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Chapter 6

Summary

The discovery of production of Quark-Gluon Plasma in heavy-ion collisions was an-
nounced at CERN about 20 years ago. The existence of the dense state of matter was
further validated and confirmed in experiments at the Relativisitc Heavy lon Collider
(RHIC). Since then, the properties of this new phase of matter have been probed us-
ing the particles produced in relativistic heavy-ion collisions at centre of mass energies
spanning a range of more than 3 orders of magnitude. The various kinds of particles
that are produced have different intrinsic properties like charge, mass, lifetime, spin.
This provides a rich opportunity to use different particles to probe various aspects of
the dense matter created in the collision and its subsequent evolution. A systematic
study of the dependence of the results on the system size and the colliding energy
provides further insights.

Motivated by the above, in this thesis we studied features associated with the
production of K*° vector mesons. These resonant states have a spin 1 and a lifetime of
the order of 10722 s. The short lifetime is comparable to the time of evolution of dense
matter to the hadronic final state, enabling probing the matter at different states
of evolution. We have studied some features of the production of vector meson and
investigated occurrence of its preferential spin state in Pb—PDb collisions, its transverse
momentum distributions, its production in collisions of deformed nuclei, and in pp
collisions at the highest available energies. In a subject of which the understanding
is continuously evolving, a comparison with theoretical models or event generators

help to understand the physics processes better and also contribute to a better design
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6 Summary

of the future experiments. With this as the premise, our results were compared
with models or theoretical framework wherever possible, providing a direction for
further theoretical or phenomenological work towards a complete understanding of
the physics of heavy-ion collisions.

The details of analysis and the results of the present thesis are summarised here.
In addition to an introduction and details about the experiment, the other three

chapters provide new results primarily on the following:

e Preferential alignment of spin of K** and ¢ vector mesons in Pb-Pb collisions.

e+
e Production of K** in a system of deformed nuclei (Xe-Xe) collisions.
e Production of K** in pp collisions at the highest available energies.

While exploring the above, we encountered other aspects of interest and addressed
them. These include conclusions based on mr and zr scaling and effects of deforma-
tion of Xe nucleus, and are included in this thesis. In the following, we summarise
the motivation of the work and the results of this thesis, along with the inferences
and an outlook.

Given the importance of spin-orbit interactions in several fields of physics (atomic
physics, solid-state physics, nuclear physics), it is imperative to look for its possi-
ble effect on particles with spin in a system with high orbital angular momentum.
Features in the production of K** and ¢ vector mesons in non-central (3-10 fm) col-
lisions of heavy ions are ideally suited to look for the presence of this interaction,
considering the large initial state angular momentum of the order of ~10” % in non-
central collisions. The spin-orbit interaction may manifest itself in the polarization

of the quarks, which may be retained in the final hadron produced in the collision.
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We investigated the possible spin alignment of K*Y and ¢ vector mesons produced in
non-central Pb—Pb collisions. The spin alignment of the vector mesons is established
using the diagonal element pgy of the spin density matrix. The pyy corresponds to
the probability of finding a vector meson in spin state 0 out of 3 possible spin states
of -1, 0 and 1. In the absence of spin alignment all 3 states are equally probable,
yielding pgo = 1/3; deviations from 1/3 indicate the presence of spin alignment. The
poo for vector mesons can be determined from the angular distribution of the decay
daughter(s) of vector meson with respect to a quantization axis, which may be chosen
as the direction perpendicular to either the reaction plane (in experiments, the event
plane is chosen as the proxy of the reaction plane) or the production plane.

In this thesis, we report the first observations on preferential alignment of spin of
vector mesons in heavy-ion collisions. The results are obtained using the measure-
ments with the ALICE detector at the LHC energies. The results of spin alignment
of K** and ¢ vector mesons are obtained in Pb-Pb collisions at \/syy = 2.76 TeV
and in pp collisions at /s = 13 TeV. The alignment of spin of the vector mesons, at
a 30 level for K*° and a 20 level for ¢, is observed in non-central heavy-ion collisions
confirming the existence of a spin-orbital angular momentum interaction. The spin
density matrix element pgg is determined to be lower than 1/3 in mid-central Pb-Pb
collisions at low pr (pr < 2 GeV/c), and consistent with 1/3 at high pr [1]. These
conclusions of alignment are substantiated with the observed value of pgg = 1/3 [1]
for many other cases including those for vector mesons produced in pp collisions, for
K? in non-central heavy-ion collisions and by determining pg for vector mesons by
choosing a random direction to define the event plane.

The deviation of pgg values from 1/3 for vector mesons produced at low pr in mid-
central Pb—Pb collisions can be attributed to the presence of a large initial angular

momentum in non-central heavy-ion collisions. This is also supported by the similar-
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ity of the centrality dependence of the spin alignment effect and of the initial angular
momentum in the collision. The spin-orbit coupling polarizes the quark, which sub-
sequently carries its polarization to the hadron formed via recombination [2, 3]. The
pr dependence of pyy observed for vector mesons in non-central collisions is qualita-
tively explained by a model describing the recombination phenomena [3]. Further, the
deviation of pgo from 1/3 is greater when the quantisation axis is chosen perpendicu-
lar to the event plane, as compared to when chosen perpendicular to the production
plane. This suggests that the alignment occurs along the direction of initial orbital
angular momentum and the signal is carried to the other quantisation axis ( perpen-
dicular to production plane) due to the elliptic flow in the system. The extent of
quark polarization obtained using models from the measured value of A hyperon is
much less than the extent of quark polarization estimated from the measured spin
alignment of vector mesons. Any differences in the retention of quark polarisation in
the hadrons may be due to many possible reasons primarily rooted in the difference
of how a polarized quark retains its polarization in a meson or a baryon during the
process of hadronization. The extent of spin alignment of the vector mesons and its
determination are affected by the regeneration and re-scattering of the decay products
in the hadronic phase; the possibility of decay products in the hadronic phase being
affected by the lifetime of the hadron. Moreover, while most of the vector mesons
are directly produced, hyperons are often the decay products of resonances. Consid-
ering the absence of a quantitative theory to explain pyy values, the results of this
thesis provide a motivation to formulate the fundamental interactions and evolution
in heavy-ion collisions and thereby explain these observations.

In the second part of the thesis, we report results obtained by probing the hadronic
phase, the final state of the evolution, by investigating possible re-scattering effects.

The short lifetime of K*° resonance (~4 fm/c) is comparable to the time taken by
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the dense nuclear matter to evolve to its final state. This allows the possibility of its
decay products to re-scatter due to elastic and pseudo-elastic interactions with other
particles in the hadronic phase. Like for all short lived resonances, the yield of K*° is
determined from its reconstruction using the energy and momentum of the decay
products. The change in energy and momentum due to re-scattering in the hadronic
phase affects the yield of the resonance. The final measured yield is affected by the
combined effect of interplay between the re-scattering and any regeneration effects.
The results on the yield of K** and on its ratio with the yield of stable particles are
presented.

We also report the results on K*° production in a system of deformed nuclei
(Xe—Xe) collisions at /sy = 5.44 TeV. Considering that most experimental results
are obtained in collisions of spherical nuclei, it is imperative to make some systematic
studies due to deformation of Xe nuclei before reporting the results on K*° production.
The effect of deformation of the Xe nucleus was determined within the framework of
A Multiphase Transport (AMPT) model. We observe from the results of simula-
tions that the deformation does not affect the multiplicity, transverse momentum
distribution and (pr) of produced charged particle significantly. The different initial
conditions of spatial anisotropy in collisions of deformed Xe nuclei as compared to
those in collisions of spherical Pb nuclei, provide an opportunity to study the effect of
deformation on observable sensitive to the initial conditions, such as the elliptic flow.
An enhancement of ~15% in elliptic flow in in central Xe-Xe as compared to those
in central Pb—Pb collisions is observed due to the deformation of the Xe nucleus [4].

The dependence of the production of K* and of the re-scattering and regeneration
effects of decay products in the hadronic phase can be investigated by comparing
the results in Xe-Xe collision at /syx = 5.44 TeV reported in this thesis to the

results obtained from different collision systems ( pp, p—Pb and Pb-Pb) at similar
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collision energies. The thesis includes results on the pr spectra, pr integrated yield,
mean transverse momentum ((pr)), ratio of yield of neutral K*° to charged kaon and
nuclear modification factor in Xe-Xe collisions at /sxy = 5.44 TeV. The measured
dN /dy values for K*° in Xe—Xe collisions are observed to be consistent with those
obtained from the measurements of pp, p—Pb and Pb—Pb collisions at similar charged
particle multiplicity. This suggests that K*° production is independent of collision
system and mainly driven by the charged particle multiplicity which is a proxy of
system volume. The two samples of events of similar charged particle multiplicity
from collisions of Xe-Xe and Pb-Pb collisions yield comparable values of (pr) of
K*° independent of the collision system, suggesting similar radial flow of K** for
similar volumes of matter. The (pr) of K** was compared across pp, p—Pb, Xe-Xe
and Pb—Pb collisions at the same final state charged particle multiplicity. A lower
(pr) is observed in heavy-ion collisions as compared to the other collision systems
that included a proton. Although the yield of K*° in all systems at the same charged
particle multiplicity is the same, the differences in (pr) indicate different dynamical
evolution of the system in A—A collision as compared to the system produced in p—
Pb and pp collisions. The measured K*°/K yield ratios in central Xe-Xe collisions
are observed to be suppressed as compared to corresponding ratios in pp collisions
and peripheral Xe—Xe collisions. Comparable suppression was also reported earlier in
Pb—Pb collisions indicating the presence of similar re-scattering effects across different
systems. The yield of K*° is used to determine the nuclear modification factor in Xe—
Xe collisions, which is observed to be consistent with the measurement in Pb—Pb
collisions at similar charged particle multiplicity. The nuclear modification factor
indicated a suppression by a factor of about four at high pr (pr > 6 GeV/c). This
suppression is now known to be a consequence of parton energy loss in the medium [5].

Collisions of small systems such as proton-proton form a necessary benchmark
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to compare results from heavy-ion collisions. Recent measurements of long range
correlations, collective flow, strangeness enhancement and others in high multiplic-
ity pp collisions have shown striking similarities with results obtained in heavy-ion
collisions. Attempts to explain the observed, though unexpected, phenomena in pp
collisions were made using ideas of multipartonic interaction (MPI) and color recon-
nection (CR). Results from pp collisions provide a necessary impetus to phenomeno-
logical models and help to tune the event generators. In the third part of this thesis,
we reports the results on K*° production and its spectra in different multiplicity in-
tervals in pp collisions at highest available collision energy at /s = 13 TeV. Several
conclusions based on comparison of these results with MC event generators, and with
the corresponding spectra at /s = 7 TeV are included here.

The measured spectrum of K*Y in pp collisions at /s = 13 TeV have higher inverse
slope parameter compared to the corresponding spectrum in pp collisions at /s = 7
TeV from earlier measurements. The ratio of p spectra of K* produced at 13 TeV
and at 7 TeV is observed to be nearly unity at low pr . This ratio is observed to
increase with pr indicating increase in hard processes with the increase of collision
energy [6]. Monte-Carlo event generators such as PYTHIA, DIPSY and EPOS could
reproduce the spectra only in the intermediate pp range, overestimating at low and
high pr, and yet these generators were in good agreement with the experimentally
measured ratio of the pr spectra of K** in pp collisions at /s = 13 TeV and at
7 TeV. While the increase in (pr) with increasing (dNg/dn) in A-A collisions is
attributed to collective radial expansion, increase of (p) with increasing multiplicity
in pp collisions is qualitatively explained by both hydrodynamical model such as
EPOS and color reconnection based model such as PYTHIA and DIPSY [7]. The
(pr) of K*® and ¢ mesons are compared with the (pt) of hadrons of comparable

mass, namely proton and A, as hydrodynamical collective expansion results in same
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(pr) for such hadrons. A mass ordering of (pr) is observed in central A-A collisions
and is attributed to hydrodynamical radial flow. Absence of such an ordering in pp
collisions supports [7] the color reconnection mechanism. Further, on investigating
the empirical mt and zr scaling for identified hadrons in pp collisions at /s = 13
TeV, it is observed that the meson and baryon scaling does not uphold for my > 2
GeV/c [6]. Also, the deviation in the my spectrum of pions from universal scaling of
mesons [6] is often understood due to feed-down from resonance decays. The empirical
a7 scaling for identified hadrons produced at the LHC energies [6] yield the value of
exponent parameter (n) which is slightly higher for baryons than for mesons, and is
also predicted by NLO pQCD [8].

The ratio of yields of K*°/K showed a decrease with increasing charged particle
multiplicity in pp collisions at /s = 13 TeV [7], similar to that observed in the A-A
collisions, giving credence to the possible presence of re-scattering in the hadronic
phase in small collision system, also explained by EPOS. Features of the current data
on spectra support both EPOS and colour reconnection mechanism.

The observation of polarization of vector mesons, and the evidence of rescattering
in the hadronic phase, as demonstrated in this thesis, augment the methods for prob-
ing the different stages of evolution of the matter produced in heavy-ion collisions. In
non-central collisions, a large transient magnetic field of the order of ~10* Tesla is
produced due to the spectator nuclei. Such a large magnetic field may affect K** and
K*0 differently because of the difference in their magnetic moments. On the basis
of inferences drawn in this thesis and with increased statistics, the possible polarisa-
tion of vector mesons due to the magnetic field provides an opportunity for precision

measurements demonstrating sensitivity to the effects of the transient magnetic field.
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Summary

Quantum chromodynamics (QCD) is the theory that describes the strong interac-
tions observed in nature. QCD predicts that at a high temperature and/or density,
the nuclear matter will make a transition to a strongly interacting matter in which
quarks and gluons are free to move, and not confined as in hadrons. Such an extreme
state of matter is known as quark-gluon plasma (QGP) which existed in the early
stages of the Universe after the Big Bang. QGP can be created in laboratory by col-
liding heavy ions at relativistic energies. The properties of QGP can be investigated
by determining the angular and momentum distribution of vector mesons produced
in heavy-ion collisions. In a non-central heavy-ion collision, there is a large orbital
angular momentum in the initial state. In the presence of large initial angular mo-
mentum, the vector mesons (spin = 1) can be polarized due to spin-orbit interaction
or during the hadronization from polarized quarks. The polarization of vector mesons
can be determined by measuring the angular distribution of the decay daughters of
the vector meson with respect to the quantization axis in the rest frame of the vector
meson. The quantization axis is considered along the direction perpendicular to ei-
ther the production plane (defined by the momentum of vector meson and the beam
axis), or perpendicular to the reaction plane (defined by the impact parameter and
the beam axis) of the colliding system. The measured angular distribution can be
used to estimate the elements of the spin density matrix, in particular the element
poo which is the probability of finding the vector meson in the spin 0 state out of the
three possible spin states 1, 0 and -1. Deviation of pyg from the value 1/3 indicates
the presence of spin alignment. We report the first evidence of significant spin align-
ment effect for vector mesons (K*° and ¢) in heavy-ion collisions. The measurements
are carried out as a function of transverse momentum (pr) and collision centrality
with the ALICE detector using the particles produced at mid-rapidity (Jy| < 0.5) in
Pb-Pb collisions at a center-of-mass energy (,/snxn) of 2.76 TeV. The initial angular
momentum due to the extended size of the nuclei and the finite impact parameter in

non-central heavy-ion collisions is missing in proton-proton collisions. Determination
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of poo for vector mesons produced in pp collisions and for spin zero Ko produced in
heavy-ion collisions provide a null test for spin alignment of vector mesons measured
in the present work.

Short lifetimes of hadronic resonances compared to other stable hadrons are com-
parable to the time taken by the dense nuclear matter to evolve to its final state.
This can be exploited to investigate the properties of the hadronic phase produced
in heavy-ion collisions. K*° yields are expected to be modified due to the interaction
of their decay daughters within the hadronic medium. We present K*° production in
mid-rapidity for different collision centrality classes in Xe-Xe collisions at /sy =
5.44 TeV. The pr spectra, pr integrated yield, mean transverse momentum ((pr)),
resonance to stable particle yield ratio (K*°/K) and nuclear modification factor are
presented. Recent measurements in high multiplicity pp collisions show striking sim-
ilarities between small system and heavy-ion collisions. In order to find the possible
presence of hadronic phase effect in small collisions system, K*° production as a func-
tion of charged particle multiplicity in pp collisions at y/s = 13 TeV are also presented.
Measured K*°/K yield ratio decreases with increasing charged particle multiplicity in
both heavy-ion (Xe-Xe and Pb-Pb) and pp collisions. Since K*° has a short lifetime,
its decay products scatter in their passage through the hadronic medium changing
their momenta and hence affecting the reconstruction of the parent particle, thereby
decreasing the measured yield.

In addition to measuring the K*° production in Xe-Xe collisions at \/syy = 5.44
TeV, we have also compared the measured bulk properties for Xe—Xe collisions to
those from A Multiphase Transport (AMPT) model. The shape of the Xe nucleus
is non-spherical and is therefore generally referred to as a deformed nucleus. In this
work, we have studied the effect of deformation of Xe nucleus on the bulk properties
such as charged particle yield, mean transverse momentum, elliptic flow and triangular
flow. The results of AMPT model calculations are also obtained for a spherical shape
of the Xe nucleus to determine the effect of deformation. The measured charged
particle multiplicity and (pr) do not show any effect due to deformation; the elliptic
flow is enhanced by ~15% due to the deformation of the Xe nucleus in central Xe-Xe

collisions.

xiil



Chapter 1

Introduction

The foundations of high energy nuclear and particle physics as a modern science were
laid in the early 20" century. The year 1911 saw the discovery of the atomic nucleus
in an experiment on scattering of alpha particles against a thin gold foil, thereby
changing the then world view of the atom [1]. Subsequently the discovery of the pro-
ton [2] and the neutron [3] as constituents of the nucleus could explain many nuclear
properties. Experimental investigations of the scattering of electrons from protons,
often termed as Deep Inelastic Scattering (DIS), confirmed the composite nature of
the proton and the existence of partons, which were later identified as the fractionally
charged quarks [4, 5]. In 1979, experiments at the DESY laboratory in Germany
provided the first direct proof of the existence of gluon [6] in eTe™ annihilation.

As per current understanding of the subatomic structure, all matter is made up
of fundamental particles called quarks and leptons. The Standard Model (SM) of
particle physics is the accepted theoretical framework which describes the interactions
between the quarks and leptons. The model describes these interactions as exchange
of bosons, namely photons, W and Z bosons and gluons. Some of these bosons
including W,Z and gluons were predicted by the SM, and later their existence was
confirmed in experiments. The discovery of the Higgs boson has confirmed one of
the major predictions of the Standard Model [7, 9, 10]. The coupling of the various
particles with the Higgs boson provided mass to the particles. The experimental
verification of the SM has been confirmed to high precision.

Each of the particles in the SM is characterized by a set of quantum numbers such

27



1 Introduction

as spin, electric charge and more characteristic numbers such as baryon and lepton
numbers, charm and others. The SM describes the interactions between the spin 1/2
fermions and their antiparticles with the spin 1 gauge bosons. The fermions are the
six spin 1/2 leptons (electron, muon, tau, electron neutrino, muon neutrino and tau
neutrino), six spin 1/2 quarks (up, down, charm, strange, top and bottom), with
equal number of antiparticles. The model also has four spin 1 gauge bosons (gluon,
photon, W* and Z, with eight states of gluons and two states of W boson) and the
spin 0 Higgs boson. Elementary particles interact with each other through exchange of
bosons, a mechanism described by the SM. The SM describes three different kinds of
interactions: strong, electromagnetic and weak, each characterised by their strength
and the different mediators namely gluons, photons and W and Z bosons respectively.

A schematic representation of the particles in the SM is shown in Fig. 1.1.
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Figure 1.1: The schematic representation of standard model. This figure has been
taken from [8].

The theoretical framework that describes the interactions are based on gauge
invariance and are known as gauge theories. Amongst the three interactions men-

tioned above, the theoretical framework that describes the strong interactions is also
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a gauge theory and is known as Quantum chromodynamics (QCD). In this thesis,
we describe the study of properties of strongly interacting QCD matter created at
high temperature and/or density in heavy-ion collisions. This chapter contains a
brief introduction to the QCD and to Quark-Gluon Plasma (QGP), followed by an
introduction to heavy-ion collisions and signatures of Quark-Gluon Plasma (QGP)
formation in heavy-ion collisions. The chapter also includes a description of the im-
portance of the production of resonance particles to understand the dynamics of the
system. The physics motivations behind this thesis are briefly discussed in the last

section.

1.1 Quantum chromodynamics

The QCD, a gauge field theory of the strong interaction, describes the interaction
between quarks and gluons, which are characterised by a color quantum number.
Colorless hadrons (mesons and baryons) are composed of quarks and gluons. The
meson contains a quark and an anti-quark pair whereas the baryon consists of three

valance quarks. The potential for the QCD interaction can be described as,

4 o
Vaen(r) = g ok (1.1)

Where “ag” is the running coupling constant of the QCD, k is a constant known as
the color string tension and “r” denotes the distance between two interacting partons
(quarks and gluons). The QCD coupling constant depends on momentum transfer

Q? between partons as

127
(1INe — 2Np)In(Q2/Nyep)|

(@) = (1.2)

Here Ny is the number of quark flavors, N, is the number of color charges and Aqcp

is the non-perturbative QCD scale parameter. The perturbative QCD is applicable
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for small values of ag. Figure 1.2 shows ag as a function of (). Equation 1.2 ensures
two novel properties of QCD: the quark confinement and the asymptotic freedom.

According to Eq. 1.2, at small momentum transfer or large distance scales, the QCD

0.5
o (Q)

aa Deep Inelastic Scattering
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o Hadron Collisions
= ® Heavy Quarkonia
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Figure 1.2: The QCD running coupling constant as a function of momentum transfer,
compared with various experimental measurements, covering a wide range of momen-
tum transfer. This figure has been taken from [16].

coupling constant between quarks and gluons becomes large. As a result quarks and
gluons are no longer free, instead they are confined inside hadrons. This is known as
the quark confinement [11]. On the other hand, at large momentum transfer (Q* >>
/\éCD) or small distance scales, the QCD coupling constant becomes small resulting
into a free state of quarks and gluons inside the QCD vacuum. This property of
the QCD matter is known as the asymptotic freedom. Figure 1.2 shows a good
agreement between the QCD based theoretical calculations and experimental results
for the QCD coupling constant over a wide range of momentum transfer. In 2004,
David Gross [12, 13], Frank Wilczek [12, 13], and David Politzer [14] were awarded the
Nobel prize for their theoretical contributions towards the discovery of the asymptotic

freedom.
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1.2 QCD phase transition and quark-gluon plasma

The transition from a state of hadrons to a deconfined state of quarks and gluons is
known as the deconfinement phase transition of the QCD. The asymptotic freedom
suggests that at large momentum transfer, or small distance, force between quarks
and gluons becomes weak. As a result, quarks and gluons behave as free particles.
In 1974, T.D. Lee [15] proposed the possibility of creating a dense nuclear matter of
asymptotically free quarks and gluons by having a very high nucleon density over a
relatively large volume. Such a dense nuclear state of asymptotically free partons is
known as the Quark-Gluon Plasma (QGP). Experimentally QGP is defined as, “a
(locally) thermally equilibrated state of matter in which quarks and gluons
are deconfined from hadrons, so that color degrees of freedom become
manifest over nuclear, rather than merely nucleonic volume [17].” Lattice
QCD (LQCD) calculations [18, 19, 20, 21] also predict the existence of QGP state
at high temperature. Figure 1.3 shows normalized energy density as a function of
temperature from LQCD calculations for different quark flavors. Normalized energy
density shows a rapid increase at T = T. > 154 & 9 MeV. This can be understood
as an increase in number of degrees of freedom, hence a transition from the hadronic
matter to a state of free quarks and gluons.

Figure 1.4 shows a schematic diagram for various phases of the QCD matter.
Different phases of nuclear matter can be achieved by varying temperature (T) and
baryon chemical potential (ug: the amount of energy required to add or remove a
baryon from the system). Normal nuclear matter is represented by T ~ 0 and pup
~ 1 GeV. Deconfined state of quarks and gluons is expected to exist at high T and
low pup whereas, at low T and low ug, quarks and gluons are confined inside the

hadron. LQCD calculations predict a smooth crossover [23] from hadronic phase to
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Figure 1.3: The normalized (normalized to quadratic power of temperature) energy
density, pressure density and entropy density as a function of temperature from LQCD
calculation with zero baryon chemical potential. Results are for (2+1) quark flavor.
Solid lines at low temperature are correspond to hadron resonance gas (HRG) model
calculations. The dashed line at high temperature shows the result for non-interacting
quark gluon gas. This figure has been taken from [22].

QGP phase at high T and low pp whereas, at high up, several model calculations
have shown the transition to be a first-order phase transition [24]. At very high up

and low T, the matter may show a phenomena like the color superconductivity [25],

which may occur when quarks may form cooper pairs.

1.3 Heavy-ion collisions

As per the current understanding, the QGP existed a few microseconds after the
Big-Bang. The QGP can be formed at very high temperature and/or energy density
as described above. Experimentally, the only known way to create such a deconfined
state of the QCD matter in laboratory is by colliding heavy ions at relativistic energies.
Heavy-ion collision experiments at the Relativistic Heavy Ion Collider (RHIC), the

Large Hadron collider (LHC), and future experiments at the Facility for Anti-proton
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Figure 1.4: A schematic illustration of the QCD phase diagram [26].

and Ion Research (FAIR) and the Nuclotron based Ion Collider fAcility (NICA) are
designed to search for the signature of the QGP phase and study its properties. The
QCD phase diagram described in Sec. 1.2 can be explored experimentally by varying
collision energy since both T and pp depend on the collision energy. In this section,
a brief history of heavy-ion experimental facilities, space-time evolution of the QCD
matter produced in heavy-ion collisions and an introduction to the kinematics of

heavy-ion collisions are presented.

1.3.1 Experimental facilities for heavy-ion collisions

The first heavy-ion collision experiment with a collision energy of 1-2 A GeV/c was
carried out in 1970 at the Bevalac, Lawrence Berkeley National Laboratory, USA.
After the success at the Bevalac, other heavy-ion collision experiments started oper-

ating at various accelerator facilities across the globe. These are shown in Tab. 1.1.
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Table 1.1: Heavy-ion collision experiments at various accelerator facilities

Collision energy
(/550
Fixed target < 14.2 GeV

Year Facility Type

AGS (Alternating Gradient Synchrotron)
at BNL (Brookhaven National Laboratory)
SPS (Super Proton Synchrotron)
1994-now at CERN (European Organization Fixed target | 5.0-17.3 GeV
for Nuclear Research)
SIS18 (Schwer Ionen Synchrotron)
at GSI Helmholtz

1987-1994

2002-2014 Centre for Heavy Ion Fixed target < 24 GeV
Research
9000-now RHIC (Relativistic Heavy Ion Collider) Collider 77900 GeV
at BNL
, LHC (Large Hadron Collider) : 2.76, 5.02
2009—now ot CERN Collider and 5.44 TeV

1.3.2 Space-time evolution

Hot and dense QQCD matter produced in relativistic heavy-ion collisions evolves through
different stages. Figure 1.5 illustrates a diagram for the space-time evolution of a
heavy-ion collision, as per the present understanding. Two large nuclei moving at
relativistic speeds are Lorentz contracted. The time t = 0 is defined as the time of
their collision. During the collision, the overlapping region between the two nuclei
is compressed and the large kinetic energy carried by the two incoming nuclei is de-
posited within a small volume of space in a short duration of time. If the energy
density after the collision is sufficiently high, then a deconfined state of quarks and
gluons is expected to be formed. Initially, the deconfined state so produced may
not be in thermal equilibrium. After a short time of about 1 fm/c (known as the
pre-equilibrium state), the matter reaches a state of local thermal equilibrium and
is called the QGP. The evolution of the state is described by assuming the plasma
to behave as a hydrodynamical fluid. The QGP matter starts expanding due to the

pressure gradient and as a consequence it cools down with time. At T = T, the crit-
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Figure 1.5: A schematic diagram for space-time evolution of heavy-ion collision [27].

ical temperature, quarks and gluons hadronize and a state of hadron gas is created.
The hadron gas expands further and inelastic interactions between hadrons cease at
T = Tg, known as the chemical freeze-out temperature. At this point the chemical
composition of the system is fixed; the relative abundance of different kinds of par-
ticles does not change after the system cools to Tgy,. As it cools below T, elastic
interactions between hadrons continue till the kinetic freeze-out temperature Ty,. At
the Ty, the mean free path of hadrons becomes large compared to the dynamical size

of the system. After Ty, hadrons stream freely.

1.3.3 Kinematics in heavy-ion experiments

The coordinate system in the colliding beam experiment ALICE at the LHC is chosen
such that the z-direction is parallel to the beam direction. The positive z direction
is from the point of origin toward the VOA detector 2.2.4. The nominal interaction
point where the two beams collide is at the center of the Time Projection Chamber

(TPC) detector 2.2.2, and is denoted as origin (0,0,0) of the coordinate system. The

35



1 Introduction

collisions are generally spread around the interaction point and the primary vertex of
the collision is determined from data. For most analyses that use the reconstructed

tracks, information of the primary vertex is a necessity.
1.3.3.1 Transverse momentum

The momentum of a produced particle can be decomposed into two parts. One is the
longitudinal momentum along the beam direction (p,) and the other is the transverse
momentum (pr) which is the projection of the particle momentum in the transverse

plane (xy). The pr is defined as

pr = /B2 + (1.3)

where py and p, are the momentum components along the z and the y-axes. The pr

is invariant under Lorentz transformation.
1.3.3.2 Rapidity

In heavy-ion collisions, rapidity (y) is used as a measure for the relativistic velocity
of a produced particle. In the relativistic limit, velocity is not an additive quantity.
Advantage of using rapidity is that it is additive under Lorentz transformation. The
rapidity of a particle is defined as,

1 E + p,
y = =In

—_— 14
2 FE — p,’ (14)

where F is its energy. The rapidity is equivalent to the velocity of the particle in the
non-relativistic limit where the momentum (p) of a particle is comparable or smaller

than its mass (my).
1.3.3.3 pseudorapidity

In the experiment, we generally measure the momentum of a particle. In order to

know the energy of a particle, we need the mass of the particle and hence we need to
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identify the particle. For situations where the identification of particle is difficult, a

convenient approximation to the rapidity is the pseudorapidity (n), defined as,

S TN —ln[tcm(g)], (1.5)

2 P — Do
where 6 is the angle between the momentum of the produced particle and the beam

direction. The pseudorapidity can also be expressed in terms of the rapidity and the

transverse mass (mr = /m2 + p%) as [31],

Vmicosh?y — m? + mrsinhy (1.6)

1
n = =In :
2 \/micosh®y — m2 — mrsinhy

1.3.3.4 Natural units

In experimental high energy physics, measurements are generally expressed in terms of
natural units, where the Planck’s constant (4) and the speed of light (¢) are considered
as unity. In this system of units, mass, length and time are given in Tab. 1.2.

