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Abstract

Quantum Chromodynamics (QCD) describes quarks and gluons interactions. Due to
asymptotic freedom, a sufficiently high energy density can lead matter to transition
into the Quark-Gluon Plasma (QGP), a deconfined form of matter. In heavy-ion
collisions, a medium governed by strong interactions is formed, and its evolution
can be studied by the produced particles. The primary objective of the heavy-ion
programme at the Large Hadron Collider (LHC) at CERN in Geneva, Switzerland,
is to search for the possible formation of the QGP. The ALICE experiment at the
LHC is designed to study the hot and dense medium produced in ultrarelativistic
heavy-ion collisions.

Hadronic resonances have shorter lifetimes relative to other stable hadrons, which
is analogous to the time taken by the dense nuclear matter to reach its final state.
This can be used to explore the hadronic phase’s characteristics that results from
heavy-ion collisions. The yield of resonances might be modified with respect to the
expectations due to in-medium effects such as re-scattering and regeneration. The
study of resonance production in p-Pb collisions fills the gap between pp and heavy-
ion (Pb-Pb, Xe-Xe) collisions and helps us understand initial state effects due to
cold nuclear matter. In this thesis, we study the ¢ (1020) mesons production using
invariant mass reconstruction from their decay daughters (kaons) in p-Pb collisions.
The kaon particles are identified by the Time Projection Chamber (TPC) and Time
of Flight (TOF) in the ALICE experiment. The details of ALICE detector and its
subsystems are described in this thesis.

We present the measurement of ¢ mesons production in p-Pb collisions at /syy =
8.16 TeV using the ALICE detector. Resonances are reconstructed via their hadronic
decay channels in the rapidity interval -0.5 < y < 0 and the transverse momentum
spectra are measured up to pp = 16 GeV/c for various multiplicity classes (0-5%,
5-10%, 10-20%, 20-40%, 40-60%, 60-80%, 80-100% and 0-100%). The zt scaling
for the ¢ mesons production is newly tested in p-Pb collisions and found to hold in

the high pr region at LHC energies. The nuclear modification factors (R,py,) as a
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function of pp for ¢ mesons at |/syy = 8.16 TeV are presented and compared with
R,p,, measurements of K*, ¢, =, and  at Vonn = 5.02 TeV. At intermediate pp
(2-8 GeV/c), Rypp, of Z, Q show a Cronin-like enhancement, while K* and ¢ show
no or little nuclear modification. At high pp (> 8 GeV/c), the R,py, values of all
hadrons are consistent with unity within uncertainties. The R p;, of ¢ mesons at
Vv/Snn = 8.16 and 5.02 TeV show no significant energy dependence. The results are
compared with EPOS-LHC, DPMJET and HIJING models predictions.

We also present the first measurement of multiplicity and rapidity dependence
of ¢ mesons production in p-Pb collisions at ,/syy = 5.02 TeV. The transverse-
momentum (pr) spectra of ¢ mesons measured with the ALICE detector up to pr
= 16 GeV/c for various multiplicity classes in five rapidity intervals (-1.2 < y <
-0.9, -09 < y < -06, -06 <y <-03,-03 <y <0and 0 <y < 0.3) in the
rapidity range 1.2 < y < 0.3. The measured py distributions show a dependence
on both multiplicity and rapidity at low pp, whereas no significant dependence is
observed at high pr. A rapidity dependence is observed in the pr-integrated yield
(AN /dy), whereas the mean transverse momentum ((p)) shows a flat behavior as
a function of rapidity. The rapidity asymmetry (Y,qm) at low pp ( < 5 GeV/c) is
more significant for higher multiplicity classes. At high pr, no significant rapidity
asymmetry is observed in any of the multiplicity classes. The nuclear modification
factor (Qcp) as a function of pr shows a Cronin-like enhancement at intermediate
pr, which is more prominent at higher rapidities (Pb-going direction) and in higher
multiplicity classes. At high pp (> 5 GeV/c), the (Qcp) values are greater than
unity and no significant rapidity dependence is observed. The results are compared

with EPOS-LHC, DPMJET, Pythia8, EPOS3 and HIJING models predictions.
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Chapter 1

Introduction

In High Energy Physics (HEP), researchers explore what the universe consists of
and how it works at the tiniest and the largest scales, seeking to make new dis-
coveries from the smallest particles to the furthest reaches of space. The study of
elementary particle physics is concerned with the fundamental constituents of all the
matter. This science is relevant to the life on the earth as well as life at very edge
of the universe and it is believed to be valid always and will remain so in the future
as well. In the first moments after the Big Bang, particle physics laws governed
the properties of this highly dense and hot soup of matter called the Quark Gluon
Plasma (QGP), which evolved into the enormous variety of particles that we know
today. Despite decades of work by thousands of physicists, many of the fundamen-
tal laws are still not understood. Over the time, massive particle accelerators have
been built to recreate the state of matter at ever decreasing time scales after the
Big Bang. Experimental studies of high energy heavy-ion collisions are designed to
examine the fundamental properties of matter and radiation. The constituents of
matter are molecules which are composed of atoms. The atoms are made up of nu-
cleus and electrons revolving around it. It was later discovered that protons [1] and
neutrons [2] are constituents of the nucleus, explaining many of the nuclear prop-
erties. Experimental studies of electron scattering from protons, often called ‘Deep

Inelastic Scattering (DIS)’, revealed the composite nature of proton and revealed
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the presence of partons, which were later determined to be fractionally charged
Quarks [3,4]. Quarks are not seen as free particles, but rather confined within
hadrons by the interquark potential. Research at the DESY (Deutsches Elektronen-
Synchrotron) laboratory in Germany led to the discovery of the Gluon [5] in e*e”
annihilation for the first time in 1979. According to current understanding, all
matter is a combination of quarks, gluons and leptons, which are fundamental par-
ticles. The Standard Model (SM) of particle physics is an established theoretical
framework that describes the theory of fundamental interactions - ElectroMagnetic
(EM), weak and strong. These interactions are described in terms of exchange of
Bosons - Photons, W and Z Bosons, and Gluons. Some of these Bosons - including
W, Z, and Gluons - were predicted in the SM, and their presence is now confirmed
experimentally. A key prediction of the Standard Model has been confirmed with
the discovery of the Higgs boson [6-8]. All the particles gain mass through their
coupling with Higgs boson. Experiments have confirmed the validity of the SM in
high precision. There are many different quantum numbers associated with each of
the particles in the SM, including spins, charges, charms, baryon and lepton num-
bers etc. The quarks and the leptons both have spin of 1/2 and are thus fermions;
however, they differ from one another in various other properties. The lepton fam-
ily has three charge particles (electron, muon and tau) and three neutral particle
(electron neutrino, muon neutrino and tau neutrino). The six quarks are following:
up, down, charm, strange, top and bottom. The up, charm and top quarks have
electrical charge %e, while down, strange and bottom quarks are charged by —%e.
There is also a particular property of quarks known as color charges: each quark
carries one of three colors: red, green, or blue. A corresponding anti-particle exists
for every particle, that has the exact same mass but all the quantum numbers are
inverted. In terms of color, it is described as ‘anti-red’, ‘anti-green’ and ‘anti-blue’.
In addition, the model has four spin 1 bosons, including gluons, photons, W= and
7 with eight states of gluons and two states of W bosons, as well as the spin 0

Higgs boson. The SM describes the way elementary particles interact via boson

exchange. According to the SM, the three different kinds of interactions: strong,
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electromagnetic and weak are all characterized by their strengths and mediators,
such as gluons, photons and W and Z bosons, respectively. Figure illustrates the

schematic representation of particles in the SM [9].

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

mass ~ =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? [ =124.97 GeV/c2
charge % % % 0 0
spin | % U % C ¥ t 1 9 0 H
up charm top gluon higgs

=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? [

% -% =%
@ IS O || @

down strange bottom photon
—
=0.511 MeV/c2 =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c2
-1 -1 -1 0
« & » (B » : &
electron muon tau Z boson
e

<1.0 eVic? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c?
+1

0 0 0 -
. Ve S Vu .Vt . W

electron muon tau

neutrino neutrino neutrino W boson

C———

Figure 1.1: An overview of all fundamental particles in the Standard Model. The
three families of quarks and leptons are listed by their respective columns. A shaded
background indicates with what fermions each gauge boson pairs [9].

The theoretical framework used to describe these interactions is Gauge Invari-
ance, also known as Gauge Theories. Amongst the three interactions mentioned
above, the theoretical framework that describes the strong interactions, is also a

gauge theory and is known as Quantum Chromodynamics (QCD).

1.1 Quantum ChromoDynamic (QCD) and

quark-gluon plasma

According to the QCD, quarks interact with gluons and distinguishable by their
color quantum numbers. Mesons and baryons are composed of quarks and gluons

and are colorless. Each baryon consists of three quarks (qqq), whereas mesons are
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made up of a pair of quarks and antiquarks (¢g). According to QCD, the potential

for interaction is as follows:

4 oy
VQCD(T) = —274—]{7“ (11)

where, ‘a,’ represents running coupling constant, ‘v’ is the distance between
two interacting partons (quarks and gluons) and k is color string tension Constant.
The QCD coupling constant [10] that depends on momentum transfer Q? between

partons is described as:

127

a,(Q7) = (11N, — 2Nf)1n(Q2/>\2QCD)'

where,

N = Number of color charges,

Ny = Number of quark flavors,

Aqep = Non-perturbative QCD scale parameter

For small value of «, the perturbative QCD is applicable. The a, as a function of )
is shown in Fig. Two fundamental properties of QCD are ensured by equation
1.2: quark confinement and asymptotic freedom. The o, between quarks and gluons
becomes large at small @) or large Agcp, according to eq. 1.2. So, at small aj
quarks and gluons are confined inside hadrons, known as Quark Confinement [11].
However, QCD coupling constant become small at large momentum transfers or
small distance scales, creating a free state of quarks and gluons. In QCD, this
property is known as ‘Asymptotic Freedom’. QCD coupling constant as function
of momentum transfer shows good agreement between experiment results and QCD
based theoretical calculations as shown in Fig. [1.2]. The 2004 Nobel prize in physics
was awarded to David Gross [12}[13], Frank Wilczek [12|13], and David Politzer [14]

for their theoretical contributions toward the discovery of asymptotic freedom.

In 1974, T.D. Lee [15] proposed that a high nucleon density applied over a

large volume could result in dense nuclear matter containing asymptotically free
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Figure 1.2: The QCD running coupling constant measurement from various experi-
ments are compared in wide range of momentum transfer. This plot has been taken
from [10].

quarks and gluons. Such a dense nuclear state is known as the ‘Quark-Gluon
Plasma’ (QGP). Experimentally QGP is defined as, ‘a (locally) thermally equili-
brated state of matter in which quarks and gluons are de-confined from hadrons,
so that color degrees of freedom become manifest over nuclear, rather than merely
nucleonic volume’ [16]. The QGP state at high temperature is also predicted by
QCD (Latice-QCD) calculations [17-20]. In Fig. [1.3| normalized energy density is
plotted as function of temperature, based on LQCD calculations of quarks flavors.
The significant increase in normalised energy density at critical point indicates the
increase in the number of degree of freedom, suggesting hadronic matter converting

to a state of free quarks and gluons.

The different phases of QCD matter can be mapped using a phase diagram
(like that of water) that shows at what value of temperature (T) and the baryon
chemical potential (up), a transition occurs from a normal hadron phase into a
deconfined QGP phase. The various phases of QCD matter are shown in Fig. |1.4

At low T and low up quarks and gluons are confined into hadrons, whereas at high
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Figure 1.3: The normalized energy density (normalized to quadratic power of tem-

perature) (blue color), pressure density (red color) and entropy from LQCD cal-
culation at zero baryon chemical potential density (green color) are plotted as a
function of temperature. T (yellow color) represents the critical temperature. Re-
sults are for (241) quark flavor. Hadron Resonance Gas (HRG) model calculations

are shown by solid lines at low temperature. Result for non-interacting quark gluon
gas is shown by dashed line at high temperature. This plot has been taken from .
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T and low up the quarks and gluons may exist in deconfined state. A smooth phase
transition from hadronic gas to QGP phase is predicted by LQCD calculations at
high T and low pp while at high pp, the phase transition is predicted by several
models to be a first-order phase transition . The energy scope of the ALICE
experiment corresponds to up = 0 and is appropriate for the study of QGP and

phase transition from hadrons to QGP.

lEa"y S The Phases of QCD

LHC Experiments

155 Mev Srossover

Critical Point

]

Superconductor

Hadron Gas Coloy

Nuclear
/ Vacuum Matter Neutron Stars
-—

0MeV=——— - T T
0 MeV 900 MeV

Baryon Chemical Potential

Figure 1.4: A schematic illustration of the QCD phase diagram .

1.2 Space-Time Evolution

In the early universe, just after the Big Bang, the QGP is believed to have existed.
Now the various experiment are creating the QGP by colliding relativistic heavy-
ions. The hot and dense matter created in these experiments evolve through various
stages. The space-time evolution of heavy-ion collisions is shown in Fig. Two
Lorentz contracted nuclei (due to relativistic speed) are collided at t = 0, time of
collision. During the collision, the overlapping region between the incoming nuclei
is compressed, ejecting the enormous amount of kinetic energy that is carried by
the incoming nuclei within a very small volume of space in a very short time frame.
The formation of deconfined states of quarks and gluons after collision is expected

if the energy density is sufficiently high. In the early stages of deconfinement, the
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state produced might not be in thermal equilibrium. It may take the matter about
1 fm/c to reach a state of local thermal equilibrium, known as the QGP, after
the pre-equilibrium state. By assuming plasma behaves like a fluid, we are able
to describe the state’s evolution. As a consequence of the pressure gradient, the
QGP matter expands and it cools down. A hadron gas is formed when quarks
and gluons hadronize at T = T, the ‘critical temperature’. As the hadron gas
expands, the inelastic interactions between hadrons cease at T = T, to be known
as ‘chemical freeze-out temperature’. Following T, the chemical composition of
the system isn’t affected; there is no change in the relative abundance of particles.
As the temperature drops below T, elastic interactions between hadrons continue
until the freeze out temperature “T's,”. The mean free path of hadrons reaches a
large value near the T, compared to the dynamical size of the system. Thereafter,
hadrons are free to flow. The particles that emerge from the collision region are
measured in the experiment, and their measurements provide indirect evidence of
the QGP. However, it is possible that these signatures may already be distorted
by the interactions occurring during and after the freeze-out. Therefore, it is not
feasible to directly measure the QGP phase during a high-energy physics experiment.

Instead, a series of signatures provides the evidence.

1.3 Relativistic kinematics in high energy particle
physics

At the LHC (Large Hadron Collider), the coordinate system for ALICE experiment
is chosen such that the z-direction is parallel to the beam direction. From the origin,
positive z is directed to the VOA detector, whereas negative z is directed to the VOC,
details in section [2.1.3.3. The origin (0,0,0) in the co-ordinate system is defined as
the Nominal Interaction Point where the two beams will collide at the center of
Inner Tracking System (ITS) detector. Collisions typically occur around the point

of interaction, and the primary vertex of the collision can be determined using the
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Figure 1.5: A schematic diagram representing the space-time evolution in heavy-ion

collisions .

tracking information from the data. The primary vertex is required for most analysis

that uses reconstructed tracks.

