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Abstract. Measurements of short-lived hadronic resonances are used to probe the properties
of the hadronic phase in ultra-relativistic heavy-ion collisions. Since these resonances have
lifetimes comparable to that of the produced fireball, they are sensitive to the competitive
rescattering and regeneration effects in the hadronic gas, which modify the observed particle
momentum distributions and yields after hadronization. Having different masses, quantum
numbers, and quark content, hadronic resonances can provide insight into processes that
determine the shapes of particle momentum spectra, strangeness production, and the possible
onset of collective effects in small systems.

We here present the latest results on p(770)°, K*(892), ¢(1020), X(1385)%, A(1520),
2(1530)° and Z(1820) production in pp, p—Pb, Pb-Pb and Xe-Xe collisions at different LHC
energies. Results include system-size and collision-energy evolution of transverse momentum
spectra, integrated yields, mean transverse momenta, particle ratios, and nuclear modification
factors.

1. Introduction

Hadronic resonances with various lifetimes are valuable probes to study the properties of
the hadronic medium formed in ultra-relativistic heavy-ion collisions, since the yield ratios of
resonances to stable hadrons provide information about the re-scattering and regeneration effects
in the hadronic medium. If the loss of resonances due to elastic or pseudo-elastic scattering of
their decay products (re-scattering) is dominant over regeneration, the resonance yield after
kinetic freeze-out will be smaller than the one originally produced at the chemical freeze out.
Considering the expected lifetime of the hadronic phase (~ 10 fm/c), the measurement of the
production of a comprehensive set of resonances with different lifetimes can be used to study
the interplay of particle re-scattering and regeneration.

Studies of strangeness production play an important role in understanding the matter
produced in heavy-ion collisions. Measurements of strange and non-strange particle yields can
be described by grand-canonical thermal models in heavy-ion collisions [1], while canonical
suppression is expected in small systems [2, 3]. Enhancement of strangeness production has
been observed in high energy nucleus—nucleus (A—A) collisions with respect to pp collisions at
RHIC (Relativistic Heavy-Ion Collider) and LHC (Large Hadron Collider) energies [4]. The
study of strangeness production as a function of the charged particle multiplicity produced in
the collision systems from pp to A—A, therefore, allows one to investigate the origin of the
enhancement.
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Particles with open strangeness may be subject to canonical suppression in small collision
systems with respect to large systems, whereas the ¢, a particle with hidden strangeness, is
not expected to be canonically suppressed. Comparisons of particles with open and hidden
strangeness can help to understand strangeness production.

2. Experiment

The ALICE experiment [5] is particularly well suited to study the production of both identified
and unidentified charged particles thanks to its excellent tracking performance coupled with
extensive particle identification (PID) capabilities over a wide range of transverse momentum. In
the central barrel, the Inner Tracking System (ITS) and the Time Projection Chamber (TPC) are
used for charged-particle tracking and primary collision vertex reconstruction. The I'TS consists
of three sub-detectors of two layers each, covering a central pseudorapidity range || < 0.9:
Silicon Pixel Detector (SPD), Silicon Drift Detector (SDD) and Silicon Strip Detector (SSD).
The TPC is the main charged particle tracking detector, and has full azimuthal coverage in the
pseudorapidity range |n| <0.9. Along with track reconstruction, it also provides a measurement
of the momentum and excellent particle identification. The TPC provides the measured specific
energy loss (dF/dz) to identify the particles, especially in low momentum range (p < 1 GeV/c)
where the dE/dx of particles are well separated. To extend the particle identification to higher
pr, the Time of Flight (TOF) detector is used in addition to the TPC information. It covers
a pseudorapidity range || < 0.9 and provides excellent PID capabilities in the intermediate
pr range by exploiting the time-of-flight information. The forward VO detector, a scintillator
detector with a timing resolution less than 1 ns, is used for centrality selection, triggering and
beam-induced background rejection. The VO consists of two sub-detectors, VOA and VOC,
placed at asymmetric positions, one on each side of the interaction point with full azimuthal
acceptance and cover the pseudorapidity ranges 2.8 < n < 5.1 and -3.7 < n < -1.7, respectively.
The year and different collision energies for accumulated data in different collision systems are
summarized in Table 1. The list of resonances that we report is provided in Table 2 with their
quark content, decay modes exploited for the measurements, and branching ratios.