Table 1.2: Natural units for mass, length and time along with the conversion from SI
units

Quantity | Natural units (A = ¢ = 1) conversion
Mass GeV 1 kg = 5.61 x 10%° GeV
Length GeV~! 1m = 5.07 x 10'° GeV~!
Time GeV™! 1s=152x 10** GeV~!

1.3.4 Variables used often for particle production

In heavy-ion collision experiment, charged particle multiplicity and invariant yield
are two basic variables which are often used to quantify the production of final state

particles.
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1.3.4.1 Multiplicity

In the heavy-ion experiment charged particle multiplicity refers to the total number

of produced charged particles in the final state of an event (a single collision).
1.3.4.2 Invariant yield

One of the fundamental variables in heavy-ion collisions corresponds to the number
of particles produced and is expressed as an yield which is invariant under Lorentz

transformations. The invariant yield, integrated over azimuthal angle, is defined as

d3N 1 d2N
= (17)
dp3 27 ppdprdy

where N is the number of particles produced.

1.3.4.3 Centrality: Collision geometry of heavy-ion collision

Figure 1.6 shows a geometrical representation of a heavy-ion collision in the xz plane.
Two nuclei collide with a non-zero impact parameter, defined as perpendicular dis-
tance between the centeres of the two nuclei. The impact parameter (b) varies from
0 fm for a head-on collision to about twice the radius of the nucleus for the most pe-
ripheral collisions. Events in heavy-ion collisions are classified into various centrality
classes according to the value of the impact parameter. The central collisions corre-
spond to small values of b (less than about 3 fm for heavy nuclei such as Au or Pb)
and peripheral collisions correspond to large values of b value (larger than about 10
fm for Au or Pb nuclei). Since the impact parameter cannot be measured in the ex-
periment, a Glauber model fits to the charged particle multiplicity distribution is used
to classify the minimum bias sample of events in different centrality classes [32, 33].
Central collisions are characterized by events with large charged particle multiplicity,

whereas peripheral collisions correspond to low-multiplicity events.
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Figure 1.6: A schematic figure of heavy-ion collision.

1.4 Experimental signature of QGP formation

In this section, we discuss few experimental signatures which indicate creation of the

QGP phase in heavy-ion collisions.

1.4.1 Jet quenching

In high energy heavy-ion collisions, high momentum partons are produced from the
initial hard scattering. These high momentum partons fragment into a collimated
shower of particles, known as the jet. When a parton propagates through the hot
and dense QGP medium, it loses energy due to interactions with other partons in-
side the medium. In these interactions, parton looses its energy through collisions
and medium-induced gluon radiation [28]. Energy loss of high-pr partons leads to
suppression of yiled of high-pr hadrons. This phenomenon is known as jet quenching
and was first proposed by Bjorken [29]. An experimental measure of jet quenching is

the nuclear modification factor (Raa), defined as

1 Tinel prgg
_ ine T
RAA(pT) - < N > 0_pp d2Npp (18)
coll inel ‘qprdy
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where (Ny) is the mean number of binary (nucleon-nucleon) collisions in nucleus
nucleus collisions and oy, is the inelastic cross section, respectively. Heavy-ion colli-
sions are denoted by the superscript/subscript “AA”, and proton-proton collisions are
denoted by “pp”. If AA collision is a simple superposition of pp collisions, then the
R x is expected to be one and any deviation from the value one implies the presence

of the effects caused by the medium. Figure 1.7 shows the nuclear modification factor
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Figure 1.7: Raa as a function of pr for inclusive charged particles and 7° in central
heavy-ion collision at the SPS, RHIC, and LHC energies. This figure has been taken
from [30].

of inclusive charged hadron and 7% in central A-A collisions at /syy = 0.017, 0.2,
2.76 and 5.02 TeV. Jet quenching effect is observed both at RHIC and LHC energies.
Di-jets are always produced back to back from hard scattering due to momentum con-
servation. It may happen that a jet is produced at the edge of the medium, known as
the near-side jet and due to momentum conservation another jet is produced inside
the medium, known as the away-side jet. The away-side jet propagates more through

the medium, compared to the near-side jet. As a result, the away-side jet would be
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more quenched compared to the near-side jet. Experimentally, this can be observed
by looking at the azimuthal correlation between a high-pr trigger particle and associ-
ated particles. Figure 1.8 shows the di-hadron correlation of trigger hadrons (pr > 4
GeV/c) with the associated hadrons (pr > 2 GeV/c) for pp, d~Au and Au-Au colli-
sions. The away side peak (at around 3.14 radians) in Au—Au collisions is suppressed
compared to the near side peak ( at around 0 radians) as the away side jet is more
quenched compared to the near side jet. However, in pp and d—Au collisions no such
suppression of the away side jet is observed, suggesting the absence of jet quenching

effect in small collision systems.
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Figure 1.8: Di-hadron azimuthal correlation of high-pr charged hadrons in pp, d-Au
and Au-Au collisions [17].

1.4.2 J /1) suppression

In a medium of electromagnetic plasma, the potential of a charged particle is screened
due to the presence of surrounding charges. This effect is known as the Debye screen-
ing or shielding. This effect can also be extended in the QGP, which can be treated
as a plasma of color charges. J/1¢ is a bound state of c¢ pair and produced at the

initial stage of heavy-ion collisions. In the QCD vacuum, the potential between cc
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pair can be expressed as,
a
V(r) = — + kr, (1.9)
r

where a and k are constants representing the coupling and the string tension,
respectively, and “r” corresponds to the distance between the ¢ and the ¢. In the
QGP medium, the string tension k£ becomes zero as T approaches T, and the only
interaction remains at high temperature (T > T.) is the long-range Coulomb like
potential. The % term of Eq. 1.9 gets modified in the presence of surrounding color
charges inside the QGP medium. The modified potential between cc in the QGP

medium can be expressed as,

Vir) = Zem/o, (1.10)
r

where Ap is the Debye length and depends on T. In the year 1986, Matsui and Satz
[34] showed that the Debye length in the QGP medium would become smaller than
the size of the J/¢ radius. As a result bound state of c¢¢ would not occur. This leads
to a suppression of J/¢ production in the QGP medium. The suppression of J/v is
considered as one of the signatures of QGP production in heavy-ion collisions and
was first observed at the SPS [35] and subsequently confirmed by the RHIC [36, 37]
and the LHC in later years.

Figure 1.9 shows the nuclear modification factor (Raa) of J/¢ at mid-rapidity as
a function of average number of participants ((Npar)) in Pb-Pb collisions at |/snx
= 2.76 TeV. Results are also compared with the lower energy measurements from
PHENIX collaboration at the RHIC. Large (Npat) values correspond to central col-
lisions and small (Npat) values correspond to peripheral collisions. The Raa of J/v
is significantly lower than 1 at both LHC and RHIC energies, indicating a clear sup-
pression of J/1 production. The Raa of J/¢ in Pb-Pb collisions at /sy = 2.76
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Figure 1.9: Rpa for J/4¢ as a function of (Np.t) in Pb-Pb collisions at /syy =2.76
TeV, along with the measurements from PHENIX collaboration at /syn = 200 GeV.
This figure is taken from [38].

TeV does not show any significant centrality dependence. The meaured value of Raa
of J/1¢ in Pb—PDb collisions at /sy = 2.76 TeV is larger than the value measured in
Au—Au collisions at /syn = 200 GeV, implying a decreased suppression at LHC en-
ergy as compared to RHIC energy. These observations at LHC energy are compatible
with the formation of QGP medium that suppress the production of J/v, followed

by the recombination process in which a fraction of cc pairs coalesce and enhance the

production of J/¢ at LHC energy.

1.4.3 Strangeness enhancement

Enhancement of the strange particle production in heavy-ion collisions is considered
as one of the primary signatures of QGP production [39]. The net strangeness is zero

both before and after the collsions in pp as well as in AA collisions. Strange quarks
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are mainly produced from two types of process, gg — ss and qq — ss. In the gluon
rich QGP medium, production of ss pairs from the gluon—gluon collision dominates
over the light quark annihilation. It leads to enhanced production of strange hadrons
for the QGP medium compared to pp collisions, where light quark annihilation is the
main channel of strangeness production. Observable for the strangeness enhancement

is expressed as,

dNAA

2 dy
€ = : (1.11)
< Npart > _d]:l];p

If the value of € is larger than unity, then it can be attributed as an enhancement in the
strangeness production. The numerator of Eq. 1.11 corresponds to the enhancement
in strange quark production. However, the value of € also depends on the yield of
strange particle in pp collisions. In canonical suppression picture [40], production of
strange particle in pp collisions can be suppressed and leads to € > 1. The ¢ (s5)
meson has no net strangeness. Its production in pp collisions should not be canonically
suppressed, while the production of hadrons with open strangeness (e.g. K, A, = and
2) may be canonically suppressed. Therefore, the measurement of ¢ meson is essential
to understand and quantify the extent of the strangeness enhancement.

Figure 1.10 shows the strangeness enhancement factor (¢) as a function of (Npu)
in Au-Au and Cu-Cu collisions at \/syy = 200 and 62.4 GeV for K, ¢, A and E.
Enhancement for ¢ meson production in Au—Au and Cu—Cu collisions clearly indicates
the enhanced production of strange quarks indicating the presence of a hot and dense
partonic medium formed in heavy-ion collisions. This also suggests that the observed
enhancements of open strange hadrons are likely to be due to the similar effects, not

limited to canonical suppression of strangeness production in pp collisions.
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Figure 1.10: € as a function of (Npat) for K (s =1), ¢ (s=0), A (s=1) and = (s =
2) in Au-Au and Cu-Cu collisions at \/syy = 200 and 62.4 GeV [41].

1.4.4 Elliptic flow

The elliptic flow of produced particles in heavy-ion collisions is one of the most impor-
tant observables to understand the initial condition and collectivity of the produced
medium. In non-central heavy-ion collisions, the overlapping region between the two
colliding nuclei has an almond-like shape. This initial spatial anisotropy is trans-
formed into the momentum anisotropy as interactions between constituents develop
a pressure gradient. This momentum anisotropy leads to an azimuthal anisotropy of
produced particles. The azimuthal distribution of produced particles can be expressed
as,

2—1; x 1 + 2vicos(¢p — ) + 2vc08(2(p — ) + ....... : (1.12)

where ¢ is the azimuthal angle of produced particle and 1) is the reaction plane angle
(angle made by the reaction plane with the x-axis). The reaction plane is defined
by the impact parameter vector and the beam direction. The elliptic flow vy is the

second Fourier coefficient of the azimuthal distribution and can be expressed as vy =
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(cos2(¢p — 1)), where () corresponds to the average over all particles in all events.
Figure 1.11 shows the vy of m, K and p in Pb-Pb collisions at /sy = 2.76 TeV [42].
Measurements are also compared with the results from STAR [43] and PHENIX [44]
experiments at lower /syn. The measured values of vy at low pr is observed to
be comparable at LHC and RHIC energies. This observation is consistent with the
predictions from the hydrodynamic models. The pr integrated vy at the LHC is about
30% higher [45] compared to RHIC and is generally understood to be due to the
larger radial flow at LHC energies compared to the RHIC energies. Hydrodynamical
models [46] with QGP in the initial stage are able to explain the large values of the

measured vs.
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Figure 1.11: The comparison of the pr differential v, for identified hadrons for 10-20%
centrality class of Pb-Pb and Au—-Au collisions at the LHC and RHIC energies.

1.5 Resonance production in heavy-ion collisions

Resonances are short-lived particles of lifetime of O (107%*) sec (or a few fm/c) and
decay through strong interactions. The lifetime (7) and width (T') of a resonance
is related through I' 7 = h. Table 1.3 shows the lifetime of some experimentally
measured resonances. The short lifetimes of the resonance particles are comparable
This

to the time taken by the dense nuclear matter to evolve to its final state.

makes resonance particles a sensitive probe of the hadronic phase created in heavy-ion
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Table 1.3: Experimentally measured resonances in high energy hadron collisions along
with their lifetime.

Resonance p0(770) | A°(1232) | £2(980) | K*0(892) | X*(1385) | A*(1520) | ¢(1020)
Lifetime (fm/c) | 1.1 1.6 2.6 1 55 12.6 15

collisions. Due to their short lifetimes, they often decay within the hadronic phase.
The decay daughters of the resonances can elastically scatter with particles in the
hadronic phase, thereby changing their momenta. The yields of resonances estimated
through invariant mass spectra get affected by the change in momenta, leading to

a suppression of the measured yield. This process is known as re-scattering effect.

Inside the hadronic phase resonances can also be
Regeneration:
T (Pseudo-)elastic collisions . L. .
J_ through resonance state/"/ regenerated via pseudo-elastic interaction (for ex-
—] K" K\\ ample Kr — K*¥ — 7K) and this effect, called
K = ‘é -> Increases yield iz
= o
O 5 T .
£ § 2|8 [2] regeneration, causes enhancement of reconstructed
5& B T & |B
—— o . . . .
K* K |2 | resonance yield. Figure 1.12 shows a schematic di-
3
>
Re-scattering : Elastic scatteri v . .
T e R . L agram for the re-scattering and regeneration effect.
. q -> reduces resonance yields n| —
P . .
n __,  The combined effect of both re-scattering and re-
e K T
Re-scattering: Pseudo-elasticcolisions |, generation contributes to the final measured reso-
through a diffﬁrent resonance state
->reduces resonance yields
Time (fm/c) nance yield. Therefore the study of resonance pro-

>

duction can shed light on the re-scattering and re-
Figure 1.12: Schematic diagram

for the re-scattering and regen- generation effects. These effects can be understood
eration effect. by looking at the resonance to stable particle ratios
(K*Y/K ratio) and comparing it to the measurement in pp collisions. Results from
the STAR [47, 48] and ALICE [49, 50, 51] experiments show a decrease in measured

K*Y/K ratio in heavy-ion collisions, compared to pp collisions. This observation

suggests the dominance of re-scattering effect over regeneration effect. Figure 1.13
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shows K*°/K ratio and ¢/K ratio as a function of (dNg,/dn)*/? in Pb-Pb collisions
at /Snny = 2.76 TeV and in pp collisions at /s = 7 TeV. The results are also com-
pared to the thermal model prediction. The values of K*°/K ratio are observed to
decrease with increasing centrality in Pb—Pb collisions. In central Pb—Pb collisions
K*Y/K ratio is significantly lower compared to the measurement in pp collisions and
the thermal model prediction. Suppression of K*°/K ratio in Pb-Pb collisions can
be understood as a re-scattering effect of K*° decay daughter in the hadronic phase.
On the other hand, ¢/K ratio remains same in pp and Pb—Pb collisions which is
expected due to the large lifetime of ¢ mesons (~46 fm) compared to K*° mesons
(~4 fm). Due to the large lifetime, ¢ mesons might decay predominantly outside the

hadronic medium.

S 0.4r opp7TeV
'*§0.35_ ‘ = e Pb-Pb 2.76 TeV |
oc ‘ - Thermal Model
@9 03 “0 + i v
:EO 251 KK + f .
o [ 8]
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Oz A e s 10 12
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Figure 1.13: K*°/K ratio and ¢/K ratio as a function of (dNg/dn)'/? in pp and
Pb-Pb collisions at /syy = 2.76 TeV and /s = 7 TeV, respectively [49].

Due to different masses and quark content, hadronic resonances also carry a wealth
of information on different aspects of hadron collisions, including the processes that
determine the shapes of particle momentum spectra, strangeness production, and

collective effects. Short-lived resonances with finite spin (eg. vector mesons: K*¥,
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¢) are sensitive to probe the initial stage of heavy-ion collisions. The system created
in non-central relativistic nucleus-nucleus collisions possesses large orbital angular
momentum. Due to spin-orbit coupling, particles produced in such a system could
become globally polarized along the direction of the angular momentum of the system.
Measurements of the spin alignment for the K*° vector meson, produced in relativistic
heavy-ion collisions, may provide new insights into the initial conditions and evolution

of the dense matter produced in the collisions [52].

1.6 Thesis motivation

The time evolution of heavy-ion collision mainly has three stages: i) initial state,
ii) QGP formation and hydrodynamic expansion of the medium and iii) final state:
hadronization, hadronic phase, and freeze out. Vector mesons (spin = 1), especially
short-lived resonances (K*° and ¢) produced in heavy-ion collisions can be used to
probe each of the stages. In this thesis, angular and momentum distributions of vector
mesons produced in proton-proton and heavy-ion collisions at LHC energies are used
to probe the initial and final state properties of the medium formed in the heavy-ion

collisions.

1.6.1 Spin alignment of vector mesons in heavy-ion and pro-
ton proton collisions

In non-central (impact parameter ~3-10 fm) heavy-ion collisions, there exists a large

orbital angular momentum about the centroid of the participant matter. In addition,

a large magnetic field is also generated by the protons in the nuclear spectator which

remains from the non-overlapping part of the nuclei in the collision. The specta-

tors pass by the collision zone with relativistic speed. Both the angular momentum

and the magnetic field are perpendicular to the reaction plane (the plane defined
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by the beam axis and impact parameter direction), shown in left panel of Fig. 1.14.
The angular momentum estimated in non-central collisions is ~107 7 [53] and esti-
mated magnetic field is ~10' T [54]. While the magnetic field is expected to be
short-lived (a few fm/c), the angular momentum is conserved, and its effect could
manifest throughout the evolution of the system formed in the collision. Right panel
of Fig. 1.14 shows a model calculation [53] for the impact parameter dependence of

the angular momentum in Au—Au collisions at /sy = 200 GeV. In the presence of a

Au Au, N SNN = 200 GeV
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Figure 1.14: Left panel: An illustration of non-central heavy-ion collisions. The global
angular momentum and the magnetic field are perpendicular to the reaction plane.
Right panel: Angular momentum as a function impact parameter for two different
nucleon distributions, hard sphere and Woods-Saxon. This calculation is for Au—-Au
collisions at \/syny = 200 GeV [53].

large initial angular momentum, the quarks and anti-quarks can be polarized due to
the spin-orbital angular momentum interaction of QCD, which further leads to the
net polarization of vector mesons (K** and ¢) [57, 58, 59, 60, 61]. Spin alignment
measurement, of vector meson provides a unique opportunity to probe these initial
conditions of heavy-ion collisions and can shed light on the presence of spin-orbital
angular momentum interaction in heavy-ion collisions.

Spin alignment of vector mesons is quantified by the diagonal element pyy of a 3x3

hermitian spin density matrix [55]; poo is the probability of finding a vector meson in
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spin state 0 out of 3 possible spin states of -1, 0 and 1. In the absence of spin alignment
all 3 states are equally probable which makes pgy = 1/3 and in the presence of spin
alignment pgy will deviate from 1/3. The spin density matrix element pgy for vector
mesons can be measured in the experiment by looking at the angular distribution of
the decay daughter of vector meson with respect to a quantization axis. Quantiza-
tion axis is chosen as the direction perpendicular to the reaction plane or is chosen
as perpendicular to the production plane (defined by the momentum of the vector
meson and beam axis). In the experiment, event plane [56] is used as a proxy for
reaction plane (as impact parameter direction can not be directly measured) and the
results are further corrected for the event plane resolution. The angular distribution

is expressed as [55],

dN
dcost*

o [1 = poo + (3pon — 1)cos®6*], (1.13)

where 6* is the angle made by the decay daughters of vector meson with the quan-
tization axis in the rest frame of vector meson. The derivation of Eq. 1.13 is given
in Appendix A.1. In the absence of spin alignment, a uniform angular distribution is
expected yielding pgo = 1/3. Whereas if the spins of the mesons are aligned, then the
angular distribution of the decay products is non-uniform and the value of the spin
density matrix element pgy deviates from 1/3.

In theory there are some specific predictions from quark model for vector meson
spin alignment. In the the presence of a large angular momentum, the spin-orbit
coupling of QCD could lead to a polarization of quarks followed by a net-polarization
of vector mesons along the direction of the angular momentum [58, 59, 60, 61]. In
quark polarization model, polarization of quarks is inversely proportional to square
of its mass. Quark model predicts [58, 59, 60, 61] poo < 1/3 if the vector meson

is produced from the recombination of two polarized quarks, and pgy > 1/3 if the
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hadronization of a polarized parton proceeds via the fragmentation process. In the
recombination hadronization scenario, pgg is expected to have maximum deviation
from 1/3 at low-pr, whereas at high-pr the value of pyy reaches 1/3. Quark model
also predicts that the spin alignment effect is larger for K*° than ¢ due to their
respective constituent quark composition. The initial large magnetic field may also
affect the poy [61]. For electrically neutral vector mesons the magnetic field leads
to poo > 1/3, and for electrically charged vector mesons it leads to pgy < 1/3. In
addition, recent theory development in Ref. [62] predicts pgg > 1/3 for the ¢ meson
due to the coherent ¢ meson field. All these predictions are tested in this thesis by
measuring the spin alignment of K*° and ¢ vector mesons in Pb~Pb collisions at LHC
energy.

In this thesis the first measurement of spin alignment of vector mesons (K*° and
¢) in heavy-ion collisions (Pb-Pb) at the LHC is reported. pgy measurements are
carried out at mid-rapidity (|y|] < 0.5) as a function of py and collision centrality
with the ALICE detector in Pb-Pb collisions at /sy = 2.76 TeV. The pgy values
are extracted from the angular distribution of the vector mesons decay daughter with
respect to the direction perpendicular to the reaction plane and also with respect to
direction perpendicular to the production plane. Measurements are also compared
with the results from the following cases which correspond to the null hypothesis:

i) poo for K** and ¢ in pp collisions where we do not expect the presence of a large
initial angular momentum.

ii) pgo for spin 0 hadron K% in Pb-Pb collisions for which spin alignment is not ex-
pected.

iii) Measurements with respect to the random event plane, where the random plane

is constructed by randomizing the event plane vector in azimuthal plane.
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1.6.2 System size dependence of K*¥ production with the AL-
ICE detector at the LHC

The ALICE collaboration has recorded the data for small collision systems (pp, p—Pb)
as well as for heavy-ion collision systems(Pb—Pb and Xe-Xe). This data sets allow
us to investigate the system size dependence of particle production at LHC energies.
Study of K*° resonance production as a function of charged particle multiplicity
can shed light on the system size dependence of hadronic re-scattering of K*° decay

daughter inside the hadronic phase.
1.6.2.1 K*° production in Xe—Xe collisions

The ALICE experiment in the years 2017 and 2015 recorded '2°Xe—12?Xe and 2°Pb-208Ph
collisions at /syy = 5.44 and 5.02 TeV, respectively. This unique data set allows
investigating bulk properties of particle production such as particle yield, mean trans-
verse momentum, azimuthal anisotropies etc. for very different systems at similar col-
lision energies. In particular, the charged particle multiplicities in Xe—Xe collisions are
comparable to those in high multiplicity proton-proton (pp) and proton-lead (p—Pb)
collisions. Therefore, measurements in Xe—Xe collisions can be used to understand the
evolution of the system from small (pp and p—Pb) to large (Pb-Pb) system. Study
of K*Y production in Xe-Xe collisions and comparison with pp, p-Pb and Pb-Pb
collisions allows us to understand the system size dependence of re-scattering and
regeneration effect.

In this thesis, we have presented K*° production at mid-rapidity for different
collision centrality classes in Xe-Xe collisions at /syn = 5.44 TeV. The pr spectra,
pr integrated yield, mean transverse momentum ((pr)) and ratio of yield of neutral
K* to charged kaon are reported. In addition, we have also measured the Ry for

K*° to understand initial partonic energy loss inside the dense medium created in the
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collisions. Measurements of above observables for K*° in Xe-Xe collisions are also
compared with the corresponding results from pp, p—Pb and Pb-Pb collisions [51] to
understand the system size dependence of particle production.

Further, we have also studied the bulk properties of produced particles in Xe—Xe
collisions, using A Multiphase Transport Model (AMPT) model [63]. Xe is a non-
spherical nucleus and referred to as a deformed shape nucleus [64]. In this work,
the deformation of Xe nucleus in AMPT model is introduced by using a deformed
Woods-Saxon profile [65] of nucleon distribution inside the nucleus. We have studied
the effect of deformation of Xe nucleus on the bulk properties such as charged particle
yield, elliptic flow and triangular flow. Results from AMPT model are also compared

with the ALICE measurements [66, 67].
1.6.2.2 K*° production in pp collisions

Recent measurements in high multiplicity pp collisions show striking similarities with
results from heavy-ion collisions. Observation of near side long-range two particle
correlation [68] (shown in 1.15), elliptic flow [69] (shown in the left panel of 1.16),
enhancement in strangeness production [70] (shown in the right panel of 1.16) in high
multiplicity pp collisions are similar to the corresponding observations in heavy-ion
collisions. These observations have generated a huge interest among experimental
and theoretical physicists to understand the underlying physics behind the high mul-
tiplicity pp collisions.

New physics phenomenon like multipartonic interactions (MPI) [71], color recon-
nection (CR) [72] are introduced to understand the results from high multiplicity pp
collisions. These observations encourage us to look at the K*° resonance production
as a function of dNy,/dn in pp collisions in order to find the possible presence of the

hadronic phase effect in small systems.
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Figure 1.15: 2-D two-particle correlation functions in pp collisions at /s = 7 TeV
for high multiplicity events over an intermediate pr range (1 < pr < 3 GeV/c). A
clear and significant “ridge” like structure is observed at A¢ = 0 and is extended
upto An = 4. This figure is taken from [68].

In this thesis, we have studied K*° production as a function of charged particle
multiplicity in pp collisions at /s = 13 TeV, the highest center of mass energy cur-
rently reached at LHC. The pr spectra, < pr > integrated yield, < pr > and K*°/K
yield ratio as a function of charged particle multiplicity as well as in minimum bias
pp collisions are reported. Measurements from pp collisions at 13 TeV are compared
with the results from pp collisions at 7 TeV [73] and p-Pb collisions at 5.02 TeV [74]
to understand energy and system size dependence of particle production. The results

from various Monte Carlo (MC) event generators such as, PYTHIA [75], EPOS [76]

and DIPSY [77] are also compared to ALICE measurements.
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Figure 1.16: Left panel: Multiplicity dependence of the azimuthal anisotropies v, k,
obtained from multi-particle cumulants method with pseudorapidity separation 1.4
1.0 in pp, p—Pb, Xe-Xe and Pb-Pb collisions. Non zero vy, v3 and v, are observed
in pp and p—Pb collisions. This figure is taken from [69]. Right panel: The pr inte-
grated yield ratio of strange hadrons to charged pion as a function of charged particle
multiplicity in pp, p—Pb and Pb—Pb collisions. The ratio increases significantly with
increasing charged particle multiplicity. The observed enhancement increases with
strangeness content of hadrons. This figure is taken from [70].
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Chapter 2

A Large Ion Collider Experiment (AL-
ICE)

The “Large Hadron Collider (LHC)”, a scientific wonder of 21% century was built at
CERN, Geneva to explore the nature of the universe. Presently, the LHC accelerator
is the largest and most powerful particle accelerator in the world. A Large Ion Collider
Experiment (ALICE) is one of the major experiment at LHC. ALICE is a dedicated
heavy-ion collisions detector, taking data of hadronic and nuclear collisions from 2009.
In this chapter, an overview of the LHC and its major experiments are discussed. This
followed by a brief description of the ALICE sub-detectors, and online and offline

computing system.

2.1 The Large Hadron Collider (LHC) at CERN

The LHC accelerator is situated in Switzerland and France border in a 26.7 km long
underground tunnel at a depth about 50-150 m. The LHC is made of two rings of
superconducting magnets with a number of accelerating structures to boost the energy
of the particles along the way. Figure 2.1 shows CERN accelerator complex which
consists of different accelerator systems such as the Linear Accelerator 2 (LINAC
2), the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS), the Super
Proton Synchrotron (SPS) etc. Each of this accelerator systems sequentially boost
the energy of a beam of particles before being injected into the main LHC ring. The
accelerating process for protons starts from a simple bottle of hydrogen gas as a

proton source. Hydrogen gas break down into its constituent protons and electrons
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2 A Large Ion Collider Experiment (ALICE)

The CERN accelerator complex
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Figure 2.1: CERN accelerator complex and the locations of the four major LHC
experiments: ALICE, ATLAS, CMS and LHCD along the LHC ring [1]

by applying an electrical field. Protons are then accelerated up to 100 kV and sent
to a Radio Frequency Quadrupole (QRF) that speeds up and focuses the particle
beam. QRF accelerates the proton beam upto 750 keV. After this proton beam is
sent to the linear accelerator (LINAC 2) which accelerate protons up to the energy
of 50 MeV. In next stage protons are subsequently passed to the PSB, the PS, and
the SPS where the energy of proton is accelerated up to 450 GeV. After that protons
are injected in two directions into the main LHC ring where the energy is ramped
up to the desired energy of collisions. On the other hand, the lead (Pb) ion beam
starts from a vapour of lead atoms obtained by heating a 2 cm long, 500 mg pure

lead sample to 500°C. An electric field is used to remove few electrons from Pb atom
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2 A Large Ion Collider Experiment (ALICE)

and the newly created Pb ions are first accelerated by a LINAC 3 up to the energy of
4.2 MeV per nucleon. In LINAC 3 further electrons are removed from the Pb ions.
In next step, the ions are accelerated to 72 MeV per nucleon in the Low Energy Ion
Ring (LIER). These first three stages are unique for heavy ions. After that Pb ions
are accelerated subsequently in the PS and SPS. In the PS, energy of Pb ions are
boosted up to 5.9 GeV per nucleon and the remaining electrons from the Pb ion are

stripped away. In the SPS, the Pb beam is accelerated upto 177 GeV per nucleon

and finally injected in two directions into the LHC.

CMS

Acceleration

system Beam dump

Beam cleaning Beam cleaning

ATLAS

Figure 2.2: Schematic layout of the LHC [2].

Particles are injected into the LHC ring from the point 2 and point 8 in two
opposite directions. The Radio Frequency (RF) system accelerates the beam at the
point 4. Two beams cross each other at four points 1, 2, 5 and 8, where the four main

experiments A Toroidal LHC ApparatuS (ATLAS), ALICE, Compact Muon Solenoid
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2 A Large Ion Collider Experiment (ALICE)

(CMS) and Large Hadron Collider beauty (LHCb) are located. The beam dumps at
point 6, and the collimation system cleans the beam at point 3 and 7 by removing
the beam bunches which have large spatial spread from the bunch center. Figure 2.2
shows a schematic layout of the LHC operation points. With the present accelerator
facilities at LHC, the maximum center of mass energy that can be reached in the
LHC is 14 TeV and 5.5 TeV per nucleon for proton proton collisions and heavy-ion

collisions, respectively.