1.3.1 Transverse Momentum

The particle momentum can be divided into two parts. One along the beam direc-
tion is called longitudinal momentum (p,) and another is the transverse momentum
(pr), which is the momentum projected in the transverse plane (xy). The py of a

particle is defined as :

pr =i+ 15 (1.3)

Where, p, = momentum component along the x-axis,
py = momentum component along the y-axis

The pr is a Lorentz invariant quantity.
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1.3.2 Rapidity

In high energy particle physics, rapidity (y) of a particle is a measure of its rela-
tivistic velocity. Velocity does not have an additive nature in the relativistic limit.
Rapidity has the advantage of being additive under Lorentz transformation. The

rapidity is defined as:

Y = §ln— (1.4)

where, E is particle energy and p, is the longitudinal momentum. In the
non-relativistic limit, the rapidity is equivalent to the particle’s velocity where the

momentum (p) has a value comparable to or smaller than its mass (mj).

Rapidity variable preserves the shape of the rapidity distribution under longi-
tudinal Lorentz boost. If we go from center-of-mass frame (CMS) to lab frame (LS),
then rapidity remains the same, but y-scale is shifted by y.,. In p-Pb collisions
the rapidity is shifted by -0.465 as we change the reference frame form LS to CMS,
details in section [3.1]

1.3.3 Pseudorapidity

Pseudorapidity is defined for the situations, where it is difficult to identify the par-
ticles i.e., mass and momentum of the particle is not available. It is expressed both

in terms of momentum and @ (polar angle) as:

1. p+tp, 0

where, 6 is the angle between the produced particle and the beam direction.

It is also possible to express the pseudorapidity in terms of the transverse mass

(mr = V/mg + py) and the rapidity [25] as:
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1.4 QGP signatures

1.4.1 Jet quenching

The study of high momentum (pr) particles gives the information about the medium
created during the heavy-ion collisions. High momentum partons are produced in
high energy heavy-ion collisions by the initial hard scattering. As these particles
fragment, they form a collimated shower of particles called the jet. During the
propagation of the jets through the hot and dense medium created by relativistic
nuclear collisions, they will interact with the medium constituents and suffer energy
loss due to collisions and gluon radiation |11]. As a result of energy loss, high-py
yields will be suppressed and it is known as Jet Quenching [26]. During the traver-
sal of these energetic partons through the dense medium, it is expected that the
energy loss is proportional both to the initial density of gluons |11,26] and to the
lifetime of dense matter [27]. Experimentally, jet quenching is measured by nuclear

modification factor (R, ), which is defined as:

. O-AA P2NAA
o inel dprdy
dprdy

where, (N,) represents the mean number of binary collisions (nucleon to nucleon)

d’N
dprdy

in heavy ion collisions whereas o;, represents inelastic cross section and rep-
resents the transverse momentum spectra. If we assume AA collisions are simple
superpositions of pp collisions, the Ry, will be one, and any deviation from unity
will indicate the presence of medium effects. The Nuclear modification factor of 7°

and inclusive charged hadron measured in central heavy-ion collisions at SPS (Su-

per Proton Synchrotron) ,/syy = 17.3 GeV, at the RHIC (Relativistic Heavy-ion
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Collisions) /syn = 200 GeV and at the LHC /syy = 2.76 and 5.02 TeV are shown
in Fig m The Rj, at LHC energies shows a strong suppression at pr 6-7 GeV/c.
Although the pr spectrum in pp collisions is flatter at the LHC, the nuclear modi-
fication factor at pr = 6-7 GeV/c is smaller than at the RHIC, suggesting greater

energy loss and a denser medium formation at the LHC.

27.4pb" (5.02 TeV pp) + 404 ub ™' (5.02 TeV PbPb)
2_| T IIIIITI T T Illllw T T |T|]||[ T T |_
F CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb) -
1.8 __ © °WA9S (0-7%) [®]CMS (0-5%) .
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Figure 1.6: Nuclear modification factor (Rx4) for 7° and h* as a function of pr in
central heavy-ion collisions at SPS, RHIC, and the LHC [2§].

Hard scattering produces di-jets back to back due to momentum conservation.
There is a possibility that a jet can be produced at the edge of the medium, called
the ‘near-side jet’, but due to momentum conservation, another jet will be produced
inside the medium, called the ‘away-side jet’. Due to its larger propagation through
the medium, the away-side jet would be quenched more than the near-side jet, this
process is known as Jet quenching. An experimental method for observing this is by
taking an azimuthal correlation between a particle with a high pr and its associated
particles. Di-hadron correlations between trigger hadrons (pr > 4 GeV/c) and
associated hadrons (pp > 2 GeV/c¢) are shown for pp at /s= 200 GeV, d-Au, and
Au-Au collisions at /syy= 200 GeV in Fig. From the figure it is observed that
in Au-Au collisions at /syy= 200 GeV the away side peak (around 3.14 radians) is
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suppressed with respect to near side peak (around 0 radians). This effect is due to
the away side jet being more quenched than the near side jet. No such suppressions
are observed in pp and d-Au collisions suggest that jet quenching effect are absent

in small collision systems.
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Figure 1.7: Jet azimuthal correlations for pp, d-Au and Au-Au collisions at ,/sny
= 200 GeV measured with STAR experiment [29].

1.4.2 Strangeness enhancement

Enhanced formation of strange particles in heavy-ion collisions is considered to be
a primary sign of QGP production [30]. Since the colliding nuclei only contain ‘u’
and ‘d’ quarks and the valence strange quarks are not present in the nucleons, there-
fore the production of strange particle gives information about reaction dynamics in
partonic and hadronic phases. The production of strange quarks is mainly due to
two types of processes, gg — s5 and g§ — s5. Since QGP has a high gluon density,
the formation of the s5 pair from the channel gg — ss dominated the annihilation
of light quarks, q¢ — ss. In pp collisions, where the QGP medium formation is
not expected, the strange quark are mainly produced through annihilations of light

quarks process. Experimentally, the ‘strangeness enhancement’ is estimated as,
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5 dNAA
E= (1.8)
<Npart> djc\l[y

where, (NN,

.. . .. AN
part) correspondes to number of participants in the collision and m

represents the strange particle yield. If the value of ‘E’ is greater than unity, it can
attribute to strangeness enhancement. According to the canonical suppression pic-
ture [31], strange particles created by pp collisions can be suppressed, hence, E > 1.
The net strangeness of ¢(sS) meson is zero. So, ¢-meson production in pp collisions
will not be affected by canonical suppression, whereas production of hadrons having
open strangeness can be canonical suppressed. It is therefore crucial to measure the
¢ meson in order to fully understand and quantify the strangeness enhancement.
The strangeness enhancement (E) in Cu-Cu and Au-Au collisions at /syy = 62.4
and 200 GeV [32] for K, ¢, A and = particles is shown in Fig. [1.§ The observation
of an enhanced ¢ meson production in Cu-Cu and Au-Au collisions indicates a for-
mation of dense partonic medium, which leads to strangeness enhancement. At the
LHC energies, the development of strangeness enhancement increases as a function
of charge particle multiplicity from low-multiplicity pp to high multiplicity p-Pb col-
lisions, reaching the value seen in Pb-Pb collisions. This may indicate that there is
a similar underlying physics process that gradually compensates for the strangeness

suppression that occurs during fragmentation [33].

1.4.3 J/4 suppression

The J/1¢ meson is a bound state formed by the coupling of a charm quark and
its antiquark. Due to the large charm mass, charm quarks are almost exclusively
created during hard partonic scattering processes. J/¢ production is a major insight
into the formation of a QGP in heavy-ion collisions. The Cornell Potential describes

the bonding between a charm quark and its antiquark, can be expressed as:

Vir)=kar—2 (1.9)

r
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Figure 1.8: dN/dy of K, ¢, A and = + = in heavy-ions scaled by those of pp
and (Npat)/2 as a function of (Np,) at /syy = 200 GeV measured with STAR
experiment [32].

where, ‘k’ is string constant, ‘r’ represents the radial distance between two
quarks, and « is the running coupling constant. In a QGP medium, when cc is
present, the interaction potential between the two quarks will be affected by the
free color charge available and this phenomenon is called screening of the potential.
As a result, the modified Cornell potential between the c¢ in presence of QGP will

be expressed as,

Vir) = —Zemo (1.10)

where, Ap represents the Debye length and it depends on temperature. In
QGP medium, A decreases to the value lower than the binding length, as a result
the c¢ will be no more in bound state [34]. This will effect the final yield of J/4
production in heavy-ion collisions and the final yields will be suppressed with respect
to yield in pp collisions, where the QGP formation is not expected. Experimentally,
the suppression of J/1 yield was first observed by SPS [35] and confirmed at RHIC
[36,37] and later at the LHC [38].

Figure shows the Nuclear Modification Factor (R,) of J/1 meson as a
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function of (IN,,) in Pb-Pb collisions at /sy = 2.76 TeV in the ALICE experiment
at LHC [38]. These measurement are compared with PHENIX results at the RHIC

energies. From the plot it is clear that the Ry, is less than unity, which refers to

the suppression of J/¢ at both RHIC and LHC energies.

1.4 .
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e ALICE (PLB 734 (2014) 314), |y| < 0.8, p;- > 0GeV/c
Global system = +13%
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Figure 1.9: Nuclear Modification Factor (Ra) of J/1¢ at mid-rapidity as a func-
tion of (Npa¢) in Pb-Pb collisions at /syy = 2.76 TeV, compared with PHENIX
measurement at ,/syy = 200 GeV  [38].

The suppression is increasing at PHENIX as we go from lower (peripheral
collisions) (V) to higher (central collision). In case of Ry, at the LHC energy, no
centrality dependence is found. The measured J/1) suppression is decreased (Rjx
value increased) from the RHIC to the LHC energies. At the LHC energy, these
observations support the formation of QGP medium that suppresses J/¢ production
while a fraction of ¢ pairs coalesce and enhances J/1 production because charm

cross section at LHC energies is higher.

1.4.4 Elliptic flow

Observations of elliptic flow are important for understanding collective behavior of
the system, as well as the degrees of freedom and the initial conditions of a fireball.
When two colliding nuclei overlap in non-central collisions, the overlapping region

has an almond shape. Interactions between constituents in the overlapping region
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generate a pressure gradient, which transforms the initial spatial anisotropy into

momentum anisotropy. The azimuthal momentum anisotropy of produced particle

can be expressed in terms of Fourier Expansion,

dN

€ x 14 2vc08(¢p — ) + 2vyc05(2(p — ) + ....... : (1.11)
where, ¢ is azimuthal angle and 9 is the angle made by reaction plane (plane

formed by beam direction and impact parameter vector) with x-axis as shown in

Fig. [L.10l The first Fourier coefficient (v,) is directed flow and second coefficient

(vy) is elliptic flow and so on. The vy can be expressed as (cos(¢ — 1)), where ()

represents the average of all particles across all events.

Figure 1.10: An illustration of reaction plane is shown in left figure. The overlap
zone is depicted in orange, spectators are indicated in blue, and the pressure gra-
dient is illustrated by the red arrows in the left figure. Momentum anisotropy is
shown in right figure. The figure is taken from

Figure shows the elliptic flow (vy) scaled by n, as a function pr scaled
by n, for KY 7, Q, =, A and p measured by STAR collaboration . All hadrons
follow the same line within statistics excluding pions. The discrepancy in the vy of
pions from other particles may be due to Goldstone Boson nature (its mass is less
than the total sum of its constituents quarks mass) or due to the resonance decay
effect ( high mass resonances decay to pion) . The good agreement between v, of
p(uud), Q(sss), =(dss) and A(uds) suggests that all u, d and s quarks flow similarly.
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Figure 1.11: v, scaled by number of constituent quarks (n,) as a function of n,
scaled pp for various particles in Au-Au collisions at ,/syy = 200 GeV at STAR
experiment [40].

Elliptic flow (v,) is shown in Fig. for 7, K and p as a function of pp
in Pb-Pb collisions at /syy = 2.76 TeV  [41]. The results are also compared with
measurements done by STAR [42] and PHENIX [43] collaborations. From the plot,
it is observed that the measured values of v, at low pp are comparable at both the
LHC and the RHIC. The results follow the hydrodynamic models predictions. The
larger radial flow at the LHC energies compared to the RHIC energies is believed
to contribute to the higher p integrated v, at the LHC [44]. The large values of v,
observed at LHC can be explained by hydrodynamical model [45].

1.5 Resonance production in p-Pb collisions

The resonances are short lived particles having lifetime (7) around few fm/c and
decay into their daughter particles by strong interaction. During the lifetimes of
these particles, they can only travel a few femtometers, before they decay. Reso-
nance widths (I') and lifetimes (7) are related by Heisenberg’s uncertainty relation
(AEAt > %, AE = g, where E and ¢ represents energy and time, respectively.).
The resonances are reconstructed using their decay daughter particles, as they decay

just after their production due to their short lifetimes. According to the experimen-
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Figure 1.12: vy of identified hadrons as a function of pr in Pb-Pb and Au-Au
collisions at the LHC and the RHIC energies, respectively .

tal measurements, hadronic resonance lifetimes range from 1.1 fm/c to 46 fm/c. It
has been estimated that the fireball created in the heavy-ion collisions at the LHC
has a lifetime of 10 fm/c [46]. As a result, the resonances can be used to un-
derstand various in-medium phenomena and to study system evolution on different

scales. In heavy-ion collisions, the hadronic resonances are produced in the expand-

v

Time (fm/c)

Figure 1.13: The schematic diagram demonstrating regeneration and re-scattering
processes in hadronic phase.

ing medium, and these resonances can decay while they are still inside the medium.
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In the hadronic phase between the chemical and kinetic freeze-out, the momentum
of the decay daughter particles can be changed due to the interaction with the other
particles. As a result, reconstructed invariant mass of the parent resonance particle
will be different and the final resonance yield will be suppressed. This phenomenon
is known as ‘Re-scattering Effect’. Alternatively, resonances can be generated by
pseudoelastic collisions in the hadronic phase of the medium, resulting in the en-
hancement of the resonances yields. The schematic diagram of regeneration and
re-scattering processes in hadronic phase is shown is Fig. The study of reso-
nance particles like K*(892) and ¢(1020) mesons having lifetimes 4.16 + 0.05 fm/c
and 46.3 £+ 0.4 fm/c, respectively, will help us to understand the in-medium effects.
As the lifetime of ¢ meson is 10 times higher than the K*°, therefore the effects of
re-generation and re-scattering will be only seen in case of K*° (lifetime is compara-
ble to the hadronic phase lifetime). For understanding these effects experimentally,
the resonances yields are scaled with the yield of stable charged particle (K) in
heavy-ion collisions and compared with the results from pp collisions. It has been
observed from K** /K ratio that the re-scattering effect dominates over regeneration
effect, whereas flat behaviour of ¢/K ratio indicates absence of such effects for ¢
mesons which is expected due to its large lifetime [47-50]. The ¢ mesons contains
quark(ss), having a net strangeness of zero. According to the recent results of the

LHC [51], ¢ meson behaves as a particle with net strangeness of 1 or 2.

1.6 Thesis Motivation

The high-energy heavy-ion collisions (AA) aim to create the QGP which evolves
through time and cools down into hadrons gas. Asymmetric collision systems, such
as proton-nucleus and deuteron-nucleus collisions, can be considered as control ex-
periments, where QCD medium formation is not anticipated and can disentangle
cold nuclear matter effects from hot dense matter produced in nucleus-nucleus col-
lisions. Multiplicity dependent study in small systems, i.e, pp, p-Pb, p-Au, d-Au,

3 .. . . . .
and “He-Au collisions at various energies have shown features like collective flow,



1.6. THESIS MOTIVATION 21

strangeness enhancement and ridge like effects. In this context, a systematic study
of the multiplicity and rapidity dependence of hadron production allows us to un-
derstand the mechanism of particle production and the nature of the QCD medium

produced in these collisions.