Table 1. Year for accumulated data sample and center of mass energy for different collision
systems.

| Pb-Pb | Xe—Xe | p-Pb | pp

Year 2010-2011, 2015, 2018 | 2017 | 2013, 2016 | 2009-2013, 2015-2018
/3NN [TeV] | 2.76, 5.02 544 | 5.02,8.16 |0.9,2.76, 7, 8, 5.02, 13

3. Results and discussion

3.1. Transverse momentum spectra

The pr spectra for K* and ¢ in the various multiplicity classes in pp collisions at /s = 13 TeV
are shown in Figure 1 with the ratios of these spectra to the inclusive INEL>0 spectrum [7].
Note that, the INEL>0 event class is defined as the set of inelastic collisions with at least one
charged particle in the range |n| < 1. For pr < 5 GeV/c the evolution of spectral shape from
low to high multiplicity has been observed. For higher pr, the spectra in different multiplicity
classes all have similar shape, indicating that the processes that change the shape of the py
spectra in different multiplicity classes are dominant at low pr.
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Table 2. Lifetime of the measured resonances with their quark content, decay modes exploited
for the measurements presented here and branching ratios [6].

| er (fm) | quark content | Decay modes | BR [%]
p(770)° | 1.3 (ui+dd)/V2 | 74 100
K*(892)° | 4.2 ds KT+~ 66.6
$(1385)" | 5.5 uus Art — (pr7)mt 87.0
¥(1385)~ | 5.0 dds An™ — (pr7)7m™ 87.0
=(1820)" | 8.1 dss AK — (pr7)K unknown
A(1520) | 126 | uds p+ K- 22.5
=(1530)° | 21.7 uss E -t = (Ar7)rt — ((pr )7 )mt | 66.7
#(1020)° | 44 s§ Kt4+K~ 48.9
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Figure 1. pr spectra of K** and ¢ in pp collisions at /s = 13 TeV for different multiplicity
classes, scaled by factors as indicated [7]. The lower panels show the ratios of the multiplicity-
dependent pr spectra to the multiplicity-integrated INEL>0 spectra (with both linear and
logarithmic vertical scales)

3.2. pr integrated yields dN/dy and resonance particle ratios

The pr-integrated yields dN/dy of K** and ¢ are extracted from the pr spectra in different
multiplicity classes and presented in Figure 2 as functions of (dNeh/dmab)|p<0.5- For both
particles, dN /dy exhibits an approximately linear increase with increasing (dNech/dmiab) y<0.5-
Results for pp collisions at /s = 7 and 13 TeV and for p-Pb collisions at /sy = 5.02 TeV
follow approximately the same trends. This indicates that, for a given multiplicity, K* and ¢
production does not depend on the collision system or energy. The measured dN/dy values are
compared with five different model calculations: PYTHIA6 (Perugia 2011 tune) [15], PYTHIAS
(Monash 2013 tune, both with and without color reconnection) [16], EPOS-LHC [17], and DIPSY
[18]. The EPOS-LHC and PYTHIAS without color reconnection give the best description for
the the K*¥ while the other PYTHIA calculations exhibit fair agreement with the measured
data, and DIPSY overestimates the K*¥ yields. The ¢ yields tend to be slightly overestimated
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Figure 2. pr-integrated yields dN /dy of K** (average of the particle and antiparticle) and ¢ as
functions of (dNew/dman ) |n|<o.5- Results are shown for pp collisions at s = 13 and 7 TeV [7, 3], as
well as for p—Pb collisions at /sy = 5.02 TeV [8]. The measurements in pp collisions at s = 13
TeV are also compared with values from common event generators [18, 17, 15, 16]. Bars represent
statistical uncertainties, open boxes represent total systematic uncertainties, and shaded boxes
show the systematic uncertainties that are uncorrelated between multiplicity classes.
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Figure 3. Integrated yields of K*C (left panel) and ¢ (right panel) normalized to
(ANeh/dn) . l<0.5 in pp collisions at /s = 7 and 13 TeV and p-Pb collisions at \/syn = 5.02
and 8.16 TeV for different multiplicity classes. The bars and the boxes represent the statistical
and systematic errors, respectively.

by EPOS-LHC and underestimated by DIPSY and PYTHIA calculations.