2.2 The ALICE experiment at LHC

The ALICE detector at the LHC is dedicated to the heavy-ion collisions experiment
to understand the formation and evolution of the nuclear matter, formed in heavy-
ion collisions. The ALICE detector is 26 m long, 16 m wide, 16 m high and has
weight of 10,000 tones, situated about 56 m under the ground in the village of St
Genis-Pouilly in Switzerland-France border. In ALICE, the coordinate system is
chosen as right handed Cartesian coordinate system where z axis is along the beam
direction and origin (0, 0, 0) is at the center of the TPC detector. The muon arm
side of the ALICE detector system is chosen as negative z axis. The x and y axes are
orthogonal to z axis where the x axis is pointing towards the LHC center and y axis
is vertically upward. The ALICE detector systems are categorized into three groups:
central-barrel detectors, forward detectors, and the muon spectrometer. The ALICE
detector consists of 19 detector subsystems as shown in Fig. 2.3. The positions, n
and ¢ acceptances, and purposes of ALICE detector subsystems are summarized in
Tab. 2.1.

In this thesis I'TS, TPC, TOF and VO detectors are extensively used for the

analysis of ALICE data. These detectors are briefly discussed in the following sub-
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Table 2.1: Summary of the positions, n and ¢ acceptances and purposes of ALICE
detector subsystems [10].

Detector

Position (in c¢m)

1 acceptance

¢ acceptance (in °)

Purpose

Central barrel detector:

SPD r=39 In] < 2.0 0°< ¢ < 360° tracking, vertex
r=716 n] <14 0°< ¢ < 360° tracking, vertex
SDD r=15.0 In] <0.9 0°< ¢ < 360° tracking, particle identification
r =239 n <0.9 0°< ¢ < 360° tracking, particle identification
SSD r = 38.0 n <1.0 0°< ¢ < 360° tracking, particle identification
r =43.0 In] < 1.0 0°< ¢ < 360° tracking, particle identification
TPC 85 < r < 247 nl < 0.9 0°< ¢ < 360° tracking, particle identification
TRD 290 < r < 368 n <0.8 0°< ¢ < 360° tracking, e* identification
TOF 370 < r < 399 n| <0.9 0°< ¢ < 360° particle identification
PHOS 460 < r < 478 [n| < 0.12 220°< ¢ < 320° photons
EMCAL 430 < r < 455 n| <0.7 80°< ¢ < 187° photons
HMPID r = 490 n| < 0.6 1°< ¢ < 59° particle identification
ACORDE r = 850 n < 1.3 30°< ¢ < 150° cosmics
Forward detector:
PMD z = 367 23< n <39 0°< ¢ < 360° photons
FMD z =320 36< n <50 0°< ¢ < 360° charged particles
z =380 1.7< n <37 0°< ¢ < 360° charged particles
z=-70 34 < <17 0°< ¢ < 360° charged particles
Vo z =329 28 < n <51 0°< ¢ < 360° charged particles
z =-88 Br< n <-17 0°< ¢ < 360° charged particles
TO z = 370 46 < n <49 0°< ¢ < 360° time, vertex
z=-70 33 < n <-3.0 0°< ¢ < 360° time, vertex
ZDC z = +11300 [n] > 88 0°< ¢ < 360° forward neutrons
ZDC z = +11300 6.5< |n| <75 l¢| < 10° forward protons
ZDC z = £730 48 < n <57 [20] < 32° photons
Muon spectrometer:
MCH -1420 < 2z <540 40< n <-25 0°< ¢ < 360° muon tracking
MTR 1710 < 2z <-1610 -40< n <-25 0°< ¢ < 360° muon trigger
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THE ALICE DETECTOR
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Figure 2.3: Schematic diagram for the ALICE detector systems [3].

sections.

2.2.1 The Inner Tracking System (ITS)

The Inner Tracking System (ITS) is a six layer of cylindrical silicon detector located
at radii between 3.9 and 43 cm and surrounds the beam pipe which is a 800 um thick
beryllium cylinder with 2.9 cm radius. A geometrical view of silicon detector has been
shown in Fig. 2.4. The n and ¢ acceptance for different layers of the ITS detector is
shown in Tab. 2.1. The main purposes of ITS are the determination of the primary
vertex with a resolution better than 100 pum and to reconstruct secondary vertices,
particle identification and tracking upto a very low-momentum (< 200 MeV/c). AL-
ICE ITS allows to reconstruct the tracks traversing the dead TPC region or very
low pr tracks that do not reach the TPC. Therefore the momentum and angular

resolution of tracks reconstructed by TPC can be improved by ITS.
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SPD

SDD

87.2 cm

Figure 2.4: Schematic diagram for the ALICE ITS [3].

The innermost 2 layers of ITS are the Silicon Pixel Detectors (SPD). It has a
full azimuthal coverage and pseudo-rapidity acceptance of |n| < 2.0. SPD is mainly
used for the determination of primary and secondary vertices and can operate at
very high track densities about 50 tracks/cm® and in a high radiation environment.
The main component of SPD modules are the hybrid silicon pixels in the form of a
two dimensional matrix of reverse-biased silicon based p-n junction diodes. For large
acceptance coverage and high granularity, there are almost 9.8 million pixel cells.
Each cell on the detector matrix is connected to a cell of the same size on a front-
end CMOS chip through a conductive solder ball. CMOS chip contains most of the
readout electronics. Each of the pixel chips provide a Fast-OR digital pulse when it
detects a particle signal above the threshold. This makes SPD capable of generating
a prompt trigger. Therefore, SPD is also used as level-2 (L2) trigger [5].

The 3'% and 4" layers of the ITS are Silicon Drift Detector (SDD). SDD modules
are assembled on linear structures known as ladders. SDD is divided into two drift

regions where the electrons are moved in two opposite directions under a drift field
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2 A Large Ion Collider Experiment (ALICE)

of 500 V/cm. Charges are collected in each drift region with anodes which are kept
independent of the drift voltage by using a second bias supply. The z-position of a
track is reconstructed from the charge collected along anode, whereas the x and y
coordinates of a track are reconstructed from the drift time of the charges. The signal
measured by the SDD is proportional to the energy loss by the particles inside the
detectors which is useful for the particle identification in low pr region.

Silicon Strip Detectors (SSD) are the two outermost ITS. Each of the SSD modules
is composed of double sided strip sensor. The innermost SSD layer consists of 34
ladders, each of them having 22 modules along the beam direction whereas other SSD
layers are made up of 38 ladders, each of them having 25 modules. Each SSD module is
composed of a 1536-strip double-sided silicon sensor. It also provides the measurement
of the track position and particle identification via energy loss measurements. SSD
and SDD have analogous readouts which has a large dynamic range that allows the
particle identification via energy loss for low momentum particles down to pr = 100
MeV/c. The average energy loss of charged particles inside ITS as a function of

transverse momentum is shown in Fig. 2.5.

2.2.2 The Time Projection Chamber (TPC)

Main tracking detector of the ALICE experiment is the Time Projection Chamber
(TPC) detector. The TPC is optimized to measure the momentum of charged parti-
cles with very good position resolution of tracks (800-1100 pm in the transverse plane
and 1100-1250 pum along the z-direction). Figure 2.6 shows a schematic layout of the
ALICE TPC. The TPC has a full azimuthal angle coverage and it covers pseudo-
rapidity range of |n| < 0.9. The TPC is a cylindrical shaped gas detector having an
inner and outer radius of 80 cm and 250 cm, respectively. It covers a length of 500

cm along the beam axis and occupying an active volume of 92 m?. The TPC is filled
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Figure 2.5: Average energy loss as a function of transverse momentum in pp collisions
at /s = 13 TeV [6]. The lines are a parametrization of the detector response based on
a hybrid parametrization with a polynomial function at low p/m and a Bethe-Bloch
formula.

with a mixture of Ne and CO, gas with the proportion of 90:10.

The TPC drift volume is divided into two segments by a cylindrical conducting
electrode which is placed at the center of the TPC. The central electrode maintains
a uniform axial electrostatic field of 400 V/cm, parallel to the beam line directed
towards the membrane. Figure 2.7 shows the working principle of the TPC. When a
charged particle passes through the active gas volume, it excites and ionizes gas atoms
along the trajectory of the track. As a result, the charged particle loses an amount of
energy per unit track length (dF/dx) depending on the mass of the particle. Tonized
free electrons are drifted towards the end plates of the cylinder due to the electric
field and the ions are drifted towards the high voltage cathode placed at the center
of the TPC. The drifting of electrons are not affected by the external magnetic field
as it is oriented parallel to the electric field. Drifted electrons are amplified by an
avalanche process at the end of drift path around the anode wires. The x, y positions

of the tracks are reconstructed from the hits on the anode pads at the end plates. The
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Figure 2.6: A schematic layout for the ALICE TPC [7].

z-coordinates of the tracks are reconstructed based on the information of drift velocity
and arrival time of the drift electrons at the anode plane. Multi-Wire Proportional
Chambers (MWPCs) at the end plates are used for the readout of the signal. There
are two end plates in the TPC and each of the end plate has 36 readout chambers
which are arranged in 18 sectors. Each of the readout sectors consists of an an Outer
Readout Chamber (OROC) and an Inner Readout Chamber (IROC). The tracks are
reconstructed from the 3D space points and the pr is calculated from the curvature
of the track.

The TPC is one of the major detector in ALICE used for the particle identification.
The particle is identified inside the TPC from the simultaneous measurements of
charge, momentum and specific energy loss of each track that traverse through the
TPC volume. Average energy loss inside the TPC is parametrized by a modified

Bethe-Bloch function, originally proposed by ALEPH collaboration [9].

f(By) =

y4
ﬁp4

Here § and v are the velocity and lorentz factor for the track, respectively. The

(p2 - B = Il + 6;%))' (2.1)

parameters p; to ps are extracted from the fit during each data taking period. The
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Figure 2.7: A schematic illustration of the working principle of the TPC [8].

dE/dx distribution as a function of momentum has different bands corresponding
to different masses, hence the different particles. dE/dx of tracks as a function of
momentum using the TPC detector in PbPb collisions at \/syy = 2.76 TeV has been
shown in Fig. 2.8. The solid line corresponds to the expectations from Bethe-Bloch

formula.

2.2.3 The Time Of Flight (TOF) detector

The TOF detector in ALICE is placed around the Transition Radiation Detector
(TRD) having inner radius of 3.7 m and outer radius of 3.99 m with 1 and ¢ acceptance
of |n| < 0.9 and 27, respectively. It is a cylindrical gas detector comprising of Multi-
gap Resistive Plate Chamber (MRPC). Whenever a charged particle traverses through

the TOF detector, it ionizes the gas and the avalanche electrons move towards the
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Figure 2.8: Average energy loss of tracks as a function of momentum using TPC in
Pb-Pb collisions at /syy = 2.76 TeV [10].

electrode. Resistive plates in each gap stop the avalanche electrons. A very fast signal
with a time resolution about 80 ps is provided by the induced charge. In ALICE,
TOF is used to identify particles up to intermediate momentum where the separation
between pions and protons with momentum up to 4 GeV /c and the separation between
pions and kaons with momentum up to 2.5 GeV/c is good.

Particle identification in the TOF detector is based on the measurement of flight
time (71or) of a particle inside the TOF detector. Flight time of a charged particle
is measured as difference between the reconstructed times of the hits in the TOF and

TO detectors (provides the collision time). The time of flight is related to the particle

L
cTTOF ’

velocity as, f = where L is the path length traversed by the particle. The mass

(myg) of the particle is related to its momentum by,

p

= 5 (2.2)

mo

Here p is the momentum of the particle, obtained from the TPC and +y is the lorentz

factor. Figure 2.9 shows measured S for tracks using the TOF detector as a function
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of their momenta in Pb—Pb collisions at /sxy = 2.76 TeV.
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Figure 2.9: Distribution of g, measured by using TOF detector as a function of
momentum of particles which reach the TOF detector in Pb—Pb collisions at /syy =
2.76 TeV [10].

2.2.4 The VZERO (V0) detector

The VOA and VOC detectors are small-angle plastic scintillator detectors situated in
the forward directions on both sides of the ALICE collision vertex. They cover full
azimuthal angle and the pseudo-rapidity ranges of 2.8 < n < 5.1 for the VOA detector
and -3.7 < n < -1.7 for the VOC detector. Both of the V0O detectors consist of two
arrays of 32 scintillator counters. The scintillating light is collected by photomulti-
pliers (PMTs) through Wave-Length Shifting (WLS) fibres. Figure 2.10 shows the
position of two VO detectors in ALICE layout. The VO detectors are dedicated to
provide a minimum bias trigger during the data taking of pp and heavy-ion collisions.
They are also used to discriminate the beam-gas interactions by correlating VOA and
VOC timing. In addition, VO detectors are also used to determine the collision cen-
trality in heavy-ion collisions, multiplicity classes in pp collisions and the event plane

by measuring the VOA and VOC amplitudes. Details about the centrality and the
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Figure 2.10: Position of the VOA and VOC detectors within the layout of the ALICE

experiment [11].
event plane estimation are given in 3.1.13.1.4, and estimation of multiplicity classes

is discussed in 5.0.1.
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Chapter 3

Spin alignment of vector mesons in
heavy-ion and proton proton colli-
sions

In non-central heavy-ion collisions a large initial angular momentum is expected to
be created. A theoretical study predicts the magnitude of the angular momentum
to be ~107A [1]. In presence of large initial angular momentum, vector mesons (spin
= 1) can be polarized due to the spin-orbital interaction of QCD. Spin alignment
measurements of vector mesons provide a unique opportunity to probe this initial
condition in heavy-ion collisions. Spin alignment can be studied by measuring the
angular distributions of the decay daughters of vector mesons with respect to the
quantization axis. The quantization axis can be perpendicular to the production
plane, defined by the momentum of the vector meson and the beam axis or it can
be perpendicular to the reaction plane, subtended by the impact parameter and the

beam axis. The angular distribution is expressed as [2],

dN
d cos 6*

= NO [1 — Poo t+ COS2 9*(3p00 — 1)] (31)

Here 0* is the angle made by the decay daughter of vector meson with the quantization
axis in the rest frame of the vector meson. Nj is the normalization constant. pgg is the
second diagonal element of the 3x3 hermitian spin density matrix. In the experiment
the event plane is used as a proxy of the reaction plane as the impact parameter
direction is not directly measured in the experiment. Observed pyy w.r.t. the event

plane is corrected with the event plane resolution to get the pgy w.r.t. the reaction
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plane. Resolution correction is carried out by applying following equation [3](see
Appendix B.1 for the derivation)

4

1 1
corrected obs

00 3 Poo — 3 (3.2)

where R is the 2°¢ order event plane resolution for vector mesons. R value is extracted
by weighting the event plane resolution in small centrality bin with the yield of vector
mesons in those centrality. pgo corresponds to the probability of finding a vector meson
in spin state 0, where vector mesons can occupy 3 spin states —1, 0 and 1. In absence
of spin alignment all spin states are equally probable which makes pgo = 1/3 and leads
to a flat angular distribution. Deviation of pyy from 1/3 would lead to a non-uniform
angular distribution which is the experimental evidence of the presence of large initial
angular momentum, leading to the spin alignment of vector mesons.

In this chapter, we present the first ALICE measurements of the transverse mo-
mentum (pr ) and centrality dependence of pgo for K*° and ¢ vector mesons in Pb-Ph
collisions at /sy = 2.76 TeV and in pp collisions at /s = 13 TeV. Measurements
are carried out with respect to the perpendicular direction to the production plane
(PP) and the event plane (EP). Measurements are also compared with several control
measurements such as pgo for vector mesons in pp collisions where presence of angu-
lar momentum is not expected, pyo for the spin zero hadron K in Pb-Pb collisions

and pgp for vector mesons w.r.t. the perpendicular direction of a random event plane

(RndEP).

3.1 Analysis details
3.1.1 Event selection

The analysis is carried out on 14 million and 43 million minimum bias Pb—Pb collisions

at \/snn = 2.76 TeV and in pp collisions at /s = 13 TeV, respectively. Minimum bias
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Pb—Pb and pp collision events were collected at a solenoidal magnetic field of B =
0.5 T. Pb—PDb collisions data were collected with a Minimum Bias (MB) trigger which
requires at least one hit in any of VOA, VOC, and Silicon Pixel Detectors (SPD).
Whereas, minimum bias event in pp collisions required at least one hit in both VOA
and VOC, in coincidence with proton bunches arriving from opposite directions of the
experiment along the beam line. In addition to the trigger conditions in Pb—Pb and
pp collisions, beam induced background events were removed by using the timing
information in the VO detectors and taking into account the correlation between
tracklets and clusters in the SPD detector. Pile-up events are removed for the analysis
by excluding events with multiple vertices reconstructed in the SPD. For the analysis
only those events are selected which have a primary collision vertex reconstructed
with the SPD detector and the z position of primary vertex (v,) is within £10 cm
along the beam axis from the center of the TPC detector to ensure uniform detector
acceptance.

For centrality selection the VO detector is used. The centrality estimation is
based on the sum of the VOA and VOC amplitudes, which are proportional to the
ionisation energy deposited in detectors in the 2.8 < n < 5.1 and -3.7 < n < -1.7
ranges, respectively. The amplitudes are classified in percentiles of selected events
and results are reported in classes defined with this sum of amplitudes, henceforth
denoted as the VOM centrality classes. For example, 0-10% corresponds to the top
10% of the VOM amplitude distribution. The VOM amplitude distribution is further
fitted with the two component Glauber Monte Carlo model to get impact parameter
(b), average number of binary collisions ({(Neon)), and (Npa¢) for any given range of
VOM amplitude. Figure 3.1 shows the VOM amplitude distribution and the Glauber
Monte Carlo fit in Pb-Pb collisions at /syy = 2.76 TeV [4].

Table 3.1 shows collision centrality classes and their corresponding (Npa.) values,
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Figure 3.1: Centrality selection using VOM amplitude distribution in Pb—Pb collisions
at \/snn = 2.76 TeV [4]. The red line shows the fit with a Glauber model. The shaded
areas define the different centrality classes of hadronic collisions

used in this analysis .

3.1.2 Track selection

Invariant mass reconstruction of K*° and ¢ signals are carried out with the charged
K and 7 tracks which are coming from the primary vertex of the collision, also known
as primary tracks. Track selection criteria are applied to limit the contamination due
to secondary particles, to maximize tracking efficiency and improve the dE/dz and
momentum resolution for primary charged particles, and to guarantee an optimal
particle identification (PID) quality. Primary tracks are selected within kinematic
acceptance pr > 0.15 GeV/c to maintain a good momentum resolution and track
reconstruction efficiency [6], and || < 0.8 to avoid edge effects in the TPC accep-
tance [6]. The selection of primary tracks require to satisfy good quality track criteria.

Primary tracks are reconstructed using the TPC and ITS detectors with a Kalman

'For K*0 measurements with respect to the production plane, 2-10% centrality class is used
instead of 0-10% centrality class to reduce combinatorial background contribution and to get smooth
residual background shape.
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Table 3.1: (Npar;) values and their corresponding systematic errors along with the

number of analyzed events for various centrality classes in Pb—Pb collisions at /snn
= 2.76 TeV [4, 5].

Analysis Centrality (%) (Npart) Number of events (in Million)
K0 (EP) and 6 (EP) 0 10% | 356.2 = 3.8 144
10-30% 225.5 £ 3.5 2.88
30-50% 108.6 + 1.8 2.88
50-80% 329+ 1.3 4.32
K*° (PP) 2-10% 3453 £ 4.0 1.15
10-30% 2255 £ 3.5 2.88
30-50% 108.6 + 1.8 2.88
50-80% 329+ 1.3 2.88
50-70% 410+ 1.3 2.88
70-90% 114+ 0.3 2.88
4 (PP) 020% | 3081 %37 2.88
20-40% 157.2 £ 3.1 2.88
40-60% 68.6 £ 2.0 2.88
60-80% 16.9 £ 0.5 2.88

filter algorithm for the tracking. Tracks which pass the TPC and ITS refit (refitting
of primary tracks from the outermost layers of TPC to the innermost layers of the I'TS
with a prolongation to the primary vertex and vice-versa) are used for this analysis.
Good quality tracks also require to have a signal in at least one of the SPD layers
with a maximum y? per cluster value of 36, obtained from the fit of ITS clusters.
To reduce the contribution from the weak decay particles and the interaction with
the detector material, a selection criteria on the distance of closest approach (DCA)
of the primary track to the primary vertex is also applied. The good quality tracks
require to have DCA < 7opca,, in the transverse plane and DCA < 2 cm along the
longitudinal or beam direction. opca,, depends on the pr of the track and can be
expressed as 0.0026 + 0.005py ~'! cm (0.0015 + 0.005pr ~*! ¢cm in pp collisions).
Accepted tracks require to cross at least 70 horizontal segments (“rows”) out of max-
imum available 159 along the transverse readout plane of the TPC with a maximum
x? per cluster value of 4, obtained from the fit of TPC clusters. In addition, the value

for the ratio of the number of crossed rows to the number of findable clusters in the
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TPC is larger than 0.8 and rejection of track with kink decay (a track which decays

to muon and neutrino) is also applied to ensure the good quality tracks.

3.1.3 Particle identification

The daughter particles of K*? and ¢ are kaons and pions, and they can be identified
by using Time Projection Chamber (TPC) [6] and Time Of Flight (TOF) [6]. In TPC,
particles are identified by their specific energy loss (dF/dz) and in TOF particles are
identified by their time of flight. Both pions and kaons are selected by a criterion of
lnorpc| < 2.0 with a TOF veto of |noror| < 3.0 (shown in Fig. B.2 and Fig. B.3 of
Appendix B.2). “TOF veto” means that the TOF criterion is applied only for cases
where the reconstructed track matches a hit in the TOF' for tracks without a match

in TOF, no TOF criterion is applied. norpc is defined as,

dE/dxmeasured - dE/dxeXpeCted

OTPC

(3.3)

norpc =

where dE /dTpeasurea 1S the measured average energy loss of a track inside the TPC,
dE /A% expected 18 the expected average energy loss of a pion (corresponds to norpc for
pion) or kaon (corresponds to norpc for kaon) track, obtained from the parametriza-
tion of modified Bethe-Bloch function. The dE/dx value of a track is measured by
taking the truncated mean of lowest 60% of the measured clusters to avoid ionization
fluctuation and TPC edge effect. orpc is the PID resolution of the TPC and the
typical resolution value is ~5.2% for pp collisions and ~6.5% for 0-5% most central
A—-A collisions.

In the TOF detector mass or the identity of a particle is obtained by combining the
information of the flight time of a particle measured in the TOF detector and its
momentum information from the ITS and the TPC detectors. The start time of the

flight is assumed to be the collision time and is obtained for each event from the T0O
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detector. noror is defined as,

tmeasured - tex

o pected

noror = o s (3 . 4)
TOF

where teasured 1S the flight time of a particle measured in the TOF detector and
texpected 15 the expected time calculated from the track length and momentum assum-
ing that the track is a pion (corresponds to noror for pion) or kaon (corresponds to
noror for kaon) track. orop is the PID resolution of the TOF and the value is ~ 56
ps.

It should be noted that in pp collisions the above quoted value for the TPC PID
criteria are only applied for momentum (p) > 0.4 GeV /c for both K* and 7*. Wider
TPC PID selection criteria are used at low momentum. Specifically, for p < 0.3
GeV/c, a selection criterion of [norpc| < 6.0 and for 0.3 < p < 0.4, [norpc| < 4.0 is

applied for both pions and kaons.

3.1.4 Event plane estimation

The event plane is determined from the azimuthal distribution of the final state
particles. The procedure to extract the event plane angle ¥ from the produced
particles starts with the reconstruction of the low vector for each event. Flow vector is
calculated for each harmonic, n, of the Fourier expansion of the azimuthal distribution.

The event flow vector (), in the transverse plane is defined as :

Qnx = Z wicos(ng;) = Queos(nVy);  Quy = Z wisin(ng;) = Qusin(nl,), (3.5)

where sum goes over all particles i used to calculate the event plane. The quantities ¢;
and w; are the lab azimuthal angle and weight for particle i, where for odd harmonics
wi(—y) = —w;i(y). The weights are introduced, since not all the particles have the

same flow. The weight coefficients are there to enhance the contribution of particles
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with larger low and hence make the ) vector a better defined observable. Experi-
mentally it is observed that flow increases with the transverse momentum, therefore
a good choice of the weights for the calculation of flow vector @), can be pr itself or
some monotonic function w;(pr) o pr. In this analysis we are calculating the event
plane from VO and inverse of multiplicity is used as the weight factor. The observed

event plane angle of the n'" harmonic is the azimuthal angle of @, calculated as

U, = 1 arctan (%) . (3.6)

n n,x

By construction ¥, € [_T”, %] As long as the colliding nuclei are not polarized, any
ensemble of events should have randomly distributed azimuthal angles of the reaction
planes. The finite acceptance of the detector induces bias which cause the particles to
be azimuthally anisotropic in the laboratory system. This anisotropy can be removed

by making the distribution of event planes isotropic in the laboratory.

3.1.5 Event plane flattening method

Collision of two nuclei in the laboratory frame is random, therefore the event plane
angle distribution should be isotropic in the laboratory frame for an ideal detector
acceptance. However, in experiments, the detectors have a finite acceptance or non-
uniform acceptance which makes an anisotropic event plane angle distribution. A
number of methods [7, 8] are used to make the event plane angle distribution uniform.
These methods sometimes used in a combination with each other. Three methods
have been used to make the VO event plane azimuthal angle distribution flat:
Gain equalization

The gain equalization is performed on individual detector channels and is given by

(3.7)
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where M, is the multiplicity and (M) is the average multiplicity of the detector chan-
nel.

Recentering
It is observed that for non-flat distribution of the event plane angle, the flow vector
@, distributions over a large number of events are not centered around zero. In
this method the (),-vector distributions are made to be centered around zero by

subtracting the average (), vectors; i.e.
X =X, — (Xy); Y, =Y, — (Y.), (3.8)

where X,, =Y . wicos(n¢;) and Y,, = >, wisin(ne;) and X/, & Y/ are the new corrected
position of Q, vector. The averages (X,,) and (Y,) are made over many events. The
green solid lines in Figure 3.2 shows the W, distribution from VOA after recentering
for centrality class 30-40%.

Shift correction
After recentering corrections the event plane is flat with small modulations. Further
corrections are applied after recentering using the shift correction method [9]. The

equation for shift correction is given by:

nAv, = i %(—(sm(in\lln»cos(in\lfn) + (cos(in¥,,))sin(in¥,)). (3.9)

i=1

The corrected event plane angle after shift correction is given as:
2
U =0, + E —(—(sin(inW,))cos(in¥,) + (cos(in¥,))sin(inV,)). (3.10)
in
i=1

In this analysis, the correction is done upto 20" harmonic i.e. summation runs over
i=1 to 20. Larger value of ‘4’ is chosen to reduce the contribution from higher order
harmonics. The event plane distribution after shift correction in a centrality class

30-40% from VOA is shown in Fig. 3.2 by black solid line. To have a quantitative
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Figure 3.2: Event plane angle (V) distribution before correction (blue line), after
gain equalization (magenta line), recentering (green line) and shift correction (black
line) in Pb—Pb collisions at /sxy = 2.76 TeV. The red line shows the fit to U,

distribution after shift correction.

approach for the flatness of Wy distribution, we have fitted the event plane angle

distribution with a function
f(¥) =p0[1 42 X pl x cos(2¥) 4+ 2 X p2 x sin(2V)]. (3.11)

The coefficient pl gives the flow contribution from the event plane itself. One can see
that after shift correction pl is very small (~ 0.005%). The event plane distributions

for various centralities are shown in Appendix B.3.

3.1.6 Event plane resolution

The event plane is an estimation of the reaction plane and is affected by the finite
resolution. Among the various methods to calculate the event plane resolution, we
have used three sub-event method [10]. In this method we need three n-windows with

charged particle information to determine the event plane resolution. The resolution
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Figure 3.3: W, resolution in different centrality classes from VOA (top left) and
VOC (top right) using three event method. For comparison, the published results are
plotted. The bottom panels show the ratio of the W, resolution from this analysis to
the published results. The centrality bin number 0 and 9 corresponds to most central
and most peripheral collisions, respectively.

of a particular n-window is given by :

« gy [CeosnE — W) (coslnuy — ¥S))
(cos[(W; — WR)]) = \/ (cosTn (VB — TO)]) , (3.12)

where Uy, Up and Ue are the event plane angle calculated from three different 7-

windows. For this analysis we are making use of event plane from TPC (—0.8 < n <
0.8), VOA (2.8 <n < 5.1) and VOC (—3.7 < n < —1.7). The U, resolution are shown
in the Fig. 3.3 for VOA (top left) and VOC (top right). For comparison the published
results are also plotted and are in good agreement with the current analysis results.
The ratios of ¥, resolution from this analysis to the published values are also shown

in the bottom panels of Fig. 3.3.
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3.2 Signal extraction

K*° % and ¢ signals in a given cos §*, centrality and pr bin are extracted by invariant
mass technique through the hadronic decay channel (K*° (f*o )= (7 )KT(K™)
and ¢ — KK~ with branching ratio 66.6% and 49.2%, respectively) at mid-rapidity
(-0.5 < y < 0.5). Invariant mass distribution of unlike charged 7K (K K) pairs is

described as,

Mer(KK) = \/(Eﬂ-K(KK) + Eﬂ-K(KK))Q - |prFKK) + prZ'KK)P, (3-13)

where F and p are the energy and momentum of decay daughters, respectively.
K*® and ¢ meson signals are extracted from the invariant mass distribution of un-
like charged 7K and KK pairs from same events, respectively. The invariant mass
distribution of unlike charged 7K (K K) pairs from same events in 10-50% Pb-Pb
collisions for 1.2 < pr < 1.6 GeV/c (0.5 < pr < 0.8 GeV/c) and 0.6 < cosf* < 0.8
is shown in the left panel (right panel) of Fig. 3.4. Invariant mass distributions of
unlike charged 7K and KK pairs K** and ¢ signals along with large combinatorial
backgrounds, respectively. Combinatorial backgrounds are estimated by the invariant
mass distribution of unlike charged daughter pairs from mixed events. For this anal-
ysis we have mixed five events which have z-vertex difference within 1 cm, centrality
difference within 5% (in case of pp collisions we use multiplicity difference within
5) and the event plane angle difference within 20° (only used for analysis in Pb-Pb
collisions) in order to keep the event characteristics as similar as possible during the
mixing of events. The mixed event distribution statistics is about five times higher
compared to that of the same event distribution. The mixed event combinatorial
background distribution is then normalized to the same event invariant mass distri-

bution in the invariant mass region more than 5I' (I' corresponds to the full width at

—_ O .
2K*0 corresponds to average of K*° and K, through out the analysis.
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Figure 3.4: Left panel: Invariant mass distribution of unlike charged 7K pairs from
same events (black marker) and normalized mixed event background (red marker)
for 1.2 < pr < 1.6 GeV/c and 0.6 < cos@* < 0.8 in 10-50% Pb—Pb collisions at
Vsnn = 2.76 TeV. Quantization axis is normal to the EP. Right panel: Invariant
mass distribution of unlike charged K K pairs from same events and normalized mixed
event background for 0.5 < pr < 0.8 GeV/c and 0.6 < cos* < 0.8 in 10-50% Pb-Pb
collisions at \/syy = 2.76 TeV. Quantization axis is normal to the PP.

half maximum of the resonance signal) away from the signal peak. Normalized mixed
event backgrounds for 7K and K K pairs are shown in the Fig. 3.4. The normalized
mixed event background is subtracted from the same event invariant mass distribu-
tion to get the K*° and ¢ signal. After subtraction of the combinatorial background,
a certain amount of background still present, known as residual background. The
residual background mainly originates due to the production of correlated daughter
pairs from the decays of other hadrons and jets. Misidentification of K and 7 also
contributes to the residual background. The combinatorial background subtracted
m K invariant mass distribution is fitted with a combination of the Breit-Wigner and
a 2" order polynomial function to obtain the K* meson signal and combinatorial
background subtracted K K invariant mass distribution is fitted with a combination
of the Voigtian and a 2°¢ order polynomial function to obtain the ¢ meson signal.

