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Abstract

The primary goal of the relativistic heavy-ion physics program at Large Hadron Collider (LHC)
at CERN, Geneva, Switzerland is to study the nuclear matter under extreme conditions. The
measurement of resonances in ultra-relativistic heavy-ion collisions allows one to study the
properties of the hadronic medium. Resonances with short lifetimes compared to the duration of the
time span between chemical and kinetic freeze-out are good candidates to prove the interplay of
particle re-scattering and regeneration in the hadronic phase, which result in a modification of their
measured yields.

The ALICE detector and its subsystem used for the analysis presented in this thesis are
explained. Particle identification method and a coordinate system of ALICE are provided.

Measurements of multi-strange resonance Z(1530)° were performed with the ALICE detector in
pp, p-Pb and Pb-Pb collisions at the LHC energies.

The pr-spectra of £(1530)° are obtained and compared with model predictions. The yield ratios
of =(1530)° to stable hadrons are shown and discussed. Mean transverse momentum of
E(1530)° has been investigated and compared with that of identified hadrons. The comparison of

results obtained for other resonances is also presented in this thesis.

xvii



Chapter 1

Introduction

The main objective of relativistic heavy-ion physics is to study the nuclear
matter under extreme conditions such as high temperature and energy density. The
phase in high temperature or large baryon density allows one to produce a system
of quarks and gluons. In this chapter, the matter created by ultra-relativistic
heavy-ion collisions is introduced, and physical observables and collisions systems

used in this thesis, are shortly explained.

1.1 Matter under extreme conditions

Inside of the hadrons, the quarks are confined by the strong interactions which
can be explained by the Quantum Chromo Dynamics (QCD) theory [1]. The Lat-
tice QCD (LQCD) calculations suggest the existence of different phases depending
on the temperature and baryon density [2]. When high temperature and/or high
baryon-density is obtained, the confinement of the quarks and gluons can be bro-
ken so that they lose their hadronic binding and become quasi-free particles. This
state is called as Quark-Gluon Plasma (QGP) [3]. Figure 1.1 is a QCD phase
diagram in temperature versus net baryon density.

Ultra-relativistic heavy-ion collisions allow forming the QGP because they
produce a large number of binary nucleon-nucleon collisions taking place in a very
small spatial region. Consequentially, temperature, pressure and energy density
reach to be enable us to study the new state of matter under extreme conditions.

Figure 1.2 presents a scenario of the space-time evolution of ultra-relativistic
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Figure 1.1: QCD phase diagram of nuclear matter as functions of temperature and
baryon density [4].

heavy-ion collisions.

After being accelerated by Large Hadron Collider [5], ions are traveling with
a velocity very close to the speed of light. Due to the Lorentz contraction, they
appear as thin disks just before the collisions, as shown in the left bottom of Figure
1.2. Just at the moment of collision, a large amount of energy is deposited in a
small volume of space and in a short duration of time [6].

During the period that takes a fraction of 1 fm/c (pre-equilibrium stage),
quarks and gluons are produced. At the proper time 7g, the system composed
by quarks and gluons is expected to be equilibrated. The system expands and
gradually cools down by elastic and inelastic collisions (expansion stage, 1 < 7 < 10
fm/c). The temperature of the QGP decreases while expanding due to its internal
pressure, until it reaches the critical temperature T.. Once such temperature is
reached, the QGP begins to convert into hadron gas. From the LQCD calculation,
it is expected that transition from the QGP to the hadronic matter at zero baryon
chemical potential is of crossover type [7, 8, 9] and T, is very close to the chemical

freeze-out temperature, T, where the abundance of hadrons is fixed.



Pre-Equilibrium
Phase (<to)
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Figure 1.2: A schematic view of the evolution of an ultra-relativistic heavy-ion
collision.



As a consequence, the ratios between production rates of different particle
species can provide information on the system at this stage. (Pseudo-)Elastic
interactions can still be present and continue to modify the kinetic properties of
produced hadrons. When the distances between hadrons are larger than the range
of the interaction, (pseudo-)elastic collisions also stop and the kinetic freeze-out
is reached (Tkin). Then, the kinematical distribution of the hadrons is fixed.
Hence, the information on the kinetic freeze-out temperature can be obtained
from the hadrons momentum spectra. When 7 2 15 fm/c [10], the hadrons freely
stream out to the detectors. Experimental measurements of various particles which
have experienced the different stages of the ultra-relativistic heavy-ion collision
evolution allow us to study the properties of hot matter such as particle production
mechanisms, strangeness enhancement and various information associated to the

hadronic phase.

1.2 Collision systems and physical observables in
experiment

In order to study properties of matter under extreme conditions, the ALICE
has accumulated the data from high-energy Pb—Pb, p—Pb and pp collisions. From
the Pb—Pb data, the properties of the QGP are investigated, whereas the results
obtained with p—Pb collisions provide information on cold matter and help to
disentangle cold matter effect from the hot matter produced in Pb—Pb collisions.
Results derived from minimum bias pp collisions are commonly used as a reference
for p—Pb and Pb—Pb collisions.

Recent measurements have, however, revealed striking similarities across dif-
ferent systems. There are some hints for collectivity in the small systems and a
smooth evolution is observed for particle production from pp, p—Pb, peripheral

Pb—Pb collisions to central Pb—Pb collisions [11]. In order to compare the results



from different collision systems, global observables should be introduced such as

i.e., “charged-particle multiplicity density” [12].
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Figure 1.3: Values of (dN.,/dn) as a function of |/syn. Measurements for inelastic
pp(pp) collisions as a function of /s are also shown along with those from Non-
Single Diffractive (NSD) p—A and d—A collisions. The energy dependencies of the

AA and pp (pp) collision data are well described by the functions s%1>® (solid line)

and s%1”® (dashed line), respectively. The shaded bands show the uncertainties

on the extracted power-law dependencies. The central Pb—Pb measurements from
CMS and ATLAS at 2.76 TeV have been shifted horizontally for clarity [12]. Note
that, the color of point for NSD in p—A collision is changed to blue to emphasize.

The “charged-particle multiplicity density”, dN.,/dn, is defined by the num-
ber of charged particles produced at mid-rapidity (|n| <0.5) and can be related
to the collision system size and the energy [12]. Systems produced in different

collisions such as pp, p—Pb and Pb—Pb at different energies can be classified by



using d N, /dn which is a basic quantity which enables one to also investigate the
colliding energy dependence.

Averaged values of AN, /dn normalized to half of (N} (averaged number of
participainting nucleons, calculated with a Glauber model [12]) from inelastic pp,
Non-Single Diffractive (NSD) p(d)-A (“A” represent heavy-ion, such as Au and
Pb) and central AA collisions are shown in Figure 1.3. For Z(1530)° resonance
production which will be discussed in this thesis, the data samples from p—Pb
collisions at /snn= 5.02 TeV and Pb-Pb collisions at /snn= 2.76 TeV were
analyzed. Corresponding m)ﬁ (AN /dn) values are shown as blue square for
Non-Single Diffractive (NSD) events in p—Pb collisions and red square for central
Pb-Pb collisions.

As results, pr-integrated particle yield ratios and (pr) will be discussed and
presented as a function of (dN.j,/dn) to see the colliding system size dependence.
The (dN.y/dn) values used for this analysis will be provided in section 2.2 with

additional information about its definition.

1.3 Resonance and hyperon production

1.3.1 Study of hadronic phase

Resonances are hadrons which have the same quark contents with its ground
state particle but different excited quantum states, and therefore larger masses
[13]. The resonances usually have a short lifetime in the order of a few fm/c which
is comparable to the lifetime of the fireball created by heavy-ion collisions [13]. The
short lifetime is a property of resonances and makes resonances one of the good
tools to investigate hadronic medium between chemical and kinetic freeze-out [14].

In heavy-ion collisions, the hadronic resonances which are produced during
the expansion could interact with the medium. The resonances are measured only

via the reconstruction of their decay products in detectors.
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Figure 1.4 shows the scheme of possible interactions during the hadronic
phase. In the time duration between the chemical and the kinetic freeze-out,
hadron momenta still can be changed while most of the particle yields are fixed.
Resonances can possibly decay during this stage due to their short lifetime and
process such as (pseudo-)elastic collisions can also occur.

A sketch of the possible scenarios leading to different yields starting from the
initial production until kinetic freeze-out is shown in Figure 1.4. The decay channel
shown here corresponds to the K*(892)° resonance which decay is K*(892)° —
7~ +K*. Because of the pseudo-elastic collisions, the K*(892)° can be partially
regenerated during the hadronic phase from 7 and K which were produced at
chemical freeze-out (@ in Figure 1.4). On the other hand, if decay products of the
K*(892)° undergo elastic scattering (® in Figure 1.4) or pseudo-elastic scattering
(© in Figure 1.4), the initial K*(892)? can not be reconstructed using the invariant
mass technique of the (m, K) daughters. As a result, the observed yield after
kinetic freeze-out can be more larger or smaller than the yield originally produced.
If the regeneration effect would be dominant than the re-scattering effect, the
yield should increase. Conversely, the yield observed after kinetic freeze-out can
decrease if re-scattering effect is predominant. The final resonance yield depends
on the lifetimes of resonances and the duration of the hadronic phase which can
be connected to the temperature of the chemical/kinetic freeze-out.

In order to investigate how the hadronic phase affects the yields of resonance
particles, resonances having different lifetimes were studied for different collision
systems. In particular, it will be shown that the integrated yield-ratios between
resonances with various lifetimes and their ground state particle provide valuable
insights on the role of the regeneration and re-scattering processes.

Figure 1.5 presents integrated yield-ratio of K*°/K and ¢/K as a function of
(ANep /dmap) /3 [15]. As shown in Figure 1.5, the ratio of K*°/K is suppressed

in central Pb—Pb collisions with respect to the peripheral Pb—Pb collisions and
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Figure 1.5: Ratios of K**/K~ and ¢/K~ with system size measured at mid-
rapidity in pp and Pb-Pb collisions. Statistical uncertainties (bars) are shown as
well as total systematic uncertainties (hollow boxes) and systematic uncertainties
uncorrelated across multiplicity (shaded boxes). A few model predictions are also
shown as lines at their appropriate abscissa [15].

with a value lower than thermal model predictions, whereas ¢/K ratio does not
show such a suppression and remains consistent with thermal model [15]. The
decreasing trend of the ratio which was observed on K*?/K was suggested as an
indication of the abundance of re-scattering processes in the hadronic medium.
Table 1.1 presents a list of particles with their lifetime, valence quark con-
tents, branching ratios (BR) and decay modes used in analyses. Among them,
the Z(1530)° resonance is one of the good candidates to study hadronic
phase since it has a lifetime between K*(892)" and ¢(1020)°. From the
measurement of =~ and its excited state Z(1530)°, the integrated particle-ratio of
Z(1530)° to =~ can be extracted similary to the K*(892)% and ¢(1020)°. If re-
scattering is dominant for Z(1530)°, the trend of Z(1530)° /=~ could have similar
behavior as K*(892)?. On the other hand, if regeneration is the predominant pro-
cess, the ratio would be approximately constant with system size. The results of
Z(1530)° /=~ will be compared with other particle yield ratios (p/m, K* /K, A*/A,

¢/K) and discussed with model predictions.
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Table 1.1: Lifetime of the measured resonances with their quark content, decay
modes exploited for the measurements presented here and branching ratios [16].