The yields normalized to the (dNu,/dn) of K*¥ and ¢ in pp collisions at /s = 7 and 13
TeV, p-Pb collisions at \/sxy = 5.02 and 8.16 TeV are shown as a function of multiplicity
((dNew/dn) . 1<05) in Figure 3. The scaled integrated yield is flat with multiplicity and
independent of collision energy and systems for pp and p—Pb collisions within the uncertainties.
This confirms that the particle production is mainly driven by charged particle multiplicity
irrespectively of collision systems and energies for pp and p—Pb collisions.
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Figure 4. Ratios of resonance and stable counterpart yields are reported as a function of
multiplicity for the hadronic resonances, p°/m, K**/K, ¥**/A, A(1520)/A, =*°/Z and ¢/K
from inelastic pp, p—Pb, Pb—Pb and Xe—Xe collisions. The error bars show the statistical
uncertainty, while the emtpy and dark-shaded boxes show the total systematic uncertainty and
the uncorrelated contribution across multiplicity bins, respectively. A comparison is also shown
to the ratio predicted by the EPOS3 model for Pb-Pb at \/sny = 2.76 TeV, where the late
hadronic cascade is simulated with UrQMD. STAR data are also shown for the ¥**/A and
A(1520)/A ratios.

The ratios of pr-integrated yields as a function of multiplicity are shown in Figure 4 for
pp, p-Pb, Pb-Pb and XeXe collisions, for p°/m, K*/K, ¥** /A, A(1520)/A, =/=Z and ¢/K.
Short-lived resonances show a sizable dependence on the multiplicity. A clear suppression is
observed for p" /7 going from pp to Pb-Pb collisions at /sy = 2.76 TeV [9]. The EPOS3 event
generator [10], which includes UrQMD [11] for the late stage hadronic cascade is able to describe
the evolution with multiplicity. The same behavior is observed in the K*'/K ratio, where the
suppression can be observed in a wider multiplicity range with data from pp at /s = 7 TeV,
Pb-Pb at /sy = 5.02 TeV and Xe-Xe at /sny = 5.44 TeV.

The ratios of ¥**/A and A(1520)/A show flat behavior in small systems from pp and p-Pb
collisions, and the results in Pb-Pb collisions show that ¥** and A(1520) are suppressed with
respect to the A production [13]. Finally, there is no significant centrality dependence of the
=*0/=Z and ¢/ K ratios with multiplicity for all measured systems. This is expected in the context
of re-scattering, considering that the =*° baryon and the ¢ meson live longer than the expected
fireball lifetime and therefore their decay daughters will not undergo re-scattering.

Further, to quantify the pp-dependence of the rescattering effect observed in Pb—Pb collisions,
pr-differential yield ratios were studied as shown in Figure 5 [14]. At low pr, the K*? /K ratio for
central collisions is lower than in peripheral (pp) collisions whereas the ¢/K ratio is comparable
within the uncertainties. This observation is consistent with the suppression of K*O yields due
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Figure 5. Particle yield ratios (K** + K*°)/(K* + K~) in panel (a) and (2¢)/(K* + K7) in
panel (b), both as a function of pyp for centrality classes 0-10% and 70-80% in Pb—Pb collisions
at \/snn = 5.02 TeV [14]. For comparison, the corresponding ratios are also shown for inelastic
pp collisions at /s = 5.02 TeV. The statistical uncertainties are shown as bars and systematic
uncertainties are shown as boxes.

to rescattering in the hadronic phase. It indicates that the rescattering affects low momentum
particles. At intermediate pr, both ratios show enhancement for central Pb—Pb collisions with
respect to peripheral and pp collisions. This is in agreement with the presence of a larger radial
flow in central Pb—Pb collisions relative to peripheral and pp collisions. For pp > 6 GeV/c,
the K** /K and ¢/K yield ratios in central collisions are similar to peripheral and pp collisions.
It demonstrates that fragmentation is the dominant hadron production mechanism in this pr
region.

