scaled π± spectrum), similar to what is observed for
other ratios like K/π and p/π [47]. This assumption is
also confirmed by PHENIX in Au-Au collisions at

√
sNN =

200 GeV, where the ω/π ratio was measured at high pT to be
ω/π = 0.82 ± 0.09 ± 0.06 [51], very close to the value in pp
collisions. The exact pT value at which the influence of radial
flow becomes negligible for ω(782) mesons is not known. It is
expected to be mass dependent and sit in between pT values
where the K/π (point A) and p/π (point B) ratios measured in
Pb-Pb collisions merge with those measured in pp collisions.
The dashed lines show how the ω/π ratio would look in the
transition region if the merging point to the mT -scaled curve
was the same as for K/π or p/π . For the nominal ω/π ratio
we choose the average of the ω/π ratios obtained for these
two extreme cases, shown with a solid line. The merging point
for ω(782) is varied between the merging points for K/π and

p/π for a study of systematic uncertainties. One can see that
the two extreme cases for the transition are within the shaded
region.

3. Contributions from ρ0, f0(980), and f2(1270)

Contributions from ρ0, f0(980), and f2(1270) mesons are
described analytically. The shapes of these resonances are
described with a relativistic Breit-Wigner function (rBW)
[64,65]:

rBW(Mππ ) = AMππM0�(Mππ )(
M2

0 − M2
ππ

)2 + M2
0�2(Mππ )

, (1)

where M0 is the mass of the resonance under study and A
is a normalization constant. For wide resonances one should
account for the dependence of the resonance width on mass:

�(Mππ ) =
(

M2
ππ − 4m2

π

M2
0 − 4m2

π

)(2J+1)/2

× �0 × M0/Mππ , (2)

where �0 is the width of the resonance, mπ is the charged
pion mass, and J is equal to 0 for f0(980), 1 for ρ0, and 2 for
f2(1270). The masses of ρ0, f0(980), and f2(1270) are kept
as free parameters. As has been pointed out, measurements of
ρ0 mesons in the hadronic decay channel do not have enough
sensitivity for a detailed study of the resonance peak shape. As
a result, the width of the ρ0 is fixed to 149.3 MeV/c2, which
corresponds to the resonance width in vacuum 147.8 ± 0.9
MeV/c2 [1] convoluted with the detector mass resolution
extracted from simulations. Due to the large width of the
ρ0 peak, its smearing due to the mass resolution results in
a negligible change in the extracted yields. The width of the
f0(980) is limited to be within 40–100 MeV/c2 and the width
of the f2(1270) is fixed to 186.7 MeV/c2 [1].

Since resonances can be produced through ππ scattering
in the hadronic phase, the reconstructed peaks can be affected
by the phase space available for pions. It was suggested in
Refs. [6,66–68] to use a Boltzmann factor to account for the
phase-space correction,

PS(Mππ ) = Mππ√
M2

ππ + p2
T

× exp
(−

√
M2

ππ + p2
T /T

)
, (3)

where T is the kinetic freeze-out temperature, set to 160 MeV
in pp and 120 MeV in heavy-ion collisions [60,69].

The ρ0, f0(980), and f2(1270) resonances have quite large
widths. Efficiencies for these mesons can change with par-
ticle masses at a given transverse momentum, resulting in
distortion of the reconstructed peak shapes. The effect is most
prominent at low pT , where the efficiency A × εrec rapidly
increases with mass and transverse momentum. Therefore,
the peak shapes for ρ0, f0(980), and f2(1270) are corrected
for the dependence of A × εrec on the particle masses. The
corresponding corrections are evaluated from Monte Carlo
simulations.

Previous measurements showed that ρ0-meson peaks
reconstructed in the π+π− decay channel are distorted:
the central value (mass) was shifted to lower values by
tens of MeV/c2. This phenomenon was studied in de-
tail at LEP [2–5] and was also observed at RHIC [6].
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The modification of the reconstructed ρ0-meson shape was
explained by Bose-Einstein correlations between identical
pions in the final state (including decay pions from short-lived
ρ0 mesons) and interference between final states which are
either two directly produced pions or two pions from ρ0

decays. Both effects result in a similar modification of the
peak shape, which at LEP was accounted for by including an
interference term parameterized by Söding [35] in the peak
model

fi(Mππ ) = C

[
M2

0 − M2
ππ

Mππ�(Mππ )

]
fs(Mππ ), (4)

where fs(Mππ ) is the default peak shape as described above,
fi(Mππ ) is the interference term, and C is a free parameter that
determines the strength of the interference. Using this term
in the peak model enhances the left side of the reconstructed
peak and suppresses the right side of the peak. If one fits
the distorted peak with the regular rBW function, then the
reconstructed mass is shifted toward lower values and the fit
quality is poor due to the distorted tails. We note that the
RHIC [64] and LHC [65] measurements of photoproduction
of ρ0 mesons in ultraperipheral heavy-ion collisions were
performed with this Söding correction included in the peak
model and the reconstructed parameters of ρ0 were found to
be in agreement with vacuum values. In this study, the extrac-
tion of ρ0-meson yields is performed using peak models with
and without the Söding interference term. For the hadronic
interactions the Söding correction is just empirical. The peak
model with the term somewhat better describes the measured
peaks at low momentum and leads to reconstructed meson
masses closer to the accepted vacuum value [1] and is used
by default. The peak model without the interference term is
used in the evaluation of the systematic uncertainties.

In heavy-ion collisions, the shape of the ρ0-meson peak can
also be distorted due to chiral symmetry restoration [10–12]
in the earlier stages of the collisions and due to rescattering,
regeneration, correlations, and interference in the later stages
[24–26]. The relative strengths of these effects are not well
understood and there are no detailed predictions for the pT

and centrality dependence of ρ0 peak modifications that take
all of them into account. In this analysis, we therefore limit
our peak model to the effects discussed in the preceding
paragraphs.

In summary, the default ρ0 peak model used in this anal-
ysis is the product of a relativistic Breit-Wigner function
(with a mass-dependent width), a phase-space factor, a mass-
dependent efficiency correction, and a Söding interference
term. The same peak model, only without the interference
term, is used to fit the f0(980) and f2(1270) peaks.

4. Fit results

The fitting function has 11 free parameters: the masses
and yields of ρ0, f0(980) and f2(1270), the strength of the
interference term for ρ0, and four parameters for the smooth
background function FBG(Mππ ). The width of f0(980) is
limited to be within 40–100 MeV/c2 [1]. Fits are performed in
the mass range 0.45 < Mππ < 1.7 GeV/c2. The lower limit is
selected to include a contribution from K0

S in the fit but reject

contributions from η, η′(958), and φ(1020) mesons, which are
difficult to constrain. The upper limit is set to 1.7 GeV/c2 to
account for tails from the ρ0 and f2(1270) contributions. Most
of the contributions to the fitting function are well separated
in mass, thus reducing the uncertainties of the fit parameters.

Examples of the fits in minimum bias pp and 0–20% and
60–80% central Pb-Pb collisions are shown in Fig. 1 for two
different pT intervals. The χ2/ndof values for the fits are 1.1
(0.9), 0.8 (1.3), and 1.1 (1.2) for pp, 0–20%, and 60–80% Pb-
Pb collisions at low (high) transverse momenta, respectively.
The contributions of the K0

S , ω(782), and K∗(892)0 are fixed to
the measured particle yields corrected for branching ratios and
efficiencies. The smooth remaining background is described
with the function FBG(Mππ ). The remaining contributions
from decays of ρ0, f0(980), and f2(1270) mesons are de-
scribed analytically using the peak model from Sec. II B 3.
All fits in different pT and centrality intervals result in very
reasonable fit probabilities with χ2/ndof values close to unity.
The yields of ρ0 mesons are estimated by integrating the ρ0

fitting function in the mass range from 2mπ to 1.7 GeV/c2. The
signal-to-background ratios for ρ0 gradually increase with
transverse momentum in a range from 10−4 (3 × 10−3) to
10−2 (7 × 10−2) for 0–20% (60–80%) Pb-Pb collisions and
from 2 × 10−2 to 2 × 10−1 for pp collisions.

III. SIMULATIONS

Monte Carlo simulations are used to evaluate the efficien-
cies for ρ0, K0

S , ω(782), and K∗(892)0 mesons in the π+π−
channel as well as to estimate the mass-dependent efficiency
corrections for ρ0, f0(980), and f2(1270). PYTHIA 6 [44]
and PHOJET [70,71] were used as event generators for pp
collisions, while HIJING [45] was used to simulate Pb-Pb
collisions. Signals from the f0(980) and f2(1270) resonances,
which are not generated by these codes, were injected into the
simulations. The produced particles and their decay products
were traced through the detector materials using GEANT 3
[46]. For each analyzed pT and centrality interval, the effi-
ciencies A × εrec are calculated as the ratio Nrec/Ngen, where
Nrec is the number of reconstructed particles in the π+π−
channel after all event and track selection cuts and Ngen is
the number of generated mesons within |y| < 0.5 decaying in
the ρ0, K0

S , ω(782), f0(980), f2(1270) → π+π−, ω(782) →
π0π+π−, and K∗(892)0 → K±π∓ channels. In general, the
efficiency depends on the shape of the generated particle
pT spectrum. Therefore, the pT spectra of the generated K0

S ,
ω(782), and K∗(892)0 mesons are reweighted to their known
or expected shapes. The efficiencies for ρ0 are tuned itera-
tively so that the shapes of the generated pT spectra approach
the measured shapes.