1.3.2 Hyperon production

The particles to be discussed in this thesis are regarding one of the special
family that contains at least one strange valence quark, but not heavier quarks (like
charm or bottom) and they are called as hyperon. As examples, A(uds), =~ (dss),
Q(sss) and the corresponding antiparticles and also their excited state of particles
(e.g., A(1520), %(1385)* and =(1530)°) are hyperons. They have been studied
extensively over past decades in connection with the study of QGP by evaluating
at the strangeness production [17]. It was found that in high energy nucleus-
nucleus (A-A) collisions at the Super Proton Synchrotron (SPS), the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) the abundances
of hyperons are compatible with those from thermal statistical model calculations
[18]. In smaller collision systems such as pp and p—A collisions, relative abundance
of hyperons is lower with respect to A—A collisions [19]. This effect is known as
canonical suppression. The more strange valence quarks within the hadron, the
larger the effect (i.e., higher strangeness) [20].

ALICE has measured hyperons in different collision systems, pp, p—Pb and
Pb-Pb to investigate the production mechanism as a function of system size. The
integrated yields of hyperon are normalized by the yields of non-strange hadron, m,
at the same (dN.;,/dn) as shown in Figure 1.6. The ratios of /7 and /7 in Pb—
PD collisions reach values that are consistent with thermal model predictions [21],

while these ratios smoothly increase from pp to p—Pb collisions with (dN.x/dn)
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Figure 1.6: =/ (left) and Q/7 (right) ratios as a function of charged particle
multiplicity densities in pp at 7 TeV, p—Pb at 5.02 TeV and Pb-Pb collisions with
2.76 TeV [19)].

because of canonical suppression in small collision systems [19].

It is important to distinguish if the increase observed from small systems
is related to the strangeness valence quark content or to the mass of the
hadron. In order to understand the increasing trend in the small systems, par-
ticle ratios having different strange quark are compared as shown in Figure 1.7.
It summarizes of the dynamical evolution of multiplicity-dependent particle pro-
duction relative to the pp collisions. Figure 1.7 presents the yield ratios to pions
divided by the values measured in INEL>0 (event selection that contains inelastic
events with at least one charged particle in |n| < 1) pp collisions, both for pp
and p—Pb results. The observed multiplicity-dependent enhancement with respect
to the INEL>0 sample follows a hierarchy connected to the hadron strangeness
content.

This hierarchy could also originate from the mass ordering of hadrons. Be-
cause the particles on numerator have an increasing mass (M, < My < Mz <
Mgq), the increasing yields might be directly connected to the mass. In order to
confirm that the effect is due to the strangeness content and not to the hadron
mass, particles having same strangeness content but different masses have to be
compared. The Z(1530)° is one of the crucial candidates to check this

hypothesis because the Z(1530)° has double strangeness same to = but
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Figure 1.7: Particle yield ratios to pion of strange and multi-strange baryons and
protons normalized to the values measured in the inclusive pp sample in both pp
and in p—Pb collisions [22].

it decays strongly and have a larger mass with AM ~ 210 MeV /c%.

1.3.3 Mean transverse momentum

From the measurement of pr-spectra of identified particles, one can obtain
relavant information not only from the integrated yield but also via mean trans-
verse momentum of each particle. In a hydrodynamical evolving system, the spec-
tral shapes are driven by the expansion velocity, thus by the hadron mass, so
they are expected to follow a mass ordering. Vice-versa, the observation of mass
ordering of particle spectra may be suggestive of the presence of collective (hydro-
dynamic) behavior of the expanding system.

The mean transverse momentum of identified hadrons in p—Pb collisions at
5.02 TeV as a function of (dNg,/dnap) is shown in the left panel and the mea-
surements in pp at 7 TeV and the results from Pb—Pb collisions at 2.76 TeV are
presented the right panel in Figure 1.8. The results in p—Pb collisions show that
the mean transverse momentum increases with (dNgy, /dnian) and the particle hav-

ing larger mass have higher (pr). The results in central Pb—Pb collisions also give
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Figure 1.8: Mean transverse momentum of identified particles measured by ALICE
in p—Pb collisions (left) and, in pp and Pb-Pb collisions (right) as a function
of the charged particle density measured in the pseudo-rapidity range |n| <0.5.
Statistical uncertainties are represented as bars, whereas boxes indicate systematic
uncertainties [23, 24].

the same mass ordering of mean transverse momentum.

The (pr) also can be used as a tool to probe interplay of re-scattering and
regeneration in hadronic phase. As discussed in Section 1.3.1, the shape of spec-
tra can be changed due to (pseudo-)elastic scattering during the hadronic phase.
Correspondingly, the (pr) is affected by the existence of re-scattering and regen-
eration. EPOS v3 predicts an increase in (pr) of about 200-300 MeV/c due to
interactions in the hadronic phase for most of the resonances and proton [25]. A
modest increase in (pr) is however predicted for ¢ and =(1530)° because of lower
interaction rate in the hadronic medium of the daughter particles due to compar-
atively long lifetimes. In addition, a larger regeneration of the Z(1530)° from the
=Zm channel is expected which compensates the signal loss in the low momenta re-
gion [25]. The results of (pr) for the =(1530)° will be discussed in Section
4.3 and compared with the other particles and model predictions. The
(pr) of Z(1530)° complements previous measurements for strange and

non-strange hadrons.
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Chapter 2

A Large Ion Collider
Experiment at the LHC

A Large Ion Collider Experiment (ALICE) is one of the major experiments
at Large Hadron Collider (LHC) which is a two ring superconducting hadron
accelerator at CERN close to Geneva [26]. Figure 2.1 shows several experiments

at CERN, the accelerator complex as well as the location of the ALICE.
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Figure 2.1: The CERN accelerator complex

The ALICE had accumulated data during the whole first phase of the LHC

operation, from the end of 2009 to the beginning of the technical shutdown in 2013
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(Runl). During that period of time, the LHC provided pp collisions at 0.9, 2.76,
7 and 8 TeV, p—Pb collisions at 5.02 TeV and Pb—Pb collisions at 2.76 TeV. Then,
ALICE has carried out data taking of each collision systems with twice larger beam
energies from 2015 in Run2 period. ALICE is designed to record nucleus-nucleus
collisions and to investigate strongly interacting matter at very high energy density
[27, 28].

The purpose is to understand the nature of the phase transition from hadronic
matter to the QGP which was proposed by lattice QCD calculations. By design,
ALICE is able to cope with the large multiplicities associated with Pb—Pb collision
and at the same time has to cover as many QGP-related observables as possible.
In comparison with the other experiments, ALICE can provide an excellent Par-
ticle IDentification (PID) performance at low transverse momenta and tracking
with a very low material budget at mid-rapidity [26, 29]. PID is obtained by a
combination of different techniques corresponding to various detectors which are

optimized in different momentum regions [26].

2.1 The ALICE detector

The ALICE is a complex of 18 detector subsystems (Figure 2.2) that can be
categorized into three groups [26, 28].

Group 1. Central detectors are installed in a solenoid magnet which pro-
vides 0.5 T magnetic field and covered pseudo-rapidity interval of -0.9 < n <0.9.
The central detectors are mainly used for the vertex reconstruction, tracking, par-
ticle identification and momentum measurement. From interaction region to outer

region of the detector, there are several detectors listed below:
e Inner Tracking System (ITS)
e Time Projection Chamber (TPC)

e Transition Radiation Detector (TRD)
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Figure 2.2: The ALICE experimental setup and detectors [28].
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e Time Of Flight (TOF)

Following three detectors have limited azimuthal acceptance in the mid-rapidity

region:
e High Momentum Particle Identification Detector (HMPID)
e PHOton Spectrometer (PHOS)

e ElectroMagnetic CALorimeter (EMCAL)

Group 2. Muon spectrometer is located in the forward pseudo-rapidity
region (-4.0 < n < -2.5) and is made up of a dipole magnet and tracking/trigger
chambers. It has been optimized and configured to measure muons and to recon-

struct heavy quark resonances such as J/W¥ through their u+u~ decay channels.

Group 3. Forward detectors are placed in the high pseudo-rapidity area
(small angles with respect to the beam pipe). They are used to measure and to

trigger global event characteristics.

e Time Zero (T0) measures the time of events with a precision of the order of

tens of picoseconds, as needed by TOF.

e VZERO (V0) is used to trigger minimum bias events and rejects the back-

grounds coming from the beam-gas interaction.

e Forward Multiplicity Detector (FMD) gives multiplicity information and it

covers large fraction of the solid angle (-3.4 < n < -1.7 and 1.7 < n < 5).

e Photon Multiplicity Detector (PMD) measures the spatial distribution of

photons on an event-by-event basis in 2.3 < n < 3.7 region.

e Zero Degree Calorimeter (ZDC) is used to measure and trigger on the im-

pact parameter. The ZDC consists of two calorimeters, one for neutrons

17



(ZDC:ZN) and another one for protons (ZDC:ZP), and also includes an elec-

tromagnetic calorimeter (ZEM).

The TPC is the main tracking detector used for the analysis in this thesis,

and further information is provided below.

pr— : GAS VOLUME: 88 m3
End Plate DRIFT GAS 90% Ne - 10% CO2 Field Cage

Figure 2.3: Schematic view of the TPC

The TPC [29] shown in Figure 2.3 is the main tracking detector of the central
barrel optimized to measure the charged-particle’s momentum with excellent track
separation. It also has a good capability of the particle identification and vertex
determination. The TPC was designed to have excellent tracking performance in
the high multiplicity environment of Pb—Pb collisions. For such a reason, it was
constructed as a drift chamber of cylindrical shape and a length of 5 m. The inner
radius (r;;,) of ~ 85 cm is decided by the maximum acceptable track density, and
the outer radius (ryy¢) of ~ 250 cm by the minimum track length for which dF/dx
is < 10%. The volume of TPC is 90 m? filled by Ne (90%)/CO2 (10%) [28, 29)].
The readout chambers are installed at the two endplates of the cylinder. Their
design is based on the Multi-Wire Proportional Chamber (MWPC) technique with
pad readout.