3.8. Mean transverse momentum

The mean transverse momentum ({pr)) values for each multiplicity event class are obtained by
integrating the pp-spectra in the measured range and by using a fit function to extrapolate the
yields in the unmeasured pr region. Figure 6 shows the (pr) of proton, K* and ¢ as a function
of the average charged particle multiplicity density ((dNg,/dn)) measured at mid-rapidity (|n| <
0.5) in pp collisions at /s = 7 and 13 TeV and compared with the results obtained in p—Pb at
V/SNN = 5.02 TeV and Pb-Pb collisions at \/sny = 5.02 and 2.76 TeV.

For all the particles, an increase in (pr) from low to high multiplicity classes is observed. The
same increasing trend of the (pr) as a function of the multiplicity is observed in pp collisions
at /s = 7 TeV and 13 TeV and a mass ordering of (pr) is found to be followed in central
and semi-central Pb—Pb collisions as expected from the hydrodynamic expansion of the system
[22]. However, this breaks down for smaller systems. The increase in (pr) is steeper for smaller
systems.

3.4. Strangeness production

To understand the strangeness production, the particle yields are measured in various collision
systems at different energies. Figure 5 presents yield-ratios of various strange and non-strange
hadrons to pions as a function of the mean charged-particle multiplicity (dNey/dn), <05 for
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Figure 6. Mean transverse momentum ({pr)) of K**, ¢ and p in pp at /s = 7 and 13 TeV,
p—Pb at /sy = 5.02 TeV and Pb-Pb at /sy = 2.76 and 5.02 TeV collisions as function of
multiplicity. The bars represent the statistical error and the lines represent the systematic error.
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Figure 7. p/m, Ki/m, A/m, E/m, Q/7 and ¢/ ratios as a function of (dNe,/dn) <05 in
different collision systems, pp at /s = 7 [19] and 13 TeV, p—Pb at /sy = 5.02 TeV [20, 21],
Pb-Pb at \/syn = 5 TeV and Xe—Xe at /sxn = 5.44 TeV.

different collision systems and different energies. The ratios of all strange particle yields to
pions increase with (d N,/ dn>|,ﬂ <0.5 and saturate in larger collision systems such as Pb—Pb and
Xe—Xe collisions. The magnitude of the increase depends on strangeness content. It is observed
that the ratios are consistent at similar multiplicities in all collision systems at all LHC energies.

In order to investigate the behavior of hidden strangeness, pr-integrated yield ratios of ¢
(15]=0) to K (|S|=1) and E (]S|=2) to ¢ (|S|=0) are compared as shown in Figure 8. The ¢/K
ratio shows flat or slightly increasing trend at lower multiplicities that suggests ¢ behaves like a
S > 1 particle. The ratio of /¢ increases with increasing (dNey/d71ab) |y <0.5 for low-multiplicity
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Figure 8. Ratios of pr-integrated particle yields K** /K, ¢/K, and Z/¢ in pp collisions at /s
= 13 TeV as functions of (dNen/dniab) y|<0.5 [24]. These measurements are compared with data
from p—Pb collisions at /sy = 5.02 TeV [9, 10] and Pb—Pb collisions at \/snn = 2.76 TeV [43,
44], as well as results from common event generators [28, 33, 58, 59] and a Canonical Statistical
Model calculation [23].

collisions and is then fairly constant for a wide range of multiplicities from high-multiplicity pp
and p—Pb collisions to central Pb—Pb collisions. The multiplicity evolution of ¢/K and =/¢
ratios suggests that the ¢ has effective strangeness between 1 and 2 units.