1.6.1 ¢ meson production at mid rapidity in p-Pb collisions

In this thesis, we have reported the first measurement of ¢ meson at mid rapidity
in p-Pb collisions at |/syy = 8.16 TeV. The measurement is performed for various
multiplicity classes including the minimum bias events. The results include the pr
spectra, integrated particle yield, mean transverse momentum ((py)) and nuclear
modification factor. The validations of z scaling at high pr is also tested in p-Pb
collisions at \/syy = 8.16 TeV. The results are compared with the previous ALICE
measurement in pp collisions at /s = 7 and 13 TeV [52,/53], in p-Pb collision
at /sy = 5.02 TeV [54], and in Pb-Pb collisions at /syy = 2.76 and 5.02 TeV
[55,56]. The results are also compared with the model predictions EPOS-LHC [57],
HIJING [58] and DPMJET [59] for p-Pb collisions at ,/syy = 8.16 TeV.

1.6.2 Rapidity and multiplicity dependence study of ¢ me-

son production in p-Pb collisions

In this thesis, we have reported the rapidity and multiplicity dependence study
of ¢ mesons production in p-Pb collisions at /sy = 5.02 TeV. The pp spectra,
integrated yield and (pr) are shown for various rapidity and multiplicity classes. In
addition, the rapidity asymmetry and nuclear modification factor are also measured

and discussed. The results are compared with various model predictions including

EPOS-LHC [57], HIJING [58], DPMJET [59], EPOS3 [60//63], and PYTHIAS [64].
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Chapter 2

A Large Ion Collider Experiment
(ALICE)

The Large Hadron Collider (LHC) is the largest and highest-energy particle accel-
erator ever built in the world. The LHC was built between 1998 and 2008 at CERN
(Counseil Europeen pour la Recherche Nucleaire) by European Organization for Nu-
clear Physics in collaboration among research labs and Universities from all over the
world. In the LHC ring, first beam was injected in 2009 and has so far accelerated
and collided proton and Pb beams at center-of-mass energy up to 13 TeV and 5.02
TeV, respectively. A Large Ion Collider Experiment (ALICE) is one of the major
experimental setup among all the experiments at the LHC. The ALICE detector
is dedicated to heavy-ion physics, which includes the study of strongly interacting
matter at high temperature and high energy density. In this chapter, an overview of
the LHC and its experimental setup at the CERN is discussed. The ALICE detector

is described in detail with its sub-detectors in the following subsections.

2.1 The Large Hadron Collider (LHC)

The LHC accelerator is built as an underground ring of the circumference of 27

kilometers and it is as deep as 50-175 meters from the ground surface on the France

27
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and Switzerland border near Geneva city. The LHC ring is made up of supercon-
ducting magnets with several accelerating structures to boost the energy of the
particle along its way. The CERN accelerator complex is shown in Fig. [2.1] which
consists of several accelerating systems such as Super Proton Synchrotron (SPS),
Proton Synchrotron (PS), Antiproton Decelerator (AD), CERN Linear Electron
Accelerator for Research (CLEAR), Advanced WAKefield Experiment (AWAKE),
Isotope mass Separator On-Line DEvice (ISOLDE), Low Energy Ion Ring (LEIR)
and LINer ACcelerator (LINAC), etc. Each of the accelerators is used to boost the
energy of the injected particle before the final injection to the LHC ring. The proton
source is created from a bottle of hydrogen gas, which is connected to a machine
called a “duoplasmatron”. In duoplasmatron, the hydrogen gas is separated into its
electrons, plasma of proton, and molecular ions. The plasma expands towards the
extraction electrode and a proton beam is formed. Then the proton beam is injected
into the linear accelerator LINAC2, which ramps up the energy of the proton up to
50 MeV. The beam from the LINAC2 is passed through the PS booster consisting of
four storage rings, each is filled with one bunch. The booster accelerates the proton
bunches to 1.4 GeV before injecting them into PS. After that, the beam is passed
through SPS to accelerate it to the LHC injection energy, 450 GeV. From the SPS,
the beams are transported to the LHC injection point by two transfer lines (TT 2 and
TI 8) of 3 km. The lead ions are created from isotopically pure solid lead-208. The
lead metal is first heated to 500°C, which produces vapours of lead atoms, which
is the source of the lead (Pb) ion beam. Few electrons are removed from the Pb
atom using an electric field, and the newly formed Pb ions are then first accelerated
by a LINAC 3 up to an energy of 4.2 MeV per nucleon. The Pb ions undergo fur-
ther electron removal in LINAC 3. The beam coming from the LINAC3 is passed
through the following accelerators LEIR, PS, and SPS, before final injection to the
LHC ring.

The particle beam is injected into the LHC ring in clockwise direction from point
2 (location of the ALICE experiment) and in counter-clockwise direction at point

8 (location of the Large Hadron Collider beauty (LHCb) experiment). Both beams
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The CERN accelerator complex
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Figure 2.1: CERN accelerator complex and location of PS and SPS including four
major LHC experiments: ALICE, CMS, LHCb and ATLAS along the LHC ring
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follow the same injection scheme. The energy of the beam in the LHC ring is
boosted by a strong magnetic field maintained by superconducting electromagnets.
The beams travel in two separate beam pipes in opposite directions, the beam pipes
are kept at ultrahigh vacuum. The beams inside the LHC ring are made to collide
at four locations corresponding to the four main particle detector, A Toroidal LHC
ApparatuS (ATLAS), the Compact Muon Solenoid (CMS), the ALICE, and the
LHCb. The maximum colliding energy reached at the LHC accelerator with current
facilities are \/s = 14 TeV and ,/syy = 5.5 TeV for proton-proton and heavy-ion

collisions, respectively.

2.1.1 The ALICE experiment setup at the LHC

ALICE experiment is primarily dedicated to the heavy-ion physics at the LHC. It
is designed to study the physics of strongly interacting matter at extremely high
temperatures and high energy densities. Under these extreme conditions a de-
confinement state of quarks and gluons is formed, which is called “Quark-Gluon
Plasma” (QGP). The dimensions of the ALICE detector are 26 m long, 16 m high,
16 m wide, and it weighs around 10,000 tons. The ALICE detector is set up in a
vast cavern around 56 m below the ground surface near the St Genis-Pouilly vil-
lage in France. The systematic representation of the ALICE detector with its 19
sub-detectors is shown in Fig[2.2]

In the ALICE, the co-ordinate system is described in terms of a right-handed
Cartesian coordinate system. The beam interaction point is taken as origin (x,y,z)
= (0,0,0). The beam direction towards the muon chamber is taken as the negative
z-axis, also known as the longitudinal direction. The positive x-axis direction is
transverse to the z-axis and it points towards the LHC center, whereas the negative
x-axis is outward from the center. From the origin, in the upward direction and
perpendicular to the x-axis, is designed as positive y-axis, while downward direction
from origin is taken as the negative y-axis. The azimuthal angle (¢) is measured

with respect to the x-axis and the polar angle (#) is measured from the z-axis to
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Figure 2.2: Systematic representation for the ALICE detector systems |\

the x-y plane. The whole ALICE detector has three components: the central barrel
detectors, forward detectors, and the muon spectrometer. The following detectors:
ITS, TPC, TOF, and VO, are mainly used in the analysis of ALICE data presented
in the thesis. In the following sub-sections, these detectors are briefly described
along with the other sub-detectors. The details of the position, 7, and ¢ acceptance
and purposes of the ALICE detector subsystems are listed in table [2.1]

2.1.2 Central Barrel Detectors
2.1.2.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) consists of six cylindrical layers of silicon detector
surrounding the beam pipe located in the central barrel of ALICE as shown in
Fig 2.3l The distance of the innermost layer from the nominal beam axis is 3.9 cm
and for the outmost layer is 43 cm. The smallest amount of lightest material is
used to make the ITS as lightweight and delicate as possible. ITS is based on three

different technologies (pixel, drift, and strip), each of which has two layers: Silicon
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Table 2.1: Summary of the position, 1, and ¢ acceptance and purposes of the
ALICE detector subsystems [3].

Detector Positions (in cm) 7 acceptance ¢ acceptance (in 0) Purpose
Central barrel detector:
SPD r=239 In] < 2.0 0° < ¢ < 360 tracking, vertex
r=7.6 In] < 1.4 0o < ¢ < 360O tracking, vertex
SDD r=15.0 n] < 0.9 OU <o < 360U tracking, particle identification
r =23.9 n] < 0.9 0O <o < 360O tracking, particle identification
SSD r = 38.0 In] < 1.0 0O < ¢ < 360O tracking, particle identification
r = 43.0 ] < 1.0 0o < ¢ < 360O tracking, particle identification
TPC 85 < r < 247 Im| < 0.9 OU <o < 360(J tracking, particle identification
TRD 290 < r < 368 |n] < 0.8 OO < ¢ < 360 tracking, et identification
TOF 370 < r < 399 |n| < 0.9 00 < ¢ < 360 particle identification
PHOS 460 < r < 478 In| < 0.12 220U <o < 3200 photons
EMCAL 430 < r < 455 ] < 0.7 800 <o < 1870 photons
HMPID r = 490 |n] < 0.6 1U < ¢ <59 particle identification
ACORDE r = 850 In] < 1.3 300 < ¢ < 150U cosmic
Forward detector:
PMD z = 850 2.3<n <39 0O < ¢ < 360O photons
FMD z = 320 3.6 <n<5.0 OU < P < 360U charged particles
z =80 1.7<n < 3.7 OO < P < 360o charged particles
z= =70 —34<n< =17 OO < P < 360o charged particles
Vo z = 329 28<n<5.1 OO < ¢ < 360O charged particles
z = —88 —-3.7<n<—-17 0o < ¢ < 360O charged particles
TO z = 370 4.6 <n <49 00 < ¢ < 360u time, vertex
z=—T0 -3.3<n< =30 0o < ¢ < 360O time, vertex
ZDC z = £11300 [n] > 8.8 OU < ¢ < 360U forward neutrons
z = +£11300 6.5<n<175 [¢] < 10o forward neutrons
z = —T730 4.8 <n<5.7 |12¢] < 320 photons
Muon spectrometer:
MCH —1420 < z < —540 —4.0<n<—25 00 < ¢ < 360O muon tracking
MTR —1710 < z < —1610 —4.0<n<—-2.5 OU < P < 3600 muon trigger
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Pixel Detector (SPD), Silicon Drift Detector (SDD), and Silicon Strip Detector
(SSD), and it covers the pseudorapidity window |n| < 0.9. The main task of the
ITS is to reconstruct the primary and secondary vertices with a resolution better
than 100 gm and improving the ALICE barrel tracking capabilities in the vicinity of
the interaction point. Another task of I'TS is to track and identify charged particles
with low pp cutoff (pp = 80 MeV/c) and to improve the momentum resolution at
high pr. It also helps in better measurement of momentum and angle in the Time
Projection Chamber (TPC) detector.

The basic building block of the ALICE SPD is the ladder, consisting of a pixel
detector matrix flip-chip bonded to 8 front-end chips . The detector matrix
consists of 256 x 256 cells, each measuring 50 pm in the r¢ direction by 300 pm in
the z direction. Each detector ladder measures 13.8 mm (r¢) x 82 mm (z). The fine
granularity makes it possible to detect the positions of the charged track traversing
the detector to very high precision. The inner and outer SPD layers are located
at 3.9 cm and 7.6 cm from the beam axis, respectively, and extend 282 mm in the
longitudinal direction. In order to avoid radiation of heat towards the SDD layers,
which are very sensitive to temperature, an Al-coated carbon-fiber external shield

surrounds the SPD barrel.

Figure 2.3: Systematic representation for the ITS detector in ALICE .

The SDD is mounted on linear structures called ladders. The layers are located

in between the radius of 14.9 cm and 23.8 cm from the beam axis, and the length of
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Figure 2.4: Energy loss (dE/dx) of particles in ITS detector as a function of mo-
mentum in Pb-Pb collisions at /syy = 5.02 TeV are shown. Expected theoretical
values are shown by solid lines @

the layers are 443 mm and 593 mm in the z directions, respectively. The two layers
are made of 14 and 22 ladders respectively. The ladders hold six detectors for the
inner layer, and eight detectors for an outer layer. The detector overlaps slightly
both in r¢ and in z to provide full coverage for particles originating from vertices
in any locations within the 4+ 1o interaction diamond. The SSDs, like gaseous
drift detectors, the charged cloud, originated by the ionizing event, drift in a static
field with constant speed and carries the pieces of information on both coordinates
of the impact point. The low-capacitance readout anodes give an optimal energy
resolution.

The SSD detectors are built of double layers of silicons strips 782 (layer 5) and 988
(layer 6), with a 35 mrad stereo angle. Therefore, a particle crossing any one of
the SSD will give rise to a signal in both strip layers, which gives a detection at
the crossing point. The dE/dz information is measured from the collected charge
carrier in the SSD. The strips are 40 mm long and tilted at an angle of 17.5 mrad
concerning to the short side of the detector. In this way, a stereo pair is created

allowing a 2D reconstruction of track position. The two layers of SSD are located
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at 38 cm (inner) and 43 cm (outer) from the beam axis and extend 86 cm and 98

cm in the longitudinal direction, respectively. The energy loss measured by the I'TS

detector is shown in Fig

2.1.2.2 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is the main detector in the central barrel of
ALICE, which is used for particle identification and tracking of charged particles [7].
The 3D view of the TPC field cage is shown in Fig. The combined information
of charged particles from TPC, ALICE Transition Radiation Detector (TRD), and
the Inner Tracking System (ITS) is used to study vector meson resonances, ‘charm’,
and ‘beauty’ through the measurement of the leptonic observable. The TPC is a
cylindrical shape detector filled with a conducting gas mixture of Ne-CO,-N,. The
inner and outer radii of the TPC is 85 c¢cm and 250 cm, respectively. The TPC
is operated at 0.5 T solenoidal magnetic field parallel to the beam axis, which is
provided by the L3 solenoidal magnet. It is divided into two drift regions separated

by a central HV electrode located at its axial center.

8‘%5!? FIELD 0. GAP

READOQUT WIRE
HAMBERS

CENTRAL HV

ELECTRODE
INNER FIELD
CAGE

ENDPLATE

Figure 2.5: 3D view of the TPC field cage. The high voltage electrode is located
at the center of the drift volume. The endplates with 18 sectors and 36 readout
chambers on each end are shown .
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The electrode is charged to 100 kV, provides, together with a voltage dividing
network at the surface of the inner and outer cylinder, an axial electric field of
400 V/em. It covers the pseudo-rapidity region |n| <0.9 and full (27) azimuthal
direction. The charged particles passing through the active region will ionize the
gas along their path. The ionized electrons drift toward the endplate of the cylinder
due to the electric field. The cylindrical plane co-ordinates are precisely measured at
the endplates. The trajectory of the all charged particle in TPC can be determined
with the help of accurate measurement of arrival time (relative to beam collision time
from the LHC) and cylindrical co-ordinate. The TPC is used for the identification of
charged particles with the help of specific ionization loss (d£/dz) and momentum of
the particles in the TPC gas. The charged particles can be distinguished from their
dF/dz information. For better measurement of dE/dz, it should be calculated from
the number of clusters (ny), and ny > 50 (which is out of maximum 159 TPC pad
rows), which are assigned to the track. The average energy loss of charged particles
is describe by Bethe-Bloch Equation. For heavy charged particle it is given by the

equation:

—dE  Ame* 2P 2mgvy?
= ——=SNZ{ln(———
dx my v {In{ I

)52y (2.)

where,
z = Charge of primary particle
mq = Rest mass of electron
v = Velocity of charged particle
N = Number density of absorber material
Z = Atomic Number of absorber material
I = Mean excitation potential

f = v/c, ¢ = Velocity of light

V=
\1-p%

0 = Density Correction factor

(C' = Shell Correction factor
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Electrons and positrons, because of their small masses, they follow a modified
Bethe-Bloch equation, where bremsstrahlung is the main source of energy loss. The
energy loss (dE/dz) is a function of momentum for identified charged particles
as shown in Fig From the figure, it can be seen that the charged particles
can be easily distinguished at low momentum in the TPC, whereas it is difficult
to distinguish them at intermediate and high momentum. Time Of Flight (TOF)
detector information is used at intermediate momentum for particle identification.