A low material budget and a rather low magnetic field (0.5 T) are the require-
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ments to optimize the ALICE detector for tracking and particle identification down
to very low momenta ( p > 100 MeV/c) [29]. The transverse momentum resolution
in p—Pb collisions for TPC standalone and ITS-TPC combined tracks is shown in
Figure 2.4 [26].
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Figure 2.4: The pr resolution for standalone TPC and ITS-TPC matched tracks
with and without constraint to the vertex. [26].

Figure 2.5 shows transverse momentum resolution in the central rapidity re-
gion (| n |< 0.8) in Pb-Pb collisions for TPC tracks combined with hits in the
ITS. As shown in the Figure 2.5, a transverse momentum resolution of o(pt)/pr

= 20% at pr = 100 GeV/c was achieved in Pb—Pb collisions at /sy = 2.76 TeV.

2.1.1 Particle identification in the TPC

The TPC provides Particle IDentification (PID) for charged tracks. The gas
in the detector is ionized by charged particle traveling through the chamber. In
order to identify a particle, the physics observable which is required is energy loss
per unit length within the matter crossed by the charged particle. This specific
energy loss denoted by dE/dx, is described by Beth-Bloch parameterization (see

eq. 2.1) that highlights the key of the identification technique. The dE/dx depends
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Figure 2.5: Transverse momentum resolution in the central rapidity region (| n |<
0.8) for TPC tracks combined with hits in the ITS [29].

on the charge and the velocity (8) of the particle, which, in turn, depends only on
the momentum and the mass of the ionizing particle. Since momentum is already
known from the track curvature and the charge is unitary for most measured tracks,
measuring the dE/dx allows us to determine mass indirectly and thus determine
the particle species. The following Bethe-Bloch parameterization gives the mean

specific energy loss:

dE Z 11
- <%> =ki- 222 : ?[gln(kz “mec® - 3°97) = B2 + ks (2.1)
where 8y = p/Mc and
Z: atomic number of the ionized gas (in this case Ne/COy/N3)
A: mass number of the ionized gas (g/mol)
m,: electron mass

z: electric charge of the ionizing particle in unit of electron charge e

M: ionizing particle mass
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p: ionizing particle momentum

(: ionizing particle velocity normalized to the light velocity c

v =1/4/1 — 82, Lorentz factor

ki, ko, ks: constants depending on the ionized medium
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Figure 2.6: Specific energy loss (dE/dz) in the TPC as a function of momentum
in p—Pb collisions at /syn= 5.02 TeV (top) and Pb-Pb collisions at \/syn= 2.76
TeV (bottom). The lines show the parameterizations of the expected mean energy
loss.

The specific energy loss in the TPC as a function of momentum is shown
in Figure 2.6. Left panel on Figure 2.6 shows dF/dz distribution as a function
of momentum in p-Pb collisions at \/syy = 5.02 TeV and right panel presents
distribution in Pb—Pb collisions at /syn = 2.76 TeV. The different bands show
expected values for e, 7+, K*, p* and deuteron. These correspond to the sta-
tistical distribution of the measured energy loss.

The expected value which corresponds to the prediction by the Bethe-Bloch
parameterization is shown as black lines on Figure 2.6. For a track within the TPC,
the relevant quantity to be considered for PID is the difference between the specific
energy loss measured by the detector and the corresponding value predicted by the
Bethe-Bloch parametrization. The difference could be expressed in a number of o
as shown in Equation 2.2. In this way, it is possible to estimate the goodness of

a mass hypothesis more quantitatively. It also provides the possibility to choose
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strictness to be adopted for the identification by applying a different value of n,.

g = (dE/dx)measured - (dE/dx)BEthe*BlOCh (22)
arpc

2.1.2 Particle identification using weak decay topology

In addition to the direct identification of stable hadrons (e.g., 7, K, p) by using
mass-dependent signals such as dE/dz, TOF, and Cherenkov radiation, ALICE
also identifies hadrons through their weak decay topologies. This technique is used
for strange hadrons, such as K9, A, and multi-strange baryons, = and 2 to remove
combinatorial backgrounds which is particularly huge in Pb—Pb collisions.

Because they have long decay length (e.g., ¢7 of A ~ 7.89 cm), tracks with a
distance of closest approach to the interaction vertex exceeding a certain minimum
value (0.5 mm in pp, p—Pb and 1 mm in Pb—Pb) are selected. For each unlike-sign
pair of such tracks called VO candidate, the Point of Closest Approach (PCA)
between the two tracks is calculated, and it is requested to be less than 1.5 cm
in pp, p~Pb and 1.0 cm in Pb-Pb collisions. The cosine of the angle between
the total momentum vector of the pair, ppeir, and the straight line connecting
the primary (interaction) and secondary vertices must exceed 0.9 in pp, p—Pb and
0.998 in Pb—Pb collisions [28]. For VO candidates with a momentum below 1.5
GeV/c, the latter cut is relaxed. It facilitates the subsequent search for cascade
decays. The left and middle panel in Figure 2.7 shows K? and A peak obtained in
central Pb—Pb collisions.

After reconstructing VO candidates, the search for the cascade (27) decays
is performed. The VO candidates with an invariant mass in the vicinity of the A
are matched with a secondary track by applying a selection cut on their mutual
distance and requesting that the latter is outside of a cylindrical volume around
the interaction vertex (r > 0.2 cm). As results, the signal of 2~ and its antiparticle

is shown in the right panel in Figure 2.7 [30, 18].
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Figure 2.7: Invariant mass distribution of 777~ (left panel), pr~ (middle) and A
pairs (right panel) in Pb—Pb collisions at /syn= 2.76 TeV [30, 18].

2.1.3 Definition of ALICE coordinate system

f
Muon arm

|
ITS

PHOS

Figure 2.8: Definition of the ALICE coordinate system axis, angles and detector
sides

The ALICE global coordinate system [31] is a right-handed orthogonal Carte-
sian system with the origin X, Y, Z = 0 at the center of the detector. Figure 2.8
shows the definition of the ALICE coordinate system axis, angles and detector
sides. The three Cartesian axes are defined as follows: the X-axis pointing to-
wards the center of the LHC, the Y-axis pointing upward and the Z-axis parallel

to beamline pointing in the direction opposite to the muon spectrometer. The
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azimuthal angle increases counter-clockwise from the positive X-axis (&= 0) to
the positive Y-axis (® = m/2) when the observer stands at positive Z and looking
at negative Z. The polar angle increases from the positive Z-axis (6 = 0) to the

X-Y plane (f = 7/2) and the negative Z-axis (0 = 7).

2.2 Determination of centrality definition

One of the important parameters which have to be determined in heavy-ion
collisions is the centrality. The centrality is defined according to the value of the
impact parameter b which is the length of a 2D vector, connecting the center of the
two nuclei and provides a geometrical scale of the overlapping region. Figure 2.9
shows the feature of the impact parameter. As the impact parameter increases, the
collision will be defined from central to peripheral. The centrality of a collision is
not directly measurable and must be deduced from a combination of experimentally

measured quantities and Monte Carlo simulations.

participants
before collision after collision
Figure 2.9: Two heavy-ions before collision with impact parameter b and then,

the spectator nucleons continue unscattered, while in the participant zone particle
production takes place [32].

The centrality estimation used in this thesis is based on the measurement of
signals from the VZERO scintillators. In order to categorize the events in p—Pb
collisions, the information accumulated in VOA(2.8 < n <5.1) is used while VOM

which is the sum of the amplitude in the VZERO A and C(-3.7 < 1 <-1.7) is used
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to classify centrality in Pb—Pb collisions [33, 34]. The distributions of the VOA
and VOM amplitudes are shown in Figure 2.10, and the vertical lines separate the
centrality classes. A Glauber model is used to relate the VOA(VOM) amplitude

distribution to the geometry of the collisions.

Estimator | Centrality(%) | (dNewn/dmapb)
0-20 35.6 + 0.8
VOA 20-40 23.2 £ 0.5
(p-Pb) 40-60 16.1 + 0.4
60-100 71£0.2
0-10 1448 + 55
?/Pf)é\be) 10-40 680 £ 25
40-80 130 £ 5

Table 2.1: Mean charged-particle multiplicity densities ((dNc/dnan)) measured
at mid-rapidity (|nan| < 0.5) [35], corresponding to the centrality classes defined
using the VOA (VOM) detector [33, 34] in p—Pb (Pb-Pb) collisions at \/syn = 5.02
(2.76) TeV.

The centrality classes in p—Pb and Pb—Pb used in this analysis is written in Ta-
ble 2.1 with corresponding mean charged-particle multiplicity densities ((dNen/d71ab))

measured at mid-rapidity (|man| < 0.5) [33, 34, 35].
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Figure 2.10: Distribution of the sum of amplitudes in the VOA (top) (Pb-going)
for p—Pb collisions and VOM (bottom) for Pb—Pb collisions. Centrality classes are
The insets show zoom-in distributions on the most

indicated by vertical lines.
peripheral events. [33, 34]
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Chapter 3

Measurements of =(1530)" in
p—Pb and Pb—Pb collisions

In order to study the particle production mechanisms in the hadronic phase
between the chemical and kinetic freeze-out, the =(1530)° resonance at mid-
rapidity(—0.5 < yoms < 0) was measured in p-Pb collisions at \/syx= 5.02 TeV
and in Pb-Pb collisions with |y| < 0.5 at \/syn= 2.76 TeV with the ALICE by
the reconstruction of its hadronic decay into Z7. In this chapter, detailed steps
for the 2(1530)° reconstruction are provided in section 3.1, and then the efficiency
correction obtained from Monte Carlo (MC) is explained in section 3.2. In section
3.3, the corrected pr-spectra are presented, and systematic studies are discussed

in the last section.

3.1 Z=(1530)’-reconstruction

The Z(1530)° productions in p—Pb and Pb-Pb collisions at mid-rapidity were
measured in different multiplicity and centrality classes, from peripheral to central
collisions as well as for minimum bias triggered events. The analysis is based on the
invariant mass of the daughter pairs which might be the decay of a Z(1530)° baryon
into charged hadrons. Invariant mass is defined as below (Note that, we use units

such that ¢ = 1):

M*(2*) = (B=z + Ex)* — (p2 + p=)’ (3.1)

As a starting point of analysis, data sample used in this analysis is shortly in-
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troduced, and event selection is explained. In order to select tracks that have good
quality and satisfy topological criteria for Z(1530)" reconstruction via its daughter
particles, track and topological selections are applied and will be explained. By
using weak decay topology technique which was described in Section 2.1.2, the
daughter particles are identified as oppositely charged = and 7 among the tracks
reconstructed in the central barrel. In addition, PID technique is used to reduce
background contamination. As a result of aforementioned steps, invariant mass
distributions of Zx in p—Pb and Pb—Pb collisions are obtained. Then, the raw
yield is extracted by integrating the fit on the background-subtracted invariant

mass distributions in several transverse momentum intervals.