Examples of efficiencies evaluated for ρ0 mesons in pp
and the most central Pb-Pb collisions as a function of trans-
verse momentum are shown in Fig. 3. The difference in the
efficiencies between pp and Pb-Pb collisions is expected and
is due to the different minimum pT cuts and particle identifi-
cation strategies for daughter particles. In Pb-Pb collisions,
the efficiencies for ρ0 show mild (within 5%) dependence
on collision centrality with a decreasing trend toward more
central collisions.
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IV. YIELD CORRECTIONS

In pp collisions the differential transverse-momentum
spectrum is

d2N

d pT dy
= 1

NMB

εtrig

εvrtx

1

A × εrec

1

BR

Nρ0→ππ

�y�pT
, (5)

where Nρ0→ππ is the ρ0-meson yield measured in a given
rapidity (�y) and transverse-momentum (�pT ) interval, NMB

is the number of analyzed minimum bias events, BR and
A × εrec are the resonance branching ratio and efficiency in
the π+π− decay channel, εtrig = (88.1+5.9

−3.5)% is a trigger ef-
ficiency correction to obtain resonance yields per inelastic pp
collision [41], and εvrtx = 91 ± 2% is a vertex cut efficiency
correction that accounts for the fraction of ρ0 mesons lost
after imposing the z-vertex cut of 10 cm at the stage of event
selection. For the trigger configuration used in this analysis,
the number of ρ0 mesons in nontriggered events is negligible
and no corresponding correction is needed.

For Pb-Pb collisions the trigger and vertex cut efficiency
corrections, εtrig and εvrtx, are set to unity. The number of
minimum bias events NMB is replaced with the number of
events analyzed in a given centrality interval.

V. SYSTEMATIC UNCERTAINTIES

The total systematic uncertainty is dominated by yield
extraction, particle identification, and track selection cuts as
well as by the global tracking efficiency uncertainties as
summarized in Table I.

The yield extraction uncertainty is estimated by varying the
ρ0-meson peak shape, smooth background function, fitting
range, temperature parameter in the phase-space correction,
and the relative contributions of K0

S , ω(782), and K∗(892)0

in the hadronic cocktail. Two peak models, with or without
the interference term, are used to extract the ρ0-meson pa-
rameters from the invariant mass distributions. Fits without
the interference term result in lower but still acceptable fit
probabilities as well as in systematically lower yields and

TABLE I. Relative systematic uncertainties (in %) for ρ0-meson
yields in pp and Pb-Pb collisions at

√
sNN = 2.76 TeV. The single

valued uncertainties are pT and centrality independent. Values given
in ranges correspond to minimum and maximum uncertainties.

Source pp Pb-Pb

Yield extraction 4–13 7–13
Particle identification 4 5
Tracking and analysis cuts 8–9 10
Total 10–16 14–17

smaller reconstructed masses. This is the only source of
asymmetric systematic uncertainties and it dominates the
total uncertainties at low momentum. The difference in the
extracted yields is ∼10% at low momentum and decreases to
∼1% for 4−6 GeV/c. For the smooth background function, a
fifth-order polynomial has been used instead of the FBG(Mππ )
function described in Sec. II B 1. This polynomial has a larger
number of fit parameters and could provide an alternative
description of the remaining background. The fitting range
cannot be varied at its lower edge: It is difficult to control
the contributions from η, η′(958), and φ(1020) at invariant
mass below 0.45 GeV/c2, but it is necessary to account for K0

S
decays resulting in a peak at 0.5 GeV/c2. Instead, the upper
limit of the fitting range is varied from 1.7 to 1.1 GeV/c2,
thus excluding the f2(1270) from the fit and allowing the
background function to be more flexible in the narrower
fitting range. The temperature parameter in the phase-space
correction is varied by ±25 MeV to cover the variation of
the kinetic freeze-out temperature with multiplicity [60,69].
The normalizations of the K0

S , ω(782), and K∗(892)0 templates
in the cocktail are independently increased and decreased
by the uncertainties of the particle yields and efficiencies
estimated to be ±30%, ±20%, and ±25%, respectively. The
larger variation for K0

S is due to the statistical uncertainties
of the efficiency, which is only 0.5% on average. This results
in negligible variation of the extracted ρ0-meson parameters.
The large variation for ω(782) is dominated by uncertainties in
the determination of the ω/π ratio as described in Sec. II B 2.
The total yield extraction uncertainty varies from 13(10–13)%
at low momentum to 4(8)% at intermediate momentum and
to 6(7–8)% at high transverse momentum in pp (Pb-Pb)
collisions, with rather weak centrality dependence.

The particle identification uncertainty is estimated by vary-
ing the selection criteria used in analysis. Then in pp colli-
sions the meson yields obtained with (−1.5σTPC, 1.5σTPC) and
(−2.0σTPC, 1.0σTPC) particle identification cuts in the TPC are
compared to the default value obtained with a 2σTPC cut. In
Pb-Pb collisions, the particle identification cuts are varied to
be (−1.5σTPC, 1.5σTPC) and (−2.0σTPC, 1.0σTPC) for tracks
that are not matched to the TOF. For tracks with a signal
in the TOF, the alternative particle identification cuts are
(−1.5σTOF, 1.5σTOF) and (−2.0σTOF, 1.0σTOF). In the latter
case a variation of the applied 5σTPC cut gives a negligible
contribution to the systematic uncertainty. As in the case of pp
collisions, the meson yields obtained with the varied particle
identification cuts are compared to the default value. The
resulting uncertainty for the yields is estimated to be 4% in
pp and 5% in Pb-Pb collisions with no centrality dependence.
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of the boxes is varied for visibility. The dashed lines show the ρ0

masses as given in Ref. [1].

The global tracking efficiency uncertainty is defined by
mismatches between the measured data and Monte Carlo in
the probabilities for TPC tracks to be matched to signals in
the ITS [27,36]. The uncertainty for single tracks is doubled
to account for ρ0 mesons, which are reconstructed in a decay
channel with two charged tracks in the final state. The global
tracking uncertainty partially cancels out when ratios of inte-
grated yields, ρ/π , are calculated. The track selection cuts are
varied to estimate the corresponding changes in the fully cor-
rected yields. It is found that the results are sensitive to varia-
tion of the number of crossed rows in the TPC and the primary
vertex proximity cuts in the transverse plane for reconstructed
tracks. The combined systematic uncertainty for the differ-
ential yields is estimated to be 8–9(10)% in pp (Pb-Pb)
collisions, with practically no pT or centrality dependence.

Uncertainties in the determination of centrality percentiles
result in normalization uncertainties for the measured ρ0

yields. The corresponding uncertainties are estimated to be
0.6%, 1.5%, 2.95%, and 5.85% in 0–20%, 20–40%, 40–
60%, and 60–80% central Pb-Pb collisions using the numbers
reported in Ref. [60].

The total systematic uncertainties are calculated as the sum
in quadrature of the different contributions and are summa-
rized in Table I.

VI. RESULTS AND DISCUSSION

A. Particle masses

The dependence of the reconstructed ρ0-meson mass on
transverse momentum in minimum bias pp, 0–20%, and 60–
80% Pb-Pb collisions at

√
sNN = 2.76 TeV is shown in Fig. 4.

The measurements for the 20–40% and 40–60% centrality
intervals are not shown here but are similar to the plotted
results; these are available in the High Energy Physics Data
Repository. The systematic uncertainties, shown with boxes,
account for mass variations from all sources considered in
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FIG. 5. Differential yields of ρ0 as a function of transverse
momentum in inelastic pp collisions at

√
s = 2.76 TeV. The sta-

tistical and systematic uncertainties are shown as bars and boxes,
respectively. The results are compared with model calculations from
PYTHIA6 (Perugia 2011 tune) [74], PYTHIA 8.14 (Monash 2013
tune) [58], and PHOJET [70,71]. The lower panel shows the model-
to-data ratios and the gray shaded region represents the sum in
quadrature of the systematic and statistical uncertainties associated
with the data.

Sec. V. The asymmetric part of the systematic uncertainties
is from the systematically smaller masses extracted for ρ0

mesons using the peak model without the interference term.
Two dashed horizontal lines in Fig. 4 correspond to the ρ0

masses quoted in Ref. [1] for mesons produced in e+e− an-
nihilation and hadronic interactions. The difference between
the values of the masses can be explained by pion scattering
as described in Ref. [72]. For pp collisions, the reconstructed
mass is consistent with the hadroproduced ρ0-meson mass
within uncertainties. In Pb-Pb collisions, central values of
the reconstructed masses are lower by up to 30 MeV/c2 with
no strong dependence on collision centrality. However, rather
large uncertainties prevent any strong conclusions on the mass
shift. The STAR data (not shown) also show a tendency
for lower masses for ρ0 mesons in 40–80% central Au-Au
collisions at

√
sNN = 200 GeV [6].

B. Transverse-momentum spectra

The differential yields measured for ρ0 mesons as a func-
tion of transverse momentum in inelastic pp and centrality
differential Pb-Pb collisions at

√
sNN = 2.76 TeV are shown

in Figs. 5 and 6, respectively. The measurements span a wide
pT range from 0.5 to 11 GeV/c.
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TABLE II. Integrated yields (dN/dy), mean transverse momenta (〈pT 〉), and ρ0/π ratios in pp and centrality differential Pb-Pb collisions
at

√
sNN = 2.76 TeV. For each value the first uncertainty is statistical. For yields the second uncertainty is systematic, but it does not include

the normalization uncertainty associated with the centrality selection in Pb-Pb collisions. The normalization uncertainty in Pb-Pb is reported
as the third uncertainty for the yields. For ρ/π and 〈pT 〉 the second uncertainty is the total systematic uncertainty. The asymmetric part of the
systematic uncertainties comes from the use of the Söding interference term in the fitting function and is correlated between collision systems.