00 Pb-Pb, 2015 run, |s,=5.02 TeV negative particles

s %He‘He ALICE performance
20.04.2018

156

3
p
> (GeV/e)

Figure 2.6: Energy loss (dE/dz) of particles in TPC detector as a function of
momentum in Pb-Pb collisions at /sy = 5.02 TeV. Expected theoretical values
are shown by solid lines @

2.1.2.3 Transition Radiation Detector (TRD)

A Transition Radiation Detector (TRD) can identify and trigger electrons and jets,
providing a trigger decision in about 7 microseconds. The TRD performs the electron
identification at higher momenta above 1 GeV/c. It provides excellent performance
in distinguishing electrons from pions for particles above 1 GeV/c at an electron
efficiency of 90 % [10]. The TRD consists of 522 detectors, located in 18 sectors
in azimuth. Each sector consists of 5 stacks with 6 layers in longitudinal direction.

The TRD cylinder has a diameter of around 7 m and a length of about 7 m. A
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mixture of xenon and CO, is used as the active gas in the TRD.

2.1.2.4 Time Of Flight (TOF)

The Time Of Flight (TOF) detector is extensively used to identify the charged
particles in the intermediate momentum range. The combined information of time
measurement, from TOF, momentum, and track length from the tracking detectors
(TPC and ITS) is used to calculate the particle mass. In the TOF detector, the

charged particles with the same momenta can be distinguished by their time of

flight.

The time of flight (t) refers to the distance travelled by a particle, in this case,
to reach the TOF detector from the interaction point. The TO detector provides the
start time (t,), which is placed each on the opposite sides of the interaction point.

The particle mass is defined by following equation:
m=pi{/— —1 (2.2)

where, p represents the momentum, t is the time-of-flight and L is the track

length. The mass resolution components are expressed as following:

(), 00 2 (0 o (Zp2F

om
) L
m p -m m

), oc (2= (2.3)

The ALICE TOF detector has a cylindrical shape with an inner radius of 3.7
m, covering 45-135 degrees polar angle over full azimuth [11]. The structure is
divided into 18 sectors in ¢; each of which is further divided into 5 modules along
the beam axis. The modules contain the multigap resistive plate chambers (MRPCs)
detector element, which has time resolution in the range of 50 ps. During normal
running conditions the average total TOF time resolution of 80 ps can be achieved,
which allows well separation of K/7 and p/K up to 30 at pr up to 2.5 and 4.0 GeV /¢
respectively, where o represents the time resolution of TOF detector. The MRPC
is made up of a series of resistive glass plates as shown in Fig. A strong voltage
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Figure 2.7: A schematic illustration of the working principle of multigap resistive
plate chamber (MRPC) in TOF [11].

is given to the stack’s exterior surfaces. Pickup electrodes are placed outside it. A
charged particle ionizes the gas, which is amplified by an electron avalanche due to
the strong electric field. The resistive plates prevent avalanche formation in each
gap, but they are transparent to the rapid signal created on the pickup electrodes
by the electron mobility. As a result, the total signal is the sum of the signals from
all gaps (the purpose for numerous gaps is to achieve high efficiency), however, the
signal’s time jitter is determined by the gap width. The measured § distribution

of particles as a function of momentum in Pb-Pb collisions at ,/syy = 5.02 TeV is

shown in Fig.

2.1.2.5 ElectroMagnetic CALorimeter (EMCal)

The ALICE can now measure highly energetic photons, electrons, neutral pions, and
jets, as well as the correlations between them, using the Electro Magnetic Calorime-
ter (EMCal) [13]. EMCal is a shashlik-type lead-scintillator sampling calorimeter
comprised of 4416 individual modules arranged into twenty Super Modules (SM).
Each module is composed of four optically isolated towers, resulting in a total of
17664 towers. In each tower, wavelength-shifting fibers are coupled to Avalanche
PhotoDiodes (APD’s) that provide optical readouts. Triggering systems are avail-
able in both EMCal and DCal. The signals of 44 groups of nearby towers are

combined, and a peak finding method is utilised to locate a signal peak, giving
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Figure 2.8: § distribution of particles measured by the TOF detector as a function
of momentum in Pb-Pb collisions at /syy = 5.02 TeV .

LO- and L1-level triggers to the ALICE Central Trigger Processor, allowing online

selection of high-energy particles such as photons and electrons.

2.1.2.6 PHOton Spectrometer (PHOS)

The PHOS is devoted to the search of electromagnetic radiation from hot strongly
interacting matter in high-energy nucleus-nucleus interactions, as well as measure-
ments of hadron spectra via their radiative decays. The PHOton Spectrometer
(PHOS) is a high-resolution electromagnetic calorimeter with 17280 detector chan-
nels made of lead-tungstate crystals (PbWO4) (or PWO) [14]. It is placed at a
distance of 460 cm from the interaction point outer side of the TOF detector. The
PHOS has a pseudorapidity range of -0.12 < n < 0.12 and azimuthal angle range
220" < ¢ < 320 .
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2.1.2.7 High Momentum Particle Identification Detector (HMPID)

The ALICE High Momentum Particle Identification Detector (HMPID) detects
charged particles (pions, kaons, and protons) with large momenta [15]. It enhances
the PID capability of ALICE detector to separate the 7/K and K/p upto 3 and
5 GeV/c, respectively. The HMPID is a Ring Imaging Cherenkov detector with
two primary components: a radiator medium that produces Cherenkov light and a

photon detector that provides patterns for particle identification.

2.1.2.8 ALICE COsmic Ray DEtector (ACORDE)

ACORDE |[16] provides a fast trigger signal (Level-0), which is used for the calibra-
tion, commissioning, and alignment procedures of few ALICE tracking detectors.
ACORDE detects atmospheric muons and multi-muon events (muon bundles) in
conjunction with the TPC, TRD, and TOF, allowing high-energy cosmic rays to be
studied in the ‘knee energy region’ of the cosmic ray spectrum. ACORDE consists
of a series of plastic scintillator counters placed on the upper surface of the L3 mag-
net, each having an effective area of 190x20 cm?, and are stacked on top of each
other and read out simultaneously. The detector consists of 60 modules covering

the pseudorapidity range of |n| <1.3.

2.1.3 Forward Detectors
2.1.3.1 Photon Multiplicity Detector (PMD)

The PMD [17] detector performs the measurement of multiplicity distribution of
inclusive photons (mainly decay from 7°) in forward pseudorapidity region ( 2.3<
n <3.7, full azimuth ). It is made up of two gas chambers/planes called as Preshower
plane and Charged Particle Veto (CPV), a lead converter is sandwiched between
them. The plane consists of many cells, each of them acts as a gaseous proportional
counter. Preshower plane is placed at the back side of the lead plates, whereas CPV

is located towards the interaction point. The CPV technique is employed to improve
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the photon-hadron discrimination.

2.1.3.2 Forward Multiplicity Detector (FMD), TO Detector

The FMD system is primarily used to obtain (offline) precise information on the
multiplicity of charged particles in the range of pseudorapidity -3.4 < n <-1.7 and
1.7 <n < 5.0 |18]. There are 51,200 silicon strip channels in the FMD, distributed
over five ring counters each with 20 and 40 sectors in azimuthal angle, respectively.
Together with the ITS pixel system, the FMD will provide particle multiplicity dis-
tributions for all collision types in the range -3.4 < n < 5.0. The FMD will also
be able to examine multiplicity fluctuations on an event-by-event basis and perform

flow analysis (using azimuthal segmentation).

The TO detector [18] is comprised of two arrays of PMTs equipped with
Cherenkov radiators, placed on opposite sides of the Interaction Point (IP). The
main role of TO is to provide fast timing signals that will be used in the L0 trigger for
ALICE, to provide a wake-up signal for TRD, and to deliver collision time references
for the TOF detector. The pseudorapidity range covered by TO is -3.3< n <-2.9 and
4.5< n < 5. The TO trigger time resolution is better than 50 ps. It is also used to

find out the IP location with an accuracy of better than 1.5 cm.

2.1.3.3 VZERO (VO0) detector

The VZERO (V0) detector is made up of two VOA and VOC arrays of 32 scintillating
counters located on each side of the ALICE interaction point of the two LHC beams
[18]. The counters are further distributed into 4 rings, the segmentation is shown
in Fig. This detector is used for many purposes. In p-p and A-A collisions, it
offers minimum bias and centrality triggers for the central barrel detectors. In each
of the 64 channels, it monitors the charge of the particles as well as the timing of

their arrival.

The VOA is placed on the opposite side of the muon spectrometer at 340 cm
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Figure 2.9: Segmentation of the VOA and VOC arrays .

away from the vertex, whereas VOC is placed 90 cm from the vertex on the front

face of the hadronic absorber as shown in Fig. [2.10]

~11ns ~3ns
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| |
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Figure 2.10: Location of VOA and VOC from interaction point .

The pseudorapidity range covered by the VOA and VOC are 2.8 < n < 5.1 and
-3.7 < < -1.7, respectively. They are divided into counters that are arranged in
four rings. During normal operation, both VOA and VOC (AND mode) are required
to provide triggers. The centrality is calculated by adding the energy deposited in
the two VZERO disks. Energy deposition is proportional to the number of primary
particles produced in the collision and, as a result, to the centrality. In the Van Der
Meer scans method, VO detector is taken as reference to calculate the shape and
size of the colliding ion beams and, as a result, the luminosity is measured for the

experiment.
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2.1.3.4 Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter (ZDC) [19] measures the energy of spectator nucleons
so that the overlap region for nucleus-nucleus collisions can be determined. The ZDC
consists of two identical sets of calorimeters located on either side of the interaction
point IP2, 112.5 meters away from it. In that region, two beams are circulated in
two different pipes. Each set of calorimeters consists of neutron (ZN) and proton
(ZP) calorimeter. The ZN is positioned with respect to the LHC axis at zero degrees,
between the two beam pipes, whereas the ZP is external to the outgoing beam pipe.
The ZDC, enables us to select the minimum bias events and measures the centrality
of the heavy-ion collisions from the spectator nucleons, as well as measuring the

event plane using the neutron spot on the ZN front face.

2.1.4 Muon Spectrometer

The ALICE muon spectrometer measures the spectrum of heavy quarkonia
(J/,90' v,7',~") as they decay in the u*p~ channel. The spectrometer pseudo-
rapidity acceptance is 2.5 < 1 < 4 and it is capable of measuring the resonances
down to zero transverse momentum. Dimuon spectrometer [20] consists of an ab-
sorber to filter out background, tracking chambers in front, inside and after the
magnet, and triggering chambers. The front absorber uses carbon and concrete to
reduce multiple scattering and energy loss of muons coming from the interaction
vertex. It suppresses all particles except muons. A tracking system consists of 10
cathode pad/strip chambers that are arranged into 5 stations of two chambers each.
In order to provide the required spatial resolution, all the chambers are made from
composite materials (< 3% X0 (radiation length) per chamber) to minimize muon
scattering. The trigger system is used to select heavy quark resonance decays. It
selects muons based on their transverse-momenta (p). Four RPCs (Resistive Plate
Chambers) in two-station arrangement are built behind a passive muon filter, which
provides transverse momentum. The dipole magnet is located about 7 m from the

interaction vertex, making it one of the world’s largest warm dipoles. Its magnetic
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field is governed by the requirements of the mass resolution.

Magnet Filter

Figure 2.11: Schematic diagram showing main components of muon spectrometer.
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¢ meson production at

mid-rapidity in p-Pb collisions

The resonances are short lived particles having life time (7) around few fm/c and
they decay into their daughter particles by strong interaction. The resonances are
produced in the expanding medium, and they can decay while traveling through the
medium. As a result, the resonance can be used to understand various in-medium
phenomena and to study system evolution on different time scales. Particle produc-
tion in p-Pb collisions, in contrast to pp, is expected to be sensitive to nuclear effects
in the initial state. The role of the initial and final state effects can be understood
from the measurement of identified particle spectra. The ¢ meson has the following
properties: mass = 1019.46 +0.02 MeV /¢®, width = 4.16 fm /¢, lifetime = 46.4 fm /c,
quark content = s3, and it decays to K"K~ with branching ratio 49.2%. The lifetime
of ¢ (T = 46.4 fm/c) meson is approx. 10 times higher than the K* (7 = 4.16 fm/c).
Measurements of ¢(1020) meson production along with K**(896) will help to study
the re-scattering and regeneration effects in hadronic phase. The ¢ meson has net
strangeness zero (sS), whereas recent ALICE measurements suggest that it behaves
like a particle having strangeness 1 or 2 [1]. The multiplicity dependent study of
¢ meson production in p-Pb collisions will give insight on strangeness production

mechanism in small system. Additionally, multiplicity dependent ¢ meson produc-
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tion in p-Pb collisions would be useful in understanding the particle production
mechanism from pp to A-A collisions. In this chapter, we present the measurements
of $(1020) mesons production in p-Pb collisions at /syy = 8.16 TeV by using the
ALICE detector at the LHC. The measurements are performed for various multi-
plicity classes including the minimum bias spectrum. The yield of ¢(1020) mesons is
extracted from kaons (K" K™) invariant mass distribution as a function of transverse
momentum. The obtained results are also compared with various model predictions.

The details of the analysis technique are discussed in the following sections.

3.1 Analysis Details

The measurement of ¢ mesons production are performed by using the data taken
during LHC run 2 in 2016 for p-Pb collisions at /sy = 8.16 TeV. Invariant-mass
technique is used to reconstruct the resonances from their decay products. The used
decay channel for ¢ meson in this study is K"K~ having branching ratio 49.2% [2,3].
In the p-Pb configuration, the **Pb beam with energy of 2.56 TeV per nucleon
collides with a proton beam with an energy of 6.5 TeV resulting in collisions at a
nucleon-nucleon center-of-mass energy /syy = 8.16 TeV  [3]. The p-Pb collision
system is asymmetric as a result there is a shift in the rapidity in the center-of-mass
frame dy= -0.465 in the direction of the proton beam with respect to the laboratory
frame [3]. The measurements are performed in the rapidity range -0.5 < y < 0
for various multiplicity classes along with a multiplicity-integrated class. Here, ‘y’

corresponds to the center-of-mass rapidity.

3.1.1 Event selection

The analysis is performed with 29 M minimum bias events selected after implemen-
tation of all event selection criteria in p-Pb collisions at /syy = 8.16 TeV with
ALICE at the LHC. The minimum bias events are selected using the KINT7 trigger.

The trigger was configured to select events by requiring at least a coincidence signal
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in both the VOA and VOC detector. The VO detector system consists of two arrays
of 32 scintillator detectors, one on each side of the interaction point covering the
full azimuthal angle in the pseudorapidity regions 2.8 < n < 5.1 (VOA) and -3.7
<n <-1.7(V0C) |45]. Through the use of timing information from the VO and the
ZDC, the background events caused by beam-gas interaction and other machinery-
induced background collisions are rejected [6]. The primary vertex of a collisions is
determined by reconstructing the charged tracks in the ITS [7] and the TPC [8]. We
select events whose primary vertex position (V) lies within £+ 10 cm of the nominal

interaction point along the beam axis. The V,, distribution is shown in Fig. [3.1]
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Figure 3.1: The distribution of z-position (V,) of the vertex in p-Pb collisions at
V/SNN — 8.16 TeV.