3.1.1 Data sample and event selection

A description of the ALICE experimental setup and its performance during
the LHC Run 1 (2010-2013) can be found in [26, 28]. The data sample in the
analysis from Pb-Pb collisions at /sy = 2.76 TeV was obtained during 2011,
and the sample of p—Pb collisions at /sy = 5.02 TeV was recorded in 2013.

Due to the asymmetric energies of the proton (4 TeV) and lead ion (1.57 A
TeV) beams of p—Pb collision system, the center-of-mass system in the nucleon-
nucleon frame is shifted in rapidity by Ayny = 0.465 towards the direction of
the proton beam with respect to the laboratory frame of the ALICE detector
[23]. In case of p—Pb collisions, the direction of the proton beam was towards
the ALICE muon spectrometer, the denominated “C” side, located at negative
rapidities; conversely, the Pb beam circulated towards positive rapidities, labeled
as “A” side. Note that, Pb—p collision system has opposite direction of p and Pb
beams.

The analysis in this paper was carried out at mid-rapidity, in the rapidity
window in laboratory system —0.465 < ypap < 0.035. Corresponding rapidity

interval is —0.5 < ycms < 0 following ALICE convention which defines that proton
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going direction is defined as positive rapidity, while in p—Pb collisions system case,
proton beam was configured to have negative direction. Therefore one needs a
sign conversion.

The minimum bias trigger during the p—Pb run was configured to collect
events by requiring a logical OR of signals in VOA and VOC [26]. During analysis,
a coincidence of signals in both VOA and VOC was required to remove the events
from single-diffractive and electromagnetic interactions. This lead to the collection
of about 109.3 million events. Among them, 93.9 million events pass the following
selection criteria and have been used for the analysis.

The data sample in Pb—Pb collisions was selected by online centrality trigger
which requires a signal above a specific threshold in the forward VO detectors [34]
to record preferentially central collisions. The data consists of 24.8 million events
in most central collisions (0-10%), 21.8 million events in semi-central collisions
(10-50%) and 3.5 million events with the minimum-bias trigger (0-90%). Among

them, 43.0 million events have been analyzed as passed the criteria below.

e Events with z-position of primary vertex (V,) within 4+ 10 cm of the center

of TPC/ITS
e Rejection of pile-up event
e Requiring primary tracks to have at least one hit in SPD

e p—Pb: multiplicity ranges in percentile (VOA): 0-20%, 20-40%, 40-60%, 60-
100% and MB(0-100%)

e Pb—Pb: centrallity classes (VOA and VOC): 0-10%, 10-40%, 40-80% and MB
(0-80%)

The distribution of V, for the accepted events in p—Pb collisions is reported in
the upper panel of Figure 3.1 and same figure but obtained from Pb—Pb collisions

is shown in the bottom panel on Figure. 3.1. Events with |[V,| <10 cm have been

29



used to make sure that the tracks have been obtained from uniform acceptance
in the central pseudo-rapidity region, |n| <0.8, where the analysis is performed.
This cut reduces the total number of events. It results in the selection of, ~89.2%

events in p—Pb collisions and ~86.8% events in Pb—Pb collisions.

3
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Figure 3.1: Distribution of vertex-z position from the accepted events in p—Pb
collision (top) and in Pb—Pb collisions (bottom). The red dashed line indicates
vertex cut on |V,| < 10 cm

figure 3.2 shows the multiplicity distribution of the accepted events in p—Pb
collision divided into bins of percentile. Each color on the histogram indicates a
multiplicity interval used in this analysis. The corresponding number of events of
each multiplicity range is provided in Table 3.1.

The centrality distribution from each trigger (kCentral, kSemiCentral, kMB)
in Pb—Pb collisions is shown in Figure 3.3. The centrality has step structure be-

cause three different trigger classes were requested with different threshold for
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Figure 3.2: Multiplicity distribution of accepted events in p—Pb collision in per-
centile. The each color presents the four intervals for the analysis.

signal on VZERO detector in order to obtain specific data sample in Pb—Pb colli-
sions. Because the number of events with centrality is not a flat, this may lead to
additional bias, in particular when one needs to combine the results from different
triggers. For example, events from the 0-20% centrality bin should be biased to
have results which could be obtained from central events due to the high statistics
recorded for the 0-10% centrality interval. In order to compensate this effect, we
have applied a flattening procedure to have the same number of events in each

centrality bin. A brief explanation of the method is provided below :

1. Invariant mass distribution is obtained in 1% centrality bins

2. Scale factor for each 1% centrality bin is computed with:
Scale factor = Nevent in 20-40% / 20 / Nevent in current 1% bin

, where 20 is number of centrality bin in 20-40%

3. Each invariant mass distribution from 1% centrality bin is scaled using the

computed factor

31



4. Histograms are added for the different centrality bins of interest: 0-10%,

10-40%, 40-80%, 0-80%

The resulting number of events in each centrality classes is summarized in

Table 3.1.

a 107|§|||||||||||||||||||||||||||||||||||||||||||||||||§|
c = 3
% r ALICE, Pb-Pb, \/STN:2.76 TeV —kCentral E
g 108 ly] <0.5 —kSemiCentral
o =
[0} L - m
g ; kMB .
<

—_
o
«

” 1. i ;
0O 10 20 30 40 50 60 70 80 90 100
Centrality(%)

Figure 3.3: Centrality distribution for the three different trigger bins.

Collision  Centrality Number of events

pPb 0-20% 21.82 x 10 °
20-40% 21.86 x 10 6
40-60% 21.91 x 106
60-100%  43.68 x 106

Pb-Pb  0-10% 5.58 x 10 6

10-40% 16.73 x 10 6
40-80% 2231 x 10 ¢

Table 3.1: Number of analyzed events per multiplicity/centrality interval
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3.1.2 Track and topological selection criteria

The track and topological selections are summarized in Table 3.2. All charged
tracks were selected with pr > 0.15 GeV/c. For the selection of pseudo-rapidity,
[Mab| < 0.8 cut is implemented since the ALICE detector is optimized for mea-
suring charged particles in the central pseudo-rapidity region [26]. The Particle
IDentification (PID) criteria for all decay daughters are based on the requirement
that the specific energy loss (dF/dx) is measured in the TPC within three standard
deviations (orpc) from the expected value (dE/d%exp), computed using a Bethe-
Bloch parametrization [26]. The primary tracks were chosen with the Distance
of Closest Approach (DCA) to Primary Vertex (PV) of less than 2 cm along the
longitudinal direction (DCA ) and lower than 7o, in the transverse plane (DCA,),
where o, is the resolution of DCA,..

The quality of the charged track reconstruction in the TPC is related to the
number of clusters a track is composed of. In order to reduce contamination from
fake tracks, but not be too sensitive to run-by-run changes in the TPC condition,
a reasonably loose cut was selected. As such, the cut was requiring at least 70
clusters deposited in the TPC, out of the possible 160 pad rows. In addition,
during reconstruction procedure, a value of x? is calculated for each TPC cluster
that reflects the quality of the track. Therefore, xy? < 4 selection was applied to
select primary tracks. To ensure good quality of primary tracks, candidate tracks
were required to have at least one hit in one of the two innermost layers of the
Inner Tracking System (ITS).

Because pions and protons from the weak decay of A (¢r = 7.89 cm [16]) and
pions from the weak decay of E~ (e = 4.91 cm [16]) are produced away from the
PV, specific topological, and track selection criteria are applied as summarized
in Table 3.3. The DCA of proton and m track from the A decay to the primary
vertex is requested to be larger than 0.06 cm for p—Pb data sample and 0.11 cm

for Pb—Pb data sample. The DCA, of 7 from = to the primary vertex is applied
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Common track — |[nap| < 0.8

selections T > 0.15 GeV/e
PID |(dE/da:)—(dE/d3:)exp| <3 orpC
Primary track DCA, to PV < 2cm
selections DCA, to PV < 70.-100, (pr )
number of SPD points >1
number of TPC points > 70
x? per cluster <4

Table 3.2: Track selections common to all decay daughters and primary track
selections applied to the charged pions from decays of =*V.

to be larger than 0.015 cm in p—Pb, 0.035 cm in Pb—Pb respectively. The DCA
between the daughter tracks (e.g., 7p from A and 7A from Z) is also used to select
V0 candidates. For p—Pb collisions, the DCA between decay daughters of A (=)
is required to be less than 1.4 cm (1.9 cm). The same cut with value of 0.95 cm
(0.275 cm) is applied for Pb—Pb collisions.

The pointing angle is defined as the angle between the reconstructed position
and momentum vectors of a VO0s (e.g., A, ) as shown in Figure 3.4. If the
value of Cosine Pointing Angle (CPA) equals unity, the VO points directly back to
the primary vertex, while a lower value would indicate that the VO is possibly a
secondary particle or even combinatorial background. The CPA(6,) is required to
be larger than 0.875 for p—Pb and 0.998 for Pb—Pb collisions. For CPA(f=), the
cut is applied to be larger than 0.981 for p—Pb and 0.9992 for Pb—Pb collisions.
The radius of the fiducial volume (r(A), r(Z)) is also applied.

As daughter particle of Z(1530)°, the = is obtained from the invariant mass
distribution of My, selecting the = candidate when it is inside an interval of + 7

MeV/c? from the mass of = given by PDG.
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Figure 3.4: Sketch of the decay modes for Z*° and depiction of the track and
topological selection criteria.

Topological cuts p—Pb Pb-Pb

DCA, of A decay products to PV > 0.06 cm > 0.11 cm

DCA between A decay products < l.4cm < 0.95 cm

DCA of A to PV > 0.015 cm > 0.06

cosfp > 0.875 > 0.998

r(A) 0.2 <r(A) <100 cm 0.2 <r(A) < 100 cm
| Mpr —ma| < 7 MeV/c? < 7 MeV/c?

DCA, of pion (from =Z7) to PV > 0.015 cm > 0.035 cm

DCA between =~ decay products < 1.9 cm < 0.275

cosfz > 0.981 > 0.9992

r(E7) 02<r(E")<100cm 0.2 <7r(E7) < 100 cm
|Mar — mz| < 7 MeV/c? < 7 MeV/c?

Table 3.3: Topological and track selection criteria.