The Breit-Wigner and Voigtian distribution functions along with a 2"¢ polynomial

89



3 Spin alignment of vector mesons in heavy-ion and proton proton collisions

function are described in Eq. 3.14 and Eq. 3.15

Y r

— + AM? + BM,x + C, 3.14
2 (Myx — My)? + %2 K K (3.14)
YT /oo (mKK - m/)Q dMxk 2
— exp( ) + AMpyx + BMgi + C.
27T3/2O' 20-2 (MKK o M0)2 + %2 KK
(3.15)

Here My and I' are the mass and width of K** and ¢ mesons. ¢ is the mass res-
olution of the ¢ meson. The parameter Y is the area under the Breit-Wigner and
Voigtian distributions and give the raw yield of K** and ¢ respectively. Figure 3.5
shows K*° and ¢ signal after mixed event background subtraction in 10-50% Pb-Pb
collisions for the same pr and cos #* ranges as shown in Fig. 3.4. During the fitting
of K*® meson signal, width of the Breit-Wigner distribution is kept fixed to PDG
value, whereas for the fitting of ¢ meson signal Voigtian width is left free and mass
resolution is fixed from Monte-Carlo (MC) simulation. Resonance peak position and
width from invariant mass fitting, and mass resolution from MC simulation are shown
in the Appendix B.4. In order to obtain cos8* distributions, K*° and ¢ signals are
extracted for various pr and cos8* intervals in different centrality classes of Pb—Pb
collisions and in minimum bias pp collisions. The K*° and ¢ signals for selected
pr intervals and centrality classes are shown in the Appendix B.5.

In addition, as a control measurement K2 analysis is performed for the 20-40%
Pb-Pb collisions. The K2 meson is reconstructed from the invariant mass distribution
of unlike charged pion pairs, where daughter pions are selected by using V-shaped
decay topology [11]. Topological selection criteria for selection of daughter pions are
same as used in [11]. The combinatorial background for K2 candidate is significantly
reduced by using topological criteria to select the distinctive V-shaped decay topology.

Details about the K2 signal extraction are given in the Appendix B.6.
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Figure 3.5: Left panel: Mixed event background subtracted 7 K invariant mass distri-
bution for 1.2 < pr < 1.6 GeV/c and 0.6 < cos #* < 0.8 in 10-50% Pb-Pb collisions at
V/San = 2.76 TeV. Invariant mass distribution is fitted with the Breit-Wigner + 2"¢
order polynomial of M,k function. The Breit-Wigner function describes the K*° sig-
nal and the residual background is described by the 2"¢ order polynomial function.
Quantization axis is normal to the EP. The typical significance (\/%73; S = signal, B
= combinatorial background) value for the signal is 14.7. Right panel: Mixed event
background subtracted KK invariant mass distribution for 0.5 < pr < 0.8 GeV/c
and 0.6 < cos0* < 0.8 in 10-50% Pb-Pb collisions at VSN = 2.76 TeV. Mixed event
background subtracted invariant mass distribution is fitted with the Voigtian + 27¢
order polynomial of Mg function. The Voigtian function describes the ¢ signal and
the residual background is described by the 27¢ order polynomial function. Quanti-
zation axis is normal to the PP. Uncertainties on data points are statistical only. The
typical significance value for the signal is 21.1.

3.2.1 Raw yield extraction

The raw yield of K** and ¢ mesons are calculated by using two different methods:
bin counting and function integration method, where function integration is used
as default and bin counting is used for systematic study. In bin counting method,
the raw yield (Npincount) is calculated from the mixed event background subtracted
histogram of invariant mass distribution in a limited mass range: M (PDG) — 2T to
M(PDG) + 2I", where M(PDG) = 896 MeV/c? for the K** meson and 1020 MeV /c?
for the ¢ meson, and I' = 48.7 MeV/c? for the K** meson and 4.2 MeV/c? for the

¢ meson. Amount of residual background in the limited mas range is estimated from
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the integral of the residual background fit function and subtracted from the total
entries of the invariant mass histogram in same mass range to get Npincount- 1he

Npincount 18 then added with two tail correction terms. The tail correction terms are

Mppg—2T
Nlow = / fit(minv)dminv (316)
Mg +My (2My, for ¢)
Nhigh = / fit(minv)dminva (317)
Mppg+2T"

where fit(mi,,) is Breit-Wigner distribution for the K** and Voigtian distribution

for the ¢. Final yield from bin counting method is
YBC = NIOW + Nbincount + Nhigh' (318>

The yield in function integration method is extracted by integrating the peak fitting
function (Breit-Wigner distribution for the K*° and Voigtian distribution for the ¢)
over the mass region My + M, < mi,, < oo for the K* and 2Mg < my,, < oo for
the ¢. Extracted K** and ¢ yields as a function of pr for various cos§* ranges in
10-50% Pb-Pb collisions and minimum bias pp collisions are shown in Fig. 3.6 and

in Fig. 3.7. Raw pr spectrum is normalized to the total number of accepted events.

3.2.2 Acceptance x Efficiency

Acceptance x Efficiency for K* and ¢ mesons in various pp and cos§* bins are ob-
tained from Monte Carlo (MC) simulation. Particle production and resonance decays
for Pb—Pb collisions data set are simulated by using HIJING [12] model, whereas
for pp collisions PYTHIAS [13] event generator is used. Particle interactions with
the ALICE detector are simulated by using GEANT3 [14]. The same event selection
and track selection criteria as data are used to analyze the simulated data. Particles
produced by the event generator (without any detector effects) are referred as “gen-

erated” particles. These particles are the input for the GEANTS3 detector simulation

92



3 Spin alignment of vector mesons in heavy-ion and proton proton collisions

T T T
-2 L . .4
10 This Analysis
- == . _ = =
g i ,;:é@; | T w0’ —g— E
% = = S % e
9710 ¢ 3 =|g”
% 2 . % N | —
X%‘ K" (PP), pp, V5 = 13 TeV X%‘ 1072 | K (PP), Pb-Pb, |5y = 2.76 TeV 1
g 1075 L @ 00<cosf*<0.1 MW 0.1<cosf*<0.2 4 g @® 0.0 <cosf* <0.2
AN 25 A 02<cos6*<03 V 0.3<cosf* <04 - 25 O 0.2<cosf*<0.4
04<cosf*<05 O 05<cosf*<0.6 W 0.4 <cos6* < 0.6
108: [ 06<cost* <07 A 0.7<cosd*<0.8 E| [J] 0.6 <cos@* <0.8
¢ 0.8<cosf*<0.9 0.9 <cos6* < 1.0 10°+ 0.8 <cos6* < 1.0 4
Il Il Il Il Il Il
5 t t T t t t t
8 10 ]
—L) .'0 Bt iand
% % —
2 =] —
= =
© ©
o 1 o
0 1 2 3 4 5
Py [GeV/c] Py [GeV/c]
T
— 10" ;Q;H
§> = =
8 =n_
=l
e —
B2 102,
1o K (EP), Pb-Pb, |5, = 2.76 TeV
H ® 0.0<cosf*<0.2
|8 O 0.2<cos6"<0.4 %
=z W 0.4 <cos6*<0.6

F [J0.6<cos6* <08

-
2
S

0.8 <cos6* < 1.0
Il Il

Ratio to 1 cos6*
o - n
[, BN S B GRS |

P; [GeV/c]

Figure 3.6: Raw K*° meson yields as a function of pr at |y| < 0.5 for different
cos 0% bins in 10-50% Pb-Pb collisions at /sy = 2.76 TeV and in minimum bias pp
collisions at /s = 13 TeV. Lower panels show the ratio of raw yields with respect to
those in lowest cos#* bin. Vertical bars correspond statistical uncertainties on raw
yields.
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Figure 3.7: Raw ¢ meson yields as a function of pr at |y| < 0.5 for different cos 6* bins
in 10-50% Pb-Pb collisions at /sy = 2.76 TeV and in minimum bias pp collisions
at /s = 13 TeV. Lower panels show the ratio of raw yields with respect to those in
lowest cos 8 bin. Vertical bars correspond statistical uncertainties on raw yields.
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and the track reconstruction algorithm. Tracks which are identified by the recon-
struction algorithm and which pass the track and PID selection criteria are referred
as “reconstructed” tracks. The K*V is said to be reconstructed if both the daughter
tracks of K*° have been reconstructed.

Acceptance x Efficiency (A X €.e.) is the ratio of the number of reconstructed K*° (¢)
mesons having decay daughters K*, 77 (K*, K~) to the number of generated
K*9 (¢). Both generated and reconstructed K*° and ¢ mesons are counted in rapid-
ity interval |y| < 0.5. The uncertainty on A X €. is calculated using the Bayesian
approach described in [15]. The statistical uncertainty on A X €. can be expressed

as,

Fr1 kr2 kol
06:\/ tlE Ry (3.19)

n -+ 2 (n +3 n+2
where k and n are number of reconstructed and generated vector mesons, respectively.
The statistical uncertainty on A X €. is added in quadrature with the statistical un-
certainty on the uncorrected vector meson yield to get the total statistical uncertainty
on the corrected vector meson yield for each pr and cos@* bin.

The A X €,ec as a function of pr for various cos #* ranges in 10-50% Pb—PDb collisions
and minimum bias pp collisions are shown in Fig. 3.8 and in Fig. 3.9. A strong
dependence of A X €, on cos 0 is observed at low pr for the production plane analysis
in both Pb—Pb and pp collisions. This dependence is mainly due to the acceptance
of daughter tracks as discussed in the Appendix B.10.

A MC closure test has been carried out to verify that the corrected yields and
cos 6" distribution is not affected by this dependency. Details about MC closure
test is given in the Appendix B.10. In order to verify the measurements, several
consistency checks related to A X €. correction are carried out. Two different event

generators (PYTHIA and HIJING) are used to determine the reconstruction efficiency
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Figure 3.8: Acceptance x Efficiency for the K** as a function of pr at |y| < 0.5 for
different cos 6* bins in 10-50% Pb-Pb collisions at VSN = 2.76 TeV and in minimum
bias pp collisions at /s = 13 TeV. Lower panels show the ratio of Acceptance X
Efficiency with respect to those in lowest (1%%) cos#* bin. Vertical bars correspond
statistical uncertainties on raw yields.
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Figure 3.9: Acceptance x Efficiency for the ¢ as a function of pr at |y| < 0.5 for dif-
ferent cos 0* bins in 10-50% Pb-Pb collisions at VSN = 2.76 TeV and in minimum
bias pp collisions at /s = 13 TeV. Lower panels show the ratio of Acceptance x Effi-
ciency with respect to those in lowest cos#* bin. Vertical bars correspond statistical
uncertainties on raw yields.
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and the results are consistent. The dependence of the reconstruction efficiency for a
cos 0* range on the azimuthal angle of vector meson (¢v) relative to the event plane
angle (¢) is also studied. The reconstruction efficiencies obtained in a cos §* range by
integrating over ¢y - ¢ are similar to the efficiency obtained by averaging over the ¢y
- 9 bins. Efficiency calculation using the event plane from reconstructed MC tracks
and generated MC tracks are calculated and results are consistent. In calculation
of A X €., cosf* are obtained by using the momentum information from both the
generated track and reconstructed track. In both cases A X €, are consistent. All

these checks are discussed in the Appendix B.10.

3.2.3 Re-weighted Acceptance x Efficiency

The simulated resonance spectra used in the A X €, calculation may have different
shapes than the measured resonance spectra and A X €,.. may vary significantly over
the width of a pr bin in the measured spectrum at low pr. Therefore, a re-weighting
procedure of simulated pr spectra is carried out to consider the shape of the simulated
pr distribution as well as the change in A X €, over the width of a pr bin at low
pr. The left panel of Fig. 3.10 shows the generated and reconstructed K*° spectrum
plotted along with the measured (A X €. corrected) K*¥ spectrum and the Levy-
Tsallis [16] fit of the measured spectrum for 0.6 < cosf* < 0.8 in 10-50% Pb-Pb
collisions with respect to the PP. An iterative procedure is performed to determine

the correct weighting and therefore the correct A X €.

o A X €, is calculated from MC generated and reconstructed pr spectrum in

similar pr binning as used in data.
e A X €, 1s used to correct the measured pr spectrum.

o A X € corrected pr spectrum is fitted with Levy-Tsallis [16] function.
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e MC simulated spectra are again extracted in smaller pr bins. Levy-Tsallis
fit of measured spectrum is used to weight the MC generated spectrum. A
pr dependent weight is applied to the generated spectrum so that it follows
the fit (the right panel of Fig. 3.10). The same weight is also applied to the

reconstructed spectrum.

e Now this weighted simulated spectra are used to calculate the A X €., in a

similar pr binning as used in data.

e Above mention procedure is repeated until the change between A X €, in two
successive iteration becomes < 0.1 %. It is observed that two iterations are

usually sufficient for this procedure to converge.

The ratio between original A X €,.. and weighted A X €. is the re-weighted factor. The
re-weighted factor is maximum at low pr, whereas at intermediate and high pr the
correction factor is negligible. Final corrected yield is obtained with weighted A X €.
The re-weighted factor as a function of pr for various cos #* ranges in 10-50% Pb—Pb
collisions and minimum bias pp collisions are shown in Fig. 3.11 and in Fig. 3.12 for
K*° and ¢ mesons, respectively. The re-weighted factor is larger in the PP analysis
compared to the EP analysis. This is due to the effect of acceptance on the shape of

MC reconstructed spectra as shown in the Appendix B.11.

3.3 Corrected pr spectra

Raw spectra are corrected for the A X €, and branching ratio. The normalized cor-
rected spectra is obtained by using the following formula:
d’N Raw Counts

= 3.20
dprdy 2 X Neyt X BR X dpr X dyx A X €ec’ ( )
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Figure 3.10: Left panel: Measured K*° spectrum (red) along with Levy-Tsallis fit
(black curve) and un-weighted MC simulated spectra in 10-50% Pb—Pb collisions
at \/sny = 2.76 TeV for 0.6 < cos@* < 0.8. Right panel: Weighted MC simulated
K0 spectra along with measured K*° spectrum and Levy-Tsallis fit.
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Figure 3.11: The re-weighted factor for the K** as a function of pr for different
cos 0* bins in 10-50% Pb-Pb collisions at /syny = 2.76 TeV and in minimum bias pp
collisions at /s = 13 TeV.
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Figure 3.13: The efficiency and acceptance corrected K* meson yields as a function
of pr for different cos 8* bins in 10-50% Pb-Pb collisions at /sy = 2.76 TeV and in
minimum bias pp collisions at /s = 13 TeV. Lower panels show the ratio of corrected
yields with respect to those in lowest cos#* bin. Vertical bars correspond statistical

uncertainties on raw yields.
where factor 2 is used to average over K** and K™ and BR is the branching ratio
(0.66 for K*° and 0.49 for ¢). Corrected K** and ¢ yields as a function of pr for
various cos #* ranges in 10-50% Pb-PDb collisions and minimum bias pp collisions are
shown in Fig. 3.13 and in Fig. 3.14.

The yields of vector mesons are summed over cosf* bins for each pr interval
to obtain the pr distributions. These pr distributions are found to be consistent
within the uncertainties with the published [17] pr distributions in Pb—Pb collisions.

Figure 3.15 shows few example of comparison of corrected yield between this analysis
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Figure 3.14: The efficiency and acceptance corrected ¢ meson yields as a function of
pr for different cos #* bins in 10-50% Pb-Pb collisions at /sxy = 2.76 TeV and in
minimum bias pp collisions at /s = 13 TeV. Lower panels show the ratio of corrected
yields with respect to those in lowest cos#* bin. Vertical bars correspond statistical
uncertainties on raw yields.

and published result.

3.4 Corrected cos#* distributions

The efficiency and acceptance corrected dN/d cos 6* distributions at mid-rapidity for
selected pr ranges in minimum bias pp collisions and 10-50% central Pb—Pb collisions
are shown in Fig 3.16 along with those for K3 in 20-40% central Pb-Pb collisions.
These distributions are fitted with the functional form given in Eq. 3.1 to extract the

poo values for each pr range in pp and Pb—Pb collisions. The angular distributions
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Figure 3.15: Comparison of the efficiency and acceptance corrected vector meson yield
between this analysis and published result. Uncertainties on the published [17] data
points are \/(statistical uncertainties)? + (systematic uncertainties)? and uncertain-
ties on the corrected yields obtained from this analysis are statistical only.

for vector mesons in Pb—Pb collisions with respect to the normal to both PP and EP
show a strong cos 8* dependence, whereas for vector mesons in pp collisions and for
K2 in Pb-Pb collisions the distributions are nearly uniform with cos 6*. The efficiency
and acceptance corrected cos6* distributions for vector mesons and K9 in selected

pr ranges and centrality classes are given in the Appendix B.7.

3.5 Systematic uncertainties

Systematic uncertainties on pgy have three major contributions: 1) uncertainties due
to signal extraction, 2) uncertainties due to particle identification criteria and 3)
uncertainties due to track selection criteria.

A particular variation is considered as a source of systematic uncertainty if it fails
the Barlow check [18]. Barlow check is carried out as follows: let us consider two
cases, where one measurement is due to the default selection criteria and another is
due to a systematic variation of a default selection criteria (e.g. normalization range
variation). Let the yield in the default case be denoted as yqor With statistical error
odef and yield in the systematic case be denoted as ysys with statistical error ogys.

Then the difference between yields be denoted as A = yqef - Ysys and the quadrature
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Figure 3.16: Angular distribution of the vector meson decay daughter in the rest
frame of the vector meson with respect to the quantization axis at |y| < 0.5 in pp
collisions at /s = 13 TeV and Pb-Pb collisions at /sxy = 2.76 TeV. Panels (a) -
(c) show results for K*° and ¢ with respect to the EP, PP, and random event plane.
Panels (d) and (e) are the results for K9 with respect to both the PP and EP, and
for vector mesons in pp collisions with respect to PP, respectively.
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difference of their statistical error as o = /03 — 02,. Barlow number “n” is defined
asn = A/o. If n < 1 then the variation passes Barlow check and consistent with the
default measurement with the corresponding statistical uncertainties, hence excluded

from the calculation of systematic uncertainties. We consider following steps to do

Barlow check:

e For a systematic variation we calculate the factor n for each pr bin in a given

cos 0" range.
e Plot the histogram or frequency distribution of n.

e [f two measurements are statistically consistent then the n distribution should
have following criteria: 1) Mean at 0, 2) Rms < 1.0, 3) In |n| < 1 there will be

> 68% of counts, 4) In |n| < 2 there will be > 95% of counts.

e As the entries are less so a modified criteria is proposed for passing the Barlow
check. 1) |[Mean| < 0.3, 2) Rms < 1.3, 3) In |n| < 1 there will be > 55% of

counts, 4) In |n| < 2 there will be > 75% of counts.

e If any 3 of these above mention criteria are passed for a given source then
we consider that the source pass barlow check. If a source passes the Barlow
check, we exclude it from systematic uncertainties as the variation is governed

by statistical uncertainty.

After selecting the true sources for systematic uncertainties, we fit the corrected
cos 0* distribution of each variation to get pgg values for those variations. Let for a

given source we have k number of variations. Then the systematic uncertainty on

poo due to this source is \/ =iy (POt — pio)?. From the previous analysis on reso-

nance production measurements in Pb—Pb collisions, it is found that the systematic
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Figure 3.17: Barlow check due to bin counting in 10-50% Pb-Pb collisions for K*°.
The quantization axis is perpendicular to the event plane.

uncertainties are independent of centralities. We have estimated the systematic un-
certainties for centrality class 10-50% and the same % uncertainties are propagated in
other centrality classes. An example of the Barlow check for yield extraction method

is shown in Fig. 3.17.

3.5.1 Systematic uncertainty due to signal extraction

Systematic uncertainty due to signal extraction includes variations of normalization
range for mixed event background normalization during signal extraction of vector
mesons, variations of fitting range during the fitting of mixed background subtracted
invariant mass distribution of unlike charged 7 K and K K pairs, variation of residual
background fit function (3¢ order polynomial function instead of default 2°¢ order
polynomial function for K*° and 1% order polynomial function instead of default 27¢
order polynomial function for ¢ ), and by leaving the width of the K** resonance
peak free, and keeping the width of ¢ resonance peak fixed to the PDG value while

the mass resolution is free.
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3.5.2 Systematic uncertainty due to particle identification

Systematic uncertainty due to PID includes variations of TPC no and TOF no for 7
and K selection. For default measurements TPC 2 ¢ with TOF VETO 3 o is used
for both 7 and K selection, whereas TPC 30 with TOF VETO 40 and TPC 20 with

TOF VETO 20 are used for systematic study.

3.5.3 Systematic uncertainty due to track and event selection

Systematic uncertainty due to track selection is estimated by varying the default
track selection criteria of the analysis as discussed in 3.1.2. This includes variations
of distance of closest approach from the primary vertex along the beam direction and
in the transverse plane, number of the TPC crossed rows variations, variations of y?
per cluster value obtained from the fitting of the TPC clusters and the I'TS clusters
during track reconstruction and variations of the ratio of the number of crossed rows
to the number of findable clusters in the TPC.

Systematic uncertainties exhibit a small fluctuations as a function of pr, while one
might expect the “true systematic uncertainties to be more smoothly varying. The
dips and spikes in the systematic uncertainties have been smoothed by averaging over
nearest bin to achieve a more uniform set of systematic uncertainties. Each of the
PID selection criteria, track selection criteria and signal extraction criteria are varied
independently and contribution from each of the sources are added in quadrature to
get the total systematic uncertainties, considering them uncorrelated to each other.
Figure 3.18 and Fig. 3.19 shows contributions from various sources along with the
total systematic uncertainties on observed poy (Ysys) and the event plane resolution

corrected poo (Yise™®) after Barlow check and smoothening for K *0and ¢, respectively.

obs

rescor rescor __ _Poo _4
Yieeor are related to Yy by Yiaor = presear X Yoys X 173R-

An alternative method of systematic uncertainty estimation on pgo value from the
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Figure 3.18: Fractional systematic uncertainties on pgy for the K*° meson in pp and
Pb-Pb collisions.
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Figure 3.19: Fractional systematic uncertainties on pgg for the ¢ meson in pp and
Pb—Pb collisions.
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Table 3.2: Summary of systematic uncertainties on observed pyy values for K*° and
¢ vector mesons

Particle | Signal extraction Track selection Particle identification
low pr highpt | low pr highpr | low pr highpr
K*0 12% 1% 14% 11% 5% 1%
¢ 8% 3% 6% 5% 3% 4.5%

systematic uncertainty on measured vector meson yield is also performed as a cross
check. We have found that the systematic uncertainty used for this analysis is com-
patible with those obtained from the alternative method. Detail about the alternative
method of systematic uncertainty estimation on pgo is given in Appendix B.12.

A summary of systematic uncertainties on observed pgo for K*° and ¢ meson

averaging over different frame of refference and collision system is given in Table 3.2.

3.6 Results
3.6.1 Transverse momentum dependence of py

Figure 3.20 shows pg values as a function of pr for vector mesons and K2 at |y| <
0.5 in Pb-PDb collisions at y/sxy = 2.76 TeV and in pp collisions at /s = 13 TeV [19].
Panels (a) and (b) show measurements with respect to normal to the EP, panels (c)
and (d) show results with respect to perpendicular direction of the PP, and panels
(e) and (f) show measurements with respect to the normal to the RndEP. The left
column of Fig. 3.20 shows results for K* and the right column of Fig. 3.20 shows
results for the ¢. Measured py values for the K* and ¢ with respect to the EP and
the PP in 10-50% Pb-Pb collisions at /sy = 2.76 TeV deviate from 1/3 at low pr,
whereas at high pr, measurements are consistent with 1/3. Control measurements

such as pg values for vector mesons in pp collisions at /s = 13 TeV and pgg values
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Figure 3.20: The pr dependence of py corresponding to K*°, ¢, and K9 mesons at
ly| < 0.5 in Pb-Pb collisions at /syy = 2.76 TeV and in minimum bias pp collisions
at /s = 13 TeV [19]. The statistical and systematic uncertainties are shown as bars
and boxes, respectively.

112



3 Spin alignment of vector mesons in heavy-ion and proton proton collisions

for K§ in 20-40% Pb-Pb collisions are consistent with 1/3 throughout the whole
measured pr interval. The extracted pgg values for vector mesons with respect to
the RndEP are also consistent with 1/3 except in the lowest pr bin where a small
deviation from 1/3 is observed. At low pr we observe the hierarchy, po (EP) <
poo (PP) < poo (RndEP).

This hierarchy between different frames of reference can be understood from the
analytical relations between different frames. The relation between measured pgy with

respect to two different frames of references is

o (8= 3 = (o (8= 3 ) (5 + oos2). (3:21)

where frame A is obtained by rotating frame B by angle 1. Averaging over angle v
gives,
1 1 1 3
A)—=-= B)-—=-)(-4+- 2 ) 22
o (8= 5 = (o (3 - 3) (§ + Jcos20)) (3.22)
The transformation from the EP to PP is obtained by taking into account the elliptic

flow of the vector meson which leads to

(cos2¢)) = % /7r cos(29)[1 + 2vy cos(2¢))]dyp = vs. (3.23)

Using Eq. 3.22 and Eq. 3.23, analytical relation between EP and PP can be expressed

as,

poo (PP) — % _ (poo (EP) — %) (1 +43”2) | (3.24)

In order to verify 3.24 a toy model simulation with PYTHIA (version 8.2) event
generator [32] is carried out. PYTHIA does not have any azimuthal anisotropy and
spin alignment. For this study we have taken the event plane angle as zero, which
corresponds impact parameter along z-axis. In order to find the relations between
different frames, ve (0.15 4+ 0.06, value expected for hadrons with mass similar to

K*Y in Pb-Pb collisions at /sxy = 2.76 TeV [33]) is introduced to K*° by appropriate
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Figure 3.21: pgo values from data in 10-50% Pb—Pb collisions at 0.8 < pr < 1.2
GeV/c with respect to various planes [19] compared with expectations from model
simulations with and without added elliptic flow (vg). The statistical and systematic
uncertainties are shown as bars and boxes, respectively.

rotation of its momentum in the azimuthal plane. The modified angle in the azimuthal

plane is calculated by solving the following equation

b0 = ¢ + vy 8in 20, (3.25)

where ¢ is azimuthal angle of a K*° in absence of v, and for a given value of vs,
¢o transforms to ¢. Then spin alignment through pyy same as measured in data
is introduced with respect to the event plane by rotating the momentum of decay

daughters in K*0 rest frame by solving
cos 0 = 3/2 x [(1 — poo) cos 0 + 1/3(3pgy — 1) cos® 67]. (3.26)

Here 6} is the angle made by the decay daughter of K** with the quantization axis
in absence of spin alignment. 6 transforms to 6* to introduce a given input value
of poo. In this study we assume that the ¢* (azimuthal angle of vector meson decay

daughter in vector meson rest frame, see Fig. B.1) is remain fixed during the rotation.
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With these modifications, calculations as in the experimental data are carried out.
The results are shown in Fig. 3.21 for two cases, with and without vy [19]. The result
corresponding to the event plane is correctly retrieved in the model. The model results
for v9 = 0, are same for the production plane and random event plane. However with
vy = 0.15, the poy (PP) value is lower and closer to data for PP. The toy model
reproduces the hierarchy observed in the pgg values for various planes as observed in
data.

The RndEP is defined by randomizing the event plane angle in the azimuthal plane
(ry plane). The quantization axis is obtained by taking cross product of the event
plane vector and z-axis (beam axis). Hence, the quantization axis is always in the zy
plane, and a residual effect is present due to use of a common z-axis. Decay daughters
of polarized vector mesons could have angular correlation with respect to the z-axis.
This residual effect is due to the angular distribution of decay daughters, which follow
a oblate or prolate shape, which is rotationally symmetric around the quantization
axis (when the off-diagonal terms in the spin density matrix are zero). Rotating such
a shape around the z-axis does not lead to a uniform decay angular distribution. This
effect results in small deviation of pyy values from 1/3 for RndEP. This deviation of
poo from 1/3 for RndEP has been also discussed in Ref [3]. The physical picture is that
spin alignment with respect to the event plane is coupled to that in the production
plane through the elliptic flow of the system. The pyy (RndEP) is lower than 1/3 as
the quantization axis is always perpendicular to the beam axis, resulting in a residual
effect. This residual effect can be removed by choosing the quantisation axis in a
random direction in 3 dimensions for each event. If the quantization axis is random
in 3 dimension, then the residual effect is not present and the pgg value is consistent

with 1/3 (shown in the Appendix B.9).
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Figure 3.22: pgy vs. (Npat) for vector mesons at low pr and high pr in Pb-Pb
collisions at /sy =2.76 TeV [19]. Bars and boxes represent statistical and systematic
uncertainties, respectively.