For multiplicity selection VOA detector is used. The multiplicity estimation
is based on the VOA amplitude, which is proportional to the ionization energy
deposited in the detector in the pseudorapidity range 2.8 < n < 5.1. The V0OA
amplitudes are fitted by Glauber model convoluted with a Negative Binomial Dis-
tribution (NBD), with assumption that N,./2 represents the number of sources,
parametrised with k and p, where k manages the contribution at higher multiplicity
and p is the average multiplicity per source. The VOA amplitude distribution fitted
with NBD-Glauber is shown in Fig. After the implementation of multiplicity

selection, the number of events as a function of multiplicity is shown in Fig. |3.3
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NBD-Glauber fit in p-Pb collisions at ,/syy = 8.16 TeV. Multiplicity classes are
indicated by vertical lines and the most peripheral events are also shown by inset
plot [5].
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8.16 TeV.
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The minimum bias (0-100%) events are further divided into multiplicity
classes, which are defined as fraction of total charged particle multiplicity. The
5% events with the highest charged particle multiplicity (VOA amplitude) is con-
sidered as 0-5% multiplicity class. Similarly the following multiplicity classes are
selected: 0-5%(highest multiplicity), 5-10%, 10-20%, 20-40%, 40-60%, 60-80%, and
80-100% (lowest multiplicity). The mean charged particle multiplicity densities
((dNg,/dn)) for various multiplicity classes are given in Table [3.1] All the event
cuts implemented in the analysis are listed below [9]:

1. kKINT7 trigger.

2. InComplete Data Acquisition (DAQ) check. It is used to check if DAQ has set
the incomplete event attributes.

3. Pileup Rejection using AliAnalysisUtils::IsPileUpEvent(). The events are rejected
which have multiple vertices while reconstruction in the SPD.

4. SPD Cluster vs Tracklet Check using AliAnalysisUtils:: IsSPDClusterVsTrack-
letBG() with default parameters. It is used to check the correlation between number
of clusters and number of tracklets.

5. Event has a track or SPD primary vertex identified. Events that have a primary
collision vertex that has been reconstructed using the SPD detector are chosen.

6. SPD vertex-z resolution < 0.25 cm. This cut is optimized for successfully match-
ing tracks between the I'TS and the TPC and reject the events with poor vertex-z
resolution.

7. SPD vertex dispersion < 0.04. This is the size of the window opened to define
the tracklets used in the determination of the vertex.

8. z-position difference between track and SPD vertex < 0.5 cm. This cut is applied
to reject events with badly reconstructed track vertex, typically events with true
collision at very large z with badly reconstructed track vetex.

9. Vertex-z position : |v,| < 10 cm. This v, cut value is optimized using the real
data and Monte Carlo (MC) simulation and it is varied while estimating the sys-

tematic uncertainty.
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Table 3.1: The mean charged particle multiplicity densities ((dNg,/dn)) measured
in pseudorapidity range |n;,;,| < 0.5, corresponding to the various multiplicity classes
defined using VOA detector in p-Pb collisions at /syy = 8.16 TeV [5].

VOA multiplicity classes (in %) | (dNg,/dn)}, | <0.5

0-5 53.22 £ 1.38
5-10 42.40 £ 1.10
10-20 35.49 + 0.92
20-40 26.89 £+ 0.70
40-60 18.39 £ 0.48
60-80 10.97 £ 0.29
80-100 4.47 £ 0.14

3.1.2 Track selection and particle identification

The ¢ meson is reconstructed by invariant mass technique using charged K tracks,
known as primary track as they are originated from the collision vertex. Using track
selection criteria, we aim at limiting the contamination caused by secondary par-
ticles, maximizing tracking efficiency, enhancing dF/dx and momentum resolution,
and ensuring optimal particle identification (PID) quality. The charged tracks com-
ing from the primary vertex are selected within the pseudorapidity interval |n| < 0.8
with pr > 0.15 GeV/c. This ensures the uniform acceptance for the central barrel
detectors. A Kalman filter algorithm is used to reconstruct primary tracks using the
ITS and TPC detectors. The tracks are refitted from TPC outermost layer to the
ITS innermost layer and extended upto primary vertex and vice versa. The track
should have signal in one of the SPD layers, track is reconstructed from the hits in
the detector and it is fitted with a set of measurements. The value of the obtained
x° per cluster must be less than 36. The contamination from secondary particles
originating from weak decays and beam background events are reduced by applying
a selection on the distance of closest approach to the primary vertex in the trans-
verse plane (DCA, ) and along the longitudinal direction (DCA,). A pr-dependent
cut of DCA,, (pr) <(0.0105 + 0.035 pr ) cm, with pr in GeV/e, is used, which
is less than 7 times pp resolution. The track DCA, is required to be less than 2

cm along the beam direction. The charged tracks are selected which have crossed
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at least 70 out of maximum 159 horizontal segments along the transverse readout
plane of the TPC having x? per cluster value less than 4, obtained from TPC cluster
fitting. Additionally, a cut on the ratio of crossed rows over findable clusters (> 0.8)
is implemented in the TPC. The kink daughter tracks are also rejected for ensuring

good quality tracks.

The identification of charged particles are perform by using TPC [10] and
TOF [10] detectors. The particle identification of decay daughters (kaons) of ¢
meson in TPC is based on the dE/dx of each particle in the medium of the TPC and
particles are identified by their time of flight information in TOF. A pp-dependent
PID cuts are applied in TPC with wider PID (norpc) cut at low momentum. The
charged tracks are identified as kaons if the specific energy loss measured by TPC is
within 60rpc, 30rpc and 20rpe from the expected (dE/dx) values in the momentum
range p < 0.3 GeV/¢, 0.3 < p < 0.5 GeV/c and p > 0.5 GeV/c, respectively. In
addition to the TPC, if the TOF information is available, the charged tracks are
identified by requiring the time-of-flight values within 3opgp of the expected values
for the full momentum range. If track information is not available in TOF, no TOF

cut is applied. orpc denote the dE/dx resolution of TPC and it is expressed as,

dE/deeasured - dE/dXexpected

JdTpC

(3.1)

norpc =

where dE/dX,,casured 1S average energy loss of kaon track measured inside TPC,
dE/dXexpectea 15 the expected energy loss of kaon track, measured using modified

Bethe-Bloch function [11].

In the TOF detector, the combined information of time measurement from
TOF, momentum, and track length from the tracking detector (TPC and ITS) is
used to calculate the particle mass or identification of the particle. The TO detector
is used to measure the start time (collision time) for every event. norop is expressed

as:

tmeasured - tex
pected
nNoTor = y (32)

OTOF
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where ¢, casured 1S the flight time of the particles measured in the TOF detector
and teyxpectea 18 the expected time measured from the momentum and track length
considering that the track is of kaon particle. The opop is time resolution of TOF

and its value is around ~ 56 ps.

3.2 Signal Extraction

The ¢ meson signal is extracted by invariant mass method from their decay daughters
through hadronic decay cannel (¢ — K"K™) with branching ratio 49.2% at mid-
rapidity (0.5 < y < 0). The invariant mass of ¢ meson is reconstructed with four
momentum of K* and K~. The Invariant mass distribution in terms of energy and

momentum is expressed as,

Mgy = \/(EKK + EKK)2 — Pk +Z7KK|2 (3.3)

Where F is the energy and p'is the momentum of the kaon (K) particle.

The invariant mass distribution of unlike charged pairs (K*K™) from same
events in 0-100% p-Pb collisions for 0.6 < pr < 0.8 GeV/c at mid rapidity is
shown in Fig. Since not all charged K in each event originate from the ¢
meson decays, the ¢ meson signal extracted in this way sit above a large combina-
torial background of uncorrelated pairs. The combinatorial background constructed
through the invariant mass of K= from one event is paired with K¥ from other
events. To minimize effects from statistical fluctuations, each event is mixed with
five other events. The two events that are mixed must have similar characteristics
in order to reproduce the combinatorial background. The events which are mixed
should have z-vertex difference within 1 cm. Effects from multiplicity fluctuations
are minimized by selecting two events to be mixed with a multiplicity difference less
than 5. The mixed event distribution statistics are five times higher than the same
event signal distribution. The mixed event background is normalized to the same

event signal distributions in the range 1.04 < myx <1.15 GeV/ ¢?, which is away
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Figure 3.4: Invariant mass distribution for ¢ meson in the multiplicity class 0-100%
and transverse momentum range 0.6 < pp < 0.8 GeV/c in p-Pb collisions at /sy
= 8.16 TeV. The unlike charge (KK pair) invariant mass distribution is shown by
solid marker and normalized mixed event background is shown by open marker.

from signal peak. The invariant mass distribution of unlike K* of both same events

and normalized mixed event background is shown in Fig. [3.4]

The ¢ meson signal peak is extracted by subtracting the normalized mixed
event combinatorial background from the same event invariant mass distribution.
The extracted signal peak still left with some background, known as residual back-
ground. The residual background arises due to correlated pairs from jets, misiden-
tification of the decay daughters of resonances and decay of other particles [12]. At
low momentum, the d£/dx bands for charged particles are clearly separated and
particles can be cleanly identified. However, as the momentum increases, the bands
start to overlap and therefore the no cut imposed for kaon identification also allows
a fraction of electron, pion and protons to be included as kaon candidates in the
signal distribution. This contributes to the residual background remaining after the

subtraction of mixed events.

The ¢ meson signal peak is fitted with a Voigtian function (convolution of
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Breit-Wigner and Gaussian functions) and a second order polynomial function is
used to describe the shape of the residual background. The Voigtian function along
with 2" order polynomial function is described as,

Yr [ —m)? dM

f(mKK) = 2
%0 20 (Mgx — M)* + %

(3.4)

Where M, I" and o are the mass, width and mass resolution of ¢ meson. Y
parameter correspondes to the area under the Voigtian distribution and will give
¢ meson raw yield. Figure. shows ¢ meson signal fitted with Voigtian function
after mixed event background subtraction in 0-100% p-Pb collisions. The width is
fixed to PDG value and resolution is kept as free parameter while fitting the signal.
The resonance peak position and resolution as a function of pr from the signal fitting
function is shown in Fig. and Fig. [3.7. The significance of signal peak is ratio of
peak integral divided by +/signal + background and it is shown in Fig. . The ¢

meson signal peak is observed from pr = 0.4 GeV/c upto 16 GeV/c. The signal at
low pp ( pr < 0.4 GeV/c) is not considered due to low significance of signal peak.
The upper limit of pp changes with multiplicity classes according to the available

statistics.

3.2.1 Raw yield extraction

Raw yield can be extracted from bin counting method and function integration.
The width was fixed to PDG value for each p bin and resolution was taken as free
parameter, therefore a systematic error is added to the final spectra keeping width
as a free parameter and fixed resolution. The yield of ¢ meson is calculated using
two different methods: Bin counting and function integration, where bin counting
is used as default and function integration is used for systematic study.

Bin Counting (Yp¢) :

To extract the yield, first we integrate the invariant-mass histogram (after the com-

binatorial background subtraction) over the region (1.011, 1.028) GeV/c® and then
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Figure 3.5: Invariant mass distribution for ¢ meson after mixed event background
subtraction in the multiplicity class 0-100% and transverse momentum range 0.6
< pr < 0.8 GeV/c in p-Pb collisions at /syny = 8.16 TeV. The signal peak is fitted
by a Voigtian function and the residual background is fitted by 2" order polynomial
function.
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Figure 3.6: ¢ meson mass as a function of pr for p-Pb collision at |/syy = 8.16 TeV
in multiplicity class (0-100%). The dashed line represents the PDG value 1019.45
MeV/c?.
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Figure 3.7: ¢ meson resolution as a function of p for p-Pb collision at /syy =
8.16 TeV in multiplicity class (0-100%).
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Figure 3.8: ¢ meson significance as a function of pt for p-Pb collision at ,/syy =
8.16 TeV in multiplicity class (0-100%).
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we subtract the integral of the residual background contribution (from the polyno-
mial function used to describe the residual background) over the same interval from

the integrated yield.

N,

raw

Ncounts - NRB (35)

Where N, q+s: total number of counts in signal histogram in mass bins which satisfy
condition lower value (Ival) < Bin Center < upper value (hval) (These lower and
upper values are equivalent to M(PDG) — 2I" and M(PDG) + 2T respectively). Npp
: integral of the polynomial (used for residual background) in the same mass range
mentioned above. As we only count the yield in a limited mass range (M(PDG) -2I"
and M(PDG) + 2I") so we need to correct the same for the tail part. To correct
the tail part of the signal we adopt two different methods. We estimate the tail
contribution from the peak fit function in the mass region (2M.+) < my,, < 1.011

GeV/c? and 1.028 < m;,, < co GeV /¢

Mppg—2T'
Nlow - / flt(mznv)dmznv (36)
Mpg+Mpy
Nhigh = / th(mzm;)dmmv (37)
Mppg+2I'

We added the lower and the higher invariant mass tail contribution to the bin

counting yield. The final yield is :

YBCl = Nlow + Nraw + Nhigh (38)

The uncertainty in Y g is quadratical sum of the uncertainty in N;,,,, N,,, and

Nhigh'
Function Integral (Yg) :

The yield is extracted by integrating the peak fitting function over the region
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2MK+K— < My < OO

YFl = /Oo fit(minv)dminv (39)

Mg +M,

The raw yield of ¢ meson as a function of p; measured by integral and bin counting

method is shown in Fig. [3.9]
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Figure 3.9: The raw spectrum of ¢ meson as a function of pp in multiplicity class
(0-100%) p-Pb collisions at /syy = 8.16 TeV.

3.3 Raw Yield Correction

Due to inefficiency of detector we need to apply some correction factors like efficiency,
acceptance to the measured ¢ meson yield. These factors can not be obtained from
the real data. So a simulated data set is analyzed in order to extract the ¢ meson

reconstruction efficiency times acceptance.

In this study we use the MC production, which is produced by DPMJET event
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generator, while the particle interactions with the ALICE detector are simulated
using GEANT3. The tracks which are identified by the reconstruction algorithms
and which pass the track selection and PID cuts (same as in real data ) are referred
to as reconstructed tracks. A Tune On Data option (to ensure same processes as in
real data) is used in simulation while selecting the kaons.

The reconstructed efficiency is defined as the ratio between number of ¢ mesons
reconstructed to the number of ¢ mesons generated in each transverse momentum

bin. The Efficiency x Acceptance is expressed as:

Nreconstructed
= — 3 . 1 O
67’66 N ( )

generated

The N,econstructed @re the reconstructed ¢ meson which include the detector
effect, pass the analysis cut and reconstructed algorithms and Nye,erqreq are the
generated ¢ meson by the event generator DPMJET. Both number are counted
within a rapidity region of —0.5 < y < 0. The reconstructed efficiency is shown in
the Fig. [3.10l It has strong dependence on transverse momentum at low pp. The
uncertainty in €, is calculated using the Bayesian approach described in [13]. The
standard deviation in an efficiency €,.. = k/n, where the numerator k is a subset of

the denominator n, is:

E+1(k+2 k+1
= — A1
o \/n+2(n+3 n—|—2) (8:11)

The fractional statistical uncertainty in €,.. is added in quadrature with the sta-
tistical uncertainty in the uncorrected ¢ meson yield to give the total statistical
uncertainty of the corrected ¢ meson yield. It is to be noted that due to large sta-
tistical uncertainties at high pr, we have used ¢,.. value in the combined pr bins
6-16 GeV/c for all pp > 6 GeV/e. The €, for all multiplicity classes are found to
be similar. The minimun bias (0-100%) efficiency x acceptance is used to correct

all multiplicity classes p spectra.
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Figure 3.10: The reconstruction efficiency of ¢ meson as a function of pp in multi-
plicity class (0-100%).