Collision system dN/dy 〈pT 〉 (GeV/c) ρ0/π

Inelastic pp 0.235 ± 0.003+0.032
−0.041 0.901 ± 0.006+0.039

−0.045 0.126 ± 0.002+0.015
−0.020

Pb-Pb, 0–20% 42.90 ± 2.59+6.04
−6.91 ± 0.26 1.191 ± 0.031+0.095

−0.096 0.076 ± 0.005+0.009
−0.011

Pb-Pb, 20–40% 21.01 ± 0.91+2.90
−3.40 ± 0.32 1.162 ± 0.023+0.064

−0.067 0.083 ± 0.004+0.009
−0.012

Pb-Pb, 40–60% 8.67 ± 0.45+1.26
−1.44 ± 0.26 1.143 ± 0.028+0.064

−0.067 0.089 ± 0.005+0.011
−0.013

Pb-Pb, 60–80% 2.74 ± 0.13+0.41
−0.46 ± 0.16 1.083 ± 0.024+0.070

−0.072 0.101 ± 0.005+0.012
−0.015

In Fig. 5, the pT spectrum in pp collisions is compared to
model calculations from PYTHIA 8.14 (Monash 2013 tune)
[58,73], PHOJET [70,71], and PYTHIA 6 (Perugia 2011 tune)
[74]. PYTHIA and PHOJET are event generators which simu-
late hadronization using the Lund String fragmentation model
[75]. The lower panel of the figure shows the model-to-data
ratios as lines and the total uncertainty of the ρ0 measurement
with a grey band. In general, these models tend to overesti-
mate ρ0-meson production at low momentum, pT < 1 GeV/c.
PHOJET underestimates ρ0-meson production at intermediate
momentum, and the best agreement with data is provided by
PYTHIA 6 Perugia 2011.

In Fig. 6 the production spectra of ρ0 in pp and Pb-
Pb collisions are shown. The spectra are fit with a Lévy-
Tsallis function [76] in the transverse-momentum range pT <

7 GeV/c to estimate the meson yields outside of the mea-
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FIG. 6. Differential yields of ρ0 in pp and 0–20%, 20–40%, 40–
60%, and 60–80% central Pb-Pb collisions at

√
sNN = 2.76 TeV. The

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

sured range (pT < 0.5 GeV/c). The fits are used to calculate
the integrated yields (dN/dy) and mean transverse momenta
(〈pT 〉) following a procedure described in Refs. [27,36]. The
dN/dy and 〈pT 〉 values are evaluated using the data in the
measured range and the fit function at lower momentum.
The fraction of the total integrated yield in the extrapolated
region varies from 30% in pp collisions to 20(25)% in central
(peripheral) Pb-Pb interactions. Alternative fitting functions,
such as Boltzmann-Gibbs blast-wave [77], mT -exponential,
and power-law functions, are used to fit the measured spectra
in different pT ranges and evaluate systematic uncertainties
for dN/dy and 〈pT 〉 from the extrapolation. The resulting
values of dN/dy and 〈pT 〉 are summarized in Table II along
with their statistical and systematic uncertainties.

C. pT -integrated particle ratios

The collision energy dependence of the ρ0/π ratio is pre-
sented in Fig. 7 [6]. The ALICE result in pp collisions at

√
s =

2.76 TeV obtained using charged pion yields from Ref. [47] is
in good agreement with lower energy measurements and with
thermal model predictions for pp collisions at

√
s = 200 GeV

[78],
√

s = 2.76 TeV [79], and
√

s = 7 TeV [80].
The left panel of Fig. 8 shows the ρ0/π ratio measured

as a function of 〈dNch/dη〉1/3 at midrapidity [39] in pp and
Pb-Pb collisions at

√
sNN = 2.76 TeV. In Pb-Pb collisions

〈dNch/dη〉1/3 is used as a proxy for the system size [90].
The charged pion yields are taken from Ref. [60]. The bars
represent the statistical uncertainties and the total systematic
uncertainties are shown with open boxes. The part of the
systematic uncertainties related to the interference term in the
ρ0-meson peak model is correlated between points and addi-
tion of this term shifts the points in a similar way in pp and
Pb-Pb collisions. The uncorrelated systematic uncertainties
are shown with shaded boxes.

The measured ρ0/π ratio in Pb-Pb collisions is compared
to predictions from a grand-canonical thermal model with a
chemical freeze-out temperature of 156 MeV [91]. The model
is consistent with data only in peripheral collisions. The ρ0/π

ratio shows a suppression from pp to peripheral Pb-Pb and
then to central Pb-Pb collisions by about 40%. An analogous
suppression was previously observed for short-lived K∗(892)0

mesons (τ ∼ 4.2 fm/c) measured in the K∗(892)0 → K±π∓
decay channel at RHIC and the LHC: The K∗0/K ratio was
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similarly suppressed in central heavy-ion collisions with re-
spect to its value in pp collisions [27,28]. The suppression was
explained by rescattering of the K∗(892)0 daughter particles
in the dense hadron gas phase between chemical and kinetic
freeze-out. A similar explanation may apply for ρ0 mesons,
which have a lifetime three times shorter than K∗(892)0 and a
higher probability to decay before kinetic freeze-out.

The measured results are also compared with EPOS3
[26] calculations. EPOS3 models the evolution of heavy-ion
collisions, with initial conditions described by the Gribov-
Regge multiple-scattering framework. The high-density core
of the collision is simulated using 3+1-dimensional viscous
hydrodynamics and is surrounded by a corona in which
decaying strings hadronize. After the core hadronizes, the

evolution of the full system is simulated using the ultrarel-
ativistic quantum molecular dynamics approach (UrQMD)
[92,93], which includes rescattering and regeneration effects.
Calculations were performed with and without a hadronic
cascade modeled with UrQMD. Without UrQMD, no
significant system size dependence is predicted for the ratio.
When UrQMD is enabled, the measured evolution of the ρ0/π

ratio with multiplicity is well reproduced in Pb-Pb collisions
(cf. Fig. 8, left panel). This suggests that the observed
suppression of the ρ0 indeed originates from rescattering of
its daughter particles in the hadronic phase. EPOS3 was also
successful in description of K∗0/K ratio in Pb-Pb collision
[26,36]. Under assumption that all suppression for ρ0 is from
hadronic phase effects, the same lifetime of the hadronic
phase is needed to suppress K∗0 and ρ0.

In the right panel of Fig. 8 the obtained values of mean
〈pT 〉 in pp and Pb-Pb collisions are reported as a function of
the multiplicity. The 〈pT 〉 values estimated for ρ0 by EPOS3
in Pb-Pb collisions show an increase as a function of the
multiplicity. The calculation with UrQMD reproduces the
measured values in Pb-Pb collisions reasonably well, while
the calculation without UrQMD significantly underestimates
the data.

D. pT -differential particle ratios

The ρ0/π ratios measured in pp and Pb-Pb collisions
(in the 0–20% and 60–80% centrality intervals) at

√
sNN =

2.76 TeV as a function of transverse momentum are shown
in Figs. 9 and 10, respectively. The pT spectra for pions are
obtained from Refs. [60,61].

The ratio in pp collisions is compared to the same model
calculations as in Fig. 5. As for the pT spectra, the models
overestimate ρ0/π ratio at low momenta, pT < 1 GeV/c. At
higher momentum, the predictions of the event generators
differ by tens of percentages, with PYTHIA 8.14 Monash
2013 [58] and PHOJET [70,71] providing the best description
of the data. The mT -scaling curve shown in the figure is
obtained in the same way as in Fig. 2. It is normalized to
ρ0/π = 0.88 at high momentum, which is obtained from
the fit to data points at pT > 4 GeV/c. The curve very well

FIG. 8. ρ0/π ratio (left) and 〈pT 〉 (right) at midrapidity (|y| < 0.5) in pp and 0–20%, 20–40%, 40–60%, 60–80% central Pb-Pb collisions at√
sNN = 2.76 TeV as a function of 〈dNch/dη〉1/3. Statistical uncertainties are shown as bars. The total and uncorrelated systematic uncertainties

are shown with open and shaded boxes, respectively. The widths of the boxes are fixed to arbitrary values for better visibility. The measurements
are compared to EPOS3 [26] calculations. The ρ0/π ratio is also compared to grand-canonical thermal model [91] prediction shown with the
red horizontal line.
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FIG. 9. ρ0/π ratio in pp collisions at
√

s = 2.76 TeV as a
function of transverse momentum. The statistical and systematic
uncertainties are shown as bars and boxes, respectively. The results
are compared with model calculations from PYTHIA Perugia 2011
[74], PYTHIA 8.14 Monash 2013 [58], and PHOJET [70,71].

reproduces the measurement results in the whole range of
measurements. We also note that the ρ0/π ratio measured in
pp collisions at

√
s = 2.76 TeV is very close to the ω/π ratio

measured at lower energies and presented in Fig. 2. This is
consistent with PYTHIA, which predicts very weak energy
dependence of the ρ0/π and ω/π ratios, with ρ0/ω ∼ 1.05 in
the measured pT range.

The ρ0/π ratio measured in peripheral Pb-Pb collisions
is very similar to that in pp collisions, as can be seen by
comparing Fig. 9 and the right panel of Fig. 10. However, in

central Pb-Pb collisions the ratio is significantly suppressed
at low momentum (pT < 2 GeV/c). This means that the
suppression of the pT -integrated ρ0/π ratio reported earlier is
due to the suppression of low-pT particle production in central
Pb-Pb collisions. It is important to note that the pT -dependent
suppression of the ρ0/π ratio is reproduced by EPOS3 cal-
culations when the hadronic cascade simulated with UrQMD
is taken into account. For pT < 2 GeV/c, EPOS3 without
UrQMD overestimates the ratio by 30–40%. This may serve
as another indication that ρ0-meson suppression is due to
daughter particle rescattering in the hadronic phase.