3.6.2 Centrality dependence of p

Figure 3.22 shows pgy as a function of the average number of participant nucleons
((Npart)) for K* and ¢ w.r.t. both the PP and EP for two different pr region [19].
Measured pgo values for vector mesons at high pr do not show any centrality de-
pendence and are consistent with 1/3 for all studied centrality classes. However, at
low pr a clear centrality dependence of the measured pgy value is observed. At low
pr maximum deviation of pgg from 1/3 occurs in mid-central collisions whereas in

central and peripheral collisions, the measurements are consistent with 1/3.
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3.7 Discussion
3.7.1 Theory expectation

In theory there are some specific predictions for vector meson spin alignment. In
the the presence of a large angular momentum, the spin-orbit coupling of quantum
chromodynamics (QCD) could lead to a polarization of quarks followed by a net-
polarization of vector mesons along the direction of the angular momentum [20, 37,
21, 22]. In quark polarization model [20, 37, 21, 22] poo < 1/3 if the vector meson
is produced from the recombination of two polarized quarks, and pgy > 1/3 if the
hadronization of a polarized parton proceeds via the fragmentation process. In the
quark recombination hadronization scenario, pgg is expected to have maximum devi-
ation from 1/3 at low-pr, whereas at high-pt and pgy reach the value of 1/3. pqg is
expected to have a smaller deviation from 1/3 for both central and peripheral heavy-
ion collisions, and a maximum deviation for mid-central collisions, where the angular
momentum is also maximal [1].

The observed pr dependence of pgg is qualitatively consistent with the prediction
from the quark recombination model of polarized quarks [20, 37, 21, 22] which at-
tributes the spin alignment to polarization of quarks in the presence of large initial
angular momentum in non-central heavy-ion collisions and a subsequent hadroniza-
tion by the process of recombination. The centrality or (Npat) dependence of pyg is
consistent with the variation of initial angular momentum with impact parameter in

heavy-ion collisions [1].
3.7.2 Comparison to other experiments

Spin alignment measurements have been performed in various collision systems in the

past. Several measurements in ete™ [23, 24, 25], hadron—proton [26] and nucleon—
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nucleus collisions [27] were carried out to understand the role of spin in the dynamics
of particle production. These measurements in small collision systems with respect to
the production plane have pyy > 1/3 and off-diagonal elements close to zero. For pp
collisions at /s = 13 TeV the pgy ~ 1/3 for the pr range studied. Initial measurements
at RHIC? with a relatively small sample of Au-Au collisions at /syy = 200 GeV did
not find significant spin alignment for the vector mesons [28]. Recent preliminary
results from the STAR collaboration [29] have also found similar pr dependency of
poo for K*° mesons at lower V/snn. However, pgg for ¢ mesons are larger than 1 /3 in
mid-central Au-Au collisions at \/syn = 200 GeV [30]. The pgy > 1/3 for ¢ mesons
do not explained by naive quark recombination and fragmentation model [20] but can

be interpreted as an effect of coherent ¢ meson field [31].

3.7.3 Extraction of quark and vector meson polarization

In recombination hadronization scenario of polarized quarks, the pgg of vector mesons

— 1=PyPq
T 34PyPq

are related to quark polarization as pgg where P, and Py are the polar-
ization of quark and anti-quark in presence of the initial angular momentum [20].
Assuming P, = P; = Py = P; and P, = P;, the measured pr integrated pyo val-
ues for K*° and ¢ mesons in 10-50% Pb-Pb collisions could translate to light quark
polarization of ~0.8 and strange quark polarization of ~0.2. Using a thermal and
non-relativistic approach as discussed in [38], vorticity (w) and temperature (7') are
related to pgy and vector meson polarization (Py) as pyy = % (1 — %) and Py
~ (2w/3T), respectively. Also in this approach, the measured pgo for K*° would cor-

respond to K** polarization of ~0.6 and the pyy for ¢ mesons would give ¢ meson

polarization of ~0.3.

3STAR experiment results have a different event plane resolution correction.
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3.7.4 Comparison to hyperon polarization

The polarization of A baryons (spin = 1/2) is found to decrease with increasing
VSN [34, 35]. The measured global polarization for A baryon at LHC energies are
compatible with zero within uncertainties (P, (%) = 0.01 £ 0.06 £ 0.03) [36]. For
spin-1/2 particle measurements are done w.r.t. 15 order event plane as one need to
know the orientation (sign) of the angular momentum vector. However, for spin 1
particles the effect of “spin up” and “spin down” are the same, so one need only
the second order event plane. The spin alignment for vector mesons in heavy ion
collisions could have contributions from angular momentum [37, 20], electromagnetic
fields [22] and mesonic fields [31]. While no quantitative theoretical calculation for
vector meson polarization at LHC energies exists, the expected order of magnitude can
be estimated and the measurements for vector mesons and hyperons can be related
in a model dependent way.

In the quark recombination model, A polarization linearly depends on quark po-
larization (pq) [37] whereas pgo depends on the square of quark polarization [20]. With
these assumptions and taking the input of p, from A polarization measurements at
LHC energies [36], one would expect pgo is closed to 1/3. Therefore, the observed
deviation of pgo from 1/3 is surprisingly large. However, for spin 1/2 particles the an-
gular distribution of the decay daughters is an odd function and hence depends on the
sign of the angular momentum direction. For spin 1 particles the angular distribution
of the decay daughters is an even function and only depends on the strength of the
angular momentum not on the sign. Unlike vector mesons, hyperons also have a large
decay contribution. The pyy value may also depend on the details of the transfer of the
quark polarization to the hadrons during hadronization. In addition, re-scattering,

regeneration, lifetime and mass of the hadron, and interaction of the hadron with
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the medium may also affect the magnitude of pyy. Till now, no quantitative theory
expectation for vector meson spin alignment at LHC energies exists, therefore these

measurements will trigger further theoretical works to understand the results.

3.8 Summary

We report for the first time a significant spin alignment effect (30 level for K*° and
20 level for ¢) for vector mesons in heavy-ion collisions. A deviation of pgg from
1/3 at low pr and in mid-central Pb—Pb collisions, supports the presence of a large
initial angular momentum in non-central heavy-ion collisions, which leads to quark
polarization via spin-orbit coupling, subsequently transferred to hadronic degrees of
freedom by hadronization via recombination. However, the measured spin alignment
is surprisingly large compared to the polarization measured for A hyperons where, in
addition, a strong decrease in polarization with /sy is observed. In future measure-
ments, the difference in the polarization of K** and K*°, due to their difference in
magnetic moment, would be directly sensitive to the effect of the large initial magnetic

field produced in heavy-ion collisions.
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Chapter 4

K*V production in Xe—Xe collisions
at ,/syy = 5.44 TeV with the ALICE
detector at the LHC

Resonances are short-lived particles having a lifetime of the order of few fm/c and
can be used to study the properties of the hadronic phase, produced in heavy-ion
collisions. In fact, in central A-A (Pb-Pb, Xe—Xe) collisions, where the lifetime of
the hadronic phase is similar to short-lived resonances, regeneration and re-scattering
effects become important. Study of K*° (lifetime ~ 4 fm/c) production in A-A col-
lisions is important to understand the properties of the hadronic phase. The ALICE
experiment has recently recorded Xe-Xe as well as Pb—Pb collisions at |/syy = 5.44
and 5.02 TeV, respectively. This unique data set allows investigating bulk parti-
cle production for two different systems at similar collision energies. In particular,
the charged particle multiplicities in Xe—Xe collisions are comparable to those in pe-
ripheral and mid-central Pb—Pb collisions and high multiplicity proton—lead (p—Pb)
collisions.

In this chapter, we present K*° production as a function of transverse momentum (pr)
in various collision centralities of Xe—Xe collisions. The pr integrated yield, average
transverse momentum ((pr)), and K*°/K yield ratio as a function of average charged
particle multiplicity ((dVen/dn)) are reported. Measurements from Xe—Xe collisions
are compared with the measurements from Pb—Pb and p—Pb collisions to understand
the system size dependence of K*° production. In addition, the nuclear modification

factor (Raa) of K*¥ in Xe-Xe collisions and comparison with the measurement from
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Pb—Pb collisions is also shown.

Before going to the K*° production, in the next section, we discuss about another
important aspect about Xe-Xe collisions. The Xe nucleus has a moderate prolate
deformation [1] compared to spherical Pb nucleus. Deformation of the Xe nucleus
allows us to probe different initial condition compared to collisions between spherical
shape Pb nuclei. In the next section, we report the effect of deformation of the Xe
nucleus on measured bulk observables in Xe-Xe collisions at /syn = 5.44 TeV based

on a transport model calculation.

4.1 Study of bulk observables in Xe—Xe collisions
at /sy = 5.44 TeV using the AMPT model

In this section, we have studied the (d Ny, /dn) and the elliptic flow of inclusive charged
particles produced in Xe-Xe collisions at /sy = 5.44 TeV, using A Multiphase
Transport (AMPT) Model [2, 3]. We have used string melting (SM) version of AMPT
(version 2.25t7) with a partonic cross section of 3mb. String fragmentation parameters
a and b are 0.3 and 0.15 GeV 2, respectively. This set of parameter values are chosen
as they were successfully described ALICE experiment data of (dNy,/dn), particle
ratios, vy etc. at /sy = 2.76 TeV [4] and 5.02 TeV [5].

AMPT is a hybrid transport model and consists of four primary stages.

e Initial condition: Initial condition in AMPT is taken from HIJING [6] model.

e Partonic scattering: Scattering among partons are introduced by using Zhang’s
parton cascade model [7]. Two body scattering cross sections from the pQCD

with screening masses are used to calculate parton scattering.

e Hadronization: In SM version of AMPT, a quark coalescence model is used to

combine partons into hadrons.
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e Hadronic interaction: A Relativistic Transport (ART) [8] model is used for the

evaluation of the hadronic matter, which includes interactions between hadrons.

AMPT model is further modified by implementing the deformation information of
the Xe nucleus in the model framework. In AMPT model, the deformation of the Xe

nucleus is introduced by using a deformed Woods-Saxon [9] profile,

_ Po
P= 1+ exp(|r — R|/d)’ (4.1)

where

R = Ro[l + 3,Y5(0) + B Y7 (9)], (4.2)

po is the normal nuclear density, Ry is the radius of the Xe nucleus, d is the diffuseness
parameter and (5, (8, are the deformed parameters of the Xe nucleus. We have used
Ry = 5.4 fm, d = 0.59 fm, By = 0.162 and B4 = -0.003 [1]. Y;(6) is the spherical
harmonics.

In this study, the collision configuration of Xe nucleus is chosen by the random ori-
entation of the semi-major axis and the semi-minor axis of the colliding deformed
Xe nucleus. In order to see the effect of deformation on bulk observables, results
for Xe—Xe collisions with spherically symmetric Xe nucleus are also presented. 50 K
minimum bias events for each of the configuration at /sy = 5.44 TeV are used for

this study.

4.1.1 Results

In order to compare the model result with the ALICE experiment, analysis for AMPT
simulation is performed with similar event and centrality selection criteria as used in
ALICE experiment. Events which have at least 1 charged particle present in || < 1,
are selected for the analysis. This condition is similar to INEL>0 trigger, used in the

ALICE experiment [10, 11]. Centrality is estimated from the multiplicity distribution
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of charged particle in the n range 2.8 < n < 5.1 and -3.7 < i < -1.7. This centrality
selection mimics the centrality estimation with VOM amplitude (amplitude in VOA

detector + amplitude in VOC detector), used in the ALICE experiment.

4.1.1.1 Charged particle multiplicity

N
x

ALICE
@ Xe — Xe, 5.44 TeV
- Pb - Pb, 5.02 TeV

part

(AN /dn/((N_)/2)
)

©

AMPT - SM

Xe — Xe, 5.44 TeV
6 < Deformed —
{1 Spherical
+# Pb — Pb, 5.02 TeV
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4 \ \ \ | ]
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part

Figure 4.1: (dNg/dn) per participating nucleons as a function of (Npu¢) from the
AMPT model calculations for Xe-Xe and Pb-Pb collisions at \/syy = 5.44 and 5.02
TeV, respectively. The model results are compared with the corresponding ALICE
measurements [13, 14].

Figure 4.1 shows the (AN, /dn) per participating nucleons (Nyu¢) as a function of
(Npart) in Xe-Xe and Pb-Pb collisions at \/syn = 5.44 and 5.02 TeV, respectively [12].
Results from AMPT model are compared with the ALICE measurements [13, 14].
In Xe—Xe collisions, AMPT model calculation is consistent with the ALICE mea-
surements in mid-central collisions but overestimates and underestimates the scaled
(dNa,/dn) in central and peripheral collisions, respectively. However, in Pb—Pb colli-

sions, experimental measurements are well described by the AMPT model, except in
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the peripheral collisions where the model underestimates the ALICE measurements.
We find that (dNe,/dn) /((Npart) /2) at a given (Npa¢) is similar for collisions of
spherical and deformed shape Xe nuclei. This observation suggests that the deforma-
tion of the Xe nucleus does not have any significant effect on the final state charged

particle multiplicity.
4.1.1.2 Eccentricity and elliptic flow

Figure 4.2 shows the average participant eccentricity ((e2)) as a function of colli-
sion centrality in Xe-Xe collisions at /sxy = 5.44 TeV for two different collision
configurations (deformed: collision with deformed shape Xe nucleus and spherical:
collision with spherical shape Xe nucleus) in the AMPT model [12]. The participant

eccentricity is defined as [15],

. — V(1208 (2¢part))? + (7’252'71(2¢part))27 (4.3)

(r?)

where 7 and ¢pay are the polar coordinates of the participating nucleons in the trans-

verse plane. We have found that the (e;) depends on the initial collision configurations
of Xe nucleus. In central Xe—Xe collisions, (e5) for the deformed collision configuration
is larger compared to the spherical nuclei collision configuration.

The elliptic flow (vs) is the second order Fourier coefficient of the azimuthal angle
distribution [16] of produced particles. The vy is calculated by the scalar product

method. In the scalar product method, the vy is defined as [17],

({unx@R))

(@uQA*)(QuQB")
(QEQB")

un{2,|An)2} = (4.4)

where flow vector (), and u, y are Zj e and e™?¢, respectively. The azimuthal angle
of the j*" particle is denoted by ¢; and k corresponds to the particle of interest. u,j is
estimated in || < 0.8. Double bracket ((())) corresponds to an average over all parti-

cles, in all events and single bracket (()) corresponds to an average over all events. The

128



4 K*° production in Xe-Xe collisions at \/syn = 5.44 TeV with the ALICE
detector at the LHC

~ 035 I I I
W
~ Xe+Xe, sy = 5.44 TeV
0.3 AMPT-SM
--&-- Spherical
025 Deformed
0.2
0.15—
04"
0.05 \ \ \ \ |
0 10 20 30 40 50

Centrality %

Figure 4.2: (e9) vs. collision centrality for two different Xe—Xe collision configurations
in AMPT model.

symbol * refers to the complex conjugate. Flow vectors Q,, Q2 and QP are calculated
in2.8 <n<5.1,-3.7<n<1.7and |n| < 0.8, respectively. uyy and @, are calculated
in two different 7 regions with a large n gap |An| > 2. The upper panel of Fig. 4.3
shows the pr integrated (vy) as a function of collision centrality from AMPT model
calculation for Xe—Xe and Pb—Pb collisions [12]. The lower panel of Fig. 4.3 shows the
ratios of elliptic flow between Xe-Xe and Pb—Pb collisions. We find that in central
Xe—Xe collisions, the (v9) for the deformed collision configuration is larger compared
to the spherical collision configuration and above 10% collision centrality, they are
consistent with each other. The (vs) in central Xe-Xe collisions with the deformed
shape of Xe nucleus is significantly higher compared to Pb—Pb collisions. Although,
above 10% collision centrality (vq) values in Pb—Pb collisions are higher compared
to the values obtained from the Xe—Xe collisions. In 0-5% centrality, the (vy) for
deformed shape Xe-Xe collisions is ~20% higher compared to Pb-Pb collisions and

above 20% collision centrality the (vy) in Xe—Xe collisions is ~12% lower compared to
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Figure 4.3: Upper panel: (v9) as a function of collision centrality from AMPT model
study for two different configurations of Xe—Xe collisions at /syn = 5.44 TeV and
Pb—Pb collisions at /syy = 5.02 TeV. Lower panel: Ratios of (vs) between Xe—Xe
and Pb—Pb collisions. Results from AMPT are compared with the ALICE measure-
ments [10].

Pb-Pb collisions. Similar centrality dependence of the (v9) ratio between Xe—Xe and
Pb—PDb collisions are also observed for the ALICE measurements [10]. Experimental
measurement shows a significant increase of measured (v9) in central Xe—Xe collisions
compared to central Pb—Pb collisions and this can be understood as an effect of the

deformation of the Xe nucleus. This is due to the difference of initial eccentricities

between Xe—Xe collisions with spherical and deformed shape Xe nuclei.

4.2 Study of K*¥ production in Xe—Xe collisions at
/Sny = 5.44 TeV with the ALICE detector

The measurement of K*° resonance production in high-energy heavy-ion collisions
provides information on the properties of the medium and its evolution at different
stages. We have studied the K*° resonance production in Xe-Xe collisions at /sxy =

5.44 TeV with the ALICE detector at the LHC. K*° signals have been reconstructed
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through their hadronic decays (K*° (7*0) — K*T(K~) n~(n")) with branching ratio

of 66.6% at mid-rapidity (|y| <0.5) in pr ranges over 0.4 to 12.0 GeV /¢, for four

different centrality classes.

4.2.1 Analysis details

4.2.1.1 Event selection

For the first time on 12! and 13" of October 2017, LHC produced collisions of Xe
nuclei with 6 hours of stable Xe beam. Minimum bias Xe-Xe collisions at /sy =
5.44 TeV were collected at a reduced solenoidal magnetic field of B = 0.2 T in the
ALICE detector. Xe—Xe collisions data were collected with a online Minimum Bias
(MB) trigger which requires a hit in both the VO detectors, in coincidence with a
signal in each of the two neutron ZDCs. Beam induced background events and pile-
up events were removed for the analysis. For the analysis only those events are
selected which have a primary collision vertex reconstructed with the SPD detector
and the z position of primary vertex (v,) within 10 cm along the beam axis from
the center of the TPC detector to ensure uniform detector acceptance.

Total number of accepted events after all event selection criteria are 1.44 M. For
centrality selection the VO detector is used as discussed in Sec. 3.1.1. The upper panel
of Fig. 4.4 shows the VOM amplitude distribution and the Glauber Monte Carlo fit in
Xe-Xe collisions at /syn = 5.44 TeV. The lower panel of Fig. 4.4 shows data to fit
ratio. The centrality classes used for this analysis are: VOM percentiles (0-30, 30-50,
50-70, and 70-90 %). Table 4.1 shows the number of analyzed events, (dNg,/dn),
(Npart) and (Neon) for various centrality classes [19] in Xe-Xe collisions at /syy =
5.44 TeV. Efficiency corrected (d N, /dn) values [13] are estimated from charged tracks

which are reconstructed by using the information of the ITS and the TPC detectors.
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Figure 4.4: Centrality selection using VOM amplitude distribution in Xe—Xe collisions
at A/SNN = 5.44 TeV [19]

Table 4.1: List of number of analyzed events, (dNe,/dn), (Npart) and (Neon) in Xe-Xe
collisions at \/syy = 5.44 TeV [19].

Centrality (%) | Number of events (M) (AN, /dn) (Npart) (Necon)
0-30 0.48 645.7 £ 17.67 | 168.1 £ 3.17 | 552.2 + 34.33
30-50 0.32 256.5 + 6.5 68.4 +3.75 131.5 &+ 15.0
50-70 0.32 91.5 + 2.5 26.9 +2.55 33.8 & 4.55
70-90 0.32 23 £ 1.1 7.8 £0.78 6.6 &= 0.72
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4.2.1.2 Track selection and particle identification

Invariant mass reconstruction of K*° signals are carried out with the charged K and
7 tracks which are coming from the primary vertex of the collision, also known as
primary tracks. Primary tracks are selected within kinematic acceptance pr > 0.15
GeV/c and |n| < 0.8. The selection of primary tracks require to satisfy good quality
track criteria. Track selection criteria are same as used for K*° spin alignment study in
pp collisions at /s = 13 TeV and are discussed in 3.1.2. The daughter particles of K*°
are kaons and pions, and they can be identified by using Time Projection Chamber
(TPC) [18] and Time Of Flight (TOF) [18]. In TPC, particles are identified by their
specific energy loss (dE/dx) and in TOF particles are identified by their time of flight.
Particle identification criteria are same as used for K*° spin alignment study in pp

collisions at /s = 13 TeV and are discussed in 3.1.3.

4.2.2 Signal extraction

The K*¥ signal in a given centrality and pr bin is extracted from the invariant mass
distribution of its hadronic decay daughters. In this chapter, the K*° and K are
averaged i.e (K* + F*O) /2 and denoted as K*°. Invariant mass distribution of unlike

charged K pair is described as,

Mex = V(Br + Ex)? — |pr + pil?, (4.5)

where F and p are the energy and momentum of decay daughters, respectively. The
invariant mass distribution of unlike charged mwK pairs from the same events over a
range 1.6 < pp < 2.0 GeV/c in 0-30% Xe—Xe collisions is shown in the left panel
of Fig. 4.5. This distribution contains K*° signals along with large combinatorial
backgrounds. Combinatorial backgrounds are estimated by the invariant mass distri-

bution of unlike charged 7K pairs from mixed events (details are given in Sec. 3.2).
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Figure 4.5: Left panel: Invariant mass distribution of unlike charged 7K pairs from
the same event (black marker) and normalized mixed event background (red marker).
Right panel: Mixed event background subtracted m/K invariant mass distribution,
fitted with a Breit-Wigner + 2" order polynomial of M, function. The Breit-
Wigner function describes the K*° signal and the residual background is described by
the 2" order polynomial function. Uncertainties on data points are statistical only.
The typical significance (\/%73; S = signal, B = combinatorial background) value for
the signal is also given.

The mixed event combinatorial background distribution is then normalized to the
same event invariant mass distribution (shown in the left panel of Fig. 4.5) in the
invariant mass region 1.1 to 1.15 GeV/c? (for pr bin 0.4-0.8 GeV/c normalization
is done in invariant mass region 0.66 to 0.7 GeV/c? as it reproduces the residual
background shape better). The normalized mixed event background is subtracted
from the same event invariant mass distribution to get the K*° signal. After sub-
traction of the combinatorial background, a certain amount of background is still
present, known as residual background. The residual background mainly originates
due to the production of correlated mK pair from the decays of other hadrons and
jets. Misidentification of K and 7 also contributes in the residual background. The
combinatorial background subtracted 7K invariant mass distribution is fitted with

the Breit-Wigner distribution plus a residual background function. Total fit function
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(BW + Res. bkg.) is,
Y r

2m (Myx — My)? + %2

+ AM?, + BM,x + C. (4.6)

Here My and I are the mass and width of the K*°. During the fitting width parameter
is kept fixed to PDG value, whereas the mass parameter is left free. For systematic
uncertainty, the width parameter is kept free. The parameter Y is the area under the
Breit-Wigner distribution and gives the raw yield or number of K*°. The right panel
of Fig. 4.5 shows K*¥ signal after mixed event background subtraction for 0.8 < pr <

1.2 GeV/c in 0-30% Xe—Xe collisions.

4.2.3 Raw pr spectra

Raw pr spectra for the K*O are extracted in 4 different centrality bins. K* yields
are extracted for 10 different pr bins : 0.4-0.8, 0.8-01.2, 1.2-1.6, 1.6-2.0, 2.0-2.5, 2.5-
3.0, 3.0-4.0, 4.0-6.0, 6.0-8.0 and 8.0-12.0 GeV/c in centrality classes 0-30%, 30-50%,
50-70% and 70-90%. In order to get the K** raw yield, mixed event background
subtracted 7K invariant mass distribution is fitted with BW + 2"¢ order polynomial
for each pp bin. We kept the width of the K*° meson fixed to the PDG value (48.7
MeV /c?) during fitting. 7K invariant mass distributions for various pr intervals in
selected centrality classes are given in the Appendix C.

The yield of K** is calculated by using two different methods : bin counting and
function integration, where function integration is used as default and bin counting
is used for systematic study. Details about yield extraction methods are discussed in

Sec. 3.2.1.

4.2.4 Acceptance x Efficiency for K*¥ in Xe—Xe collisions

Acceptance x Efficiency (A X €.c) as a function of pr for K* in Xe-Xe collisions

are obtained from Monte Carlo (MC) simulation. For simulation 0.7 million events
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are used. Particle productions and decays for this data set are simulated by using
HIJING model [6], while particle interactions with the ALICE detector are simulated
by using GEANT3. Details about A X €. correction are discussed in Sec. 3.2.2. The
A X € as a function of pp for K*¥ in different centrality classes are shown in the
left panel of Fig. 4.6. The right panel of Fig. 4.6 shows the ratios of A X €. in each
centrality class to the minimum bias events.

From the figure we observed a small centrality dependence in A X €.... We used the
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Figure 4.6: Left panel shows Acceptance x Efficiency as a function of pr in different
centrality classes. Right panel shows the ratio of Acceptance x Efficiency in different
centrality classes to 0-90 % centrality class. Results are for Xe-Xe collisions at
VSN = 5.44 TeV and |y| < 0.5.

A X € Of individual centrality separately, to correct the pr spectra. The A X €ec
is further corrected through a re-weighting procedure to account shape of simulated
spectra, as discussed in Sec. 3.2.3. Figure 4.7 shows re-weighted factor (ratio between
original A X €, and weighted A X €.) for the K* meson in 0-30% Xe—Xe collisions
at y/Sny = 5.44 TeV. The correction factor is maximum at low pr and about 3%,

whereas at intermediate and high pr the correction factor is negligible.
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Figure 4.7: Ratio between original A X €. and weighted A X €,e. for the K* meson
in 0-30% Xe—Xe collisions at /syy = 5.44 TeV.

4.3 Corrected pr spectra

Raw spectra are corrected for the A X €, and branching ratio. The normalized cor-

rected spectra is obtained by using the following formula:

d°N Raw Counts (4.7)
dprdy 2 x Ny X BR x dpp x dyx A X €ec '

where factor 2 is used to average over K** and K™ and BR is the branching ra-
tio. Other correction factors such as signal loss correction (see 5.0.5 for details) and
correction due to vertex reconstruction (see 5.0.5 for details) are negligible for the
measurements in heavy-ion collisions. Figure 4.8 shows corrected pr spectra for K*°

in different centrality classes in Xe—Xe collisions at /syy = 5.44 TeV.
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Figure 4.8: Corrected pr spectra for K*V for different centrality classes in Xe-Xe
collisions at /syn = 5.44 TeV. Statistical and systematic uncertainties are represented
by bar and boxes, respectively. Width of systematic boxes represent the range of
pr bins, used in this analysis.

4.4 Systematic uncertainties

Systematic uncertainties on K*° yields are calculated by varying the default analysis
selection criteria. A particular variation is considered as a source of systematic un-
certainty if it fails the Barlow check [22]. Barlow check is carried out in a similar way
as discussed in Sec. 3.5.

Systematic uncertainties on K*° yield extraction have three major contributions:
1) uncertainties due to signal extraction, 2) uncertainties due to particle identification

and 3) uncertainties due to track and event selection.

4.4.1 Systematic uncertainty due to signal extraction

Systematic uncertainty due to signal extraction includes variations of normalization

range for mixed event background normalization during K*° signal extraction, varia-
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tions of fitting range during the BW + 2°¢ order Polynomial function fitting of mixed
background subtracted invariant mass distribution of unlike charged 7K pairs, vari-
ation of residual background fit function (3" order polynomial function instead of
default 2°¢ order Polynomial function), and variation of K*° width by leaving the
width of the K** peak free instead of keeping it fixed to the PDG value during the

fitting of invariant mass distributions.

4.4.2 Systematic uncertainty due to particle identification

Systematic uncertainty due to PID includes variations of TPC no and TOF no for 7
and K selection. For default measurements TPC 2 ¢ with TOF VETO 3 ¢ is used
for both 7 and kaon selection, whereas TPC 2 ¢ and TPC 3 ¢ with TOF VETO 3 o

are used for the systematic study.

4.4.3 Systematic uncertainty due to track and event selection

Systematic uncertainty due to track selection and event selection criteria is estimated
by varying the default selection criteria as discussed in 4.2.1.2, 4.2.1.1. This includes
variations of distance of closest approach from the primary vertex along the beam
direction and in the transverse plane, number of the TPC crossed rows variations,
variations of x? per cluster value obtained from the fitting of the TPC clusters and the
ITS clusters during track reconstruction and variations of the ratio of the number of
crossed rows to the number of findable clusters in the TPC. This source also includes

variations of the z position of primary vertex during the event selection.

4.4.4 Uncertainty due to tracking efficiency

Uncertainty due to the K*° tracking efficiency is estimated from the uncertainty on

the single particle tracking efficiency, using the momentum information of K*° decay
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daughters.

4.4.5 Uncertainties due to material budget and hadronic in-
teraction

The tracking of a particle also depends on the detector material as the energy loss
of the particles depends on the detector material. Therefore the uncertainty due to
implementation of detector material in the simulations have to be taken into account.
Uncertainty associated with the hadronic interactions with detector material is stud-
ied by GEANT4 simulation. Systematic uncertainties due to the material budget and
hadronic interaction are taken from the analysis of K** meson in p-Pb collisions [23]
as the detector material and composition during Xe-Xe run was same as during the
data taking for p—Pb collisions.

Systematic uncertainties exhibit a small fluctuations as a function of pr, while
one might expect the true systematic uncertainties to be more smoothly varying.
The dips and spikes in the systematic uncertainties have been smoothed by averaging
over nearest bin to achieve a more uniform set of systematic uncertainties. Figure 4.9
shows systematic uncertainties for K*° in 0-30% Xe-Xe collisions at /sxy = 5.44
TeV. For systematic study each of the event selection criteria, PID selection criteria,
track selection criteria and signal extraction criteria are varied independently and
contribution from each of the sources are added in quadrature to get the total sys-
tematic uncertainties, considering them uncorrelated to each other. Total systematic

uncertainty for K*° in Xe-Xe collisions varies between 13-18% with pr.
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Figure 4.9: Fractional systematic uncertainties from various sources of systematic
uncertainties in 0-30% Xe-Xe collisions at /syny = 5.44 TeV.

4.5 Results

4.5.1 Transverse momentum integrated yield and mean trans-
verse momentum

The dN /dy and (pr) values are obtained by integrating the spectrum in the measured
pr range and by extrapolating the spectrum in the unmeasured pr range. Levy-Tsallis
fit function [21] as shown in Eq. 4.8, is used to extrapolate the spectrum to zero pr.

Contribution in dN/dy and (pr) from the high p extrapolation is negligible. The

Levy-Tsallis distribution is described as,

d2N AN (0 — D(n - 2 VIR + mE = mo|
= pr — x |1 + ) (48)
dydpr dy nC[nC + mo(n — 2)] nC'

where my is the mass of the particle, n, C' and the integrated yields dN/dy are the
free parameters. Table 4.2 shows the Levy-Tsallis fit parameters in different centrality

classes.
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Table 4.2: Levy-Tsallis fit parameters obtained from the fitting of K** spectra for
different centrality classes in Xe—Xe collisions at /syy = 5.44 TeV.