3.3.1 Re-weighted Efficiency

It is observed that at low pp the generated ¢ meson spectra has different shape then
measured pp spectra. So it is necessary to weight the generated and reconstructed
¢ meson spectra in these simulation. Thus, a re-weighting procedure is performed
on simulated pp spectra to take into consideration the shape of simulated pp distri-
butions as well as the change in efficiency x acceptance across the width of pr bins
at low pr. Fig. shows the generated and reconstructed ¢ meson spectra plotted
with the (corrected) measured ¢ meson spectrum and the Levy-Tsallis fit of that
measured spectrum. An iterative procedure is performed to determine the correct
weighting (and therefore the correct €,.. ). The procedure is described as follows:
1. The unweighted ¢, is calculated.

2. This €,.. is used to correct the measured ¢ meson p spectrum.

3. The corrected ¢ meson spectrum is fitted with Levy-Tsallis function.

4. This fit is used to weight the MC generated ¢ meson spectra. A pp dependent

weight is applied to the generated ¢ meson spectrum so that it follows the fit (see
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Figure 3.11: The corrected ¢ meson spectrum with Levy-Tsallis fit. Also shown are
unweighted generated and reconstructed ¢ meson spectra.

Fig. . The same weight is applied to the reconstructed ¢ meson spectrum.

5. The (weighted) €., is calculated.

6. Steps 2-5 are repeated (with the weighted ¢, from step 5 used as the input for
step 2) until the €, values are observed to change by < 0.1% (relative) between
iterations. It is observed that two iterations are usually sufficient for this proce-
dure to converge. The procedure is followed as implemented in the macro ALICE
PHYSICS/PWGLF /RESONANCES /macros/utils/Reweight Efficiency.C in ALICE
software system aliroot. The net effect of the weighting procedure is very small, as
shown in Fig. Here only upto p = 6 GeV/c re-weighted procedure is shown

as we expected no change in high pr.

3.3.2 Correction factor for multiplicity distribution

A weighting factor is used in invariant mass distribution for flattening the multi-
plicity distribution around 80-100% multiplicity class. The weighting factor R; is
obtained as : 1. First we calculate the average number of event (4,,,) in (0-80%)

multiplicity class 2. Calculate the number of event (XV;) in each multiplicity bins
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Figure 3.12: The weighted corrected ¢ meson spectrum with Levy-Tsallis fit. Also

shown are re-weighted generated and reconstructed ¢ meson spectra after iteration
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from 81 to 100
Ri — ﬂ (312)

where i is for multiplicity bins from 81 to 100. So we used R; to correct the in-
variant mass distribution and mixed event background for each multiplicity bin in
multiplicity class (80-100%). Then combine all the multiplicity bins and after that
same procedure as mention above is used to measured the spectra in multiplicity

class (80-100%).

3.4 Corrected py spectra

The raw spectra is corrected for the efficiency x acceptance of the detector and
branching ratio. The normalized corrected spectra is obtained using the following

formula:

d*N B RawCounts
dedy B Nevt X BR X de X dy X €rec

X fnorm X fS'L X fvtr (313>

Here BR (branching ratio) = 0.489, dy (rapidity window) = 0.5, €, is efficiency
X acceptance and the factor f,,,,, represents the normalized correction factor for
trigger efficiency and event selection for Non-Single-Diffractive (NSD) events in p-
Pb collisions for MB analysis. NSD events include double-diffractive interactions, in
which both nucleons break up by producing particles separated by a large rapidity
gap, and other inelastic interactions [2,/14]. The offline analysis selects events having
a coincidence of signals in both VOA and VOC in order to reduce the contamina-
tion from single-diffractive (SD) and electromagnetic (EM) events to a negligible
amount [2]. The factor fg; accounts for losses of ¢ mesons due to trigger and
event-selection cuts. The factor f,;, accounts for the signal loss introduced by the

requirement that a primary vertex must be reconstructed.
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3.4.1 Signal-Loss Correction and Event-loss Correction

The signal-loss correction factor fg; account for the losses of ¢ mesons due to the
use of the KINT7 trigger, which does not select the full sample of inelastic collisions.
Applying this factor allows the inelastic pp spectrum to be recovered. To calculate
fg;, we define three event selection schemes:

Set A : Generated V, within £+ 10 cm ( no other cuts ) [for 0-100% (NSD)]

Set B: Trigger selection and generated V, within 10 ¢cm ( no other cuts )

Set C: Trigger and all event-selection cuts

The signal-loss correction for 0-100% (NSD) is defined as:

¢ meson spectrum|ga

NSD) = 3.14
foul ) ¢ meson spectrum|g.c (3.14)
The signal-loss correction for multiplicity bins is defined as:
o ¢ meson spectrum|s.p
fsr (multiplicity) = (3.15)

¢ meson spectrum|g.c

In signal-loss correction the numerator and denominator are normalized with
the corresponding number of events, so it incorporated the event-loss correction into
signal-loss correction.

The signal-loss correction factor for minimum bias (0-100%) is shown in Fig. [3.14
and for various multiplicity classes shown in Fig. [3.15] We can see that the signal-
loss is independent of pp so we fit the distribution with a constant value. Then the

constant value taken as a signal-loss correction factor. The fq; value are shown in

Table [3.2
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Table 3.2: Signal loss correction factor of minimum bias(NSD) and various multi-

plicity classes in p-Pb collisions at /syny= 8.16 TeV.

VOA multiplicity classes(in %) for,

0-100 0.983

0-5 0.996

5-10 1.01068

10-20 1.0001

20-40 1.0014

40-60 1.001

60-80 1.003

80-100 0.9921
106 -
e =
- 0-100 % 1
.02 3
k
0.98; ---------- —f
0.96; —f
0.94; é
0‘92; ! Lol ! ! ‘\H‘\H‘é
04 06 08 1 12 14 16 18 2
pT(GeV/c)

Figure 3.14: Signal-loss correction factor fg; for the ¢ meson in minimum bias (0-

100%) is calculated using simulation production. The fg;, is fitted with a constant

value. The extracted value from the fit is 0.983.
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Figure 3.15: Signal-loss correction factor fg; for the ¢ meson in various multiplicity

classes is calculated using simulation production. The fg;, is fitted with a constant

value.
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3.5 Systematic Uncertainty

The sources of systematic uncertainties of the measurement of ¢ meson production
are signal extraction, track selection criteria, particle identification, global track-
ing efficiency, uncertainty in the material budget of the ALICE detector and the
hadronic interaction cross section in the detector material. The systematic uncer-
tainty due to material budget and hadronic interaction cross section are taken from
the ref. [12].

Barlow check [15] is perform to check whether the particular variation is source
of systematics uncertainty or the variation is just the statistical fluctuation. If the
variation fails the Barlow check, it is considered as source of systematic uncertainty.
Systematic error is extracted by following the prescription as described below:

Let us consider two cases, where one measurement is due to the default settings
and another is due to the alternative systematic measurements (e.g. normalization
range variations). Let us denote the yield in the default case as y,.; with statistical
error o4 and yield in the systematic case as y,,, with statistical error oy,,. Then
the difference between the yields is denoted as A = y,.¢ - 5,5 and the quadrature
difference of their statistical error is o = /o3, = aiys.

Then we define a factor n= A/o;

Now, this n is calculated for each pr bin and a distribution of n or A/ is plotted.
In general, if two measurements are consistent, it is expected that the distribution
of n would have a mean near 0, a standard deviation near 1. If n < 1 then the
variation passes Barlow check and consistent with default measurement with the
corresponding statistical error, hence excluded from systematic uncertainties. We
consider following steps to do Barlow check:

stepl: For a systematic variation we calculate the factor n for each pr bin.

step2: Plot the histogram or frequency distribution of n

step3: If 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|
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<2 there will be> 95% of counts

step4: As the entries are less so a modified criteria is proposed for passing the Bar-
low check.

1) [Mean| < 0.3, 2) RMS < 1.1, 3) In |n| <1 there will be > 58 to 68% of counts,
4) In |n| <2 there will be > 65 to 95% of counts.

If any 3 of these above mention criteria is passed for a given source then we consider
that the source pass Barlow check.

steph: If a source passes the Barlow checks, we exclude it from systematic uncer-

tainties as the variation is governed by statistical uncertainty.

For more than two variations in a given cut, the systematic uncertainty has
been determined as the RMS (eqn. of the available measurements otherwise
the same is the absolute difference between them. The frequency distribution of n
for fitting range source of systematic is shown in Fig. Its mean and RMS
value are outside the Barlow criteria, so the Barlow check is failed and this source

of systematic is included in the total systematic uncertainty.

N

1
6sys = N Z(ydef - i)2 (316)

=1

Where 6

sys refers to the systematic uncertainty, N is the number of variations for a

given source of systematic, 4. is the yield in default case, and y; is the yield for

varied source of systematics.

3.5.1 Systematic uncertainty due to signal extraction

The uncertainties due to signal extraction include variations of the signal peak fitting
range, variations of width and mass resolution, mixed event background normaliza-
tion region, choice of residual background function and combinatorial background.

The fitting range of the signal peak and the mixed event background normalization
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Figure 3.16: Barlow check due to fitting range in 0-100% p-Pb collisions for ¢
meson at /Syny = 8.16 TeV. It fails the Barlow check criteria and included in total
systematic uncertainty.

region are varied for systematic uncertainty. The width is taken as free parameter
while keeping the resolution parameter fixed to the value measured from monte-
carlo simulations. As a result, the changes in the yield with respect to default value
is taken in systematic uncertainty. The polynomial function of order 1 and 3 (or-
der 2 taken as default) is used as the residual background function for systematic
study. The combinatorial background is varied by like sign method for systematic
study, whereas the mixed event method was used as default. The contribution of

systematic uncertainties due to the signal extraction is 2.8-4.5% for ¢ mesons.

3.5.2 Systematic uncertainty due to particle identification

For the PID systematic uncertainty, the particle selections based on the TPC dE/dz
and TOF time-of-flight are varied. Three variations are taken: (i) Momentum de-
pendent PID selection of 5orpe (0 < p < 0.3), 2.507pc (0.3 < p < 0.5), 1.50rpc (
p > 0.5) with 3o1op, (ii) momentum-independent selection; 20 rpc with 30 and
(iii) 207rpc only. The variation in the yield with respect to default (section 3.1.2)
will be consider in systematic uncertainty. This results in systematic uncertainties

of 1.9-3.5% for the ¢ meson.
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3.5.3 Systematic uncertainty due to track and event selec-

tions

The systematic effects due to the charged track selection are studied by varying the
criteria based on the number of crossed readout rows in the TPC and the distance of
closest approach to the primary vertex of the collision. The variations also include
the variations of x* of ITS and TPC refit while reconstruction of the track, and the
variations of the cross row over findable clusters in the TPC detector. The relative

contribution of uncertainties due to the track selection is about 4.4-5.5%.

3.5.4 Systematic uncertainty due to global tracking

The tracking uncertainty due to the uncertainty in I'TS-TPC matching, is derived
for the ¢ meson as follows. First of all the single-particle tracking uncertainty is
calculated from the momentum information of ¢ meson decay particles and it is
taken from p-Pb collision at ,/syy= 5.02 TeV, shown in Fig. . Then the two-
particle (¢ — K'K™) uncertainty is derived from the single-particle uncertainty
through weighting. A DPMJET simulation is used to find the py distributions of
the ¢ decay daughters as functions of the ¢ meson transverse momentum. These
decay-daughter distributions are then used to obtain the weighted average of the
tracking uncertainty for each ¢ meson transverse-momentum bin. The calculation is
also weighted so that the simulated ¢ meson p spectrum has a realistic shape. Let
w(pre)) be the ratio between the measured and generated ¢ meson pr spectra. Let
u(pr) be the single-particle tracking uncertainty. Let pp; and pry be the transverse
momenta of the first and second decay daughters of each simulated ¢ meson. Let
N(prg, Pr1, Pr2) be the number of ¢ with pr, that decay to kaons with pry and pry
. The two-particle tracking uncertainty is the ratio of two histograms (a weighted

average):

Numerator : the sum, for all generated ¢ mesons, N(pry, pr1, Pr2) W(PTs)
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(u(pr1) +u(pre))-

Denominator : the sum, for all generated ¢ mesons, N(prg, D1, Pro)W(D1e)-
The calculation assumes that the tracking-efficiency uncertainties of the two decay

daughters are fully correlated. The uncertainty are shown in Fig. |3.17
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Figure 3.17: The two-particle Global tracking efficiency uncertainty (solid marker)
and single-particle Global tracking efficiency uncertainty (open marker) as function
of pr for p-Pb collision at /syy = 8.16 TeV and ,/syy = 5.02 TeV, respectively.

The systematic uncertainties exhibit a few fluctuations from bin to bin, While
one might expect a smooth behavior of the systematic uncertainties. We smoothed
the dips and spikes in systematic uncertainties by averaging over the nearest bins in
order to obtain a more uniform set of systematic uncertainties. The each source of
systematic uncertainty is smoothed individually.

The total systematic uncertainty is the quadrature sum of all sources. For the
systematic study we repeat the measurement by varying one parameter at a time.
A Barlow check has been performed for each measurement to verify whether it is
due to a systematic effect or a statistical fluctuation. It is observed that yield
extraction by integral method and residual background function polynomial 3 pass
the Barlow check so we exclude these two variations for systematic uncertainty.

The total systematics uncertainties including contribution from various source of
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Table 3.3: The sources of systematic uncertainties for ¢ meson yields in p-Pb colli-
sions at /syny = 8.16 TeV. For each source the average uncertainties are listed for
low and high pt interval.

Systematic variation )
pr (GeV/c)
0.4-4.0 4.0-16
Yield extraction (%) 2.8 4.5
Track selection (%) 4.4 5.5
Particle identification (%) 1.9 3.5
Global tracking efficiency (%) 2.0 2.3
Material budget (%) 2.2 < 0.5
Hadronic Interaction (%) 2.4 <1
Total (%) 6.7 8.3

systematics after smoothing of 0-100% p-Pb collisions is shown in Figl3.18 It is
observed that no multiplicity dependence in systematic uncertainty is found, so 0-
100% total systematic uncertainty is propagated in various multiplicity classes. A
summary of total systematic uncertainty are listed in Table for low and high py

interval.

3.5.5 Systematic uncertainty on integrated yield due to ex-

trapolation

The ¢ meson yield is extrapolated in the unmeasured region (pr < 0.4 GeV/c) by
fitting a Levy-Tsallis function [34] to the measured pp spectra in all multiplicity
classes. The difference of yields contribution at low pt due to different fitting func-
tion (i.e Exponential, Boltzmann, my-exponential, Bose-Einstein and Boltzmann-
Gibbs Blast-Wave function) compared to Levy-Tsallis function are included in sys-
tematic uncertainties. The relative contribution of uncertainties due to different

fitting function is about 2-3%.
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Figure 3.18: Total systematic uncertainty as a function of py for p-Pb collisions at
V3NN = 8.16 TeV in the multiplicity class (0-100%). The red solid line represent
the total systematic uncertainty. The different color lines represents the different
sources of systematic uncertainty.