E. Nuclear modification factors

The nuclear modification factor RAA is used to study
medium-induced effects in heavy-ion collisions. The RAA is
the ratio of the yield of a particle in nucleus-nucleus collisions
to its yield in pp collisions. This ratio is scaled by the number
of binary nucleon-nucleon collisions in each centrality class,
which is estimated from Glauber model calculations [94,95].
For each pT bin,

RAA = 1

〈Ncoll〉
dNAA/d pT

dNpp/d pT
. (6)

The nuclear modification factors measured in 0–20% and
60–80% central Pb-Pb collisions at

√
sNN = 2.76 TeV for

charged pions, charged kaons, (anti)protons [61], and ρ0

mesons are reported in Fig. 11. (RAA values for the other
centrality classes are available in the High Energy Physics
Data Repository.) One can see that in Pb-Pb collisions, pro-
duction of all hadrons is suppressed by a similar amount at
high transverse momenta of pT > 8 GeV/c and there is no
dependence of the suppression on particle mass or quark
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FIG. 10. ρ0/π ratio in 0–20% (left panel) and 60–80% (right panel) central Pb-Pb collisions at
√

sNN = 2.76 TeV. The statistical and
systematic uncertainties are shown as bars and boxes, respectively. The measurements are compared to EPOS3 [26] calculations performed
with and without a hadronic cascade modeled with UrQMD [92,93]. In the lower panels, the model to data ratio is reported. Bars indicate
statistical uncertainty of calculations whereas the gray shaded boxes represent the square root of sum of squares of statistical and systematic
uncertainties associated with data.
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FIG. 11. Nuclear modification factors RAA measured for charged pions, charged kaons, (anti)protons [61], and ρ0 mesons in 0–20% (left
panel) and 60–80% (right panel) central Pb-Pb collisions at

√
sNN = 2.76 TeV. The statistical and systematic uncertainties are shown as bars

and boxes, respectively. The boxes at unity correspond to scaling uncertainties.

content within uncertainties. This observation, also confirmed
by measurements for K∗(892)0 and φ(1020) mesons [36],
rules out models that predict a species-dependent suppression
of light hadrons and puts additional constraints on parton en-
ergy loss and fragmentation models [96–98]. There is a clear
species dependence of RAA at intermediate transverse momen-
tum, which is likely to be a result of an interplay between dif-
ferent effects such as radial flow, low-pT suppression, species-
dependent pT shapes of the pp reference spectra [27,36].

VII. CONCLUSIONS

We have measured the production of ρ0 mesons in min-
imum bias pp and centrality differential Pb-Pb collisions at√

sNN = 2.76 TeV. These measurements were performed in a
wide pT range from 0.5 to 11 GeV/c in the hadronic decay
channel ρ0 → π+π−. The invariant mass distributions are
well described by a hadronic cocktail, assuming the same
ρ0-meson peak shape in pp and central heavy-ion collisions.
However, alternative peak models for ρ0 mesons are not ruled
out by data. The reconstructed masses of ρ0 mesons are
consistent with the hadroproduced mass of ρ0 within uncer-
tainties. In pp collisions, the transverse-momentum spectrum
for pT > 1 GeV/c is rather well reproduced by PYTHIA
8.14 Monash 2013 and PYTHIA 6 Perugia 2011, while
a better agreement is observed for PYTHIA 8.14 Monash
2013 and PHOJET for the pT -differential ρ0/π ratio. In
Pb-Pb collisions, the measured yields for the ρ0 meson are
suppressed at low momentum (pT < 2 GeV/c). The ratio
of integrated yields, ρ0/π , decreases by ∼40% from pp to
central Pb-Pb collisions, similarly to what was previously
observed for the K∗0/K− ratio and explained by rescattering
of the daughter particles in the hadron-gas phase. The relative
suppression of the pT -integrated and pT -differential ρ0/π

ratios is well reproduced by EPOS3 calculations, provided
that the hadronic cascade is modeled with UrQMD. This
suggests that the observed centrality-dependent suppression

of ρ0 production occurs due to rescattering of daughter pions
in the hadronic phase between chemical and kinetic freeze-
out, with the rescattering being most important at low pT .
However, suppression of ρ0-meson production may also occur
due to significant line-shape modifications not accounted for
in the peak model used in this analysis. The development of
a realistic model of the ρ0-meson peak shape in heavy-ion
collisions would be an important subject for theoretical stud-
ies. Once available, the model predictions can be compared
to the “vacuum shape” results for ρ0 reported in this paper
and implications for the measured yields due to possible line-
shape modifications can be inferred and discussed.

ACKNOWLEDGMENTS

The ALICE Collaboration thanks all its engineers and tech-
nicians for their invaluable contributions to the construction
of the experiment and the CERN accelerator teams for the
outstanding performance of the LHC complex. The ALICE
Collaboration gratefully acknowledges the resources and sup-
port provided by all Grid centers and the Worldwide LHC
Computing Grid (WLCG) collaboration. The ALICE Col-
laboration acknowledges the following funding agencies for
their support in building and running the ALICE detector: A.
I. Alikhanyan National Science Laboratory (Yerevan Physics
Institute) Foundation (ANSL), State Committee of Science
and World Federation of Scientists (WFS), Armenia; Austrian
Academy of Sciences and Nationalstiftung für Forschung,
Technologie und Entwicklung, Austria; Ministry of Commu-
nications and High Technologies, National Nuclear Research
Center, Azerbaijan; Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Universidade Federal do
Rio Grande do Sul (UFRGS), Financiadora de Estudos e Pro-
jetos (Finep) and Fundação de Amparo à Pesquisa do Estado
de São Paulo (FAPESP), Brazil; Ministry of Science & Tech-
nology of China (MSTC), National Natural Science Founda-
tion of China (NSFC) and Ministry of Education of China

064901-12



PRODUCTION OF THE ρ(770)0 MESON IN pp AND Pb-Pb … PHYSICAL REVIEW C 99, 064901 (2019)

(MOEC), China; Ministry of Science and Education, Croatia;
Ministry of Education, Youth and Sports of the Czech Re-
public, Czech Republic; The Danish Council for Independent
Research–Natural Sciences, the Carlsberg Foundation and
Danish National Research Foundation (DNRF), Denmark;
Helsinki Institute of Physics (HIP), Finland; Commissariat à
l’Energie Atomique (CEA) and Institut National de Physique
Nucléaire et de Physique des Particules (IN2P3) and Centre
National de la Recherche Scientifique (CNRS), France; Bun-
desministerium für Bildung, Wissenschaft, Forschung und
Technologie (BMBF) and GSI Helmholtzzentrum für Schw-
erionenforschung GmbH, Germany; General Secretariat for
Research and Technology, Ministry of Education, Research
and Religions, Greece; National Research, Development and
Innovation Office, Hungary; Department of Atomic Energy
Government of India (DAE), Department of Science and
Technology, Government of India (DST), University Grants
Commission, Government of India (UGC) and Council of
Scientific and Industrial Research (CSIR), India; Indonesian
Institute of Science, Indonesia; Centro Fermi–Museo Storico
della Fisica e Centro Studi e Ricerche Enrico Fermi and
Istituto Nazionale di Fisica Nucleare (INFN), Italy; Insti-
tute for Innovative Science and Technology, Nagasaki Insti-
tute of Applied Science (IIST), Japan Society for the Pro-
motion of Science (JSPS) KAKENHI and Japanese Min-
istry of Education, Culture, Sports, Science and Technology
(MEXT), Japan; Consejo Nacional de Ciencia (CONACYT)
y Tecnología, through Fondo de Cooperación Internacional
en Ciencia y Tecnología (FONCICYT) and Dirección Gen-
eral de Asuntos del Personal Academico (DGAPA), Mexico;

Nederlandse Organisatie voor Wetenschappelijk Onderzoek
(NWO), Netherlands; The Research Council of Norway, Nor-
way; Commission on Science and Technology for Sustainable
Development in the South (COMSATS), Pakistan; Pontificia
Universidad Católica del Perú, Peru; Ministry of Science and
Higher Education and National Science Centre, Poland; Korea
Institute of Science and Technology Information and National
Research Foundation of Korea (NRF), Republic of Korea;
Ministry of Education and Scientific Research, Institute of
Atomic Physics and Romanian National Agency for Science,
Technology and Innovation, Romania; Joint Institute for Nu-
clear Research (JINR), Ministry of Education and Science of
the Russian Federation and National Research Centre Kur-
chatov Institute, Russia; Ministry of Education, Science, Re-
search and Sport of the Slovak Republic, Slovakia; National
Research Foundation of South Africa, South Africa; Centro de
Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN),
Cubaenergía, Cuba and Centro de Investigaciones Energéti-
cas, Medioambientales y Tecnológicas (CIEMAT), Spain;
Swedish Research Council (VR) and Knut & Alice Wallen-
berg Foundation (KAW), Sweden; European Organization for
Nuclear Research, Switzerland; National Science and Tech-
nology Development Agency (NSDTA), Suranaree Univer-
sity of Technology (SUT) and Office of the Higher Educa-
tion Commission under NRU project of Thailand, Thailand;
Turkish Atomic Energy Agency (TAEK), Turkey; National
Academy of Sciences of Ukraine, Ukraine; Science and Tech-
nology Facilities Council (STFC), United Kingdom; National
Science Foundation of the United States of America (NSF)
and United States Department of Energy, Office of Nuclear
Physics (DOE NP), United States of America.

[1] C. Patrignani et al. (Particle Data Group Collaboration),
Review of particle physics, Chin. Phys. C 40, 100001
(2016).

[2] P. D. Acton et al. (OPAL Collaboration), Inclusive neutral
vector meson production in hadronic Z0 decays, Z. Phys. C 56,
521 (1992).

[3] K. Ackerstaff et al. (OPAL Collaboration), Photon and light
meson production in hadronic Z0 decays, Eur. Phys. J. C 5, 411
(1998).

[4] P. Abreu et al. (DELPHI Collaboration), Production character-
istics of K0 and light meson resonances in hadronic decays of
the Z0, Z. Phys. C 65, 587 (1995).