3.1.3 Particle identification
PID selection criteria are applied for
1. 7T (last emitted 7) and proton from A

2. 7T (second emitted ) from =F
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3. mF (first emitted 7) from Z(1530)°

by using dE/dz information provided by TPC. From the information of dE/dx as
a function of momentum, 3o cut is applied to select each particle. The TPC-PID
selection allows one to have signals with ~20% increase of significance with respect
to without PID selection. Figures 3.5 to 3.12 show the distribution of TPC dE/dx

as a function of momentum before and after each selection.
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Figure 3.5: TPC dE/dxz as function of momentum in p—Pb collisions for total
(Left) and selected first emitted 7 in 30 (Right)
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Figure 3.6: TPC dE/dz as function of momentum in p-Pb collisions for total
(Left) and selected second emitted 7 in 3o (Right)
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Figure 3.7: TPC dE/dz as function of momentum in p-Pb collisions for total
(Left) and selected last emitted 7 in 30 (Right)
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Figure 3.8: TPC dE/dz as function of momentum in p—Pb collisions for total
(Left) and selected proton in 3o (Right)
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Figure 3.9: TPC dE/dxz as function of momentum in Pb—Pb collisions for total
(Left) and selected first emitted 7 in 30 (Right)
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Figure 3.10: TPC dE/dx as function of momentum in Pb-Pb collisions for total
(Left) and selected second emitted 7 in 30 (Right)
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Figure 3.11: TPC dE/dx as function of momentum in Pb-Pb collisions for total
(Left) and selected last emitted 7 in 30 (Right)
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Figure 3.12: TPC dE/dx as function of momentum in Pb—Pb collisions for total

(Left) and selected proton in 30 (Right)
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3.1.4 Signal extraction

The Z(1530)° signal was reconstructed by invariant-mass analysis from the
candidates of the decay products in each pr intervals and different multiplic-
ity /centrality classes. The =~ 7" (=7 ™) invariant mass distribution from semi-
central events (20-40%) in p—Pb collisions and the distribution from central events

(0-10%) in Pb—Pb collisions are shown in Figure 3.13.

A1.,><103 i — R x1o3_”‘ : R
2, ;ALICE p- Pb, \/STN 502 TeV (20 40%) E N§700, Pb-Pb, Sy = 2.76 TeV (0 10%) 3
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Figure 3.13: Z¥7% invariant mass distribution (Same-event pairs) in 1.8< pr
<2.2 GeV/e for the multiplicity class of 20-40% in p—Pb collisions (left) and in
3.0< pr <3.5 GeV/c for the centrality class of 0-10% in Pb—Pb collisions (right).
The signals are presented as black dots and the mixed-event backgrounds are
shown as red dots for p—Pb collisions and blue dots for Pb—Pb collisions.

Since the decay products of resonances come from the location that is indistin-
guishable from the PV, a significant combinatorial background is present. In order
to extract Z(1530)" signal, it is necessary to reduce the combinatorial background
as much as possible. To get background distributions, event mixing technique has
been applied by combining uncorrelated decay products from 20 different events in
p-PDb collisions (5 different events in Pb-Pb collisions). The events for the mixing
have been chosen by applying the similar selection to minimize distortions due to
different acceptances and to ensure a similar event structure. Tracks from events
with similar vertex positions z (JAz| < 1 ¢cm) and track multiplicities n (|An| <
10) were taken.

The distribution of mixed-event background was normalized to counts in re-
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gions, 1.49 < Mz, < 1.51 GeV/c®> and 1.56< M=, < 1.58 GeV/c? , around the
Z(1530)° mass peak. The uncertainty on the selection of the range for normaliza-
tion was estimated by varying the normalization regions and is included into the
systematic uncertainty as part of signal extraction (Section 3.4).

The =(1530)° particle with p-Pb data sample has been analyzed in 10 pr
bins starting from 0.8 to 8 GeV/c (pr bin:0.8-1.4-1.8-2.2-2.6-3.0-3.4-3.8-4.8
5.8-8.0 GeV/c). The invariant mass distributions and distributions of mixed-event
background in each pr bins for different multiplicity classes are shown with Figures
3.14 to 3.18.

The analysis of Z(1530)° in Pb-Pb collisions have been performed in 7 pr bins
starting from 1.2 to 6 GeV/c (pr bin:1.2-2.0-2.5-3.0-3.5-4.0-5.0-6.0 GeV/c). The
invariant mass distributions as well as the distributions of mixed-event background
in each pr bins for different centrality intervals are shown with Figures 3.19 to 3.22.

As shown in Figure 3.14 to 3.18, the =(1530)° signal in p-Pb collisions is
clearly seen in all pr bins from 0.8 to 8 GeV/c. It, therefore, can be extracted
even without further background subtraction. On the other hand, the signal from
Pb-Pb collision is very hard to extract as shown in Figure 3.19. Even though
the invariant mass distribution is obtained from minimum-bias events which have
larger statistics, there are only hints of signals, and it can not be extracted without
background subtraction. The shape of the peak is hard to separate from the
background. Moving to the semi-central events, 10-40% centrality, a peak is seen
from ~ 2.5-3.0 or 3.0-3.5 pr bins as shown in Figure 3.21. Only for the signal
from peripheral collisions in Pb—Pb, which resembles the event classes of central
p—Pb collision, is distinguishable by the different shape of signal and background.

Background subtraction is necessary for the signal extraction and the distri-
bution after the background subtraction is shown in Figure 3.23 as an example.
The subtracted invariant mass distributions in all pr bins in different multiplic-

ity /centrality classes are shown in Figure 3.24 to 3.28 for p—Pb collisions and in
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Figure 3.23: Invariant mass distribution after subtraction of the mixed-event back-
ground in p—Pb collisions (left) and in Pb—Pb collisions (right). The solid curve
represents the combined fit, while the dashed line describes the residual back-
ground.

Figure 3.29 to 3.32 for Pb—Pb collisions.

In order to obtain raw yields, a combined fit of a first-order polynomial for the
residual background and a Voigtian function for the signal were used. The Voigtian
function is a convolution of a Breit-Wigner and a Gaussian function accounting
for the detector resolution. The mathematical form of the fit function used in the

analysis is:

Y Ty e~ (Mzx—Mo) /25"
M=) = — + bg( M=, 3.2
e Y YR S 9(Mzr)  (32)

In fitting procedure, the mass parameter of the Voigtian fit (M) is left free
within the fit range (1.48 GeV/c? and 1.59 GeV/c? ). The width of the invariant
mass distribution is governed by two parameters (o and I'g) when the Voigtian fit
is applied. The o describes broadening of the peak due to finite detector resolution
while I'g comes from the intrinsic width of the resonance itself. The I'y is fixed
to the PDG value of 9.1 MeV/c for the Z(1530)°. The o can be overestimated
due to lack of statistics. Therefore the o parameter is fixed to a value derived
from o in MB events which has the largest statistics. The o as a function of pr

distribution for MB events is shown in Figure. 3.33 and we also report the mass of
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Z(1530)° as a function of pr in Figure. 3.34. The raw yields of Z(1530)° have been
extracted from the Voigtian fit for the four multiplicity bins (+ NSD events) in
p—Pb and three centrality bins (+ MB events) in Pb—Pb collisions and the yields

as a function of pr are shown in Figure 3.35.
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Figure 3.33: o fit parameters as a function of pr in MB in p—Pb collisions
and in Pb—Pb collisions (right).
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Figure 3.34: Z(1530)° mass distribution as a function of pr in each multiplicity
classes in p—Pb collisions (left) and the different centrality classes in Pb—Pb (right).
The mass values are obtained from fit of the Voigtian function.
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Figure 3.35: Raw spectra of Z(1530)° obtained by integrating the Voigtian fit
function for different multiplicities in p—Pb collisions (top) and different centrality
classes in Pb—Pb collisions (bottom). Only the statistical errors are reported.
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3.2 Efficiency correction

The raw yields were corrected for geometrical acceptance and reconstruction
efficiency (A x €) of the detector (Figure 3.36). By using the DPMJET 3.05 event
generator [36] and the GEANT 3.21 package [37], a sample of about 100 million
p—Pb events was simulated to compute the corrections for the corresponding col-
lisions. The A X ¢ is obtained from the ratio between the number of reconstructed
Z(1530)° and number of generated Z(1530)° in the same pr bin and rapidity inter-
val. Since the correction factors for different multiplicity classes are in agreement
with correction factor from MB events within statistical uncertainty, the latter

was used for all multiplicity classes to avoid fluctuation on efficiency due to small

statistics.
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Figure 3.36: Geometrical acceptance and the reconstruction efficiency (A x €) for
Z(1530)° in —0.5 < ycms < 0 in p—Pb collisions. Only statistical uncertainties are
shown.

Because the generated Z(1530)° spectra have different shapes than the mea-

sured Z(1530)° spectra, it is necessary to weight the generated and reconstructed

63



Z(1530)° spectra in the simulation. Figure 3.37 shows the generated and recon-
structed Z(1530)° spectra plotted with the measured Z(1530)° spectrum from MB
events. As shown in Figure 3.37, the generated and measured Z(1530)° spectra
have a different shape, especially in the low pr region. The generated =(1530)°
spectrum decreases with increasing pt about 0.5 < pr < 1 GeV/c, while the fit of
the measured Z(1530)Y spectrum reaches a local maximum at pp ~ 1 GeV/c. The
correction € is observed to change rapidly over this pr range. Therefore, in or-
der to make sure that generated and reconstructed spectrum have the shape of the
measured Z(1530)° spectrum, a weighting procedure on efficiency was applied. An

iterative procedure is performed to determine the weighted efficiency as described

below.
‘I_/-\ 1 L I T 1 17T I Trrr I LI I T r1rrr I LI I LI I LU
§ -t —e— Real Data
Q451 e, — Real Data Fit 5
S e —e— MC Generated(x10”)
S **e, —=— MC Reconstructed (x107)
©
g
°
=2
[aV]
©
zZ
=

10°F o e 7%

. ﬁ
10 llllllllllllllllllllllllllllllllll L1 1.1

0 1 2 3 4 5 8
(GeV/c)

Figure 3.37: Real corrected =(1530)° spectrum is shown as black dots for the
minimum-bias events with Lévy-Tsallis fit (black curve). The generated (un-
weighted) spectrum are presented as blue dots and reconstructed (un-weighted)
spectrum is shown as red squares.

1. The unweighted efficiency, ¢, is calculated.
2. This € is used to correct the measured Z(1530)° spectrum.
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3. The corrected Z(1530)° spectrum is fitted.

4. This fit is used to weight the simulated Z(1530)° spectum. A pr-dependent
weighting is applied to the generated Z(1530)" spectrum so that it follows

the fit. The same weight is applied to the reconstructed Z(1530)° spectrum.
5. The weighted € is calculated.