3.5.6 Uncorrelated systematic uncertainty among multiplic-

ity classes

A study is performed in order to extract the component uncorrelated across mul-
tiplicity for each class. The same variation in the selection criteria will generally
cause similar spectrum deviations for different multiplicity classes. This is because
the error is largely correlated across multiplicity. However a fraction of the total
error could be dependent on the multiplicities considered. To isolate that part, par-
ticular deviations are compared to the ones in the minimum bias sample. We follow
the same procedure adopted in p-Pb at /syy = 5.02 TeV [12]. The following ratio
will determine the uncorrelated component of the total systematic uncertainty for

each selection cut in a given multiplicity class i :

Mult—i YMB
" modified—cut modi fied—cut
R= YMult—i / YMB (317)

de fault—cut de fault—cut

This ratio R is evaluated for each source of systematic uncertainty discussed
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above. The factor |1 — R| is the part of systematic uncertainty which is uncorrelated
over pr. The quadratic sum of all the contributions gives the fraction of systematic
uncertainty which is uncorrelated over multiplicity. The fraction of systematic un-
certainty uncorrelated over multiplicity is shown in Figure for all multiplicity
classes. The main contribution of multiplicity uncorrelated systematic uncertainties
are from yield extraction and the cut variations are (i) Fit Range, (ii) Normalization

range, (iii) Free Width, and (iv) Residual background variations.

0.3

UnCorSyst

—— (0-100) % Total Syst
cieie (0-5) %

—a (5-10) %

0.25

Relative Error

°©

N
I

S
=)
%
=]

(80-100) %

0.15

0.1

-J-\‘\\\\‘\\\\

0.05

L1 ‘ 11| ‘ L1 | Ll ‘ L1l i Lodool | Lodool J -
2 4 6 8 10 12 14 16
pT(GeV/c)

Figure 3.19: Uncorrelated systematic uncertainty in various multiplicity classes with
respect to minimun bias systematic uncertainty as function of pp. The blue solid
line represent the total systematic uncertainty for 0-100% multiplicity class. The
dashed color lines represents the maximum uncorrelated systematic uncertainty for
various multiplicity classes.

3.6 Results and discussion

3.6.1 Transverse momentum spectra

The measurement of ¢ meson production performed in the rapidity interval -0.5
<y < 0 up to pr = 16 GeV/c in p-Pb collisions at /syny = 8.16 TeV [1]. The
NSD corrected spectra are fit with a Levy-Tsallis function |17,/18] described below.
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This function gives a good description of data for both the exponential shape of the
spectrum at low pp and the power-law distribution at high pr, quantified by the
inverse slope parameter T and the exponent parameter n.

d°N dN (n—1)(n—2)

. % % mp—m
dprdy br dy  nTnT + m(n—2)]

nT

1+ " (3.18)

Where m is the mass of ¢ meson, mp=+/m* + p5 is the transverse mass, T
is inverse slope parameter and n is exponent parameter. The function gives a good
description of the data and used to estimate py integral yield (dN/dy) and mean
transverse momentum (< pp >). The function is fit to the spectra over the full py

range as shown in Fig.
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Figure 3.20: The NSD corrected ¢ meson p spectrum is fitted with Levy-Tsallis
function in p-Pb collisions at /sy = 8.16 TeV. The blue solid line represents
the Levy-Tsallis function. The statistical and systematic uncertainty on the data
points are shown as bars and boxes, respectively.

Figure [3.21| shows the ¢ meson NSD pr spectrum comparison with the pre-
diction from EPOS-LHC [19,20], DPMJET [21] and HIJING [22] models. The
bottom panel of Fig. show the ratios of pp spectra from these models to the
data.

The EPOS MC event generator is a hadronic interaction parton model based
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Figure 3.21: Top panel: Transverse momentum spectrum of ¢ meson as a function
of pp for the NSD events, measured in the rapidity range —0.5 < y < 0 for p-
Pb collisions at /syy = 8.16 TeV. The statistical and systematic uncertainties
are shown as bars and boxes, respectively. The NSD spectrum is compared to
the predictions from EPOS-LHC [19], DPMJET |[21] and HIJING [22] models.
Bottom panel: The ratios of py spectra from model to data. The shaded bands
around unity describe the statistical and systematic uncertainties on the data point.
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on Gribovs Reggeon field theory formalism which includes the feature of collective
hadronization and the core-corona mechanism from pp to AA collisions [23-25]. If
the string segments of the final state parton have high energy density that region is
known as the core, whereas the region with strings of low energy density surrounding
the core is called the corona. The core evolves hydrodynamically and subsequently
hadronizes to form the bulk of the system whereas the strings in the corona region
break through the production of quark-antiquark pairs, which is hadronized as frag-
mentation processes in vacuum. EPOS-LHC [19] is a tune of EPOS1.99 [26] that
incorporates a parameterization of flow based on LHC data. The EPOS1.99 model
is different from EPOS2.x [27] and EPOS3.x [20] as it does not use the complete
3D hydro calculation followed by the hadronic cascade but instead relies on the fast
covariant approach. It describes various observables in the minimum bias heavy-ion
collisions as well as small collision systems up to a few GeV/c at LHC energies.
DPMJET is a QCD-inspired dual parton model based on the Gribov-Glauber ap-
proach that treats the soft and hard scattering interaction processes differently. HI-
JING combines the perturbative QCD process with soft excitation, the production
of multiple minijets, the interactions of jets in dense hadronic matter, and nuclear
shadowing of parton distribution functions. The EPOS-LHC model, where a dif-
ferent parametrization of flow is introduced in small collision systems like pp than
the large volume produced in heavy-ion collisions, gives a better description of the
transverse momentum distributions for ¢ meson in p-Pb collisions. The EPOS-LHC
model describes the ¢ meson py spectrum relatively better than the DPMJET and
HIJING for all pr.

Figure shows the |/syy dependence of the transverse momentum spectra
of ¢ meson for NSD events in p-Pb collisions at /syy = 5.02 and 8.16 TeV. The
upper panel of Fig. shows a comparison of the transverse momentum spectra of
¢ meson at \/syy = 5.02 and 8.16 TeV whereas the lower panel shows the ratio of
these spectra and comparison of the ratio with the results obtained from the EPOS-
LHC, DPMJET and HIJING model. The uncertainties of the ratios are obtained

as the quadrature sum of the uncertainties of the spectra at the two energies, which
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are largely uncorrelated. The differential yield ratio seems to be independent of py
within systematic uncertainties and values are close to unity up to 1 GeV/c for ¢
meson. This suggests that the particle production in the soft scattering region is
not strongly dependent on collision energy. The slope of the differential yield ratios
increases as a function of pp for pp > 1 GeV/c. Similar behavior is also observed in
pp collisions in Ref. [9]. The pr differential yield ratios obtained from EPOS-LHC,
DPMJET, and HIJING are consistent with the measurements within the systematic
uncertainties and reproduce well the energy dependence trend for ¢ meson in p-Pb

collisions

Figure shows the transverse momentum distributions of ¢ meson in var-
ious multiplicity classes. The ratios of pr spectra in various multiplicity classes to
the pr spectrum for NSD events are shown in the bottom panel of Fig. [3.23] For
pr < 4 GeV/c (bottom panel of Fig. , the inverse slopes of the p spectra in-
crease from low to high multiplicity classes, whereas the spectral shapes are similar
at high py for all multiplicity classes. This indicates that processes like radial flow,
which lead to a change in the shape of the pr spectra for various multiplicity classes,
dominate mainly at low pr [29]. The increase in the inverse slope of pr spectrum
with multiplicity is reflected in Fig. for (pr) as a function of multiplicity. A
similar behavior was also observed for ¢ meson in p-Pb collisions [12] at /syy =
5.02 TeV. This increase of slope of the pp spectra with charged particle multiplicity
was also reported for inclusive charged hadron spectra, 7, K, p, K%, A\, ¥, and Q in
pp collisions at LHC energies [3,|4,32,33], where different models with multi-parton

interactions were shown to describe these effects.

3.6.2 Integrated particle yield and mean transverse momen-
tum
The pr-integrated yields (dN/dy) and mean transverse momentum ({pr)), are ex-

tracted from transverse momentum spectra in the measured range and using the

fit function in the unmeasured region. The ¢ meson yield is extrapolated in the
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Figure 3.22: Top panel: Energy dependence of the transverse momentum spectra
of ¢ meson as a function of pp for the NSD events, measured in the rapidity range
—0.5 < y < 0 for p-Pb collisions at /sy = 5.02 and 8.16 TeV. Bottom panel: The
ratio of pp spectrum at \/syy = 8.16 TeV to the pp spectrum at /syy = 5.02
TeV. The ratio is compared to the predictions from EPOS-LHC [19], DPMJET |[21]
and HIJING [22] models. The statistical and systematic uncertainties are shown

as bars and boxes, respectively.



84

Chapter 3

& ALICE |
2 p-Pb s, =8.16 TeV |
S -05<y<0
iy o
S
> 3
2 ]
b S
© = E

s A 3
= 10} e
= © VOA Multiplicity ‘

107° + Event Classes 1
P @ 0-5% (x2°) | 510% (x2)  #10-20% (x2°) ]
108 20-40% (x2°) 40-60% (x2°)  + 60-80% (x2%) 7
[ -© 80-100% (x2') = NSD (x2) ]

Ratio to NSD

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

0 2 4 6 8 10 12 14 16
pT(GeV/c)

Figure 3.23: Top panel: The transverse momentum spectra of ¢ meson for various
multiplicity classes, measured in the rapidity range —0.5 < y < 0 for p-Pb collisions
at \/syn = 8.16 TeV. Bottom panel: The ratios of pp spectrum of a given event
multiplicity class to the NSD spectrum are shown. The statistical and systematic
uncertainties are shown as bars and boxes, respectively.
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Table 3.4: The yield dN/dy and mean transverse momenta (p) are obtained from

data in the measured range and using the Levy-Tsallis fit function in the extrapo-

lation region, and are listed as (value + stat. + uncorr. syst. + total syst.), where

the errors are the statistical uncertainty, multiplicity uncorrelated and total system-

atic uncertainty, respectively. The fraction of total yield obtained by extrapolation

(“Extr.”) are also reported.

¢
Multiplicity (%) Extr. dN/dy (data + extr.) (pr) (GeV/e)

0-5 0.089 0.455 £+ 0.008 + 0.026 £ 0.041 1.496 £ 0.015 £ 0.021 £ 0.022
5-10 0.088 0.356 + 0.007 £ 0.028 £ 0.033  1.482 £ 0.017 £ 0.021 £+ 0.022
10-20 0.093  0.292 £+ 0.004 &+ 0.018+ 0.028  1.468 £ 0.013 £ 0.016 + 0.021
2040 0.101  0.217 £ 0.003 £ 0.008=+ 0.020  1.409 £ 0.011 &£ 0.010 £ 0.025
40-60 0.104  0.146 £ 0.002 £ 0.007£ 0.014  1.342 4+ 0.011 &£ 0.021 £ 0.029
60-80 0.122  0.084 £ 0.001 £+ 0.004=£ 0.008  1.249 £ 0.013 £ 0.020 £+ 0.025
80-100 0.141 0.0313 £ 0.0008 £ 0.002+ 0.003 1.097 £ 0.016 £ 0.008 £ 0.029
NSD 0.103 0.161 £+ 0.0015 £ 0.0147 1.393 £ 0.008 £ 0.024

unmeasured region (pr < 0.4 GeV/c) by fitting a Levy-Tsallis function [34] to
the measured pr spectra in all multiplicity classes. The difference of yields con-
tribution at low pp due to different fitting function (i.e Exponential, Boltzmann,
mp-exponential, Bose-Einstein and Boltzmann-Gibbs Blast-Wave function) com-
pared to Levy-Tsallis function are included in systematic uncertainties. The low
pr extrapolation accounts for 8.9% (14.1%) of the total yield in the 0-5%(80-100%)
multiplicity class. The contribution of extrapolated fraction of the yield is negligible

for pr > 16 GeV/c for ¢ meson. The values dN/dy and (pr) of ¢ meson for various
multiplicity classes are summarized in the Table. [3.4]

The multiplicity-scaled integrated yields (dN/dy/{dNg,/dn) yj<0.5) for ¢ meson
is shown in upper panel of Fig. as a function of (dNg,/dn)|,<o5. These results
are compared with other ALICE measurements in pp collisions at /s = 7 and 13
TeV [3,/4], in p-Pb collisions at /syy = 5.02 TeV [12], and in Pb-Pb collisions at
2.76 and 5.02 TeV [6-8]. The scaled integrated yields evolve smoothly as a function
of multiplicity from pp, p-Pb to Pb-Pb collision systems. While the geometry of
collisions and dynamics of systems are different, the scaled integrated yields of ¢

meson are similar for all colliding systems and energies. For similar (dN,/dn),<0.5,
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these values are consistent within uncertainties for different colliding systems and
at various LHC energies. This indicates that event multiplicity drives the resonance

production, irrespective of the colliding systems and energies ,,.
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Figure 3.24: The multiplicity-scaled integrated yield (AN/dy /{dNg,/dn)py<0.5)
(upper panel) and mean transverse momentum ((pt)) (bottom panel) for ¢ meson
as a function of (dNg,/dn)|,|<0.5 measured in the ALICE central barrel in pp colli-
sions at /s = 7, 13 TeV, in p-Pb collisions at \/syy = 5.02 , 8.16 TeV and Pb-Pb
collisions at /syn = 2.76 , 5.02 TeV. Measurements are compared to the predic-
tions from EPOS-LHC, DPMJET and HIJING models. Statistical uncertainties

are represented as bars, and boxes indicate total systematic uncertainties.

The scaled integrated yields of ¢ meson show a slight increasing trend with
multiplicity from pp collisions to mid-central Pb-Pb collisions. The total increase
is 12% with a 1.5 o significance in going from the lowest multiplicity bin to the

highest multiplicity bin in p-Pb collisions at /syxy = 8.16 TeV. The significance is
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calculated using statistical and multiplicity uncorrelated systematic uncertainties,
added in quadrature. In general the integrated yield ratios of resonances with longer
lived particles, m, K and p are computed to study their production mechanism.
Previously, various particle ratios of ¢ meson resonance with stable hadron have
been studied as a function of multiplicity in p-Pb collisions at /55y = 5.02 TeV [12].
In Ref. [12] ¢/ ratio shows an increasing trend in going from lowest multiplicity to
highest multiplicity bin in p-Pb collisions at /syy = 5.02 TeV with a significance of
1.5 o which is discussed in context of a hint of strangeness enhancement effect. The
future results of  and K yields in p-Pb collisions at /sy = 8.16 TeV will be useful
to study these effects. The EPOS-LHC model describes the scaled integrated yields
for ¢ meson whereas HIJING model overestimates the data for all multiplicities.
The DPMJET model describes the scaled integrated yield of ¢ meson at higher
multiplicities. The mean transverse momentum, (pr) shows an increasing trend as
a function of (dNg,/dn)|,<0.5 for ¢ meson in various colliding systems and energies
as shown in the bottom panel of Fig The increase in (py) is faster for pp and
p-Pb than Pb-Pb and for a common multiplicity coverage the values of (pr) in pp
and p-Pb are larger than Pb-Pb.

Similar studies have been reported in [12,35], where it was suggested that the
moderate increase of (pr) in Pb — Pb collisions is due to the presence of collective
flow. The strong increase of (py) with (dNg,/dn), <05 in small collision systems
can be understood by systematic studies of (pr) from different models in pp and p-
Pb collisions which incorporates processes like effect of color reconnection between
strings produced in multi-parton interactions, different string fragmentation pro-
cesses and core-corona mechanism. It was observed in [4] that PYTHIAS8 model
with color reconnection which introduces a flow like effect and EPOS-LHC model
which uses parameterized flow are able to reproduce the increasing trend of (py) as
a function of multiplicity for ¢ meson in pp collisions at /s = 13 TeV. The p-Pb
measurements are important as in Ref. [35] it is shown that (py) of charged hadrons
as a function of multiplicity shows similar behavior as pp in low multiplicity whereas

it seems to approach a similar but less prominent trend of saturation as Pb-Pb at
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high multiplicity.