[5] A. Beddall, A. Beddall, and A. Bingül, Inclusive production of
the ρ(770)± meson in hadronic decays of the Z boson, Phys.
Lett. B 670, 300 (2009).

[6] J. Adams et al. (STAR Collaboration), ρ0 Production and Pos-
sible Modification in Au+Au and p+p Collisions at

√
sNN =

200 GeV, Phys. Rev. Lett. 92, 092301 (2004).
[7] P. Abreu et al. (DELPHI Collaboration), Invariant mass depen-

dence of particle correlations in hadronic final states from the
decay of the Z0, Z. Phys. C 63, 17 (1994).

[8] G. D. Lafferty, Residual Bose-Einstein correlations in inclusive
π+π− systems and the ρ(770)0 line shape in multi-hadronic Z0

decay, Z. Phys. C 60, 659 (1993).
[9] A. Beddall, A. Beddall, and A. Bingül, Residual Bose-Einstein

correlations and the Söding model, Acta Phys. Pol. B 39, 173
(2008).

[10] P. Petreczky, Lattice QCD at non-zero temperature, J. Phys. G
39, 093002 (2012).

[11] C. A. Dominguez, M. Loewe, and Y. Zhang, Chiral sym-
metry restoration and deconfinement in QCD at finite tem-
perature, Phys. Rev. D 86, 034030 (2012); 90, 039903(E)
(2014).

[12] R. Rapp and J. Wambach, Chiral symmetry restoration and
dileptons in relativistic heavy ion collisions, Adv. Nucl. Phys.
25, 1 (2000).

[13] G. Agakichiev et al. (CERES Collaboration), Enhanced Pro-
duction of Low Mass Electron Pairs in 200-GeV/u S-Au
Collisions at the CERN SPS, Phys. Rev. Lett. 75, 1272
(1995).

[14] G. Agakishiev et al. (CERES/NA45 Collaboration), Low mass
e+e− pair production in 158/A-GeV Pb-Au collisions at the
CERN SPS, its dependence on multiplicity and transverse mo-
mentum, Phys. Lett. B 422, 405 (1998).

[15] D. Adamova et al., Modification of the ρ-meson detected by
low-mass electron-positron pairs in central Pb-Au collisions at
158-A-GeV/c, Phys. Lett. B 666, 425 (2008).

[16] D. Adamova et al. (CERES/NA45 Collaboration), Enhanced
Production of Low Mass Electron Pairs in 40-A-GeV Pb-Au
Collisions at the CERN SPS, Phys. Rev. Lett. 91, 042301
(2003).

[17] R. Arnaldi et al. (NA60 Collaboration), First Measurement of
the ρ Spectral Function in High-Energy Nuclear Collisions,
Phys. Rev. Lett. 96, 162302 (2006).

064901-13

https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1007/BF01474724
https://doi.org/10.1007/BF01474724
https://doi.org/10.1007/BF01474724
https://doi.org/10.1007/BF01474724
https://doi.org/10.1007/s100529800969
https://doi.org/10.1007/s100529800969
https://doi.org/10.1007/s100529800969
https://doi.org/10.1007/s100529800969
https://doi.org/10.1007/BF01578668
https://doi.org/10.1007/BF01578668
https://doi.org/10.1007/BF01578668
https://doi.org/10.1007/BF01578668
https://doi.org/10.1016/j.physletb.2008.11.018
https://doi.org/10.1016/j.physletb.2008.11.018
https://doi.org/10.1016/j.physletb.2008.11.018
https://doi.org/10.1016/j.physletb.2008.11.018
https://doi.org/10.1103/PhysRevLett.92.092301
https://doi.org/10.1103/PhysRevLett.92.092301
https://doi.org/10.1103/PhysRevLett.92.092301
https://doi.org/10.1103/PhysRevLett.92.092301
https://doi.org/10.1007/BF01577540
https://doi.org/10.1007/BF01577540
https://doi.org/10.1007/BF01577540
https://doi.org/10.1007/BF01577540
https://doi.org/10.1007/BF01558393
https://doi.org/10.1007/BF01558393
https://doi.org/10.1007/BF01558393
https://doi.org/10.1007/BF01558393
http://www.actaphys.uj.edu.pl/fulltext?series=Reg&vol=39&page=173
https://doi.org/10.1088/0954-3899/39/9/093002
https://doi.org/10.1088/0954-3899/39/9/093002
https://doi.org/10.1088/0954-3899/39/9/093002
https://doi.org/10.1088/0954-3899/39/9/093002
https://doi.org/10.1103/PhysRevD.86.034030
https://doi.org/10.1103/PhysRevD.86.034030
https://doi.org/10.1103/PhysRevD.86.034030
https://doi.org/10.1103/PhysRevD.86.034030
https://doi.org/10.1103/PhysRevD.90.039903
https://doi.org/10.1103/PhysRevD.90.039903
https://doi.org/10.1103/PhysRevD.90.039903
https://doi.org/10.1007/0-306-47101-91
https://doi.org/10.1007/0-306-47101-91
https://doi.org/10.1007/0-306-47101-91
https://doi.org/10.1007/0-306-47101-91
https://doi.org/10.1103/PhysRevLett.75.1272
https://doi.org/10.1103/PhysRevLett.75.1272
https://doi.org/10.1103/PhysRevLett.75.1272
https://doi.org/10.1103/PhysRevLett.75.1272
https://doi.org/10.1016/S0370-2693(98)00083-5
https://doi.org/10.1016/S0370-2693(98)00083-5
https://doi.org/10.1016/S0370-2693(98)00083-5
https://doi.org/10.1016/S0370-2693(98)00083-5
https://doi.org/10.1016/j.physletb.2008.07.104
https://doi.org/10.1016/j.physletb.2008.07.104
https://doi.org/10.1016/j.physletb.2008.07.104
https://doi.org/10.1016/j.physletb.2008.07.104
https://doi.org/10.1103/PhysRevLett.91.042301
https://doi.org/10.1103/PhysRevLett.91.042301
https://doi.org/10.1103/PhysRevLett.91.042301
https://doi.org/10.1103/PhysRevLett.91.042301
https://doi.org/10.1103/PhysRevLett.96.162302
https://doi.org/10.1103/PhysRevLett.96.162302
https://doi.org/10.1103/PhysRevLett.96.162302
https://doi.org/10.1103/PhysRevLett.96.162302


S. ACHARYA et al. PHYSICAL REVIEW C 99, 064901 (2019)

[18] R. Arnaldi et al. (NA60 Collaboration), Evidence for Radial
Flow of Thermal Dileptons in High-Energy Nuclear Collisions,
Phys. Rev. Lett. 100, 022302 (2008).

[19] R. Arnaldi et al. (NA60 Collaboration), Evidence for the
production of thermal-like muon pairs with masses above
1-GeV/c2 in 158-A-GeV indium-indium collisions, Eur. Phys.
J. C 59, 607 (2009).

[20] R. Arnaldi et al. (NA60 Collaboration), NA60 results on ther-
mal dimuons, Eur. Phys. J. C 61, 711 (2009).

[21] L. Adamczyk et al. (STAR Collaboration), Measurements
of dielectron production in Au+Au collisions at

√
sNN =

200 GeV from the STAR experiment, Phys. Rev. C 92, 024912
(2015).

[22] B. Huang (STAR Collaboration), Dielectron production in p+p
and Au+Au collisions at

√
sNN = 200 GeV from STAR, Acta

Phys. Polon. Supp. 5, 471 (2012).
[23] A. Adare et al. (PHENIX Collaboration), Dielectron production

in Au+Au collisions at
√

sNN = 200 GeV, Phys. Rev. C 93,
014904 (2016).

[24] M. Bleicher and H. Stoecker, Dynamics and freezeout of hadron
resonances at RHIC, J. Phys. G30, S111 (2004).

[25] M. Bleicher and J. Aichelin, Strange resonance production:
Probing chemical and thermal freezeout in relativistic heavy ion
collisions, Phys. Lett. B 530, 81 (2002).

[26] A. G. Knospe, C. Markert, K. Werner, J. Steinheimer, and
M. Bleicher, Hadronic resonance production and interaction in
partonic and hadronic matter in the EPOS3 model with and
without the hadronic afterburner UrQMD, Phys. Rev. C 93,
014911 (2016).

[27] B. B. Abelev et al. (ALICE Collaboration), K∗(892)0 and
φ(1020) production in Pb-Pb collisions at

√
sNN = 2.76 TeV,

Phys. Rev. C 91, 024609 (2015).
[28] J. Adams et al. (STAR Collaboration), K∗(892)0 resonance

production in Au+Au and p+p collisions at
√

sNN = 200 GeV
at STAR, Phys. Rev. C 71, 064902 (2005).

[29] B. I. Abelev et al. (STAR Collaboration), Strange Baryon
Resonance Production in

√
sNN = 200 GeV p+p and Au+Au

Collisions, Phys. Rev. Lett. 97, 132301 (2006).
[30] J. Adams et al. (STAR Collaboration), φ meson production in

Au+Au and p+p collisions at
√

sNN = 200 GeV, Phys. Lett. B
612, 181 (2005).

[31] J. D. Bjorken, Energy Loss of Energetic Partons in Quark -
Gluon Plasma: Possible Extinction of High p(t) Jets in
Hadron- Hadron Collisions, 1982, FERMILAB-PUB-82-059-
THY, FERMILAB-PUB-82-059-T.

[32] M. Gyulassy and M. Plumer, Jet quenching in dense matter,
Phys. Lett. B 243, 432 (1990).

[33] R. Baier, Y. L. Dokshitzer, S. Peigne, and D. Schiff, Induced
gluon radiation in a QCD medium, Phys. Lett. B 345, 277
(1995).