Centrality (%) n C (MeV) | dN/dy | x*/NDF | extrapolation
0-30 19.3 +£11.7 | 0.47 £0.07 | 11.3 £1.6 0.45 11%
30-50 20.7 £15.6 | 0.44 +0.07 | 5.0 £0.7 0.42 12%
50-70 9.3 £2.7 | 0.34 £0.06 | 1.8 £0.3 0.20 14%
70-90 7.0 £1.6 | 0.27 £0.06 | 0.5 £0.1 0.12 17%

The dN/dy is defined as,

dN

-V = [is [exra olated s 4.9
dy hist + trapolated (4.9)

where I = > f(pr, y)dpr in the measured range and Iextrapolated = J £(pr, y)prdpT
in the extrapolated region. Similarly, the mean transverse momentum ((pr)) is defined
as:
(pr) = O prf(pr, y)dpr + [ pof(pr, ¥)dp1)/(Ihist + Lextrapolated). Here f(pr,y) is the
invariant yield. The statistical and systematic uncertainties are estimated from the fit
function in unmeasured region and from the data points in the measured region. The
statistical and systematic uncertainties are calculated from the re-fit of the spectrum,
obtained by moving the data points up and down randomly (with a Gaussian random
number) within the statistical and systematic uncertainties, respectively, assuming
that the uncertainties are fully uncorrelated in the pr bins.

dN /dy as a function of (dNg,/dn) for the K** in Xe—Xe collisions at y/syy = 5.44
TeV is shown in Fig. 4.10. Results are also compared with the measurements in pp,
p-Pb and Pb-Pb collisions at /sy = 5.02 TeV [23, 24] to understand the system size
dependence of resonance production. The dN/dy increases from peripheral to central
Xe—Xe collisions. We have observed that at similar charged particle multiplicity, the
K™Y yield in Xe-Xe collisions is consistent with those in p-Pb and Pb-Pb collisions.

Measured K*° yield as a function of (AN, /dn) fall in a single line suggests that the
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K*° production is similar for events with similar charged particle multiplicity and
does not depend on collision system. Similar behaviour is also observed for other
identified hadrons [25]. This indicates that hadrochemistry at LHC energies scales
with charged particle multiplicity density which is a proxy of initial energy density

or system volume.

- e pp, s =5.02 TeV ALICE

| +p-Pb, s = 5.02 TeV

10F = Pb-Pb, |5, = 5.02 TeV A

| e Xe-Xe, Sy = 5.44 TeV ¢ ]

[ I¥1<05
K*O

dN/dy

®

This Analysis

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

1 10 10? 10°
(dN_ /dn)

Inl (0.5

Figure 4.10: dN/dy vs. (dNg,/dn) for K** in Xe-Xe collisions at /sxy = 5.44 TeV
and in pp, p—Pb and Pb-Pb collisions at /syy = 5.02 TeV [23, 24]. Box represents
total systematic uncertainty and bar represents statistical uncertainty:.

Figure 4.11 shows (pr) as a function of (dNg,/dn) for the K*° in Xe-Xe colli-
sions. Results are compared with the measurements in pp, p-Pb and Pb-Pb col-
lisions [23, 24]. (pr) increases from peripheral to central Xe—Xe collisions as the
collective flow velocity increases from peripheral to central Xe—Xe collisions. Mea-
surements in Xe-Xe collisions are consistent with those in Pb—Pb collisions at similar
(dNen/dn). Unlike dN /dy, measured (pr) values in small collision systems (pp, p—
Pb) are not consistent with A—A collisions at similar (dNy,/dn). Similar behaviour

is also observed for other identified hadrons [26]. In small collision system, increment
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of (pr) with (dNy,/dn) is much stronger compared to the A—A collisions, suggesting
different dynamical evolution in small collision systems and A-A collisions. Study
based on the Blast-wave model fit of 7, K and p spectra [25] shows that the trans-
verse radial flow velocity in small collision system (pp, p—Pb) is significantly larger
compared to the heavy-ion collisions (Pb-Pb) at similar charged particle multiplicity.
Larger (pr) in small collision system compared to the heavy-ion collisions is probably

due to the larger radial flow velocity in small collision sytem.

/G 7\\\\‘ T T \\\\H‘ T T \\\\H‘ T \\\\H‘ ]
S 1.8) *PP s =5.02 TeV ALICE -
8 | +p-Pb, |s,, =5.02 TeV
:\/ 16; Pb—Pb, \ SNN =5.02 TeV
Q | ®XeXe, sy, =544TeV ]
T4l <05 1
1.4} K0 + 1
[ ¥ + ]
1.2 + * 1
I ¥ |
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i .t ]
17 N 1
0.8 L Uncertainties: stat. (bars), sys. (boxes) _|
7\ \H‘ L1 1] \H‘ | \H‘ | \H‘
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<chh/dn>|77| (0.5

Figure 4.11: (pr) vs. (dNg,/dn) for K*° in Xe-Xe collisions at /sxy = 5.44 TeV and
in pp, p—Pb and Pb-Pb collisions at \/syy = 5.02 TeV [23, 24]. Box represents total
systematic uncertainty and bar represents statistical uncertainty.

4.5.2 Resonance to stable particle ratio

The pr integrated K*°/K and ¢/K ratios as a function of (dNg, /dn) /3 in pp, p-Pb,
Xe-Xe and Pb-Pb collisions [23, 24, 27] are shown in Fig. 4.12. (dNg,/dn) /3 is used
as a proxy for system volume and mimics the radius of the produced medium [28].

A smooth evolution is observed for these ratios as a function of (dNg,/dn) /3, from
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low multiplicity pp to central A—A collisions. We have observed that the K*°/K
ratio decreases with increasing (d Ny, /dn) /? from low multiplicity pp to central A-A
collisions. Decreasing K*°/K ratio with increase in (dNg/dn) */? in A-A collisions
can be understood as due to a re-scattering effect of K** decay daughters inside
the hadronic phase. This observation also suggests that the re-scattering effect is
dominant over regeneration effect. The K*°/K yield ratio in Xe-Xe collisions at
VSN = 5.44 TeV and Pb-Pb collisions at /sy = 2.76 and 5.02 TeV are consistent
with each other for similar values of (dNg,/dn) /3. This suggests that the strength of
re-scattering effect depends on (dNg,/dn) '/ which is a proxy for the system volume.
On the other hand, measured ¢/K ratio is nearly flat across all collision systems and
multiplicities. The ¢ is a long lived resonance having lifetime 10 times more compared
to the K*°. Therefore, the ¢ meson yield is insensitive to re-scattering effect in the

hadronic phase.
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Figure 4.12: K*°/K and ¢/K ratios as a function of (dNg,/dn) /3 in pp, p-Pb,
Xe-Xe and Pb-Pb collisions [23, 24, 27].
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4.5.3 Nuclear modification factor (Rax)

Raa has proven to be a powerful observable for the study of parton propagation in
the dense QCD medium. We have calculated the Ras of K** in Xe—Xe collisions and
compared the result with the measurement from Pb—Pb collisions and p—Pb collisions

at \/sxy = 5.02 TeV. Raya is defined as
d2NAA
_ dydp
Raa=— g (4.10)

{Tan) quapn

where (N.) is the average number of binary collisions, oj, is the inelastic cross
section in pp collisions and (Tx4) is the thickness function, defined by (Neon)/ohe;-
(Neon) and (Tan) values are taken from [19].

In order to calculate the nuclear modification factor, the K*° pr spectrum in pp
collisions and the inelastic pp cross section are needed. In the ALICE experiment, pp
collisions data at /s = 5.44 TeV does not exist. Therefore, we have used an interpo-
lation method to extract the K*° pr spectrum and the inelastic pp cross section at /s
= 5.02 TeV. The K*° pr spectrum is calculated by using the PYTHIA simulation and

the experimentally measured K*° spectrum at /s = 5.02 TeV, as shown in Eq. 5.0.5.

f(pr) at 5.44 TeV from MC simulation "
f(pr) at 5.02 TeV from MC simulation

f(pr) at 5.02 TeV from experiment. (4.11)

f(pr) at 5.44 TeV =

Here f(pr) corresponds to the K** pp spectrum. Figure 4.13 shows the interpolated
pr spectrum of K*Y in pp collisions at /s = 5.44 TeV, along with the pr spectrum of
K*Y in pp collisions at /s = 5.02 TeV. For statistical and systematic uncertainties on
the data points, we have used the same % of uncertainties as used for K*° pr spectrum
in pp collisions at /s = 5.02 TeV.

The inelastic cross section (04,¢) in pp collisions at /s = 5.44 TeV is calculated

by interpolating the existing data. We fitted oy, vs. /s with a functional form
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Figure 4.13: Upper panel shows interpolated K** pp spectrum in pp collisions at /s
= 5.44 TeV. Lower panel shows the ratio between K*° pp spectrum in pp collisions
at /s = 5.02 and 5.44 TeV.

a(y/s)". Figure 4.14 shows the 04, vs. +/s. Parametrized fit function is further
used to calculate the inelastic cross section (oi,¢) in pp collisions at /s = 5.44 TeV.
Extracted inelastic cross section at /s = 5.44 TeV is 68.4 £+ 0.5 mb.

Figure 4.15 shows the Raa of K* in Xe-Xe collisions at /syy = 5.44 TeV
along with the measurement in Pb—Pb collisions at \/syn = 5.02 TeV [24] at similar
(dNg,/dn). The Raa of K*0 in Xe-Xe and Pb-Pb collisions are consistent with each
other when they are compared at similar charged particle multiplicity. Measured R
values for K** are found to be suppressed by a factor of 4 to 5 with respect to unity
at high pr (pr > 6 GeV/c). This can be interpreted as a consequence of the partonic

energy loss inside the medium [29].

4.6 Summary

We have presented the measurements of K*° production in Xe-Xe collisions at
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Figure 4.15: Raa of K* in Xe-Xe collisions at VSN = 5.44 TeV and in Pb-Pb
collisions at /syn = 5.02 TeV. Statistical and systematic uncertainties are represented
by bars and boxes, respectively. The boxes around unity indicate the uncertainty
on the normalization of Raa which include the uncertainty on the (Txs) and the
normalization uncertainty due to the normalization of pp measurements to the INEL
events.
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VSN = 5.44 TeV. K*0 signals are extracted in four different centrality classes over
pr range 0.4-12.0 GeV/c. Measured dN /dy and (pr) values for K*¥ in Xe-Xe colli-
sions at y/sny = 5.44 TeV are consistent with the measurements from Pb-Pb collisions
at \/snn = 5.02 TeV at similar (dNe,/dn). Suppression of K*°/K yield ratios in cen-
tral Xe—Xe collisions compared to pp collisions and peripheral Xe—Xe collisions can
be understood as a re-scattering effect of K** decay daughters in the hadronic phase.
In addition we also calculate the Raa of K** in Xe-Xe collisions and compare the
results with the measurements from Pb—Pb collisions at /sy = 5.02 TeV. Measured
Raa values of K*0 in Xe-Xe collisions are consistent with those obtained in Pb-Pb
collisions for similar charged particle multiplicity. Raa values are found to be sup-
pressed by a factor of 4-5 with respect to unity at high pr (pr > 6 GeV/c), which
can be interpreted as a consequence of parton energy loss in the medium.

In addition, we have also studied the effect of deformation of the Xe nucleus on mea-
sured bulk observables, using A Multiphase Transport Model. We have found that
the measured charged particle multiplicity in collisions of deformed shape Xe nucleus
and spherical shape Xe nucleus are similar. However, elliptic flow in the central col-
lision is enhanced by ~15% due to the deformation of Xe nucleus compared to the
measurements obtained from the collision of the spherical shape Xe nucleus. This
observation suggests that the deformation of Xe nucleus is responsible for the higher
vy measured by the ALICE experiment in central Xe—Xe collisions compared to the

central Pb—PDb collisions.
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Chapter 5

K*Y production in pp collisions at
/s = 13 TeV with the ALICE de-

tector at the LHC

In the previous chapter we have seen the importance of K*° resonance for understand-
ing various medium properties like re-scattering, regeneration and partonic energy
loss in the medium formed in heavy-ion collisions (Xe—Xe and Pb—Pb). The study of
K*% in pp collisions can be used as a baseline to corresponding studies in Pb-Pb col-
lisions at the LHC energies. Measurements of identified particles in pp collisions also
serve as an input to tune the modeling of several Monte Carlo (MC) event generators
such as PYTHIA [1] EPOS-LHC [2].

Recent measurements in high-multiplicity pp and p—Pb collisions show some char-
acteristics which has so far been solely attributed to A—A collisions. The systems,
created in pp, p—Pb and A—A collisions are classified based on the final state charged
particle multiplicity, referred as “activity” of the event in different collision systems.
Observation of the near side long range two particle correlation [3], the elliptic flow [4],
the enhancement in strangeness production [5] in high multiplicity pp collisions have
brought an immense interest among experimental and theoretical physicists to un-
derstand the underlying physics behind the high multiplicity pp collisions. All these
observations are could be related to existence of a QGP phase seen in Pb—Pb colli-
sions. This encourages us to look at the K*° resonance production as a function of
(dNen/dn) in pp collisions in small systems.

Collectivity: In A—A collisions, elliptic and radial flow manifests the hydrody-
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namical evolution of the produced QGP medium. Observation of elliptic flow [4] in
small system suggests the possibility of presence of collective motion in small sys-
tem. In addition, other observations in small systems such as increase of the inverse
slope of pr spectra with increasing multiplicity (known as hardening of pr spec-
tra) [6, 7, 8], enhancement in the baryon to meson ratio at intermediate pr (2 < pr <
7 GeV/e) [6, 7, 8] are qualitatively similar to the behaviour observed in Pb-Pb colli-
sions [9, 10, 11], where these effects are understood as an effect of collective expansion
of the system. Due to the collective motion of the produced medium, particles get a
momentum boost in the transverse direction respect to the beam direction, leading
to hardening of spectra and enhancement in the baryon to meson ratio. Momentum
boost due to the collective motion increases from peripheral to central collisions and
is larger for higher mass particles. Measurements of (pr) of K*°, and comparison
with other identified hadrons will provide a better understanding of the collectivity
in small system.

In addition, multiplicity dependent study of identified hadrons provide an impor-
tant input to tune various phenomenological model such as color reconnection (CR),
rope hadronization and core-corona effect. It has been shown in Ref. [12] that the
collective flow-like behaviour in small systems, similar to those observed in heavy-ion
collisions, is explained by QCD based MC generator like PYTHIA [1]. It attributes
the collectivity in the small systems to CR [13] mechanism. CR in PYTHIA provides
an alternate mechanism for flow-like effect in small systems compared to hydrodynam-
ical processes attributed to flow in heavy-ion collisions. CR allows for the interaction
between strings and creates a flow-like effect in the final observable. Rope hadroniza-
tion is modelled in DIPSY event generator [14]. In the rope hadronization picture,
the larger and denser collision systems form color ropes [15, 16], groups of overlapping

strings that hadronize with a larger effective string tension leads to an increase in the
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production of strange hadrons with increasing charged-particle multiplicity.

Strangeness enhancement: Regarding strangeness enhancement, EPOS model [2]
qualitatively reproduces features seen in the data. Core-corona model is implemented
in EPOS. In this model, the collision is divided into “core and “corona regions, with
the division determined by the string or parton density. Regions with a density
greater than the threshold density become the core, which evolve as a QGP. This is
surrounded by a more dilute corona, for which fragmentation occurs as in the vac-
uum. Strangeness production is higher in the core region, which makes up a greater
fraction of the volume of the larger collision systems. This also results in strangeness
enhancement with increasing multiplicity. The core region also undergoes hadronic
re-scattering.

mr scaling: Particle productions at low pr (pr < 2 GeV/c) are mainly domi-
nated by soft scattering processes, which involve small momentum transfer. In low
momentum regime, particle production can’t be calculated from the first principle
of QCD calculation and QCD inspired phenomenological models are generally used
to describe the particle production at low pr. Therefore, measurements of identified
hadrons at low pr provide important information to constraint such models. The
transverse mass (mr ) spectra scaling was first proposed by R. Hagedorn [17]. The
mr spectra in pp collisions, seem to be sampled in an approximately universal curve
after scaling with some arbitrary normalization factors. This effect is known as the
mr scaling. The mr scaling was first observed at the ISR energies [18]. Later on,
the STAR collaboration observed mt scale breaking in pp collisions at /s = 200
GeV [19]. They found a clear separation between baryon and meson spectra at pr >
2.0 GeV/c. In pp collisions at /s = 200 GeV, the separation between the baryon and
meson spectra seems to be increased over the measured mr range. Measurements

with ALICE detector in pp collisions at /s = 13 TeV provides the opportunity to

154



5 K*° production in pp collisions at \/s = 13 TeV with the ALICE detector at the
LHC

extend the spectra upto a very high pr or mp. This data with higher kinematic
reach in pr and at higher collision energy can be used to study the above features.
Moreover, recent studies, based on identified particle spectra measured in pp colli-
sions at /s =7 TeV by ALICE, indicate that mr scaling between mesons breaks in
the low-pr region. These observations motivate us test the empirical transverse mass
(m) scaling at low pr for identified hadrons pp collisions at /s = 13 TeV.

z7 scaling: Invariant cross section of particle production near mid-rapidity have
been found to follow a universal scaling at high zr (zr = 2pr /v/s ), which is known
as the xr scaling. The xr scaling has been observed by the CDF Collaboration
in pp collisions at the Tevatron [20, 21], by the UA1 Collaboration at the CERN
SPS [22], by the STAR Collaboration in pp collisions at RHIC [23], and by the CMS
Collaboration [24] at the CERN LHC. At high pr invariant cross section of particle
production can be calculated in a pQCD framework by convoluting the leading-twist
(LT) 2 — 2 hard sub-process cross section along with the parton distribution function
and the fragmentation function [25]. The high pt cross section of particle production

can be expressed as
Ao 1 ()
- = —=8\T7),
dp3 \/g g\rr

where g(zr) is a universal function. The parameter n provide information about

(5.1)

the scattering processes. pQCD based calculation with LT processes predicts n = 4,
whereas NLO pQCD calculation including higher twist (HT) processes leads to n >
4 126]. In addition, HT processes also predicts a larger value of the exponent (n) for
baryons than for mesons. In this chapter, all these predictions are investigated for
identified hadrons produced in pp collisions at /s = 13 TeV.

In the first part of this chapter, we report the K*° production as a function of

pr in inelastic (INEL) pp collisions at /s = 13 TeV. K*? are reconstructed at mid-
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rapidity (|y| < 0.5) with their hadronic decays (K** (K™) — K*(K~) =~ (7")). The
pr integrated yield (AN /dy) and mean transverse momentum ({pr) ) as a function of
/s are presented. In addition, empirical mr and z scaling for identified hadrons in
pp collisions at /s = 13 TeV are also shown. In the second part of this chapter, we
present the measurements of K*° mesons production as a function of (dNg,/dn) in pp
collisions at /s = 13 TeV. dN/dy, (pr) and particle ratios are shown as a function
of (dNy,/dn) and are compared with the measurements from pp, p—Pb and Pb-Pb
collisions. Results are also compared with the calculations from various MC event

generators.

5.0.1 Analysis details

The data from pp collisions at center of mass energy /s = 13 TeV, collected in the
year 2015 are analyzed here. This analysis is based on a data sample of ~43 million
minimum bias triggered events. Event selection criteria and trigger condition is same
as used in the spin alignment analysis of K*° in pp collisions Sec. 3.1.1. For the mul-
tiplicity dependent K*° production we have selected a subset of INEL events, which
are also known as INEL > 0 events. INEL > 0 events correspond to those events,
which have atleast one charged particle in the range || < 1. For K*° production in
inelastic pp collision this condition is not used and all the analyzed events are INEL
events. INEL > 0 sample is divided into various multiplicity classes based on the
VOM amplitude. Figure. 5.1 shows the normalized VOM amplitude (VOM/(VOM))
distribution in pp collisions at y/s = 13 TeV. Table 5.1 shows the (dNg,/dn) at mid-
rapidity (|y| < 0.5) for various multiplicity classes [27] in pp collisions at /s = 13
TeV. (dNg,/dn) values are estimated from the combined informations of the ITS and
the TPC detectors.
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Figure 5.1: Selection of multiplicity classes using normalized VOM amplitude distri-

bution in pp collisions at /s = 13 TeV.

Table 5.1: (dNg,/dn) for various multiplicity classes [27] in pp collisions at /s = 13

TeV.
VOM multiplicity class (%) | (dNe,/dn)
INEL >0 6.89+0.11
T (0-1%) 25.7540.40
I (1-5%) 19.83%0.30
1T (5-10%) 16.1240.24
IV (10-15%) 13.76:£0.21
V (15 20%) 12.06%0.18
VT (20-30%) 10.11£0.15
VIT (30 40%) 8.07+0.12
VIIT (40 50%) 6.48%0.10
IX (50-70%) 1.6420.07
X (70-100%) 2.52+0.04
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Invariant mass reconstruction of K*? signals are carried out with the charged K
and 7 tracks. Tracks are selected after satisfying track selection criteria. Selected
tracks are then identified by using Time Projection Chamber (TPC) and Time Of
Flight (TOF) detectors. Track selection and particle identification criteria are same
as used for K*° production in Xe-Xe collisions. Details are given in Sec. 3.1.2 and in

Sec. 3.1.3, respectively.

5.0.2 K™ signal extraction in pp collisions at /s = 13 TeV

K*° mesons are reconstructed using an invariant mass analysis of their hadronic

decays in a given multiplicity class and pt bin. Branching ratios for K*° (F*O

) —
K*trn~ (K~ n") are 66.66% at mid-rapidity (Jy| < 0.5). In this thesis chapter, the
K*0 and K™ are averaged i.e (K* + K)/2 and denoted as K**. First the invariant
mass distribution of unlike charged daughter particle pairs is computed in same event.
This invariant mass distribution gives a peak at the mass position of the mother, but
the peak is obtained over a combinatorial background. The signal for K* is extracted
by subtracting the combinatorial backgrounds from the unlike charge distributions.
The combinatorial background is estimated using event mixing technique (details
are given in Sec. 3.2). Like sign background is used for the lowest pr bin in most
central multiplicity class as it reproduces the residual background shape better. In
the “like sign” method, tracks of identical charge from the same event are combined to
form pairs. The like sign background is normalized by 2¢/N,  N__, where N, and
N__ are the number of negative-negative and positive-positive pairs in each invariant
mass bin, respectively. After combinatorial background subtraction the K*° signal
along with the residual background are fitted with the Breit-Wigner (BW) + 284
order polynomial fit function. The BW function describes the K*O signal, whereas

residual backgrounds are described by second-order polynomial. Area under the BW
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distribution is the K*° yield. The invariant mass distribution of unlike charged 7K
pairs of both same event and mixed event are shown in the left panel of Fig. 5.2.
Signal after mixed event background subtraction in the pr range 1.2-1.4 GeV/c is
shown in the right panel of Fig. 5.2. Extracted mass peak position from BW fit is
consistent with the PDG value above pr > 4 GeV /¢, whereas at low pr extracted mass
peak positions are lower compared to the PDG value [28]. This mass shift at low pr is

also observed in pp collisions measurements at other collision energies [29, 30, 31].
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Figure 5.2: Left Panel: Unlike charged 7K invariant mass (M,x) distribution from
the same event along with normalized mixed event background for pr range 1.2 <
pr < 1.4 GeV/c at mid-rapidity in minimum bias INEL pp collisions at /s = 13
TeV. Right Panel: M, distribution after mixed event background subtraction in
minimum bias pp collisions at /s = 13 TeV. Errors are statistical only. The typical
significance (\/%3 S = signal, B = combinatorial background) value for the signal
is also given.

5.0.3 Raw pr spectra

Raw pr spectra for the K* meson are extracted in minimum bias INEL pp collisions
as well as in 10 different VOM multiplicity classes: INEL > 0, I, II, III + IV, V,
VI, VII, VIII, IX and X. In each multiplicity classes K*O signals are extracted over a
pr range 0 to 10 GeV /¢, whereas for minimum bias pp collisions, signals are extracted

over pr range 0 to 15 GeV/c due to larger statistics. In order to get the K*¥ raw
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yield, combinatorial background subtracted 7K invariant mass distribution is fitted
with BW + 274 order polynomial function for each pp bin. During the fitting width
parameter in BW function is kept fixed to the PDG value (48.7 MeV /c?). Mixed event
background subtracted 7K invariant mass distribution in various multiplicity classes
are shown in the Appendix D.1. The yield of K** is calculated with bin counting
and function integration method (see Sec. 3.2.1 for details). Function integration
is used as default and bin counting is used for systematic study. K*° yields are
plotted as a function of py to get the raw pr spectra for K*°. Raw pr spectrum in a
given multiplicity class is normalized to the total number of accepted events in that

multiplicity class.

5.0.4 Acceptance x Efficiency for K** in pp collisions

Acceptance x Efficiency (A X €..) as a function of pr for K** in pp collisions are
obtained from 43 million Monte Carlo (MC) simulated events. Particle productions
and decays for this data set are simulated by using PYTHIA (the Monash 2013 tune of
PYTHIA 8 [1]) at y/s = 13 TeV, while particle interactions with the ALICE detector
are simulated by using GEANT3. A X €. as a function of pr for K** in INEL pp
collisions at /s =13 TeV is shown in Fig. 5.3. The left panel of Fig. 5.4 shows A X €.
as a function of pyp for K** in various VOM multiplicity classes and the right panel of
Fig. 5.4 shows ratios of A X €, in each multiplicity classes to the A X €. in INEL
> 0 events. A small multiplicity dependence (5% at lowest pr bin) of A X € is
observed. Therefore, the raw spectrum in each multiplicity class is corrected with the
corresponding A X €. from the same multiplicity class.

In addition a re-weighting procedure is also performed to encounter the shape
of the generated pr spectra in MC. This procedure is similar as used for the spin

alignment analysis (discussed in Sec. 3.2.3). Re-weighting factors are within 3% at low
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Figure 5.3: Left panel: Acceptance x Efficiency as a function of pr in INEL pp
collisions at /s =13 TeV. Errors are statistical only and calculated using Bayesian
approach (see 3.2.2).
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Figure 5.4: Left panel: Acceptance x Efficiency as a function of pr in different
multiplicity classes. Right panel: Ratio of €,. between different multiplicity classes
and minimum bias events. Results are for pp collisions at /s = 13 TeV. Errors are
statistical only and calculated using Bayesian approach.
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pr for all multiplicity classes (see Appendix D.2). In minimum bias INEL pp collisions
analysis is performed in small pt bin compared to multiplicity dependent analysis.
Therefore in minimum bias INEL pp collisions, correction due to re-weighting is

negligible.
5.0.5 Corrected pr spectra

Raw spectra are corrected for the efficiency and acceptance of the detector and branch-

ing ratio. The normalized corrected spectra is obtained using the following formula,

1 dn 1 A 1

= X
NINEL or INEL > 0 dedy Naccepted dedy BR x A x €rec
(5.2)

X €event X €signal -

Here Naccepted, 7", BR and A X e, correspond to the number of events, raw K *0 yield,
branching ratio (0.666) and Acceptance x Efficiency of K*°. The factor €eyen; and
€signal are the event loss and signal loss correction. €event €mbeds vertex reconstruction
and event selection efficiencies and calculated using the Bayesian unfolding techniques
with the MC data sample, as discussed in [32]. In case of K** measurement in INEL pp
collisions vertex reconstruction efficiency and event selection efficiency are calculated
separately and are discussed at the end of this section. €gyent is applied in order to
normalize the measured yield to the true number of INEL>0 pp collisions in a given

multiplicity bin. This is obtained by using Eq. 5.3

o N, accepted
€event —

. 2.3
NNEL > 0 (5:3)

Here Nycceptea 1 the number of accepted events after satisfying all event selection
criteria and NingrL > o is the number of events with a “true” production vertex located
within |z2% | < 10 cm and at least one charged primary particle produced in || <

vertex

1.0. €cvent is calculated using PYTHIA event generator. In case of K* measurement
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in INEL pp collisions, €qvent i used to get the total number of INEL events from
the total number of accepted events, using the ratio of the ALICE VO visible cross
section [33, 34] to the total inelastic cross section. The value of €eyeny in INEL pp
collisions at /s = 13 TeV is 0.745 4 0.019 [35]. Values of €eyent, for various multiplicity

classes in pp collisions at /s = 13 TeV are shown in Table 5.2.

Table 5.2: €eyents in pp collisions at /s = 13 TeV.

VOM multiplicity class (%) | €ovent
INEL > 0 0.892
T(0-1%) 0.098
I (1-5%) 0.999

[T (5-10%) 0.098
IV (10 15%) 0.998
V (15 20%) 0.007
VT (20 30%) 0.094
VII (30-40%) 0.986
VIIT (40 50%) 0.072
IX (50-70%) 0.935
X (70-100%) 0.757

K*° measurements in INEL pp collisions are also corrected for the vertex recon-
struction efficiency, calculated from data. The vertex reconstruction efficiency is the
ratio of the number of triggered events with pileup rejection and the number of events
for which a good vertex was found (i.e. it passes the vertex quality selections but
without the selection criterion on the z-position of the vertex). The value of vertex
reconstruction efficiency is 0.93.

The signal loss correction accounts the loss for K* signal in non-triggered events.
€signal 15 calculated using the same simulation as used in the calculation for Accep-

tance x Efficiency. This correction factor is calculated by dividing the K*° simulated
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pr spectrum before trigger and event selection criteria to the corresponding pr spec-
trum after those selections. The left panel of Fig. 5.5 shows signal correction factor
for K*Y as a function of pr in INEL pp collisions at /s = 13 TeV and the right panel
of Fig. 5.5 shows signal correction factor for K** in various VOM multiplicity classes

of pp collisions at /s =13 TeV.
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Figure 5.5: Signal loss correction factor €g;gne as a function of pr for K** in INEL pp
collisions (left panel) and in various VOM multiplicity classes of pp collisions (right
panel) at /s = 13 TeV. €4gna in INEL pp collisions (left panel) is not exactly same
as €signa 10 INEL > 0 pp collisions (right panel) as the event selection criteria and
pr bining used for this two analyses are different.