3.5. Nuclear modification factors

The nuclear modification factor Raa is used to study medium-induced effects in heavy-ion
collisions. The Rap 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. For each pt bin,

1 ‘ AN /dpr (1)
<NCOH> dep/de

The nuclear modification factors measured in 0-10% central Pb—Pb collisions at V/SNN = 5.02
TeV for for charged pions, charged kaons, (anti)protons, K** and ¢ are presented on the left
panel in Figure 9. And the Raa of p° meson [9] are reported with charged pions, charged kaons,
(anti)protons in 0-20% (middle panel) and 60-80% (right panel) in Figure 9. At high transverse
momenta (pr > 8 GeV/c), the production of all hadrons is suppressed by a similar amount and
there is no dependence of the suppression on particle mass or quark content within uncertainties.

Raa =



36th Winter Workshop on Nuclear Dynamics

IOP Publishing

Journal of Physics: Conference Series

1602 (2020) 012008

doi:10.1088/1742-6596/1602/1/012008

< — s a . . . . . I I R R
o« ALICE Preliminary o 1.4 ALICE, Pb-Pb |5, = 2.76 TeV (0-20%) T ALICE, Pb-Pb {sy, = 2.76 TeV (60-80%) ]
Pb-Pb (5, = 5.02 TeV (0-10 %) F o e vﬁﬁ) o770 1 VS ]
1.2 pLg 736,196 (2014) I ]
L - M- - - - —-----------
osf + ]
 QebEEaugnul
oef SN +# :

L ] . rtainty
0.2 e ] |+| & norm. unce 1

E I'!lII e o am E=| T

! ! ! ! ! s TN B BRI RN BT BT
0 2 4 6 8 10 120 2 4 6 8 10 12
P, (GeV/c) Py (GeV/c)

Figure 9.

Nuclear modification factors Raa measured for charged pions, charged kaons,

(anti)protons and, K** and ¢ meson (left pannel) in 0-10% Pb-Pb collisions at /sy = 5.02
TeV. The Raa of p° mesons in 0-20% (middle panel) and 60-80% (right panel) central Pb-Pb
collisions at /sxn = 2.76 TeV with charged pions, charged kaons, (anti)protons. The statistical
and systematic uncertainties are shown as bars and boxes, respectively.
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Figure 10. (Left) The AK Invariant mass distribution in pp bins 1.5 — 20 GeV/c and for
the INEL > 0 event class. (Right) The invariant mass distribution after subtraction of the
background. The dashed curve represents the combined fit, while the solid line describes the
residual background.

There is a species dependence of Raa at intermediate transverse momentum (2< pt <8 GeV/¢),
which is likely to be a result of an interplay between different effects such as radial flow, low-pt
suppression, species dependent pr shapes of the pp reference spectra.

3.6. Reconstruction of Z(1820)

The first measurement of Z(1820) from collider experiments is shown in Figure 10. The
calculation from FASTSUM Collaboration [25] shows potential parity doubling of strange
resonant states, which could be a signature of chiral symmetry restoration in heavy-ion collisions.
The positive-parity masses are largely temperature-independent while negative-parity masses
drop and become near-degenerate with the corresponding positive-parity mass close to critical
temperature. Because the Z(1820) has negative-parity, the comparison of mass shift, width
broadening or change in yield to the positive-parity Z(1530) can be one of the key measurements
to study chiral symmetry restoration.
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4. Summary

A comprehensive set of resonance and strangeness production measurments in all available
collision systems is presented. The pp-integrated yields normalized by the average charged
particle multiplicity are observed to be constant as a function of charged particle multiplicity.
The ratios of pr-integrated particle yields for various resonances are measured and p° /7, K*0 /K
and A(1520)/A exhibit a decrease from pp and peripheral Pb—Pb to central Pb—Pb collisions.
This behavior can be explained by the dominance of re-scattering of decay daughters over
regeneration in the hadronic phase. The increase of (pr) is observed from low to high multiplicity
classes and a mass ordering of (pr) is found in central Pb—Pb collisions. The ¢ meson with
hidden strangeness seems to have an effective strangeness between 1 and 2 units. The nuclear
modification factors for resonances are suppressed at high pt for Pb—Pb collisions and the amount
of suppression is similar to charged pions, charged kaons, (anti)protons. The first measurement
of Z(1820) is presented and will be compared to the corresponding positive-parity particle to
study chiral symmetry restoration.
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