[34] A. Ilner, J. Blair, D. Cabrera, C. Markert, and E. Bratkovskaya,
Probing the hot and dense nuclear matter with K∗, K̄∗ vector
mesons, Phys. Rev. C 99, 024914 (2019).

[35] P. Söding, On the apparent shift of the ρ meson mass in
photoproduction, Phys. Lett. 19, 702 (1966).

[36] J. Adam et al. (ALICE Collaboration), K∗(892)0 and φ(1020)
meson production at high transverse momentum in pp and Pb-
Pb collisions at

√
sNN = 2.76 TeV, Phys. Rev. C 95, 064606

(2017).
[37] K. Aamodt et al. (ALICE Collaboration), The ALICE experi-

ment at the CERN LHC, JINST 3, S08002 (2008).

[38] E. Abbas et al. (ALICE Collaboration), Performance
of the ALICE VZERO system, JINST 8, P10016
(2013).

[39] K. Aamodt et al. (ALICE Collaboration), Centrality Depen-
dence of the Charged-Particle Multiplicity Density at Mid-
Rapidity in Pb-Pb Collisions at

√
sNN = 2.76 TeV, Phys. Rev.

Lett. 106, 032301 (2011).
[40] B. Abelev et al. (ALICE Collaboration), Centrality determi-

nation of Pb-Pb collisions at
√

sNN = 2.76 TeV with ALICE,
Phys. Rev. C 88, 044909 (2013).

[41] B. Abelev et al. (ALICE Collaboration), Measurement of in-
elastic, single- and double-diffraction cross sections in proton–
proton collisions at the LHC with ALICE, Eur. Phys. J. C 73,
2456 (2013).

[42] B. B. Abelev et al. (ALICE Collaboration), Performance of the
ALICE experiment at the CERN LHC, Int. J. Mod. Phys. A 29,
1430044 (2014).

[43] T. Sjostrand and M. van Zijl, A multiple interaction model for
the event structure in hadron collisions, Phys. Rev. D 36, 2019
(1987).

[44] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 physics
and manual, J. High Energy Phys. 05 (2006) 026.

[45] X.-N. Wang and M. Gyulassy, HIJING: A Monte Carlo model
for multiple jet production in pp, pA and AA collisions,
Phys. Rev. D 44, 3501 (1991).

[46] R. Brun, F. Carminati, and S. Giani, GEANT–Detector Descrip-
tion and Simulation Tool, CERN Program Library Long Writeup
W5013, CERN, Geneva, 1994.

[47] B. B. Abelev et al. (ALICE Collaboration), Production of
charged pions, kaons and protons at large transverse momenta
in pp and Pb-Pb collisions at

√
sNN = 2.76 TeV, Phys. Lett. B

736, 196 (2014).
[48] B. B. Abelev et al. (ALICE Collaboration), K0

S and � Produc-
tion in Pb-Pb Collisions at

√
sNN = 2.76 TeV, Phys. Rev. Lett.

111, 222301 (2013).
[49] S. S. Adler et al. (PHENIX Collaboration), Centrality De-

pendence of Direct Photon Production in
√

sNN = 200 GeV
Au+Au Collisions, Phys. Rev. Lett. 94, 232301 (2005).

[50] J. Adam et al. (ALICE Collaboration), Direct photon production
in Pb-Pb collisions at

√
sNN = 2.76 TeV, Phys. Lett. B 754, 235

(2016).
[51] A. Adare et al. (PHENIX Collaboration), Production of ω

mesons in p+p, d+Au, Cu+Cu, and Au+Au collisions at√
sNN = 200 GeV, Phys. Rev. C 84, 044902 (2011).

[52] M. Diakonou et al., Inclusive high-pT ω and η′ production at the
ISR, Phys. Lett. B 89, 432 (1980).

[53] A. Adare et al. (PHENIX Collaboration), Spectra and ratios of
identified particles in Au+Au and d+Au collisions at

√
sNN =

200 GeV, Phys. Rev. C 88, 024906 (2013).
[54] B. Abelev et al. (ALICE Collaboration), Production of

K∗(892)0 and φ(1020) in pp collisions at
√

s = 7 TeV, Eur.
Phys. J. C 72, 2183 (2012).

[55] K. Aamodt et al. (ALICE Collaboration), Production of pions,
kaons and protons in pp collisions at

√
s = 900 GeV with

ALICE at the LHC, Eur. Phys. J. C 71, 1655 (2011).
[56] B. Abelev et al. (ALICE Collaboration), Neutral pion and η

meson production in proton-proton collisions at
√

s = 0.9 TeV
and

√
s = 7 TeV, Phys. Lett. B 717, 162 (2012).

[57] S. S. Adler et al. (PHENIX Collaboration), High transverse mo-
mentum η meson production in p+p, d+Au and Au+Au colli-
sions at

√
sNN = 200 GeV, Phys. Rev. C 75, 024909 (2007).

064901-14

https://doi.org/10.1103/PhysRevLett.100.022302
https://doi.org/10.1103/PhysRevLett.100.022302
https://doi.org/10.1103/PhysRevLett.100.022302
https://doi.org/10.1103/PhysRevLett.100.022302
https://doi.org/10.1140/epjc/s10052-008-0857-2
https://doi.org/10.1140/epjc/s10052-008-0857-2
https://doi.org/10.1140/epjc/s10052-008-0857-2
https://doi.org/10.1140/epjc/s10052-008-0857-2
https://doi.org/10.1140/epjc/s10052-009-0878-5
https://doi.org/10.1140/epjc/s10052-009-0878-5
https://doi.org/10.1140/epjc/s10052-009-0878-5
https://doi.org/10.1140/epjc/s10052-009-0878-5
https://doi.org/10.1103/PhysRevC.92.024912
https://doi.org/10.1103/PhysRevC.92.024912
https://doi.org/10.1103/PhysRevC.92.024912
https://doi.org/10.1103/PhysRevC.92.024912
https://doi.org/10.5506/APhysPolBSupp.5.471
https://doi.org/10.5506/APhysPolBSupp.5.471
https://doi.org/10.5506/APhysPolBSupp.5.471
https://doi.org/10.5506/APhysPolBSupp.5.471
https://doi.org/10.1103/PhysRevC.93.014904
https://doi.org/10.1103/PhysRevC.93.014904
https://doi.org/10.1103/PhysRevC.93.014904
https://doi.org/10.1103/PhysRevC.93.014904
https://doi.org/10.1088/0954-3899/30/1/010
https://doi.org/10.1088/0954-3899/30/1/010
https://doi.org/10.1088/0954-3899/30/1/010
https://doi.org/10.1088/0954-3899/30/1/010
https://doi.org/10.1016/S0370-2693(02)01334-5
https://doi.org/10.1016/S0370-2693(02)01334-5
https://doi.org/10.1016/S0370-2693(02)01334-5
https://doi.org/10.1016/S0370-2693(02)01334-5
https://doi.org/10.1103/PhysRevC.93.014911
https://doi.org/10.1103/PhysRevC.93.014911
https://doi.org/10.1103/PhysRevC.93.014911
https://doi.org/10.1103/PhysRevC.93.014911
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevC.71.064902
https://doi.org/10.1103/PhysRevC.71.064902
https://doi.org/10.1103/PhysRevC.71.064902
https://doi.org/10.1103/PhysRevC.71.064902
https://doi.org/10.1103/PhysRevLett.97.132301
https://doi.org/10.1103/PhysRevLett.97.132301
https://doi.org/10.1103/PhysRevLett.97.132301
https://doi.org/10.1103/PhysRevLett.97.132301
https://doi.org/10.1016/j.physletb.2004.12.082
https://doi.org/10.1016/j.physletb.2004.12.082
https://doi.org/10.1016/j.physletb.2004.12.082
https://doi.org/10.1016/j.physletb.2004.12.082
https://doi.org/10.1016/0370-2693(90)91409-5
https://doi.org/10.1016/0370-2693(90)91409-5
https://doi.org/10.1016/0370-2693(90)91409-5
https://doi.org/10.1016/0370-2693(90)91409-5
https://doi.org/10.1016/0370-2693(94)01617-L
https://doi.org/10.1016/0370-2693(94)01617-L
https://doi.org/10.1016/0370-2693(94)01617-L
https://doi.org/10.1016/0370-2693(94)01617-L
https://doi.org/10.1103/PhysRevC.99.024914
https://doi.org/10.1103/PhysRevC.99.024914
https://doi.org/10.1103/PhysRevC.99.024914
https://doi.org/10.1103/PhysRevC.99.024914
https://doi.org/10.1016/0031-9163(66)90451-3
https://doi.org/10.1016/0031-9163(66)90451-3
https://doi.org/10.1016/0031-9163(66)90451-3
https://doi.org/10.1016/0031-9163(66)90451-3
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1103/PhysRevLett.106.032301
https://doi.org/10.1103/PhysRevLett.106.032301
https://doi.org/10.1103/PhysRevLett.106.032301
https://doi.org/10.1103/PhysRevLett.106.032301
https://doi.org/10.1103/PhysRevC.88.044909
https://doi.org/10.1103/PhysRevC.88.044909
https://doi.org/10.1103/PhysRevC.88.044909
https://doi.org/10.1103/PhysRevC.88.044909
https://doi.org/10.1140/epjc/s10052-013-2456-0
https://doi.org/10.1140/epjc/s10052-013-2456-0
https://doi.org/10.1140/epjc/s10052-013-2456-0
https://doi.org/10.1140/epjc/s10052-013-2456-0
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1103/PhysRevD.36.2019
https://doi.org/10.1103/PhysRevD.36.2019
https://doi.org/10.1103/PhysRevD.36.2019
https://doi.org/10.1103/PhysRevD.36.2019
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/j.physletb.2014.07.011
https://doi.org/10.1016/j.physletb.2014.07.011
https://doi.org/10.1016/j.physletb.2014.07.011
https://doi.org/10.1016/j.physletb.2014.07.011
https://doi.org/10.1103/PhysRevLett.111.222301
https://doi.org/10.1103/PhysRevLett.111.222301
https://doi.org/10.1103/PhysRevLett.111.222301
https://doi.org/10.1103/PhysRevLett.111.222301
https://doi.org/10.1103/PhysRevLett.94.232301
https://doi.org/10.1103/PhysRevLett.94.232301
https://doi.org/10.1103/PhysRevLett.94.232301
https://doi.org/10.1103/PhysRevLett.94.232301
https://doi.org/10.1016/j.physletb.2016.01.020
https://doi.org/10.1016/j.physletb.2016.01.020
https://doi.org/10.1016/j.physletb.2016.01.020
https://doi.org/10.1016/j.physletb.2016.01.020
https://doi.org/10.1103/PhysRevC.84.044902
https://doi.org/10.1103/PhysRevC.84.044902
https://doi.org/10.1103/PhysRevC.84.044902
https://doi.org/10.1103/PhysRevC.84.044902
https://doi.org/10.1016/0370-2693(80)90159-8
https://doi.org/10.1016/0370-2693(80)90159-8
https://doi.org/10.1016/0370-2693(80)90159-8
https://doi.org/10.1016/0370-2693(80)90159-8
https://doi.org/10.1103/PhysRevC.88.024906
https://doi.org/10.1103/PhysRevC.88.024906
https://doi.org/10.1103/PhysRevC.88.024906
https://doi.org/10.1103/PhysRevC.88.024906
https://doi.org/10.1140/epjc/s10052-012-2183-y
https://doi.org/10.1140/epjc/s10052-012-2183-y
https://doi.org/10.1140/epjc/s10052-012-2183-y
https://doi.org/10.1140/epjc/s10052-012-2183-y
https://doi.org/10.1140/epjc/s10052-011-1655-9
https://doi.org/10.1140/epjc/s10052-011-1655-9
https://doi.org/10.1140/epjc/s10052-011-1655-9
https://doi.org/10.1140/epjc/s10052-011-1655-9
https://doi.org/10.1016/j.physletb.2012.09.015
https://doi.org/10.1016/j.physletb.2012.09.015
https://doi.org/10.1016/j.physletb.2012.09.015
https://doi.org/10.1016/j.physletb.2012.09.015
https://doi.org/10.1103/PhysRevC.75.024909
https://doi.org/10.1103/PhysRevC.75.024909
https://doi.org/10.1103/PhysRevC.75.024909
https://doi.org/10.1103/PhysRevC.75.024909