Panel (a) of Fig. 5.6 shows pr spectra of K*° in INEL pp collisions at /s = 13 [37]
and 7 TeV [38]. Measurement in pp collisions at /s = 13 TeV is compared with the
pr spectrum extracted from the PYTHIA 8 [1], PYTHIA 6 [36], and EPOS-LHC [2]
models. Ratios of K* pr spectra from model calculations to the experimentally
measured pp spectrum are shown in panel (b) of Fig. 5.6. All models describe the
measured K** spectrum at intermediate pp with reasonable accuracy but overesti-
mate the measured K*° spectrum at low pp and high pr. At low pr (< 1 GeV/c),

EPOS-LHC quantitatively describes the experimental measurement better compared
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Figure 5.6: Panel (a): Transverse momentum spectra of K*° measured at mid-rapidity
(ly] < 0.5) in INEL pp collisions at /s = 13 TeV [37] (filled symbols) and 7 TeV [38§]
(open symbols). Statistical and systematic uncertainties are shown as vertical error
bars and boxes, respectively. Panel (b): Ratios of K* pr spectra from model calcu-
lations to the pr spectra measured in the ALICE experiment in INEL pp collisions
at /s = 13 TeV. The total fractional uncertainties of the data are shown in shaded
band, i.e. the statistical and systematic uncertainties of the measurement have been
summed in quadrature. Panel (c): Ratio of the pp spectrum of K*° in INEL pp
collisions at /s = 13 TeV to /s = 7 TeV, along with the model calculations.
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to PYTHIA 6 and PYTHIA 8, whereas at high pr (> 4 GeV/c) PYTHIA 8 works
better compared to other models. Panel (c) of Fig. 5.6 shows ratio of the pr spectrum
of K*Y between /s = 13 and 7 TeV. This ratio is consistent with unity at low pr (<
1 GeV/c) and then exhibit a clear increase as a function of pr. The pt dependence of
the ratio indicates that the hard processes or production of high pr particle become
dominant with the increase of collision energy. All studied MC models are in good
agreement with the experimentally measured ratio of K*° pr spectrum in pp collisions
at /s = 13 TeV and 7 TeV.

Figure 5.7 shows pr spectra for K*? in different multiplicity classes as well as ratios
of these to the INEL > 0 spectrum [39]. The slope of the pr spectrum increases from
low to high multiplicity event classes. Change in the shape of the pr spectrum is
mainly dominant at low pr (< 4 GeV/c), whereas at high pr, spectra in various
multiplicity classes have similar spectral shape, indicating that the processes that
change the shape of pr spectra in different multiplicity classes are dominant primarily

at low pr.

5.1 Sources of systematic uncertainties

For systematic study each of the event selection criteria, PID selection criteria, track
selection criteria and signal extraction criteria are varied independently and contri-
bution from each of the sources are added in quadrature to get the total systematic
uncertainties, considering them uncorrelated to each other. Sources of systematic
uncertainties are same as discussed in 3.5. In addition, systematic uncertainty due to
the signal-loss correction factor is also evaluated. The correction factor is calculated
using the two different simulation productions PYTHIA 8 Monash 2013 tune and

PYTHIA 6, Perugia 2011 tune. The PYTHIA 8 correction is used as the default and
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Figure 5.7: Upper panel: Transverse momentum spectra of K*° pp collisions at /s =
13 TeV [39] for different multiplicity classes, scaled by factors as indicated in figure
for better visibility. The Lower panels: The ratios of the multiplicity dependent
pr spectra to the INEL > 0 spectrum (both linear and logarithmic vertical scales
have been shown). Dotted line corresponds to the Levy-Tsallis fit of the spectrum.
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difference between PYTHIA 8 and PYTHIA 6 calculation is used as systematic un-
certainty. This uncertainty is mainly contributes in 70-100% multiplicity class and for
other multiplicity classes it is negligible. The left panel of Fig. 5.8 shows contribution
of systematic uncertainties from various sources in multiplicity integrated pp colli-
sions at y/s = 13 TeV. The right panel of Fig. 5.8 shows systematic uncertainty due
to signal loss correction in 70-100% multiplicity class. We do not observe significant
multiplicity dependence on the estimated total systematic uncertainties in different
multiplicity classes. Therefore, we have used % of total systematic uncertainty of

minimum bias events for other multiplicity classes.
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Figure 5.8: Left panel: Systematic uncertainties for K*° in minimum bias pp collisions
at /s = 13 TeV. Right panel: Uncertainty due to signal loss correction in 70-100%
multiplicity class.

Systematic uncertainties are further smoothed to avoid fluctuations in systematic
uncertainties. Barlow check has been performed for all the variations and if any source
fails the Barlow check then only it contributes to the systematic uncertainties.

In addition, we have also estimated multiplicity uncorrelated systematic uncer-

tainties. Systematic uncertainties across different multiplicity classes are largely cor-
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related. Any type of correlated systematic variation will cause a similar amount of
deviations from the default value across different multiplicity event classes. Uncorre-
lated systematic uncertainties are estimated by the “R” method which is also used
in the K** analysis in p—Pb collision [8]. The uncorrelated systematic uncertainty is

evaluated as,
Yvariation
multiplicity class: i
default
R, _ 1 multiplicity class: i (5 4)
- Yvariation ° .

INEL > 0
Yy default
INEL > 0

Here “Y” corresponds to the K** yield and “i” corresponds to the different multi-
plicity classes. Measurement with default selection criteria and systematic variations
are denoted as “default” and “variation”, respectively. The uncorrelated systematic

uncertainties on dN /dy and (pr) are given in Table 5.3.

5.2 Results

5.2.1 Transverse momentum integrated yield and mean trans-
verse momentum

The pr integrated yield and mean transverse momentum are calculated as discussed
in 4.5.1. The K* is measured down to pr = 0 GeV/c. Therefore no low pr extrap-
olation is needed to calculate dN/dy and (pr). Measured dN/dy and (pr) values in
INEL pp collisions and for various multiplicity classes are shown in Table 5.3.

The left panel of Fig. 5.9 shows the dN /dy of K*Y as a function of collision energy
and the right panel of Fig. 5.9 shows the (pr) of K** as a function of collision energy
in pp collisions. Both dN/dy and (pr) of K** increases with collision energy.

Figure 5.10 shows the dN/dy of K** and ¢ mesons as a function of (dNy,/dn) in
pp collisions at /s = 13 TeV [39]. Measurements are compared with the results for
pp collisions at /s = 7 TeV [40] and for p-Pb collisions at /sy = 5.02 TeV [8].

dN /dy increases linearly with increasing (dNy,/dn) for both the resonance particles.
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Table 5.3: The dN /dy and (pr) values for K** at mid-rapidity (|y| < 0.5) in various
VOM multiplicity classes of pp collisions at /s = 13 TeV. The first, second and third
uncertainty represents the statistical, total systematic and uncorrelated systematic
uncertainties, respectively. Measurements for INEL pp collisions are also given.

VOM multiplicity classes dN/dy (pr) (GeV/c)
I 0.468 £ 0.030 £ 0.036 £ 0.025 | 1.445 £ 0.054 £ 0.028 £ 0.022
IT 0.368 £ 0.012 £ 0.028 £ 0.019 | 1.371 £ 0.027 £ 0.026 £ 0.021
III 0.305 4+ 0.010 £ 0.023 £ 0.016 | 1.310 £ 0.027 £ 0.028 £ 0.016
IV+V 0.244 £ 0.006 £ 0.019 £ 0.010 | 1.253 £ 0.018 £ 0.026 £ 0.013
VI 0.191 £ 0.004 £ 0.015 £ 0.010 | 1.179 £ 0.016 £ 0.026 £ 0.017
VII 0.157 4+ 0.004 £ 0.012 £ 0.007 | 1.117 £ 0.018 £ 0.020 £ 0.013
VIII 0.125 £ 0.003 £ 0.009 £ 0.006 | 1.042 £ 0.016 £ 0.023 £ 0.011
IX 0.091 £ 0.002 £ 0.007 £ 0.004 | 0.953 £ 0.011 £ 0.022 £ 0.012
X 0.051 4+ 0.001 %+ 0.005 £ 0.002 | 0.771 £ 0.007 £ 0.019 £ 0.008
INEL 0.105 £ 0.001 £ 0.010 1.121 + 0.005 £ 0.030
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Figure 5.9: dN/dy and (pr) as a function of /s in pp collisions.
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Measurements in pp collisions at /s = 7 TeV and for p—Pb collisions at /sSyn = 5.02
TeV are consistent with measurements in pp collisions at /s = 13 TeV for similar
values of (dNg,/dn). This indicates that the production rate of K** and ¢ do not
depends on the collision system or energy and is driven by charge particle multiplicity
in an event. Similar observation is also reported for other identified hadrons [41, 42].
Measured dN /dy values for K*° and ¢ mesons are also compared with the PYTHIA 6,
PYTHIA 8, EPOS-LHC and DIPSY model calculations. EPOS-LHC and PYTHIA
8 without CR mechanism provide the best description for the K** dN/dy values
among all the model calculations presented here, whereas other PYTHIA calculations
exhibit fair agreement with the measured data, and DIPSY tends to overestimate the
K* yields. For the ¢ meson, EPOS-LHC gives a better description of the data,

whereas other model calculation underestimate the yields.
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Figure 5.10: dN/dy of K** and ¢ mesons as a function of (dNu,/dn) in pp collisions
at /s = 13 TeV [39] along with the measurements from pp collisions at /s = 7
TeV [40] and p-Pb collisions at /sy = 5.02 TeV [8]. The measurements in pp
collisions at /s = 13 TeV are also compared with PYTHIA 6, PYTHIA 8, EPOS-
LHC and DIPSY model calculations. Bars represent statistical uncertainties, open
boxes represent total systematic uncertainties, and shaded boxes show the systematic
uncertainties that are uncorrelated between multiplicity classes.

Figure 5.11 shows (pr) for K** and ¢ mesons as a function of (dNy,/dn) [39].
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Figure 5.11: (pr) of K** and ¢ mesons as a function of (dNg,/dn) in pp collisions
at /s = 13 TeV [39] along with the measurements from pp collisions at /s = 7
TeV [40] and p-Pb collisions at /sy = 5.02 TeV [8]. The measurements in pp
collisions at /s = 13 TeV are also compared with PYTHIA 6, PYTHIA 8, EPOS-
LHC and DIPSY model calculations. Bars represent statistical uncertainties, open
boxes represent total systematic uncertainties, and shaded boxes show the systematic
uncertainties that are uncorrelated between multiplicity classes.

Measurements are compared with the results from p-Pb and pp collisions at \/syy =
5.02 TeV [8] and /s = 7 TeV [40], respectively. (pr) values increase with increasing
(dNen/dn), similar as observed for A-A collisions [43], where the rise of (pr) with
(dNen/dn) is due to the increase of collective flow velocity with peripheral to central
A-A collisions. The (pr) values show a hint of energy dependence. For (dNy,/dn) >
5, the measured (pr) values in pp collisions at 13 TeV are slightly higher compared to
the measurements in pp collisions at 7 TeV and p—Pb collisions at 5.02 TeV for similar
(dNen/dn). Similar observation has been also reported for strange hadrons [42]. The
measured (pr) values are compared with five different model calculations: PYTHIA
6, PYTHIA 8 (both with and without CR), EPOS-LHC and DIPSY. Core-corona
based EPOS model which has hydrodynamically expanding “core” part provides a
good agreement with the measured (pr) values as a function of (dNy,/dn). PYTHIA

model without color reconnection provides an almost constant (pr) with (dNg,/dn);
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this is a very different behaviour with respect to the measurements. Inclusion of CR
in models such as PYTHIA and DIPSY also give a qualitative agreement with the
measurements. PYTHIA 8 calculations underestimate the (pr) values of K* and
¢ along with other strange hadrons (K¢, A, Z and Q) [42]. Color reconnection in-
troduces a flow-like effect, resulting in an increase in (pr) values with increasing
multiplicity without assuming any hydrodynamic expansion [44]. PYTHIA 6 pro-
vides, a good description of the (pr) values for ¢, but underestimate (pr) values of
K*°. The (pr) values obtained from EPOS-LHC calculations are consistent with the
measured (pr) values for K*0 and ¢. DIPSY gives a large increase in (pr) from low to
high (dNg,/dn) than is actually observed; this discrepancy is greater for the ¢ and is
also observed for other strange hadrons [42]. Among all the model results compared
to the data, EPOS-LHC gives the best agreement. Increase of (pr) with (dNy,/dn) is
explained by both hydrodynamical model and model that includes CR.

Figure 5.12 shows the values of (pr) for K** and ¢ mesons along with those for
other hadrons. In central A—A collisions, a mass ordering of the (pr) values has been
observed; particles with similar masses (e.g. K*°, p and ¢ ) have similar (pr) [45].
This behaviour has been attributed as a consequence of hydrodynamical radial flow.
However, this mass ordering breaks down for small collision system. In pp collisions
at /s = 13 TeV, the (pr) values for K* are greater than those for the more massive
proton and A for the same multiplicity classes. The (pr) values for ¢ exceed those
for A and even approach those for =, despite the approximately 30% larger mass of
the = compared to ¢. Violation of mass ordering of (pr) in small system supports
the CR mechanism as an origin of the flow like behaviour observed in small collision
systems. This could also be a manifestation of differences between the pr spectra of
mesons and baryons and have also been in the mr spectra of hadrons in pp collisions,

discussed later in this section.
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Figure 5.12: (pr) of K3, p, K*°, ¢, A, Z and Q as a function (dNg/dnp) in pp
collisions at /s = 13 TeV [39]. Statistical uncertainties are represented by bars
and total systematic uncertainties are represented by boxes. Shaded boxes show the
systematic uncertainties that are uncorrelated between multiplicity classes.

5.2.2 Resonance to stable particle ratios

Figure 5.13 shows pr integrated K*°/K and ¢/K ratio as a function of (dNg,/dn) [39)].
Measurements in pp collisions at /s = 13 TeV are consistent with those obtained
at pp collisions at /s = 7 TeV [40] and p-Pb collisions at /syy = 5.02 TeV [§] for
similar values of (dNg,/dn). K*°/K ratio shows a decreasing trend with increasing
(dNg,/dn) in all the collision systems. For pp collisions at /s = 13 TeV, the K*°/K
ratio in the highest multiplicity class is smaller compared to the lowest multiplicity
class at a 2.3 o level (considering only the multiplicity uncorrelated uncertainties).
The decrease in K*°/K ratio in central A—A collisions has been attributed to a re-
scattering effect of K*° decay daughters inside the hadronic medium [45]. Observed
decreasing trend of K*°/K ratio with increasing (dNg,/dn) indicates a possible pres-

ence of hadronic re-scattering in small collision system. The K*°/K ratio in pp
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collisions at /s = 13 TeV is well described by EPOS-LHC model which includes
hadronic re-scattering. PYTHIA and DIPSY overestimate the K*°/K ratio at large
multiplicities and do not reproduce the apparent decrease of K*°/K ratio with in-
creasing (dNy,/dn). The ¢/K ratio in all collision systems is fairly constant as a
function of (dNg,/dn). Due to large lifetime (10 times more than K*°) of the ¢ me-
son, it decays outside the hadronic medium. Hence, decay daughters of ¢ meson do
not re-scatter inside the hadronic phase. EPOS-LHC slightly overestimates the ¢/ K
ratio, but is closer to the experimental measurements than PYTHIA and DIPSY

model calculations which significantly underestimate the ¢/K ratio.
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Figure 5.13: The K*°/K (panel (a)) and ¢/K (panel (b)) ratio as a function of
(dNen/dn) in pp collisions at /s = 13 TeV [39] along with the measurements from
pp collisions at /s = 7 TeV [40], p-Pb collisions at /sxny = 5.02 TeV [8] and Pb-Pb
collisions at /syy = 2.76 TeV [46]. The measurements in pp collisions at /s = 13
TeV are also compared with various model calculations. Bars represent statistical
uncertainties, open boxes represent total systematic uncertainties, and shaded boxes
show the systematic uncertainties that are uncorrelated between multiplicity classes.
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5.2.3 Scaling properties of hadron production

Identified hadron production in high energy pp collisions exhibit two kinds of universal
scaling: mr scaling and x7 scaling. The mt scaling is observed as low pr, whereas
the x7 scaling is observed at high pr. Scaling properties of produced hadrons in pp

collisions at /s = 13 TeV have been discussed below.

5.2.3.1 mr scaling
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Figure 5.14: Left panel: Scaled mr spectra for identified hadrons in pp collisions at
Vs =13 TeV [37]. Right panel: Ratios of the scale mt spectra to the function which
fits the kaon mr spectra.

The charged kaon and proton spectra are fitted separately with the modified Hage-
dorn function of the form, a x (e7"™T +mr/c)~¢, where a, b, ¢ and d are fit parameters.
The mt spectra for other mesons are fitted in the measured mr ranges (mr > 2 GeV/c

for the pion) with a parametrized fit function obtained from kaon spectra by leaving
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the normalization parameter (“a”) free. Then meson spectra are scaled with appro-
priate normalization factors so that their normalization parameters match with the
normalization parameter of the kaon fit function. In a similar way mt spectra for
baryons are normalized to the proton mr spectra by using parametrized proton fit
function. The baryon spectra are further scaled so that all the mrt spectra have the
same value at mp = 1 GeV/c?. The left panel of Fig. 5.14 shows scaled mr spectra of
identified hadrons in pp collisions at /s = 13 TeV [37]. The right panel of Fig. 5.14
shows ratios of scaled mr spectra of identified hadrons to the kaon fit function. We
have observed two different universal scaling: one for mesons and another for baryons.
A clear difference in the slope is observed between the baryon and meson spectra for
mr > 2 GeV/c?. The separation between the meson and baryon mt spectra may be
a reflection of the fact that, according to the Lund model of hadronization, meson
formation via the fragmentation of strings requires the break up of only a quark and
anti-quark pair, while baryon can be formed by the diquark and anti-diquark break
up of the string. The separation between the baryon and meson mr spectra becomes
approximately constant for mp > 10 GeV/c?. The pion mt spectrum deviates at low
mr or low pr from the universal mr scaling of other mesons. This deviation of pion

mr spectrum at low mr is likely due to feed-down from resonance decays.
5.2.3.2 7 scaling

The empirical 1 scaling for identified hadrons are tested using the invariant cross
sections in pp collisions at /s = 13, 7 and 2.76 TeV. The high pr cross section
of particle production can be expressed by Eq. 5.1. The exponent “n” in Eq. 5.1
is calculated from the ratio of the invariant cross sections at two different collision
energies, scaled by the logarithm of the ratio of the two collision energy. Figure 5.15

shows n values of K** as a function of xp, obtained by using the K** invariant
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Figure 5.15: The x exponent “n” as a function of xp for K*° in pp collisions at 13
and 2.76 TeV.

cross section in pp collisions at 13 and 2.76 TeV. n depends on both zr and +/s.
It increases with x1 in the low xr region, where particle production is dominated
by soft processes, and appears to saturate in the high zt region. Exponent “n” is
estimated for 3 different combination of collisions energies: (13 TeV, 7 TeV), (13 TeV,
2.76 TeV) and (7 TeV, 2.76 TeV). Obtained n(xr, /s) distributions are fitted with
a constant in the range 2 x 1073 < zr < 6 x 1072 to get the respective n values
for different energy combinations. These n values are then averaged to obtain the
mean value ((n)). In addition to K*, (n) values are also extracted for pion, kaon and
proton to understand the hadron species dependency of xt scaling. Each of the xr
spectrum for different hadrons in different energies is then scaled by \/§<n> to get the
a7 scaling. The best scaling is achieved with the exponents (n) = 5.0440.02 for pion,
(n) = 5.02192 for kaon, (n) = 5.83703% for proton, and (n) = 5.23 £ 0.15 for K*°.
The uncertainties on the (n) values are the maximum deviation of n values (obtained
for 3 different combination of energies as discussed above) from the (n). The (n)

values for all mesons are consistent with each other within uncertainties. Scaled zT
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spectra [37] for pion, kaon, proton and K*° have been shown in Fig. 5.16. Identified

— Combined power-law fit
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Figure 5.16: Scaled invariant yields of pion, kaon, K** and proton as a function of
xr in pp collisions at LHC energies [37]. Solid line represents a combined power-law
fit in the high z1 region where the distributions show scaling behaviour.

hadrons at LHC energies follow the empirical xr scaling behaviour at high pr or
xr. The value of the exponent parameter (n) is found to be lower at LHC energies
compared to RHIC energies [23]. It is also interesting to note that the value of (n)
is higher for baryon compared to meson. The NLO pQCD including higher twist
processes predict a larger value of the exponent for baryons compared to mesons [26]

which is in contrast to the observations based on the leading twist processes, where

the exponent (n) has only a weak dependence on hadron species.

5.3 Summary

In this chapter, we have reported K*° production in INEL pp collisions and in various
multiplicity classes of pp collisions at /s = 13 TeV. Measured K*° spectrum in

pp collisions at /s = 13 TeV has larger slope compared to the K** spectrum in
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pp collisions at /s = 7 TeV. Ratio of K*® pr spectrum between 13 and 7 TeV is
consistent with unity at low pr and increases with increasing pr. This measurement
indicates that the hard processes or production of high pr particle become dominant
with the increase of collision energy. We have observed a breaking between meson
and baryon mr spectra scaling for pr > 2 GeV/c. The pion mr spectrum deviates
at low mr or low pr from the universal mr scaling of other mesons. This deviation
is likely due to feed-down from resonance decays. xr scaling holds fairly well for the
identified hadrons produced at the LHC energies. The value of exponent parameter
(n) is slightly higher for baryon compared to meson.

The slopes of K** pr spectra increase with increasing charged particle multiplicity
for pr < 4 GeV/c as a consequence (pr) also increases with increasing (dNg,/dn).
Change in spectral shape with increasing (dNg,/dn) is qualitatively similar to the col-
lective radial expansion observed in A—A collisions collisions, but can also be explained
through color reconnection mechanism. The mass ordering of the (pr) observed in
central Pb—Pb collisions is violated in the small collision system. (pr) as a function
(dNen/dn) shows a hint of increase with collision energy for similar (dNy,/dn). The
pr integrated K*° yield increases linearly with increasing (dNg,/dn). dN/dy values
of K** in pp collisions at /s = 13 TeV are consistent with the results obtained from
the pp collisions at /s = 7 TeV and p-Pb collisions at /sy = 5.02 TeV for similar
charged particle multiplicity. EPOS-LHC better describes the multiplicity depen-
dence of AN /dy and (pr) of K*° compared to other MC event generators. We have
found a decreasing trend of K*/K ratio with increasing charged particle multiplicity
in pp collisions at /s = 13 TeV similar to that observed in the heavy-ion colli-
sions [45]. This observation may indicates a possible presence of short lived hadron

gas phase in small system like pp collisions.
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Appendix A

A.1 Decay angular distribution of the vector me-
son

In this section, we discuss about the angular distribution of the vector meson decay
products in vector meson’s rest frame. Let us consider a vector meson (A) is at rest

and it decays to two particles (B, C) having spin S; and Ss.
A — B + C. (A.1)

The total angular momentum (j ) of the vector meson is J=L+58=25=1, where
L is the orbital angular momentum and S is the spin angular momentum. Here, L
= 0 as the vector meson is at rest. Let us consider the projection of J along any

arbitrary quantization axis is M. Using the completeness relation of vector meson

state (|1, M)), we can write

> L MY, M| =1. (A.2)

M=-1,01

In this study, we consider the quantization axis (z) along the perpendicular direc-
tion of the reaction plane, x axis along the impact parameter direction, and y axis
along the beam direction. As the vector meson is at rest, therefore let consider the
momentum of B is p(6*, ¢*) and the momentum of C is -p(0*, ¢*). Here 6* and ¢* are
the polar and the azimuthal angle, made by the decay daughters with z and x axes,
respectively. In helicity basis the two particle final state can be express in terms of

total angular momentum and helicities as,
|9*7 Cb*, Ja >\17 )\2> = |9*7 ¢*a J7 )\>a (AB)
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where A\; and Ay are the helicities of particle B and particle C, and A = A\; - Ay
= (S: — §2)j9 As the total angular momentum is a conserved quantity, therefore
the total angular momentum in final state is 1 same as for the vector meson and
0%, ¢*, J,\) = |0%,¢*, 1, \). In helicity basis, the final state physically corresponds to
a state which have total angular momentum J (1 for this study) and its projection A
along the flight direction of any one of the decay daughter (direction is expressed in
terms of 0* and ¢*). As the both decay daughters are spin 0 particle, therefore in our
study A = 0 and the final state can be expressed as |0*, ¢*, 1, 0).

The decay angular distribution of the vector meson in its rest frame can be expressed

as,
dN
dcost*do*

= (0%, ¢*, 1, O|RpR'|0", ¢*, 1, 0), (A.4)
where R is the transition matrix and p is the spin density matrix. “}” corresponds to
the complex conjugate. Using Eq. A.2 and Eq. A.4, we can expressed decay angular
distribution of the vector meson as,

dN L
Tosdr = 22 (07 o7 L OIR[L M)

M M’

(1, M|p|1, M')(1, M'|RY|6*, ¢*, 1, 0), (A.5)

where (6%, ¢*, 1,0|R|1, M) corresponds to the amplitude of a transition from the state
|1, M) to the state |1,0). Using the Wigner D-matrix formalism [1], the amplitude

can be expressed as,
<9*a qb*v 17 0|R|17 M> = CD};O (¢*’ Q*a _¢*)7 (A6)

where ¢ is a normalization constant and D corresponds to the Wigner D-matrix
element. Using Eq. A.6, Eq. A.5 becomes
dN 1
Toostrdy = 2= 2= Dilio o ar Dis o (A7)
M M
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where pyar = (1, M|p|1, M') corresponds to the density matrix elements. The

Wigner D-matrix elements are given by,

1 e
Di o = —5 sin 0% exp ', (A.8)
Dy o = —cost*, (A.9)

1 e
D1_17 0= 3 sin 0* exp™®” . (A.10)

Using the values of Wigner D-matrix elements, from Eq. A.7 we get,

dN

ToosOrdgr & [cos® 0% poo + sin® 0% (p11 + p_1-1)/2

+ sin 20" cos ¢*(Rep_19 — Repor) /V2
+ sin 20" sin ¢* (Imp_19 — Imp01)/\/§

— sin® 0*(cos 2¢*Rep; 1 + sin 2¢* Imp_y1)]. (A.11)

Integration over azimuthal angle and unit trace condition (p_1_1 + poo + p11 = 1)

leads Eq. A.11 to

dN

Toonpr & [1 — poo + (3poo — 1)cos®0]. (A.12)
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Appendix B

B.1 Event plane resolution correction

Let us consider a right handed coordinate system, where the beam direction is along z
direction, the impact parameter direction is along = axis and the angular momentum
direction is along y axis. The xz plane is known as the reaction plane. In the rest
frame of vector meson, one of its decay daughter have momentum direction along p.
The unit vector p makes angle 6* (polar angle) and ¢* (azimuthal angle) with the y

and z axes, respectively. The coordinate system is shown in Fig: B.1.

y
A
y b
»
/|
/o
/o
e* ;.-" v xf
I'._‘ /_‘:?f ;
/ L
|
Yoy -
a)*

Figure B.1: The definitions of angles and coordinates. p is the momentum direction
of vector meson decay daughter in vector meson rest frame.
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The angular distribution of vector meson’s decay daughters in the rest frame of

vector meson can be expressed as,

dN 9 s
Toosrdge 1o O oo + 07 (Y + po1a) /2
+ sin 260* cos ¢* (Repf_ufo - RePoR1P)/ V2
+ sin 26" sin qb*(Implﬁ)o - ImPoR1P)/\/§

— sin? 6 (cos 20" Rep}T| + sin 2¢* Imp™Y))]. (B.1)

In experiment, the impact parameter direction can not be measured. Therefore
we use the event plane as a proxy of reaction plane. Let us consider the event plane
vector is along x’ and can be obtained by a rotation of the x and y axes by angle
1 about the z axis. The estimated event plane has finite resolution which can be
estimated by averaging over a large number of events. The distribution of the event
plane vector is centered around the true reaction plane (here x axis) with finite width.
The distribution of ¥ over many events is an even function centered at zero. Thus,

the event plane resolution (R) can be defined as,
R = (cos(2¢) ), and ( sin(2¢) ) = 0. (B.2)

The unit vectors in the reaction plane frame and in the event plane frame are

related by,
% = cos(y)x’ — sin()y, (B.3)
§ = sin(@)¥' + cos(v)y, (B.4)
and
i =7 (B.5)

198



Let us consider in rotating frame (event plane frame) the polar and azimuthal angles
are 6/ and ¢. The momentum direction of vector meson’s decay daughter in two

different frames can be expressed as,
p = sinf*cos¢* z + sinf sing* X + cosf* y (B.6)
and
p = sinh”cos¢” 72/ + sinfsing* x' + cosf* y'. (B.7)

Using Eq. B.11, B.12, B.13, B.14 and B.15 we get,

P2z = sinf*cos¢® = sinf* cos . (B.8)
p.X = sinf*sing* = sinfsin¢” cosyp — cosf* sinp. (B.9)
p.y = cosf* = sinf*sin¢*siny + cosf* cosp. (B.10)

By substituting Eq. B.8, Eq. B.9 and Eq. B.10 in Eq. B.1 and after integrating over

o we get,

dN
1 — RP
a{ !

d cos 0 Poo  — 1511121?(30(}){5 - 1)}}
+ [3{p§§’ — %smzw(?)pg? - 1)} - 1] cos? 6"
o (1 — pb)y + (3pdf — 1)cos? 6. (B.11)
Using Eq. B.11, the relation between pia and pfy can be written as,

1.
o = P — 5’ YBpn — 1), (B.12)

Averaging over many events will lead to (sin®()) = (1 - R)/2 and by substituting it

in Eq. B.12 we get,
1
= A - S0 - R - 1), (5.13)
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Equation B.13 can be further simplified as,

1\ 1 + 3R
- = (- 3) (B.14)

W

Therefore, pga is related to pfa by
1 1 4
RP _ — _ Ep_ )= B.15
Poo 3 (Poo 3) 1 + 3R ( )
B.2 PID selection criteria

Figure B.2 and B.3 show PID selection criteria, used for this an
0 1

alysis.
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Figure B.2: |norpc| and |notor| distributions as a function of momentum for selected
pion candidates in Pb—Pb collisions at \/syy = 2.76 TeV and in pp collisions at /s =
13 TeV.

B.3 Event plane distribution

Figure B.4 and B.5 show the event plane angle distribution for various centrality

classes, obtained from VOA and VOC detectors, respectively.
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Figure B.3: |norpc| and |noror| distributions as a function of momentum for selected
kaon candidates in Pb-Pb collisions at /syny = 2.76 TeV and in pp collisions at /s =
13 TeV.

B.4 Resonance mass position, width and mass res-
olution

K*® mass in different cosf* bins are extracted from the Breit-Wigner fit function.
The left panel of Fig. B.6 shows extracted K*° mass as a function of pr for different
cos 0* bins in 10-50% centrality class of Pb-Pb collisions. Extracted K*° masses at
low pr are seem to be lower than PDG value and this is also observed in K*° spectra
analysis [2]. ¢ mass and width as a function of pr in different cosf#* bins are extracted
from the Voigitian fit function. The right panel of Fig. B.6 shows extracted ¢ mass
as a function of pr for different cosf* bins in 10-50% Pb-Pb collisions at \/syy =
2.76 TeV.