6. Step 2-5 are repeated (with the weighted e from step 5 used as the input
for step 2) until the ¢ values are observed to change by < 0.1% (relative)
between iterations. It is observed that four iterations are sufficient for this

procedure to converge.

Finally, the re-weighted efficiency is obtained, and the distribution as a func-

tion of pr is shown in Figure 3.38.
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Figure 3.38: Efficiency as a function of pp in minimum bias events in p—Pb colli-
sions. Statistical uncertainties are presented as bar.

In order to obtain the efficiency correction for results in Pb—Pb collisions, MC

events are generated using Heavy Ton Jet Interaction Generator (HIJING). The
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generated events are passed through a GEANT3 model of the ALICE experiment
with a realistic description of the detector response.

Because efficiency is observed to depend on centrality, centrality dependent
efficiencies are applied to get corrected pr -spectra. The weighing procedure which
was adopted to correct the efficiency in p—Pb is also applied to the efficiency
obtained in Pb-Pb. The A x e multiplied by branching ratio of Z(1530)° is shown

in Figure 3.39.
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Figure 3.39: Efficiency as a function of pr for different centrality classes in Pb—Pb
collisions
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3.3 Corrected pr-spectra

The pr spectrum is the number of produced particles of a given type in the
desired interval of phase-space divided by the number of inelastic collisions. Such
distribution is calculated as:

1 dN 1 Nygw 1 NMC

2y _ % - total , 3.3
N  dydpr  Ng, physsel dedyENIIX[VC;ut 33

where N represents the number of events, the dd;TJYT is the yield per range

of rapidity y, per range in pr. On the right side, Ng ppysser is the number of

events triggered by the physics selection. N, is the raw yield extracted in pr

bins and rapidity bin of width Ay = 0.5 in p—Pb and Ay = 1.0 in Pb—Pb. The €

is the reconstruction efficiency estimated from Monte Carlo simulations which was
N o

explained in Section 3.2. The & is the ratio of the total number of particles
PVcut

from MC divided by the number of particles from MC after the Primary-Vertex
cut is imposed. It takes into account the fraction of particle lost after imposing
the PV cut. For MB result in p—Pb collisions, a normalization for the non-single
diffractive cross section is applied, and it is 0.964 [23]. The obtained spectrum
with NSD and the spectra from different multiplicity classes in p—Pb are shown in
Figure 3.40, and the spectra from different centrality classes in Pb—Pb are shown

in Figure 3.41.
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Figure 3.40: Corrected pr-spectra of Z(1530)° for NSD and different multiplicity
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3.4 Systematic uncertainties

In order to obtain systematic uncertainties, same procedure which was done
to get the result with default cut is performed many times by varying the possible
permutation of analysis. (e.g., variation of topological cuts, different method for
signal extraction). The general strategy for evaluating systematic uncertainties is

described as following;:

1. Choose one set of parameters for the analysis as default cut
2. Observe the deviation of yield when one parameter is changed

3. The systematic uncertainty is calculated for a given source as the RMS de-

viation of the available sources.

4. Barlow [38] check has been performed to verify whether it is likely due to a

systematic effect instead of statistical fluctuation.

5. The total systematic uncertainty, taking into account all the different sources,

is the sum in quadrature of each source.

Several groups which can contribute systematic uncertainty were studied. In
particular, those that come from signal extraction, topological and kinematical
selection cuts, track quality selection and no TPC PID variation were checked.
The description of each source of systematic uncertainty is written below:

Signal extraction
Signal was extracted by varying the yield calculating method. Default method
for signal extraction was integrating the Voigtian fit function and alternative one
was bin counting method. The normalization range for mixed-event distribution
was varied. Not only mixed-event background, the Like-Sign distribution and
polynomial fit function were performed as different background estimators. These

three sources were taken account into the systematic source of signal extraction.
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The systematic uncertainty from signal extraction is computed as the sum in
quadrature of three sources.

Topological selection
To evaluate the stability of the chosen set of values for the topological cuts, the ef-
fects of loosening and tightening the cuts were investigated. The cuts are changed
once at a time. Total systematic uncertainty from topological selection is calcu-

lated by summation in quadrature of nine sources.

TPC N, uster selection
The TPC N jyster is related to the quality of tracks, and the cut was applied for
all daughter tracks. The nominal cut is that N.j,sser is larger than 70 and value

has been varied by 10%.

TPC dE/dx selection
In order to evaluate effect due to the TPC-dE/dz selections, the oy selection was

varied to N = 2.5 and 3.5.

pr shape correction
As described in Section 3.2, due to the shape differences between the measured and
generated and reconstructed Z(1530)" spectra, we have applied reweighing proce-
dure. This correction is considered as a contributor of systematic uncertainty as

pr shape correction.

Mass window range selection
In order to select = from A7 invariant mass distribution, we gave the mass window
of £7 MeV/c? from PDG value of Z mass. Such range of window has been varied to

+6 and +8 MeV/c? in order to estimate the corresponding systematic uncertainty.
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Vertex range selection

The distribution of vertex-z is shown in Figure 3.1 with the indication of nominal

cut of 10 cm. The cut on |Vz| was varied to + 9 cm, £11 cm.

Tracking efficiency

Systematic uncertainty on tracking efficiency from ITS + TPC combined track

was assigned as 3% in p—Pb and 4% in Pb—Pb collision system.[39]

Finally, total systematic uncertainty is the sum in quadrature of sources listed

above. Figure 3.42 and Figure 3.43 show the total systematic uncertainty in mini-

mum bias events and different multiplicity classes in p—Pb collisions, respectively.

Figures 3.44 and 3.45 present the total systematic uncertainty in minimum bias

events and different centrality classes in Pb—Pb collisions.
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Figure 3.42: Summary of the contributions to the systematic uncertainty in mini-
mum bias events in p—Pb collisions. The dashed black line is the sum in quadrature

of all the contributions.
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Figure 3.43: Systematic uncertainties for each multiplicity classes in p—Pb colli-
sions.
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Figure 3.44: Summary of the contributions to the systematic uncertainty in mini-
mum bias events in Pb—Pb collisions. The dashed black line is the sum in quadra-
ture of all the contributions.
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Figure 3.45: Systematic uncertainties for each multiplicity classes.

Source of uncertainty  p-Pb Pb-Pb

pr-dependent

Tracking efficiency 3% 4%
Tracks selection 1-2% 1-5%
Topological selection — 1-2% 5-8%
PID 3-7% 4-20%
Signal extraction 1-5% 1-4%
pr shape correction - 0-8%
Mass window (=%) 4%  0.5-11%
Vertex selection 3% 1-8%
pr-independent

Hadronic interaction - 1%
Material budget 4% 4%
Branching ratio 0.3% 0.3%
Total 812% 9-28 %

Table 3.4: Summary of the systematic uncertainties in minimum-bias events. Min-
imum and maximum values from all pt intervals and multiplicity classes in p—Pb,
centrality classes in Pb—Pb are shown for each source.
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Chapter 4

Results and discussion

The transverse momentum distributions of the double-strange hyperon res-
onance, =(1530)°, produced in p-Pb collisions at /sxn = 5.02 TeV and Pb-Pb
collisions at /sy = 2.76 TeV were measured in the mid-rapidity range. From
the measurement, integrated particle yield-ratios and (pr) with system size have
been obtained. In the present Chapter, these results are compared with model

predictions and discussed in connection with the following topics:

e Comparison of pr-spectra
e Particle production mechanism in hadronic phase
e Strangeness enhancement in small system

e Mean transverse momentum

4.1 Z(1530)° transverse momentum spectra

=0

The corrected pr-spectra of (£(1530)°+Z(1530) )/2 are shown in Figure 4.1
for p—Pb collisions and Pb—Pb collisions. The statistical and systematic uncer-
tainties are reported respectively as the error bars and the boxes on the plot.
The upper panel on Figure 4.1 shows the pr-spectra in 0-20%, 20-40%, 40-60%,
60-100% multiplicity classes and spectrum from NSD events in p—Pb collisions at
VSN = 5.02 TeV in -0.5 < ycms < 0 rapidity range. The bottom panel on Figure
4.1 presents the pr-spectra in 0-10%, 10-40%, 40-80% and 0-80% centrality bins
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in Pb-Pb collisions at /sy = 2.76 TeV in |y| <0.5 rapidity range. Measured
pr-range of p—Pb collisions is 0.8 < pp < 8.0 GeV/c whereas the spectra from
Pb—Pb collisions are obtained with 1.2 < pp < 6.0 GeV/c due to difficulty of signal
extraction in low and high pr region (see paragraph 3.1.4).

In order to estimate the pp-spectra in low pp-region where there are no exper-
imental data points, a function that fits the spectra in the measured resion is used.
By using the fit function, integrated-yield of Z(1530)° and (pr) can be obtained
from pr at 0 GeV/c. In case of the results in p—Pb collisions, the prp-spectra
are fitted by Lévy-Tsallis function while the pr-spectra in Pb—Pb collisions are
described with Boltzmann fit function.

The Lévy-Tsallis functional form describes the exponential shape of spectra
at low pr and the power-low shape at large pr with an inverse slope parameter C'

and an exponent parameter n.

d°N dN  (n—1)(n—2)
dydpr pr dy nC[nC + mo(n — 2)]

p) 7
VPR M ZM0n gy

nC

1+

Free parameters are n, C, and the integrated yield dN/dy. The my is fixed
to the mass of the particle. The Boltzmann fit function is
d2N dN mp

B —— —m 67T7 4.2
dydpr pTdy ’ (4.2)

where mp = \/m,

In addition, EPOS predictions [40, 41, 42, 43] is drawn as dashed lines for
pr-spectra in Pb—Pb collisions. It shows that the EPOS predictions reasonably
well describe the pr-spectra for peripheral events, 40-80%, while it does not match
the pr-spectra in central collisions, especially in the low pr region.

The integrated yields of Z(1530)° have been obtained in each multiplicity /centrality
classes and are summarized in Table 4.1. Statistical and systematic uncertainties

are quoted. The systematic errors include not only the error discussed in Section
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Figure 4.1: Corrected pr-spectum from NSD events and spectra from multiplicity
dependent event classes in p-Pb collision system (top) and spectra in different
centrality classes in Pb—PDb collision system (bottom). Statistical uncertainties are
presented as bar and systematical uncertainties are plotted as boxes.
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3.4 but also contribution due to the variation of fit function for pr-spectra which

is associated to the extrapolation to the un-measured region at low pr.

Collision ~ Centrality dN/dyx(10~?)