PRODUCTION OF THE ρ(770)0 MESON IN pp AND Pb-Pb … PHYSICAL REVIEW C 99, 064901 (2019)

[58] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief introduction
to PYTHIA 8.1, Comput. Phys. Commun. 178, 852 (2008).

[59] L. Altenkämper, F. Bock, C. Loizides, and N. Schmidt, Ap-
plicability of transverse mass scaling in hadronic collisions
at energies available at the CERN Large Hadron Collider,
Phys. Rev. C 96, 064907 (2017).

[60] B. Abelev et al. (ALICE Collaboration), Centrality dependence
of π , K, p production in Pb-Pb collisions at

√
sNN = 2.76 TeV,

Phys. Rev. C 88, 044910 (2013).
[61] J. Adam et al. (ALICE Collaboration), Centrality dependence

of the nuclear modification factor of charged pions, kaons, and
protons in Pb-Pb collisions at

√
sNN = 2.76 TeV, Phys. Rev. C

93, 034913 (2016).
[62] Z. Tang, Y. Xu, L. Ruan, G. van Buren, F. Wang, and Z. Xu,

Spectra and radial flow at RHIC with Tsallis statistics in a blast-
wave description, Phys. Rev. C 79, 051901(R) (2009).

[63] A. Adare et al. (PHENIX Collaboration), Measurement of
neutral mesons in p+p collisions at

√
s = 200 GeV and scaling

properties of hadron production, Phys. Rev. D 83, 052004
(2011).

[64] C. Adler et al. (STAR Collaboration), Coherent ρ0 Production
in Ultraperipheral Heavy Ion Collisions, Phys. Rev. Lett. 89,
272302 (2002).

[65] J. Adam et al. (ALICE Collaboration), Coherent ρ0 pho-
toproduction in ultra-peripheral Pb-Pb collisions at

√
sNN =

2.76 TeV, J. High Energy Phys. 09 (2015) 095.
[66] R. Rapp, π+π−-emission in high-energy nuclear collisions,

Nucl. Phys. A 725, 254 (2003).
[67] P. F. Kolb and M. Prakash, Spectroscopy of resonance decays

in high-energy heavy ion experiments, Phys. Rev. C 67, 044902
(2003).

[68] E. V. Shuryak and G. E. Brown, Matter induced modification
of resonances at RHIC freezeout, Nucl. Phys. A 717, 322
(2003).

[69] B. B. Abelev et al. (ALICE Collaboration), Multiplicity depen-
dence of pion, kaon, proton and Lambda production in p-Pb
collisions at

√
sNN = 5.02 TeV, Phys. Lett. B 728, 25 (2014).

[70] R. Engel, Photoproduction within the two component dual
parton model. 1. Amplitudes and cross-sections, Z. Phys. C 66,
203 (1995).

[71] R. Engel and J. Ranft, Hadronic photon-photon interactions at
high-energies, Phys. Rev. D 54, 4244 (1996).

[72] H. W. Barz, G. Bertsch, B. L. Friman, H. Schulz, and S. Boggs,
ρ0 thermometry in hot hadronic matter, Phys. Lett. B 265, 219
(1991).

[73] P. Skands, S. Carrazza, and J. Rojo, Tuning PYTHIA 8.1: The
Monash 2013 Tune, Eur. Phys. J. C 74, 3024 (2014).

[74] P. Z. Skands, Tuning Monte Carlo generators: The Perugia
tunes, Phys. Rev. D 82, 074018 (2010).

[75] B. Andersson, G. Gustafson, G. Ingelman, and T. Sjöstrand,
Parton fragmentation and string dynamics, Phys. Rep. 97, 31
(1983).

[76] C. Tsallis, Possible generalization of Boltzmann-Gibbs statis-
tics, J. Stat. Phys. 52, 479 (1988).

[77] E. Schnedermann, J. Sollfrank, and U. W. Heinz, Thermal
phenomenology of hadrons from 200-A/GeV S+S collisions,
Phys. Rev. C 48, 2462 (1993).

[78] F. Becattini, P. Castorina, A. Milov, and H. Satz, A Comparative
analysis of statistical hadron production, Eur. Phys. J. C 66, 377
(2010).

[79] M. Floris, Hadron yields and the phase diagram of strongly
interacting matter, Nucl. Phys. A 931, 103 (2014).

[80] F. Becattini, P. Castorina, A. Milov, and H. Satz, Predictions of
hadron abundances in pp collisions at the LHC, J. Phys. G38,
025002 (2011).

[81] H. Albrecht et al. (ARGUS Collaboration), Inclusive production
of K∗(892), ρ(770)0, and ω(783) mesons in the ϒ energy
region, Z. Phys. C 61, 1 (1994).

[82] M. Derrick et al., Neutral K∗(890) and ρ0 meson production in
e+e− annihilation at the

√
s = 29-GeV, Phys. Lett. B 158, 519

(1985).
[83] Y.-J. Pei, A Simple approach to describe hadron production

rates in e+e− annihilation, Z. Phys. C 72, 39 (1996).
[84] V. Blobel et al. (Bonn-Hamburg-Munich Collaboration), Ob-

servation of vector meson production in inclusive pp reactions,
Phys. Lett. 48B, 73 (1974).

[85] R. Singer, T. H. Fields, L. G. Hyman, R. Engelmann, T. Kafka,
M. Pratap, L. Voyvodic, R. Walker, and J. Whitmore, ρ0 produc-
tion in 205-GeV/c pp interactions, Phys. Lett. B 60, 385 (1976).

[86] M. Aguilar-Benitez et al., Inclusive particle production in 400-
GeV/c pp interactions, Z. Phys. C 50, 405 (1991).

[87] D. Drijard et al. (Annecy(LAPP)-CERN-College de France-
Dortmund-Heidelberg-Warsaw Collaboration), Production of
vector and tensor mesons in proton-proton collisions at

√
s =

52.5-GeV, Z. Phys. C 9, 293 (1981).
[88] A. P. Vorobjev et al. (Soviet-CERN Collaboration), Inclusive

production of ρ0 and φ in K+ p interactions at 32-GeV/c, Nucl.
Phys. B 176, 303 (1980).

[89] F. C. Winkelmann et al., Inclusive ρ0 production in π− p inter-
actions at 205-GeV/c, Phys. Lett. B 56, 101 (1975).

[90] K. Aamodt et al. (ALICE Collaboration), Two-pion Bose-
Einstein correlations in central Pb-Pb collisions at

√
sNN =

2.76 TeV, Phys. Lett. B 696, 328 (2011).
[91] A. Andronic, P. Braun-Munzinger, and J. Stachel, Thermal

hadron production in relativistic nuclear collisions: The Hadron
mass spectrum, the horn, and the QCD phase transition, Phys.
Lett. B 673, 142 (2009); 678, 516(E) (2009).

[92] S. A. Bass et al., Microscopic models for ultrarelativistic heavy
ion collisions, Prog. Part. Nucl. Phys. 41, 255 (1998).

[93] M. Bleicher et al., Relativistic hadron hadron collisions in the
ultrarelativistic quantum molecular dynamics model, J. Phys.
G25, 1859 (1999).

[94] B. Alver, M. Baker, C. Loizides, and P. Steinberg, The PHO-
BOS Glauber Monte Carlo, arXiv:0805.4411 [nucl-ex].