The left panel of Fig. B.7 shows ¢ meson mass resolution extracted from MC, as a
function of pr in different cosf#* bin in Pb—Pb collisions at 2.76 TeV. The right panel

of Fig. B.7 shows extracted ¢ width as a function of pr for different cosf* bins in
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Figure B.4: The event plane angle (¥5) distribution from VOA in various centralities
before correction (blue line), after gain equalization (magenta line), recentering (green
line) and shift correction (black line) in Pb-Pb collisions at \/syy = 2.76 TeV. The
red line shows the fit (Eq. 3.11) to W, distribution after shift correction.
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Figure B.5: The event plane angle (¥5) distribution from VOC in various centralities
before correction (blue line), after gain equalization (magenta line), recentering (green
line) and shift correction (black line) in Pb-Pb collisions at \/syy = 2.76 TeV. The
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Figure B.6: Left panel: K** mass as a function of cosf* in 10-50% Pb-Pb collisions
at /syny = 2.76 TeV. Right panel: ¢ mass as a function of pr for different cosf* bins
in 10-50% central Pb—Pb collisions at \/syy = 2.76 TeV. Errors are statistical only.
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B.5 Invariant mass distributions
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tion and fitted with Breit-Wigner + residual background function in centrality class
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perpendicular to the EP.
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Figure B.16: Invariant mass distribution of same event mK pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr intervals for 0.6 < cosf* < 0.8 in 10-50% Pb-Pb
collisions at \/syy = 2.76 TeV. Quantization axis is perpendicular to the PP.
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Figure B.17: Invariant mass distribution of same event mK pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
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Figure B.18: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.0 < cos6* < 0.1 in pp collisions at /s = 13
TeV. Quantization axis is perpendicular to the PP.
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Figure B.19: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.1 < cos6* < 0.2 in pp collisions at /s = 13
TeV. Quantization axis is perpendicular to the PP.
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Figure B.20: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.2 < cosf* < 0.3 in pp collisions at /s = 13
TeV. Quantization axis is perpendicular to the PP.
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Figure B.21: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.3 < cosf* < 0.4 in pp collisions at /s = 13
TeV. Quantization axis is perpendicular to the PP.
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Figure B.22: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.4 < cos6* < 0.5 in pp collisions at /s = 13
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Figure B.23: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.5 < cos6* < 0.6 in pp collisions at /s = 13
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Figure B.24: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.6 < cosf* < 0.7 in pp collisions at /s = 13
TeV. Quantization axis is perpendicular to the PP.
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Figure B.25: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.7 < cos6* < 0.8 in pp collisions at /s = 13
TeV. Quantization axis is perpendicular to the PP.
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Figure B.26: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
ground function in various pr bins for 0.8 < cosf* < 0.9 in pp collisions at /s = 13
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Figure B.27: Invariant mass distribution of same event 7K pairs after normalized
mixed event background subtraction and fitted with Breit-Wigner + residual back-
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Figure B.28: Invariant mass distribution of unlike charged KK pairs after mixed
event background subtraction in different cosé* bins for 0.5 < pr < 0.7 GeV/c in
10-50% Pb-Pb collisions at 2.76 TeV, fitted with voigitian+Polynomial 2 function.
Quantization axis is perpendicular to the EP.
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Figure B.29: Invariant mass distribution of unlike charged KK pairs after mixed
event background subtraction in different cosé* bins for 0.5 < pr < 0.8 GeV/c in
10-50% Pb—PDb collisions at 2.76 TeV, fitted with voigitian4+Polynomial 2 function.
Quantization axis is perpendicular to the PP.
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Figure B.30: Invariant mass distribution of unlike charged KK pairs after mixed
event background subtraction in different cosf* bins for 0.5 < pp < 0.8 GeV/c in pp
collisions at 13 TeV, fitted with voigitian+Polynomial 2 function. Quantization axis
is perpendicular to the PP.
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B

B.6 Spin alignment measurements for K2 in Pb—
Pb collisions

The K2 is reconstructed using their decay topology. The reconstruction method and
yield extraction for this analysis are the same as that of the Pb—Pb collisions described
in Ref. [3]. The raw yield is calculated by subtracting a fit to the background from
the total number of VO candidates in the peak region. A bin counting method is
used to count the number of K¢ in the invariant mass range 0.42 - 0.57 GeV /c?* (say
N7). The number of K2 counted in this way also includes some background. A 279
order polynomial function is used to fit the background excluding the peak region.
Then the 2°¢ order polynomial is integrated in the signal range (0.42 - 0.57 GeV/c?
say Nyig) to estimate the background contribution to the Kg signal. Then the raw
K2 (N") candidate are measured by subtracting Ny, from Nr. Figure B.31 showsto
Fig. B.35 are the invariant mass distribution of unlike charged M, distributions in
selected pr and cosfx intervals with respect to the production plane. Figure B.36 to
Fig. B.40 are the invariant mass distribution of unlike charged M, distributions in
selected pr and cosfx intervals with respect to the event plane.

The signal is extracted in eight pt bins for particular cos6* and centrality bin.
The pr spectra are measured in five cos 6* intervals starting from -1.0 to 1.0 (-1 to
-0.7, -0.7 to - 0.3, -0.3 to 0.3, 0.3 to 0.7 and 0.7 to 1.0) for 2040 centrality bins in
Pb—Pb collisions at 2.76 TeV. The raw pr spectra for different cos 68* bins in 20-40%
centrality class at /syy = 2.76 TeV are shown in Fig. B.41. Left panel of Fig.B.41
shows raw pr spectra for the production plane analysis and right panel of Fig. B.41
shows raw pr spectra for the event plane analysis.

To get the final yields, the obtained K9 raw yields were corrected for the Accep-

tance x Efficiency (A x €) extracted from MC simulations. Minimum bias Pb-Pb
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Figure B.31: Signal extraction for K2 in different pr bins for —1 <cosf* < —0.7
and 20-40% centrality class in Pb—Pb collisions at /sxy = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the production plane.
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Figure B.32: Signal extraction for K2 in different pr bins for -0.7<cos #* <-0.3 and
20-40% centrality class in Pb-Pb collisions at /sx\y = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the production plane.
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Figure B.33: Signal extraction for K3 in different pr bins for -0.3<cos 6#* <0.3 and
20-40% centrality class in Pb-Pb collisions at /sx\y = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the production plane.
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Figure B.34: Signal extraction for K9 in different pr bins for 0.3<cos* <0.7 and
20-40% centrality class in Pb-Pb collisions at /sx\y = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the production plane.
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Figure B.35: Signal extraction for K9 in different pr bins for 0.7<cos§* <1.0 and
20-40% centrality class in Pb-Pb collisions at /sx\y = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the production plane.
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Figure B.36: Signal extraction for K2 in different pr bins for —1 <cos6* < —0.7
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Figure B.37: Signal extraction for K9 in different pr bins for -0.7<cos 6*

<-0.3 and

20-40% centrality class in Pb-Pb collisions at /sx\y = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the event plane.
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Figure B.38: Signal extraction for K2 in different pr bins for -0.3<cos 6* <0.3 and
20-40% centrality class in Pb-Pb collisions at /syy = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the event plane.
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Figure B.39: Signal extraction for
20-40% centrality class in Pb-Pb
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Figure B.40: Signal extraction for K2 in different pr bins for 0.7<cos* <1.0 and
20-40% centrality class in Pb-Pb collisions at /s\y = 2.76 TeV and |y| < 0.5.
Quantization axis is normal to the event plane.
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for the event plane analysis.
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events were simulated using the HIJING event generator. Figure B.42 shows the
variation of A x € as a function of pr for different cos#* bins in 20-40% centrality
class at /sy = 2.76 TeV. The raw pr spectrum in each cos6* bin is corrected with

corresponding A X e distributions.
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Figure B.43: The efficiency and acceptance corrected pr spectra of Ko in 20-40 %
centrality class in Pb-Pb collisions at \/syy = 2.76 TeV and |y| < 0.5 for different
cos 0* bins. Left panel shows corrected pr spectra for the production plane analysis
and right panel shows corrected pr spectra for the event plane analysis.

The acceptance, efficiency and branching ratio corrected pr spectra for different
cos 0% bins in 20-40% centrality class at /sy = 2.76 TeV are shown in Fig. B.43.
After correcting the pr spectrum in each cos#* bin, we plot yield vs cos#* for each
pr bin. The cos §* distributions are fitted with the Eq. 3.1. Figure B.45 and Fig. B.46
shows corrected cos 8* distributions in different pt bins for the production plane and
event plane analysis, respectively. Also the distributions are fitted with Eq. 3.1 to
get the pgg in each pr bin. The pr spectrum from this analysis is compared with the
published pr spectrum for 20-40% centrality class shown in Fig. B.44. The bottom
plot shows the ratio between the pr spectrum from this analysis and the published

data [3]. The two spectra are in good agreement within 3%.
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Figure B.46: The efficiency and acceptance corrected cosf* distributions of K9 decay
daughter for different pr bins. The results are for 20-40% Pb-Pb collisions at /sy
= 2.76 TeV in |y| <0.5. Distributions are fitted with the Eq. 3.1. Quantization axis
is perpendicular to the event plane.
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Figure B.48: The efficiency and acceptance corrected cosf* distribution of K** decay
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at \/sxy = 2.76 TeV. Measurements are done with respect to normal to the event
plane in mid-rapidity.
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Figure B.49: The efficiency and acceptance corrected cos* distribution of K** decay
daughter for 3.0 < pr < 5.0 GeV/c in different centrality classes of Pb—Pb collisions
at \/sxny = 2.76 TeV. Measurements are done with respect to normal to the event
plane in mid-rapidity.
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Figure B.50: The efficiency and acceptance corrected cosf* distributions of K* for
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Eq. 3.1. The results are for 10-50% Pb-Pb collisions at \/syy = 2.76 TeV in |y| <0.5.
Measurements are done with respect to normal to the production plane.
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plane in mid-rapidity.
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Figure B.52: The efficiency and acceptance corrected cos 0* distributions of K*Y decay
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mention in Eq. 3.1. Results are for pp collisions at /s = 13 TeV and |y| < 0.5.
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Figure B.54: The efficiency and acceptance corrected cost* distribution of ¢ meson
decay daughter at mid-rapidity for different centrality classes in 0.5 < pr < 0.7 GeV/c
in Pb—Pb collisions at /syy = 2.76 TeV. Quantization axis is perpendicular to the
EP.
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Figure B.56: The efficiency and acceptance corrected cosf* distributions of ¢ meson
decay daughter for various pr bins in Pb—Pb collisions at 2.76 TeV. Distributions are
fitted with the function, mentioned in Eq. 3.1. Quantization axis is perpendicular to
the PP.
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Figure B.57: The efficiency and acceptance corrected cosf* distributions of ¢ meson
decay daughter for various pr bins in pp collisions at 13 TeV. Distributions are fitted
with the function, mentioned in Eq. 3.1. Quantization axis is perpendicular to the

PP.
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Figure B.58: The efficiency and acceptance corrected cosf* distributions of ¢ meson
decay daughter for 0.5 < pr < 0.8 GeV/c in different centrality classes of Pb-Pb
collisions at 2.76 TeV. Distributions are fitted with the function, mentioned in Eq. 3.1.
Quantization axis is perpendicular to the PP.

2/ ndt 9.202/3 c o/ ndf 13.92/3
0.4 N, 0.421+ 0.008 r N, 0.2242 + 0.0041
P 03419 +0.0153 0-22:’ Pp  0.3369 £ 0.0143
0.35- 0.2F
==} =~) L
z 180
-u[é 0.3F 4+7 %’.5’018:
-] < _f
0.16-—+— —4—
g £ [
~ Dast —— | Daa- —
z 3.0<p,<5.0 GeV/C z £
Pb-Ph 2,76 Tev 012 30<p,<5.0GevIiC
0.2 Centraiity 0-20% [ Pb-Pb276TeV
0.1 Centaliy 20-40%
0155 b b b b b ST TR T APV PR PR TR TN
0 0.10.20.30.40.50.60.70.80.9 1 0 0.10.20.30.40.50.60.70.80.9 1
cos@ cos®
2/ ndf 9612/3
x*/ ndf 3.805/3 0.024 E N, 0.02157 +0.00043
N, 0.08538 + 0.00149 E
0.08° o 09069 £ 0.0162 0.022 ; Poo 0.3024 +0.0152
0.021
Z’.ﬁom— %I.EOISE
S S L
= %}.06M+ ol
% s ’014M
_|Z§).05— ""%F : ——
3.0<p,<5.0 GeV/C 012 E 3.0<p <5.0 Gevic
0.04 Pb-Pb2.76Tev 0.010 Pb-Pb 2.76 TeV
Centrality 40-60% “"7L Centrality 60-80%
0030 ) i 0008 bt Lo s s L,
0 0.10.20.30.4050.60.70.809 1 0 0.10.20.30.4050.60.70.809 1
cose cosf

Figure B.59: The efficiency and acceptance corrected cosf* distributions of ¢ meson
decay daughter for 3.0 < pr < 5.0 GeV/c in different centrality classes of Pb-Pb
collisions at 2.76 TeV. Distributions are fitted with the function, mentioned in Eq. 3.1.
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B.8 K* spin alignment using random event plane

A test has been performed by measuring the pyy of K*° with respect to normal to
the random event plane. The event plane angle is generated using uniform random
numbers between 0 to 7 as shown in Fig. B.60. In order to increase statistics, we have
generated 10 random event planes in each event by using 10 different random seeds.
Figure B.61 shows invariant mass distribution in pr bin 0.8-1.2 GeV/c. FigureB.62
shows raw spectra, Acceptance x Efficiency (A X €,.), re-weighting factor, and A x
€rec and branching ratio corrected spectra in various cos 8* bins. Figure B.63 shows
corrected cos@* distributions for K** in different pr bins. Measurements for the
random event plane are consistent with 1/3 except lowest pr bin. In lowest pr bin
poo is slightly lower compared to 1/3 but higher compared to measurements in the
event plane. The measurements for the random event plane at lowest pr bin is lower
than 1/3 as the quantization axis is always perpendicular to the z axis, resulting in a

residual effect.

7000; Centrality 20-30%
60005
5000 WWMNWMMWWW

No. of Events

4000
30001
20001
10005

Figure B.60: The event plane angle distribution generated using uniform random
numbers between 0 to 7.

The left panel of Fig. B.64 shows pgg vs. pr for the random event plane measure-
ments. The right panel of Fig. B.64 shows comparison between the random event and

random production plane. The random production plane is calculated by randomiz-
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Figure B.61: Invariant mass distribution M, after mixed event background sub-
traction and fitted with Breit-Wigner 4 residual background function in centrality
class 10-50% for pr bin 0.8-1.2 GeV/c in various cos #* bins. Quantization axis is
perpendicular with respect to the random event plane.

ing the momentum direction of each track. Measurements for the random event plane

and random production plane are consistent with each other.

B.9 K* spin alignment using quantization axis ran-

dom in 3-dimension

Figure B.65 shows the invariant mass distributions, Acceptance x Efficiency and
corrected cos 0* distributions in pp bin 0.8-1.2 GeV/c and 10-50% Pb—Pb collisions
for K** with respect to the quantization axis which is random in 3-dimension. We
can see that if the quantization axis is random in 3 dimension, then the residual effect

observed in RndEP analysis is not present and the pgyy value is consistent with 1/3.
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Figure B.63: The efficiency and acceptance corrected cosf* distribution in different
pr bins. Errors are statistical error. Quantization axis is perpendicular with respect
to the random plane.
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Figure B.64: Left panel: pg vs. pr in Pb-Pb collisions at y/sxy = 2.76 TeV. Statisti-
cal uncertainties on data points are represented by bars and systematic uncertainties
on data points are represented by boxes. Quantization axis is perpendicular to the
random event plane. Right panel: Comparison between the random production and
random event plane measurements.
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Figure B.65: Invariant mass distributions, Acceptance x Efficiency and the efficiency
and acceptance corrected cos §* distributions in pr bin 0.8-1.2 GeV/c¢ and 10-50%
Pb-Pb collisions for K** with respect to the quantization axis which is random in
3-dimension.

B.10 Checks related to efficiency calculation
B.10.1 Effect of acceptance on the production plane analysis

We used a toy model to study the acceptance effect on cos #* distribution of K*° decay
daughter. We used following steps to generate K*.

1. K*® mass is generated by using gRandom—BreitWigner(resonanceMass, reso-
nanceWidth).

2. K*0 pr is generated by using gRandom—Exp(0.8).

3. K™Y rapidity is generated by using gRandom—sUniform(-0.5, 0.5).

4. K*9 azimuthal angle is generated by using gRandom— Uniform (-7, +).

Total no of generated K** is 500000. “T'GenPhaseSpace” class of root is used to

decay the generated K*°. To study the acceptance effect we used two acceptance
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Figure B.66: Left panel shows pr distribution of both decay daughters, before and
after acceptance criteria. Right panel shows n distribution of both decay daugh-
ters, before and after acceptance criteria. Here daughterl corresponds to kaon and
daughter2 corresponds to pion.

criteria, 1) pr > 0.15 and 2) |n| < 0.8 to select decay daughters. Figure B.66 shows
the pr and 7 distributions of kaon and pion before and after applying the acceptance

criteria. Figure B.67 shows the cos 8* distribution of kaon, before and after applying

the acceptance criteria.

B.10.2 MC closure test

We have performed a MC closure test to verify our analysis method. Resonance signals
are extracted by subtracting the mixed event background from unlike charged invari-
ant mass distribution of their decay daughters, similarly as data. Extracted raw yields
are compared to the “true” MC reconstructed K*° yield (“true” MC reconstructed
K*Y are those which are used in efficiency correction). Then the extracted signals
are corrected with acceptance x efficiency to get the corrected yield and corrected
cosfx distribution. Results are compared with the MC generated yield. Extracted

yields are found to be consistent with the MC generated yields. Figure B.68 shows
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Figure B.67: Cosf#* distribution of kaon, before and after acceptance criteria.

an example for MC closure test. Figure B.68 also shows Acceptance x Efficiency as

a function of cos 6*.

B.10.3 2D efficiency: cosfx vs. ¢-1,, for K* in pr bin 0.8 -
1.2 GeV/c w.r.t. the event plane(EP)

Figure B.69 shows 2D maping of A X €. for K*¥ in pp bin 0.8 - 1.2 GeV/c w.r.t.

EP, obtained from HIJING. In our measurements we have taken ¢ — 1., integrated

efficiency ([A X €ec)caser) Which are consistent with the efficiency ([A X €ec)case2) 0b-

tained by averaging over the A X €, of each ¢ —1),, bins. Table B.1 shows comparison

between [A X €rec]caser and [A X €reccase-

B.10.4 Effect of event plane estimation on Acceptance x Ef-
ficiency correction

Event plane estimation in HIJING is done from MC generated tracks within the 7

acceptance of VOC detector. The event plane vector is estimated by using following
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Figure B.68: Acceptance x Efficiency vs. cos#*, raw yield and comparison of cor-
rected cosfx distribution, calculated from the MC reconstruction data using data
driven method to those obtained from the MC generated data.

Table B.1: Comparison of A X € for K** in pp bin 0.8 - 1.2 GeV/c w.r.t. EP,
obtained from HIJING

cos 6" bin [A X Ercc]casel [A X frcc}cas&
0.0-0.2 0.154 0.149
0.2-0.4 0.157 0.154
0.4-0.6 0.162 0.160
0.6-0.8 0.175 0.177
0.8-1.0 0.197 0.204

CcosO* vs. 0 - v,

Figure B.69: 2D maping of acceptance x efficiency for K*% in pr bin 0.8 - 1.2 GeV/c
w.r.t. EP
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Figure B.70: Acceptance x Efficiency vs. pr for different cosf* bins for two diffrent
way of EP estimation: 1)EP is estimated by MC generated tracks 2)EP is estimated
by MC reconstructed tracks.

equations

Qne = Zwicos(ngbi) = Qncos(nV,,);  Qny = Z w;sin(ng;) = Qpsin(n¥,).
B16) "~
We have also estimated the event plane vector by using the MC reconstructed tracks.
Comparison between efficiencies using MC generated tracks and MC reconstructed

tracks to calculate EP vector are given in Fig. B.70.

B.10.5 Correction of Pb—Pb result with the efficiency from
PYTHIA

Figure B.71 shows comparison of pgy vs. pr in 10-50% Pb-Pb collisions w.r.t. the
production plane for two different efficiency correction: 1) efficiency is calculated by

using HIJING production 2) efficiency is calculated by using PYTHIA production.
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Figure B.71: pgg vs. pr in 10-50% Pb-Pb collisions w.r.t. the production plane for
two different efficiency correction, one is from HIJING and another is from PYTHIA.

B.10.6 Efficiency calculation by using momentum informa-
tion of generated tracks and reconstructed tracks to
calculate cosfx

Efficiency is calculated by using momentum information of generated tracks and re-
constructed tracks to calculate cosfx. Comparison for this two cases are given in
Fig. B.72. Calculated efficiencies in different cosf* bin as a function of pr are consis-
tent for this two cases. Two cases are

casel: cos#* in both generated and reconstructed level are calculated using the mo-
mentum information from generated level.

case2: cosf* in reconstructed level are calculated using the momentum information

of reconstructed track.
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Figure B.72: Acceptance x efficiency vs. pr in 10-50% Pb-Pb collisions w.r.t. the
production plane for ¢ meson in different cosf* bins for two diffrent cases. In one
case momentum information from generated tracks are used and in another case
momentum information from reconstructed tracks are used.

B.11 MC generated and reconstructed spectra in
pp analysis

Figure B.73 shows MC generated and reconstructed pr distributions for K*° different
cos 0* bins. A dip near pr = 0.7 GeV/C is observed in the MC reconstructed pr distri-
bution. This effect is mainly coming because of the analysis acceptance. K*° analysis
with respect to the production plane in Pb—Pb collisions is also performed in 0.8 <
pr < 1.2 GeV/C to avoid the pr region near 0.6 GeV/C, where a sudden drop in
yield is observed from MC simulation. In small pr bin, signal stays and pgg is lower

than 1/3, following the observed pr dependency as shown in Fig. B.74.

B.12 Estimation of systematic uncertainty

Method1:
Default method of systematic uncertainty estimation on pgy, used for this analysis
is described in Sec. 3.5. In order to extract the systematic uncertainty on pgyy, we

fitted the acceptance and efficiency corrected cos@* distribution from each of the
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Figure B.73: MC generated and reconstructed pr distributions for K** different
cos 6* bins with respect to PP in 10-50% Pb-Pb collisions are shown respectively
in the left and right panel of the figure. Lower panel of each figure shows ratio to
minimum cos 6* bin.

systematic source to get pgg for those sources. Let for a given source we have k

number of variations. Then the systematic uncertainty on pgy due to this source is

\/ z S (pie) — piy)?. Finally we add the contribution from each of the sources in
quadrature to obtain total systematic uncertainty on pgq.

Method2:

We have also performed an alternative way to extract systematic uncertainty. In this
method, systematic uncertainty on the measured vector meson yield in each cos #* bin
is used during the fitting of cos #* distribution to get the pgy value and the error on
poo corresponds the systematic uncertainty on pgg. This method is a crude method
as the correlation between systematic uncertainties on yield in each cos8* bins does
not remove by this method. Let consider a systematic source for which yields in each
cos 6* bins are increased by 5%. As a result this source will contribute 5% systematic
uncertainty on yields, hence on the pgy. But in reality this source does not change
the shape of the cos 6* distribution so the systematic uncertainties due to this source

should be zero, which can be obtained by methodl.
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Figure B.74: pgo vs. pr for K** in 10-50% Pb-Pb collisions at /sxy = 2.76 TeV
with respect to the production plane.

We cave compared the systematic uncertainties obtained from both these methods
and found the systematic uncertainties on pgyy from two different methods are compat-
ible. For the comparison we have taken the cos §* distribution of K*° decay daughter
w.r.t. PP for 0.4 < pr < 1.2 GeV/c in 10-50% Pb-Pb collisions at /sy = 2.76 TeV.
Figure B.75 shows the acceptance and efficiency corrected cos#* distribution of of
K decay daughter and the uncertainties on data points are systematic uncertainties
on measured K*O yields. We have found that the total systematic uncertainty on
Poo, obtained from method?2 is 23%, whereas the total systematic uncertainty on pgo,

obtained from methodl (shown in Fig 3.18) is 18%.

B.13 Comparison between K*' and K*

Figure B.76 shows comparison between pg vs. pr for K** and K** in 10-50% Pb-

Pb collisions w.r.t. the production plane. Results for particle and anti particles are
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Figure B.75: The acceptance and efficiency corrected cos §* distribution of of K*° de-
cay daughter w.r.t. PP for 0.4 < pr < 1.2 GeV/c in 10-50% Pb—Pb collisions at
V/snn = 2.76 TeV. Uncertainties on data points correspond the systematic uncertain-
ties on yields. Distribution is fitted with the function, mentioned in Eq. 3.1 to obtain
systematic uncertainties on pg.

consistent with each other within statistical error.

B.14 Analysis with high statistics Pb—Pb 5.02 TeV
data

The poy values for K*O with respect to the production plane are extracted for high
statistics (run 2015: 30 M event, run 2018: 100 M event) Pb-Pb collisions data at

Vsnn = 5.02 TeV. Figure B.77 shows the extracted pyy values as a function of pr.
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Figure B.76: pgo vs. pp for K** and K** in 10-50% Pb-Pb collisions w.r.t. the
production plane.
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Figure B.77: pgo vs. pr for K*° in 10-50% Pb-Pb collisions at \/sny = 5.02 TeV
with respect to the production plane.
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Appendix C

Invariant mass distributions of unlike charged wK pairs for various pr intervals in
0-30% and 70-90% Xe—Xe collisions at /syn = 5.44 TeV are shown in Fig. C.1 and

Fig. C.2, respectively.
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Figure C.1: Mixed event background subtracted 7K invariant mass distribution in
0-30% XeXe collisions, fitted with a Breit-Wigner + 2"? order polynomial of Mg,
function. The Breit-Wigner function describes the K*¥ signal and the residual back-
ground is described by the 2" order polynomial function. Uncertainties on data
points are statistical only.
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Figure C.2: Mixed event background subtracted 7K invariant mass distribution in
70-90% Xe-Xe collisions, fitted with a Breit-Wigner + 2"¢ order polynomial of My
function. The Breit-Wigner function describes the K*° signal and the residual back-
ground is described by the 2" order polynomial function. Uncertainties on data
points are statistical only.
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Appendix D

D.1 Invariant mass distributions

Figure D.1 and D.2 shows 7K invariant mass distribution after mixed event back-
ground subtraction for different pt ranges for 1-5% and minimum bias pp collisions

at /s = 13 TeV in |y| <0.5, respectively. Invariant mass distributions for other

multiplicity classes can be found in [4].
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Figure D.1: 7K invariant mass distribution after mixed event background subtrac-
tion for different pr ranges in multiplicity bin 1-5% are shown. Distributions are
fitted with Breit-Wigner + 2°¢ order polynomial function, where blue, magenta and
red lines describe the signal + residual background, signal and residual background
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respectively. The results are from pp collisions at /s = 13 TeV in |y| <0.5.
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Figure D.2: 7K invariant mass distribution after mixed event background subtraction
for different pr ranges in INEL pp collisions at /s = 13 TeV in |y| <0.5. Distributions
are fitted with Breit-Wigner + 2°¢ order polynomial function, where blue, magenta
and red lines describe the signal + residual background, signal and residual back-
ground, respectively.




D.2 Re-weighting factor

Re-weighting factors as a function of pr in different multiplicity classes are shown in

Fig D.3.
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Figure D.3: Re-weighting factor as a function of pr for K** in different multiplicity
classes of pp collisions at /s = 13 TeV in |y| < 0.5.
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A large angular momentum (O(107) h) is expected to be created in ultra-relativistic heavy-
ion collision, when two heavy-ion nuclei collide with non-zero impact parameter. In
presence of such large angular momentum, produced quarks can be polarized due to
spin-orbital angular momentum interaction of QCD. Polarization of quarks can be further
transferred to the polarization of produced hadrons during the process of hadronization.
The spin-oribital angular momentum interactions are one of the most important effect in
several branches of physics causing fine structure in atomic physics and shell structure in
nuclear physics, and is a key ingredient in the field of spintronics in materials sciences. In
this thesis | studied the spin alignment of produced vector mesons in heavy-ion collisions,
in order to search the effect of spin-orbital angular momentum interaction in ultra-
relativistic heavy-ion collisions. Spin alignment is quantified by measuring the spin
density matrix element poo which is the probability of finding a vector meson in spin state
0 out of 3 possible spin states (-1, 0, 1). In the absence of spin alignment all 3 spin states
are equally probable, hence poo = 1/3. The poo values will deviate from 1/3 in presence of
spin alignment or preferential orientation of vector meson’s spin. presence of spin-orbital
angular momentum interactions. The poo values for vector mesons can be measured
experimentally by studying the angular

<% 0.6f- Po-Pb, {5 = 2.76 Tev 'AL.CE'--'.K.O’O'S'SPTG'Z'(GQWC)‘ e distribution of the decay daughter of
e w<os | Ls  vector meson with respect to the
#KY, 20-40 % By 47 direction of angular momentum which is
0‘4*% @ﬁgﬂ H AT s perpendicular to the reaction plane
03 @@H @@ o+ ’ Q03 (subtended by the beam axis and
Aok H PP, 1s=13TeV | e impact parameter direction).
H b el ﬁ H We report for the first time a significant
el tie 1 o 15 spin alignment effect (30 level for K*°

Sedllicais ‘},T(Gevs/c)‘) el R and 20 level for @) for vector mesons in
' heavy-ion collisions. A deviation of pgo
from 1/3 at low transverse momentum
and in mid-central Pb-Pb collisions,
supports the presence of a large initial
angular momentum in non-central
heavy-ion collisions, which leads to
quark polarization via spin-orbit coupling, subsequently transferred to hadronic degrees
of freedom by hadronization via recombination. Obtained centrality dependence of spin
alignment effect of vector mesons is similar to the impact parameter dependence of
initial angular momentum created in heavy-ion collisions. The initial angular momentum
due to the extended size of the nuclei and the finite impact parameter in non-central
heavy-ion collisions is missing in proton-proton collisions. Determination of po, for vector
mesons produced in pp collisions and for spin zero Ks° produced in heavy-ion collisions
provide a null test for spin alignment of vector mesons measured in the present work.

Figure 1: Left panel: poo as a function of transverse
momentum for K*° in Pb-Pb and pp collisions, and for
Ks® in Pb-Pb collisions. Right panel: Centrality
dependence of poo for K¥*° mesons in Pb-Pb collisions.
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