(pr) (GeV/c)

p—Pb 0-20% 273+06 +24+14
20-40% 177+ 05+£18+1.6
40-60% 10.7+£03+£11+1.1
60-100% 36 +£01+04+£03
NSD% 125 £ 03 £0.8 £ 0.8

1.626 + 0.0016 £ 0.033 £ 0.059
1.482 + 0.0020 £ 0.037 £ 0.093
1.459 + 0.0025 £ 0.045 £ 0.105
1.377 £ 0.0023 £ 0.035 £ 0.082
1.540 £ 0.0016 £ 0.023 £ 0.067

Pb-Pb 0-10% 733.5 £ 15.2 £ 130.3 £ 54.3
10-40% 382.3 £ 6.2 £ 52.2 £ 25.2
40-80% 80.9 £ 2.7+ 124 + 21.6
0-80% 283.0 £ 34 £41.9 £ 21.6

1.619 4+ 0.015 £ 0.072 £ 0.065
1.638 + 0.012 £ 0.046 £ 0.059
1.529 £ 0.024 £+ 0.043 £ 0.182
1.628 + 0.009 £ 0.053 £ 0.067

Table 4.1: Integrated yield, dN/dy, and (pr) in each multiplicity /centrality in-
terval. Statistical (first one), systematic uncertainties due to selection criteria
(second one) and uncertainties due to extrapolation (third one) from the various
fit functions are quoted.

4.2 Particle yield ratios

4.2.1 Integrated particle ratio to ground state particle

As discussed in Section 1.3.1, resonances can be used as tools to investigate
hadronic phase. Because of its short lifetime which is comparable of the lifetime of
the fireball, the resonance particle can be regenerated via pseudo-elastic scattering
which leads to an increase of the yields. Vice versa, if re-scattering effect due to
(pseudo-)elastic scattering in hadronic phase is dominant, the yield that we observe
with detectors could decrease. Resonances which have shorter lifetime might be
directly affected by hadronic phase because they already decay during that period,
correspondingly the daughter particles have more probability to be scattered.

It has been observed that the yields of K*(892)° (cr ~ 4.2 fm) resonance is
lower than thermal model predictions [44] which could be due to the dominance of
re-scattering in the hadronic phase. In contrast, the ¢ meson (¢ ~ 44 fm) which

have 10 times longer lifetime with respect to the lifetime of K*(892)° does not
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show decreasing trend and consistent with thermal model expectations [44].

In order to clarify these effects, integrated yields of Z(1530)° have been mea-
sured and compared to the yields of the = which have the same strangeness content.
The ratio of Z(1530)° to = as a function of mean charged particle multiplicity den-
sities, (dNcp/dMap), is shown in Figure 4.2. Note that numerator of the ratio is
the sum of Z(1530)° and its anti-particle and denominator is also the sum of =~

and its anti-particle ZT.
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Figure 4.2: Ratio of 2(1530)° to =~ measured in pp [45], p—Pb [11, 19] and Pb-Pb
collisions as a function of (dNgp, /dniap) measured at midrapidity. Statistical uncer-
tainties (bars) are shown as well as total systematic uncertainties (hollow boxes)
and systematic uncertainties uncorrelated across multiplicity (shaded boxes). A
few model predictions are also shown as lines at their appropriate abscissa.
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Figure 4.3: Ratio of Z(1530)° to = measured in Pb—Pb collisions as a function of
pr at mid-rapidity. Statistical uncertainties (bars) are shown and total systematic
uncertainties (boxes).

As shown in Figure 4.2, the ratios of Z(1530)° to = measured in pp and p-Pb
collisions are above model calculations from PYTHIA8 and DPMJET. For Pb—Pb
collisions, Z(1530)° /= is lower than predicted by thermal models, despite a lifetime
about five times longer with respect to K(892)*?. In addition the results are also
compared with EPOSv3 with UrQMD [25] and Statistical Hadronization Model
(SHM), which describe a flat trend of Z(1530)° /= as a function of (dNep, /dnjap) but
overestimates the value of the ratio. Considering results from all collision systems,
which cover the multiplicity range from 7.1 to 1448, the ratio is flat across system
size. The constant behavior of Z(1530)°/Z indicates that neither regen-
eration nor re-scattering dominate, leading to little net change of the
yield of resonances in the hadronic medium.

Furthermore, the ratios of Z(1530)° to = in Pb-Pb collisions are studied
as a function of pr and the result is shown in Figure 4.3. The ratios in three

different centrality intervals increase with pr in measured pr ranges. The ratio
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from peripheral events is slightly larger than the ratio in semi-central and central
events but within 1-o deviation.

The results of 2(1530)%/Z can be compared to yield-ratio from the other res-
onances. Figure 4.4 shows ratio obtained from mesonic resonances, p/m, in pp
and Pb—Pb collisions and the ratio is suppressed from small to large collision sys-
tems. Note that, the lifetime of p is about three times shorter than it of K(892)*C.
The measurement of p/7 is compared with EPOSv3 with/without UrQMD. We
have observed that the EPOSv3 prediction with UrQMD, which includes a mod-
eling of re-scattering and regeneration in the hadronic phase, well describes the
suppression trend from peripheral to central PbPb collisions, while the prediction
without UrQMD does not reproduce the decreasing trend. This behavior is ex-
plained by the dominance of (pseudo-)elastic re-scattering of decay daughters over

regeneration in the hadronic phase.
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Figure 4.4: Ratio of p/7 for different system sizes in pp and Pb—Pb collisions.
Statistical uncertainties (bars) are shown as well as total systematic uncertain-
ties (hollow boxes) and systematic uncertainties uncorrelated across multiplicity
(shaded boxes).

The yield-ratios from baryonic resonances having different lifetimes are shown
in Figure 4.5. The left panel on Figure 4.5 is ratio of ¥(1385)*/A in pp and p—

Pb collisions. The X(1385)% /A ratios are consistent with the value predicted by
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PYTHIAS in pp, wheres the DPMJET prediction for p—Pb collisions underesti-
mates the experimental data. In pp and p—PDb the ratios are higher than predicted
by PYTHIAS and DPMJET. The constant behavior of ¥(1385)% in pp and p-Pb
are comparable to the results obtained by the STAR collaboration at lower ener-
gies in pp and d-Au collisions. Because the lifetime of %(1385)* (¢t ~ 5.5 fm) is
comparable to the lifetime of K(892)*°, one could expect that they show similar
behavior. But, it is hard to conclude due to different cross section of decay particle
of them. Thus, the results of ¥(1385)*/A in Pb-Pb collisions is one of the key
measurements to confirm that the particle having short lifetime can be affected by

re-scattering effect rather than the regeneration.
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Figure 4.5: Ratio of ¥(1385)* for different system sizes in pp and p-Pb collisions
(left) and ratio of A(1520)/A in pp, p—Pb and Pb-Pb collisions (right). Statisti-
cal uncertainties (bars) are shown as well as total systematic uncertainties (hol-
low boxes) and systematic uncertainties uncorrelated across multiplicity (shaded
boxes).

The right panel of Figure 4.5 presents ratio of A(1520)/A in pp, p—Pb and Pb—
Pb collisions. The A(1520)/A ratios in small system such as pp and p—Pb collisions
show constant behavior which is similar trend with 3(1385)%/A in small system.
Suppression of A(1520)/A is observed from pp, peripheral to central Pb—Pb colli-

sions, which is similar to the behavior of p/7 with system size. The suppression
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of A(1520) (er ~ 12.6 fm) in central Pb—Pb collisions suggests the dominance of
(pseudo)elastic re-scattering of decay daughter particles in the hadronic phase.

These results support the existence of a hadronic phase lasting long
enough to cause a significant reduction of the reconstructible yield of
short-lived resonances.

The integrated particle ratios to ground state particle in central Pb—Pb events
with respect to peripheral events are measured as the double ratios. Figure 4.6
summarized the double ratio as a function of lifetime of each particle. As shown in
the Figure 4.6, double ratio from resonances with lifetime shorter than Z(1530)° is
less than one. From the results, one might conclude that the lifetime of hadronic

phase at LHC energies is less than the lifetime of Z(1530)° .
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Figure 4.6: Double ratios of each resonances to ground-state hadrons obtained in

central events divided by peripheral events in Pb—PDb collisions at /sy =2.76 TeV.
Statistical uncertainties and systematic uncertainties are summed in quadrature.
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4.2.2 Integrated particle ratio to 7

In order to study evolution of relative strangeness production, the measured
Z(1530)° yields are compared with the yield of 7. The integrated yield ratio of
Z(1530)° to 7 as a function of (dNe,/dnap) is shown in Figure 4.7. The ratio
increase from pp to p—Pb collision systems as seen from multi-strange to pion
ratio, see Figure 1.6. In Pb—Pb collisions, the ratio is constant and below the one
extracted for the highest multiplicity class in p—Pb collisions.

The predictions from QCD-inspired models such as PYTHIA for pp [46] and
DPMJET for p—Pb [36] clearly underestimate the observed yield ratios, whereas
the statistical one seems to be comparable with results from high multiplicity in p—
Pb. However the ratio in Pb—Pb is below the value of the thermal model. The SHM
prediction with multiplicity shows an increasing trend from high multiplicity class
in p—PDb collisions to the semi-central events in Pb—Pb collisions, then it decreases.
The EPOS prediction is also shown as a function of (dNe,/dnab) [40, 41, 42, 43].
The prediction is flat with (dN,/dnap) and matches the results in central p—Pb
collisions, while it overestimates the results in Pb—Pb collisions. This discrepancy
between model and experimental results is alreay seen in bottom panel in Figure
4.1. The EPOS overestimates the pp-spectra, especially in the low pr region where
most of the particle yield are originated.

The results in small systems such as pp and p—PDb collisions are consistent with
previous observation of ground-state particles to pion ratios. Figure 4.8 presents
particle yield ratios to pions of strange and multi-strange hadrons normalized to
the values measured in pp collisions. As shown in the Figure 4.8, the Z(1530)" to
pion ratios follow the trend of Z/7 as function of (dNg,/dnap). These results
indicate that the strangeness enhancement observed in p—Pb collisions
depends predominantly on the strangeness content, rather than on the

hadron mass.