[95] C. Loizides, J. Nagle, and P. Steinberg, Improved version
of the PHOBOS Glauber Monte Carlo, SoftwareX 1-2, 13
(2015).

[96] R. Bellwied and C. Markert, In-medium hadronization in the
deconfined matter at RHIC and LHC, Phys. Lett. B 691, 208
(2010).

[97] W. Liu and R. J. Fries, Probing nuclear matter with jet conver-
sions, Phys. Rev. C 77, 054902 (2008).

[98] W. Liu, C. M. Ko, and B. W. Zhang, Jet conversions in a quark-
gluon plasma, Phys. Rev. C 75, 051901(R) (2007).

064901-15

https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1103/PhysRevC.96.064907
https://doi.org/10.1103/PhysRevC.96.064907
https://doi.org/10.1103/PhysRevC.96.064907
https://doi.org/10.1103/PhysRevC.96.064907
https://doi.org/10.1103/PhysRevC.88.044910
https://doi.org/10.1103/PhysRevC.88.044910
https://doi.org/10.1103/PhysRevC.88.044910
https://doi.org/10.1103/PhysRevC.88.044910
https://doi.org/10.1103/PhysRevC.93.034913
https://doi.org/10.1103/PhysRevC.93.034913
https://doi.org/10.1103/PhysRevC.93.034913
https://doi.org/10.1103/PhysRevC.93.034913
https://doi.org/10.1103/PhysRevC.79.051901
https://doi.org/10.1103/PhysRevC.79.051901
https://doi.org/10.1103/PhysRevC.79.051901
https://doi.org/10.1103/PhysRevC.79.051901
https://doi.org/10.1103/PhysRevD.83.052004
https://doi.org/10.1103/PhysRevD.83.052004
https://doi.org/10.1103/PhysRevD.83.052004
https://doi.org/10.1103/PhysRevD.83.052004
https://doi.org/10.1103/PhysRevLett.89.272302
https://doi.org/10.1103/PhysRevLett.89.272302
https://doi.org/10.1103/PhysRevLett.89.272302
https://doi.org/10.1103/PhysRevLett.89.272302
https://doi.org/10.1007/JHEP09(2015)095
https://doi.org/10.1007/JHEP09(2015)095
https://doi.org/10.1007/JHEP09(2015)095
https://doi.org/10.1007/JHEP09(2015)095
https://doi.org/10.1016/S0375-9474(03)01581-1
https://doi.org/10.1016/S0375-9474(03)01581-1
https://doi.org/10.1016/S0375-9474(03)01581-1
https://doi.org/10.1016/S0375-9474(03)01581-1
https://doi.org/10.1103/PhysRevC.67.044902
https://doi.org/10.1103/PhysRevC.67.044902
https://doi.org/10.1103/PhysRevC.67.044902
https://doi.org/10.1103/PhysRevC.67.044902
https://doi.org/10.1016/S0375-9474(03)00672-9
https://doi.org/10.1016/S0375-9474(03)00672-9
https://doi.org/10.1016/S0375-9474(03)00672-9
https://doi.org/10.1016/S0375-9474(03)00672-9
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1007/BF01496594
https://doi.org/10.1007/BF01496594
https://doi.org/10.1007/BF01496594
https://doi.org/10.1007/BF01496594
https://doi.org/10.1103/PhysRevD.54.4244
https://doi.org/10.1103/PhysRevD.54.4244
https://doi.org/10.1103/PhysRevD.54.4244
https://doi.org/10.1103/PhysRevD.54.4244
https://doi.org/10.1016/0370-2693(91)90044-Q
https://doi.org/10.1016/0370-2693(91)90044-Q
https://doi.org/10.1016/0370-2693(91)90044-Q
https://doi.org/10.1016/0370-2693(91)90044-Q
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1007/BF01016429
https://doi.org/10.1007/BF01016429
https://doi.org/10.1007/BF01016429
https://doi.org/10.1007/BF01016429
https://doi.org/10.1103/PhysRevC.48.2462
https://doi.org/10.1103/PhysRevC.48.2462
https://doi.org/10.1103/PhysRevC.48.2462
https://doi.org/10.1103/PhysRevC.48.2462
https://doi.org/10.1140/epjc/s10052-010-1265-y
https://doi.org/10.1140/epjc/s10052-010-1265-y
https://doi.org/10.1140/epjc/s10052-010-1265-y
https://doi.org/10.1140/epjc/s10052-010-1265-y
https://doi.org/10.1016/j.nuclphysa.2014.09.002
https://doi.org/10.1016/j.nuclphysa.2014.09.002
https://doi.org/10.1016/j.nuclphysa.2014.09.002
https://doi.org/10.1016/j.nuclphysa.2014.09.002
https://doi.org/10.1088/0954-3899/38/2/025002
https://doi.org/10.1088/0954-3899/38/2/025002
https://doi.org/10.1088/0954-3899/38/2/025002
https://doi.org/10.1088/0954-3899/38/2/025002
https://doi.org/10.1007/BF01641882
https://doi.org/10.1007/BF01641882
https://doi.org/10.1007/BF01641882
https://doi.org/10.1007/BF01641882
https://doi.org/10.1016/0370-2693(85)90804-4
https://doi.org/10.1016/0370-2693(85)90804-4
https://doi.org/10.1016/0370-2693(85)90804-4
https://doi.org/10.1016/0370-2693(85)90804-4
https://doi.org/10.1007/s002880050221
https://doi.org/10.1007/s002880050221
https://doi.org/10.1007/s002880050221
https://doi.org/10.1007/s002880050221
https://doi.org/10.1016/0370-2693(74)90462-6
https://doi.org/10.1016/0370-2693(74)90462-6
https://doi.org/10.1016/0370-2693(74)90462-6
https://doi.org/10.1016/0370-2693(74)90462-6
https://doi.org/10.1016/0370-2693(76)90756-5
https://doi.org/10.1016/0370-2693(76)90756-5
https://doi.org/10.1016/0370-2693(76)90756-5
https://doi.org/10.1016/0370-2693(76)90756-5
https://doi.org/10.1007/BF01551452
https://doi.org/10.1007/BF01551452
https://doi.org/10.1007/BF01551452
https://doi.org/10.1007/BF01551452
https://doi.org/10.1007/BF01548764
https://doi.org/10.1007/BF01548764
https://doi.org/10.1007/BF01548764
https://doi.org/10.1007/BF01548764
https://doi.org/10.1016/0550-3213(80)90452-6
https://doi.org/10.1016/0550-3213(80)90452-6
https://doi.org/10.1016/0550-3213(80)90452-6
https://doi.org/10.1016/0550-3213(80)90452-6
https://doi.org/10.1016/0370-2693(75)90509-2
https://doi.org/10.1016/0370-2693(75)90509-2
https://doi.org/10.1016/0370-2693(75)90509-2
https://doi.org/10.1016/0370-2693(75)90509-2
https://doi.org/10.1016/j.physletb.2010.12.053
https://doi.org/10.1016/j.physletb.2010.12.053
https://doi.org/10.1016/j.physletb.2010.12.053
https://doi.org/10.1016/j.physletb.2010.12.053
https://doi.org/10.1016/j.physletb.2009.02.014
https://doi.org/10.1016/j.physletb.2009.02.014
https://doi.org/10.1016/j.physletb.2009.02.014
https://doi.org/10.1016/j.physletb.2009.02.014
https://doi.org/10.1016/j.physletb.2009.06.021
https://doi.org/10.1016/j.physletb.2009.06.021
https://doi.org/10.1016/j.physletb.2009.06.021
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1088/0954-3899/25/9/308
https://doi.org/10.1088/0954-3899/25/9/308
https://doi.org/10.1088/0954-3899/25/9/308
https://doi.org/10.1088/0954-3899/25/9/308
http://arxiv.org/abs/arXiv:0805.4411
https://doi.org/10.1016/j.softx.2015.05.001
https://doi.org/10.1016/j.softx.2015.05.001
https://doi.org/10.1016/j.softx.2015.05.001
https://doi.org/10.1016/j.softx.2015.05.001
https://doi.org/10.1016/j.physletb.2010.06.028
https://doi.org/10.1016/j.physletb.2010.06.028
https://doi.org/10.1016/j.physletb.2010.06.028
https://doi.org/10.1016/j.physletb.2010.06.028
https://doi.org/10.1103/PhysRevC.77.054902
https://doi.org/10.1103/PhysRevC.77.054902
https://doi.org/10.1103/PhysRevC.77.054902
https://doi.org/10.1103/PhysRevC.77.054902
https://doi.org/10.1103/PhysRevC.75.051901
https://doi.org/10.1103/PhysRevC.75.051901
https://doi.org/10.1103/PhysRevC.75.051901
https://doi.org/10.1103/PhysRevC.75.051901


S. ACHARYA et al. PHYSICAL REVIEW C 99, 064901 (2019)

S. Acharya,138 F. T.-. Acosta,22 D. Adamová,94 J. Adolfsson,81 M. M. Aggarwal,98 G. Aglieri Rinella,36 M. Agnello,33

N. Agrawal,49 Z. Ahammed,138 S. U. Ahn,77 S. Aiola,143 A. Akindinov,65 M. Al-Turany,104 S. N. Alam,138

D. S. D. Albuquerque,120 D. Aleksandrov,88 B. Alessandro,59 R. Alfaro Molina,73 Y. Ali,16 A. Alici,11,54,29 A. Alkin,3

J. Alme,24 T. Alt,70 L. Altenkamper,24 I. Altsybeev,137 C. Andrei,48 D. Andreou,36 H. A. Andrews,108 A. Andronic,141,104
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M. Petrovici,48 C. Petta,30 R. P. Pezzi,72 S. Piano,60 M. Pikna,15 P. Pillot,112 L. O. D. L. Pimentel,89 O. Pinazza,54,36
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