83



x10~°

arXiv:1701.07797
i =+ DPMJET — SHM

/\M'-

H

Uncertainties: stat. (bars), sys. (boxes)
uncorr. sys. (shaded boxes)

1 10 102 0°

(AN )

T [ rorrTrTT rorrTrTT rorrTrTT T
B 3. 5L Is=7TeV Pb-Pb, \[s, = 2.76 TeV
;99 - ALcEINEL ® ALICE Preliminary
[ L — EPJ. C75(2015)1 L
=3[ " PYTHIAS (Monash 2019) GSl-Heidelberg
—_ L T.,=156 MeV
e [ p-Pb, |5, = 5.02 TeV
| [ —— EPOSV3.107
+ 25 L ALICE, VOA mult.classes

(°

L v o by v by o by by by by

—h

L s e HBLE B e e e e
on
==

ab’|n_ | <0.5

Figure 4.7: Ratio of Z(1530)° to 7%, measured in pp [47] and p-Pb [45] collisions,
as a function of the average charged particle density ((dNc,/dnap)) measured at
mid-rapidity. Statistical uncertainties (bars) are shown as well as total system-
atic uncertainties (hollow boxes) and systematic uncertainties uncorrelated across
multiplicity (shaded boxes). A few model predictions are also shown as lines at
their appropriate abscissa.
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4.3 Multiplicity and mass dependence of (pr)

Figure 4.9 shows the mean transverse momentum, (pr), as a function of mean
charged-particle multiplicity density, (d Ny /dnab), at midrapidity. The results of
Z(1530)° are compared with those for other hyperons observed in p-Pb collisions

at \/Sxn= 5.02 TeV [11, 19].
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Figure 4.9: Mean transverse momenta (pr) of A, 2=, ¥** =*0 and Q~ in p-Pb
collisions at /syn= 5.02 TeV as a function of mean charged-particle multiplicity
density (dNc,/dmap), measured in the pseudorapidity range | Map |< 0.5. The
results for A, 2~ and Q™ are taken from [11, 19, 23]. Results for 2(1530)° , the
(pr) obtained in pp collisions at y/s= 7 TeV and Pb-PDb collisions at /Syn= 2.76
TeV are also presented. Statistical and systematic uncertainties are represented
as bars and boxes, respectively.

Increasing trends of the (pr) from low to high multiplicities are
observed for all hyperons in p—Pb collisions while the (pr) of Z(1530)°
saturated in Pb—Pb collisions. The (pr) of Z(1530)° is observed to have a 20%
higher value at (dNe,/dnian) = 35.6 than the results at (dNg, /dnian) = 7.1. Note

that the value 35.6 corresponds with multiplicity for the 0-20% centrality classes
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in p—Pb collisions and the value of 7.1 is the mean charged particle multiplicity
density for minimum-bias events in pp collisions. This result is similar to the one

obtained for the other hyperons.
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Figure 4.10: Mass dependence of the mean transverse momenta of identified par-
ticles for the 0-20% VOA multiplicity class and with —0.5 < ycms < 0 in p—
Pb collisions at y/syn= 5.02 TeV [11, 19], and in minimum-bias pp collisions at
Vs =T TeV [45] with |ycums| < 0.5. Additionally, D° and J /1 results are plotted.
The DY and J/t¢ were measured in different rapidity ranges: |ycms| < 0.5 [48]
(Jyems| < 0.9 [49]) for D° (J/1) in pp and —0.96 < yoms < 0.04 [48]
(—1.37 < yoms < 0.43 [50]) for D° (J /1) in p-Pb. Note also that the results
for D° and J /v in p-Pb collisions are for the 0-100% multiplicity class.

In small systems, the (pr) follows an approximate mass ordering;:

o (pT)a < (pT)=- = (PT)s-+ < (pT)=+0 < (PT)O-

Figure 4.10 shows a summary of the mass dependence of the (pr) of identified
particles including not only light-flavor hadrons but also heavy-flavor hadrons.
For the light-flavor hadrons, the mean transverse momenta in p—Pb collisions at
Vsnn= 5.02 TeV are observed to be consistently higher than those in minimum-

bias events in pp collisions at /s= 7 TeV. This difference could come from the
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different selection of centrality classes. If we compare results from minimum-bias
events in pp and p—Pb collisions, e.g., DY or J/¥, the results are then compatible.
Similarly, the results from central p—Pb collisions and central Pb—Pb collisions
look comparable, except for J/W. The reason why the J/¥ behaves differently
could be due to different production mechanisms between heavy and light flavors.
However, it is hard to conclude because of lack of results for charmed hadrons.

In order to have a better understanding on (pr) in different collision systems,
comparison of the results from the same multiplicity could be helpful, since it can
provides information from similar system size so that the difference is only from
collision systems.

Because of small decrease of the (pr) for proton and A relative to those for K*°
and ¢, two different trends for mesons and baryons have been suggested [51]. How-
ever a different trend for mesons and baryons cannot be convincingly established.
The more measurement of hadrons with different mass will help to investigate

these aspects.

4.4 Conclusions and outlook

In this work, the Z(1530)° have been measured from p-Pb and Pb-Pb colli-
sions at mid-rapidity in ALICE at the center-of-mass energy /syn = 5.02 TeV and
V/SNN = 2.76 TeV, respectively. The study of strange-resonance at mid-rapidity
in heavy ion collisions is expected to carry the information on the QGP evolution.
From the measurement of pr-spectra of Z(1530)°, the integrated yield and (pr)
were obtained.

In order to study properties of hadronic phase, the yield ratio of Z(1530)°
to its ground state particle is extracted and compared to the yield ratios of other
resonances with different lifetimes, such as p, K*(892)?, ¥(1385)*, A(1520) and ¢.

As a result, yield ratios extracted from short-lived resonances which have a

lifetime shorter than the Z(1530)° one , is suppressed from small to large collision
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systems, whereas the yield ratios of the longer-lived particle, Z(1530)° and ¢, to
its ground state particle are constant across the system size. This behavior could
be explained by the dominance of (pseudo-)elastic re-scattering of decay daughters

of short-lived particles over regeneration in the hadronic phase.
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Figure 4.11: pr-integrated K*(892)/K and ¢/K ratios in different collision sys-
tems. The yield ratios obtained different multiplicity event in pp collisions at
V/s= 7 TeV, in p-Pb collisions at /sy =5.02 TeV and in Pb-Pb collisions at
/5NN =2.76 TeV are shown in left figure with the results obtained from inelastic
event in pp collisions. The same yield ratios but with different energies (pp at
V/s=13 TeV, Pb-Pb at \/syx =5.02 TeV) are shown on right figure.

Recently, multiplicity-dependent analysis has been performed, even, in pp col-
lisions and it can help to understand the small system by comparing the results
obtained from p—Pb collisions. Figure 4.11 shows yield ratios not only from differ-
ent collision systems but also from multiplicity-dependent analysis with pp data
sample. The left panel on Figure 4.11 presents the K*(892)Y/K and ®/K ratio in
pp at /s= 7 TeV, p-Pb at /sy =5.02 TeV and Pb-Pb at \/syx =2.76 TeV.
The right panel shows same particle ratios but with different energies from Run2
data samples. e.g., pp at y/s= 13 TeV, Pb-Pb /syx =5.02.

Measurement of Z(1530)° with multiplicity-dependent analysis with pp data

sample also can be helpful to understand the re-scattering or regeneration effects
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in the small system by comparing the previous results obtained in pp and p—Pb
collisions. Therefore, it would be valuable to analyze Z(1530)" in pp collisions as
a next study.

In addition, the multiplicity-dependent analysis in pp collisions supports to
the study of strangeness enhancement in the small system as shown in Figure 4.8.
From the Z(1530)° measurement described in this thesis, we have observed that the
enhancement of strangeness in the small system depends on strangeness contents
instead of the mass of hadrons. Study of Z(1530)? in different multiplicity classes in
pp collisions allows one to extend the results covering not only multiplicity ranges
for p—Pb collisions but also more small system which is hard to be measured in

p—PDb collisions.
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Figure 4.12: Ratio of ¥(1385)% to 7 measured in pp [45, 47, 52, 53], dAu [52, 54]
and pPb [11] collisions, as a function of the average charged particle density
({(dNeh/dmap) ) measured at mid-rapidity. Statistical uncertainties (bars) are
shown as well as total systematic uncertainties (hollow boxes) and systematic
uncertainties uncorrelated across multiplicity (shaded boxes). A few model pre-
dictions are also shown as lines at their appropriate abscissa.

The comparison of not only doubled-strangeness particles, Z(1530)° and Z,
but also strangeness particles ¥(1385)* and A are also very interesting in the

context of small systems. Figure 4.12 shows the ratio of $(1385)% to 7 as a function

90



of multiplicity. If the enhancement is related to the number of strangeness content,
the ratio of ¥(1385)* /7 has a similar slope with A/, since they have only one
strange quark. We have observed that enhancement of ¥(1385)* /7 follows the
one of A/m and such a result is consistent with the ones obtained for Z(1530)°.
The comparison of (pr) of Z(1530)° and other hyperons indicates that the
(pr) of all hyperons including resonances increases with mean charged-particle
multiplicity density in p—Pb collisions. The mass ordering of (pr) has been ob-
served from identified particles including not only resonances but also ground state
particles. As discussed in Section 4.3, comparison of (pr) from the same multiplic-
ity could help to understand its evolution for different collision systems. Figure
4.13 presents system size dependence of the (pr) of K*(892)° and ® compared to

that of the proton.
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Figure 4.13: System size dependence of the mean transverse momentum of
K*(892)° compared to that of the proton (left panel) and (pr) of ¢ compared
to that of the proton (right panel). The system size is defined as the cubic root of
the average charged particle multiplicity density measured in the ALICE central
barrel (|n| <0.5 )in pp at \/s= 7 TeV (green), p-Pb at \/sxy= 5.02 TeV (blue)
and Pb—Pb at \/syn= 2.76 TeV (red). Statistical uncertainties are represented as
bars, boxes indicate total systematic uncertainties.

As shown in Figure 4.13, at similar multiplicity, the (pr) is larger in pp

and p—Pb than in Pb-Pb and the increase with multiplicity is steeper in small
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systems. In order to have a better understanding on (pr) in different collision
systems, comparison of the results which was shown in Figure 4.10 from the same
multiplicity could be helpful, since it can provide information from similar system
size so that the difference is only from different collision systems.

The (pr) also can be used for the study of hadronic phase because, if re-
scattering or regeneration effect occurs, the shape of spectra could change. Con-
sequently, the (pr) can change. Figure 4.14 shows the mass dependence of (pr)
of resonances with EPOSv3 predictions of (pr). The UrQMD takes account of
re-scattering and regeneration effect in hadronic phase. The open diamond is
the prediction of EPOSv3 with UrQMD OFF, and full diamond is prediction
with UrQMD ON. As shown in Figure 4.14, the prediction of (pr) is larger when
UrQMD ON for all particles. The deviation of (pr) from UrQMD ON and OFF is
larger for short-lived resonance particles, p, K*(892)°, ¥(1385)* and A(1520). For
the longer-lived resonances, =(1530)° and ®, the difference between UrQMD ON
and OFF is small. From this comparison, one may conclude that the resonances
with short lifetime could be affected re-scattering and regeneration effect in the

hadronic phase.
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