The model comparison to p-Pb data shows that EPOS-LHC describes the
increasing trend of (p) with multiplicity for ¢ meson, and it gives a better agreement
for ¢ meson at higher multiplicity values. DPMJET and HIJING models fail to
describe the observed trend in (pr) for ¢ meson and underpredict the data for all

multiplicity.

3.6.3 xt scaling

Invariant cross section of particle production have been found to follow a universal
scaling at high py, which is known as ¢ scaling, where z1 = 2py/,/syy. This scaling
behavior is predicted by general principles of hard scattering, factorization of the
reaction into parton distribution functions, fragmentation functions for the scattered

partons and a short-distance parton-parton hard-scattering cross-section [36,137].

The xt scaling has been tested in pp collisions for identified hadrons in
STAR [38], for charged particles in CMS [40] and for identified hadrons in AL-
ICE [39]. In this paper, the validity of 21 scaling is tested using ¢ meson measure-
ments in p-Pb collisions at /syy = 8.16 TeV reported here and those obtained at
VSnn = 5.02 TeV [12]. The invariant cross sections are determined from the mea-
sured invariant yield as Ed30/ &Pp = 0y, x EP’N / d®p, where o3, = 72.5£0.5 mb

is the inelastic cross section in pp collisions at /s = 8.16 TeV [41].

At fixed z1, the invariant cross section Edga/d?’p scales as pr", where the
exponent of scaling n depends on x and /sy, and is calculated using the following

equation

ln(ainv(q}h V4 5NN2)/‘7inV<wr7 Vi 5NN1))
In(y/snni/v/Sunz) ’

n(or, v/Snn1s V/Sxng) = (3.19)

The distributions of n values as a function of z1 for ¢ meson are shown in Fig. (3.25|
In the low x1 region, where the particle production is dominated by soft processes,

the values of n are found to increase with x| whereas the n values seem to saturate
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at high xp. The n values is obtained by fitting the n(xr, /syy) distribution by a
constant in zp range 1.3 x 107 < zp < 4 x 107> for ¢ meson. The systematic
uncertainties on the exponent n are calculated by changing the fit range in n vs. @
distribution. The maximum deviation of n value with respect to default is taken as
systematic uncertainties. The n values for ¢ meson are consistent with measurements
in pp collisions (7ri, K* and K*O) within the uncertainties which suggests that ratios
of particle spectra attain similar values in p-Pb collisions at the LHC energies. The
ry spectra is scaled by the (/syy/GeV)"™. The best scaling is obtained in the quoted
fitting range with an exponent of n = 5.12 £ 0.07 (sys.) for ¢ meson. The zr-scaled
spectra for ¢ meson in p-Pb collisions at /syy = 5.02 and 8.16 TeV are shown
in Fig. These measurements suggest that ¢ meson yields in p-Pb collisions
at LHC energies follow 21 scaling for x4 > 107>, Similar studies were performed
in pp collisions at LHC energies for identified hadrons (Wi, K*, p (p) and K%)
with ALICE [39] and for charged hadrons with CMS [40]. The n values obtained in
pp collisions for all hadron species except proton are comparable to those reported
here for ¢ meson in p-Pb collisions. In Ref. [39], proton takes a larger value of
exponent n which was discussed in context of decrease of the baryon to meson ratio
with increasing pr in contrast to the nearly constant behavior of meson to meson
ratios. The n value obtained at LHC energies is also observed to be lower compared
to RHIC energies which suggests the increasing contribution of hard processes at
higher centre of mass energies. A combined-fit to the scaled differential cross sections
of ¢ meson is performed with a power-law function of the form awlé(l—i—mr)c to verify
the quality of the scaling behavior. Here, a, b, and c are free parameters. The fitting
is done in region above zp > 1.3 x 107° (shown as black curve in Fig. , where
the xp scaling is observed. The . /ndf value is 0.6, which confirms the good quality
of the fit. In the fitting region, the measurements agree with the combined power
law fits within ~ 20%. The measurements at /55y = 8.16 TeV are consistent over
the accessible zp range 1.3 x 107 < zp < 3 x 107 with empirical z scaling and
with measurements from p-Pb collisions at |/syy = 5.02 TeV. This further helps

to understand and distinguish the contributions of the soft and hard processes on
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particle production.
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Figure 3.25: The values of n as a function of zp for ¢ meson in p-Pb collisions. The
distribution is fitted with the 1% order polynomial to extract the n value at high
x1 shown by dashed red line.

3.6.4 Nuclear modification factor (R,py,)

In order to understand the nuclear effects, study of the nuclear modification factor

(R,pp) is an important observable in p-Pb collisions. It is calculated as :

/dprdy

R = Nops 3.20
pr(PT) < pr>d2 INEL/dedy ( )
where dZNpr /dprdy is the invariant yield in p-Pb collisions and d*o INEL /dprdy is
the invariant cross section in inelastic pp collisions. (T,p,) = ( cou> / JINEL is the

average nuclear overlap function which accounts for the nuclear collision geometry

INEL

as obtained from a Glauber model [41] and o is the nucleon-nucleon inelastic

cross section extracted from the In® fit using Glauber calculations [41].

If the nuclear modification factor is unity, it suggests that nuclear collisions is

an incoherent superposition of nucleon-nucleon collisions.
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Figure 3.26: Scaled invariant yield of ¢ meson as a function of xp = 2pp/,/Syy in
p—PDb collisions at different energies ,/syy = 5.02 and 8.16 TeV. The data point are
fitted with combined power-law function shown by black line.

In the absence of the availability of ¢ meson measurements at center of mass
energy /s = 8.16 TeV in pp collisions, the reference pp spectra are obtained from
the measured py spectra at /s = 8 TeV [9] using simulation approach with PYTHIA
8.230 [42] as shown in Fig. In this approach the reference pp spectra at /s
= 8 TeV is scaled by a correction factor calculated as the ratio of p spectra at /s
= 8.16 TeV to that at /s = 8 TeV, obtained from PYTHIA 8.230. For system-
atic study the reference pp spectrum is also obtained using the same approach from
measured pp spectrum at /s = 7 TeV [3]. The total systematic on the pp reference
spectrum is then calculated as the quadrature sum of the systematic uncertainties of
the measured pp spectrum at /s = 8 TeV and the difference of the reference spec-
tra obtained using the measured py spectra at /s = 7 and 8 TeV. The systematic
uncertainties on the reference pr spectra of ¢ meson are 7.3-7.4% for low py (< 4.0

GeV/c) to high pp (> 4.0 GeV/c) region. The systematic and statistical uncertain-
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ties in R,py, are calculated as the quadrature sum of respective uncertainties of the
pr spectra in p-Pb and pp collisions. The value of nucleon-nucleon inelastic cross
section for reference spectra at /s = 8.16 TeV is 72.54+0.5 taken from ref |41]. The
R,pp, of ¢ meson in 5.02 TeV are also calculated from the measured pr spectra in

pp and p-Pb collisions published in Refs. [12,33].
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Figure 3.27: ¢ meson pp measured in pp collision at /s = 8.16 TeV and /s = 8
TeV from Pythia8 model (top panel) and the correction factor (bottom panel).

Figure |3.28| shows the nuclear modification factor of ¢ meson as a function of
pr in p-Pb collisions at /syy = 5.02 and 8.16 TeV. At intermediate pr (2-8 GeV/c),
a hint of enhancement in R,py, is observed. No significant energy dependence of R py,
is observed for resonances in p-Pb collisions at the LHC energies. Figure [3.29| shows
the particle species dependence of nuclear modification factors in p-Pb collisions
at \/syy = 5.02 and 8.16 TeV. The panels (a) and (b) show R,py, of both K*°
and ¢ meson at ,/syy = 8.16 and 5.02 TeV, respectively. The comparison with
stable mesons m and K at /syy = 5.02 TeV [46] are shown in panel (b). The
panel (c) shows the R p;, of multi-strange baryons (=, Q) at \/syy = 5.02 TeV. To
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Figure 3.28: Nuclear modification factor of ¢ meson as a function of pt in p-
Pb collisions at different energies /sy = 5.02 and 8.16 TeV. The statistical and
systematic uncertainties are represented by vertical bars and boxes, respectively.
The total systematic uncertainties on the normalization are shown as boxes around
unity near pr = 0.

study the R p, mass dependence of baryons and baryon-meson effect, the R, p;, of
proton taken from [46] and that of ¢ meson are also shown in panel (c¢). At low
pr (< 2 GeV/c), the R,py, is less than unity for all hadrons. At the intermediate
pr range (2-8 GeV/c), the R,py, of baryons shows a Cronin-like enhancement above
unity [47]. The R,p;, shows mass ordering and larger values are observed for the
baryons with higher mass. The similar mass ordering for baryons in the intermediate
pr region is also reported by CMS in [48] and the results are consistent with the
hydrodynamical expectation of radial flow [49]. It is also observed that the R p;, of
¢ meson is smaller than that of proton inspite of similar masses, which may indicate
baryon-meson ordering. So, along with the presence of strong radial flow component,
there are other effects like different production mechanism of baryons and mesons

which are affecting the R, p;, in this pp region. Similar behavior is also observed in
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Pb-Pb collisions in this pp region . At high pr (> 8 GeV/c), the R,p;, values of
all particles are consistent with unity within the uncertainties in p-Pb collisions at
Vv/Snn = 5.02 and 8.16 TeV which suggests that there is no modification in R,p, due
to cold nuclear matter effects for different particle species. The similar observation
is also reported for charged hadrons by ALICE in p-Pb collisions at /syy = 5.02
TeV ﬂi“@ﬂ, identified strange hadrons by CMS in p-Pb collisions at /syy = 5.02
TeV [10] and STAR collaboration in d-Au collisions at ,/syy = 200 GeV HEI]

w

I I
ALICE, p-Pb, NSD (a) VS =5.02TeV  (b) (San =5.02TeV (c)
VS = 8.16 TeV emw O K Ap+D E+E
o 06 Q+0
of oK e i VK 4K 0o s ]

-05<y<0

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

5 10 15 200 5 10 15 20
P, [GeV/c]

Figure 3.29: The nuclear modification factor R,p, as a function of transverse mo-
mentum prp for different particle species in p-Pb collisions at /syy = 5.02 and
8.16 TeV. For comparison the results for n, K, and p are also shown. The
statistical and systematic uncertainties are represented by vertical bars and boxes,
respectively. The total systematic uncertainties on the normalization are shown as
boxes around unity near pp = 0.

3.7 Summary

The production of ¢ mesons as a function of pp have been measured in the rapidity
range (—0.5 < y < 0) for various multiplicity classes in p-Pb collisions at \/syy =
8.16 TeV with the ALICE detector. The EPOS-LHC model including effects of the

hadronic phase describe the NSD spectrum qualitatively well as compared to the
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DPMJET and HIJING model predictions. A significant evolution of spectral shapes
is observed with multiplicity for pp < 4 GeV/¢, a similar behavior is observed in
Pb-Pb collisions which can be attributed to the collective radial expansion of the
system. The spectral shapes are similar for all multiplicity classes at higher py. The
scaled pr integrated yields (dN/dy/ (dNg/dn)) as a function of multiplicity show
a smooth evolution from pp and p-Pb to Pb-Pb, and the values are similar for a
given multiplicity, irrespective of the colliding systems and energies which shows that
¢ meson particle production is mainly driven by the event multiplicity. The (py)
values of ¢ meson increase as a function of multiplicity and follow a different trend
for different collision systems. The EPOS-LHC model which includes parameterized
flow gives a good quantitative description of the scaled py integrated yields, as well
as qualitatively describes the increase in (py) values with multiplicity for ¢ meson.
A universal z scaling for ¢ meson is well satisfied (within roughly 20%) in the hard
scattering region of the particle production. The obtained value of exponent (n ~
5) is lower compared to RHIC energies which suggests the increasing contribution
of hard scattering processes at higher |/syy. Furthermore, the value of exponent
n in p-Pb collisions is compatible with those in pp collisions for 7%, K* and K*'
suggesting that the high-pr particle production mechanism is similar in both the
collision systems. No significant energy dependence in R,py, is observed for ¢ meson
in p-Pb collisions at /syy = 5.02 and 8.16 TeV. At intermediate pr (2 < pr <
8 GeV/c), R,py, values of ¢ meson in p-Pb collisions at /syy = 5.02 TeV show
Cronin-like enhancement. The R p;, values are consistent with unity within the

uncertainties at pr > 8 GeV /¢, which shows the absence of nuclear effects at higher

pr-
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Chapter 4

Rapidity dependence study of ¢
meson production in p-Pb

collisions

Hadronic resonances have a lifetime comparable to that of a fireball created in a
heavy-ion collision. An abundance of resonances is produced at the LHC in vari-
ous collision systems. Several aspects of heavy-ion collisions can be studied using
hadronic resonances. The hot and dense medium created in such collisions can alter
the spectral shape of resonances. As a result of their short lifetimes, resonances are
susceptible to re-scattering and regeneration between chemical and kinetic freeze-
out. So, the resonance study will help to understand the properties of the hadronic
phase. Studying the production of resonances in collision systems such as pp and
p-Pb provides a necessary baseline for disentangling initial-state effects from abso-
lute medium effects produced in heavy-ion collisions. Asymmetric collision systems
such as proton-nucleus (p-A) and deuteron-nucleus (d-A) where the formation of the
QGP phase is not expected, can be used to study the possible effects of cold nuclear
matter. At the Large Hadron Collider (LHC), p-A collisions enable to probe the
parton distribution function in nuclei at very small values of the Bjorken x variable,

in which gluon saturation effects are possible [1-3]. Hadron production can be af-
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fected by different effects such as nuclear modification of the distribution functions
of partons (nuclear shadowing) as well as parton saturation, multiple scattering, and
radial flow. These effects are expected to be influenced by the rapidity of particles
produced. We can investigate the mechanism of particle production and shed light
on the physics behind the particle production by studying the multiplicity and ra-

pidity dependence of hadron production in p-Pb collisions.

Rapidity asymmetry (Y.sym): In p-Pb collisions, it can be expected that
the production mechanism will be sensitive to different effects at forward (p-going)
and backward (Pb-going) rapidities. Multiple scattering of the partons is expected
to occur while the proton traverses the Pb-nucleus and partons on the Pb side will
be affected by the nucleus properties. Therefore, it is interesting to investigate the
rapidity asymmetry (Y ,sm) represented by the particle yield ratio between Pb-going
and p-going directions:

d>N |
dprdy [—0.3<y<0

Vi = Sprdy A<yt (4.1)

d°N |
dprdy 10<y<0.3

where, dZN/dedy|_0,3<y<0 is the particle yield in the rapidity (y) interval -0.3 < y <
0 (Pb-going direction), and d*N/ dprdy|o<y<os is the particle yield in the rapidity
interval 0 < y < 0.3 (p-going direction). Here, ‘y’ corresponds to the center-of-mass
rapidity. Y,¢m is an important observable, as the correlated systematic uncertainties
on the ratio will cancel out and hence it becomes more sensitive to the various
model calculations. A low Bjorken x value might influence the transverse momentum
distribution of hadron production at large rapidities in the p-going direction at LHC
energies due to gluon saturation effects. Gluon saturation effects are dependent on
colliding nuclei as well as on rapidity as ~ AY 3¢Y where A is the mass number and

A is free parameter.

Nuclear Modification factor (Qcp): The nuclear modification factor
(Qcp) is the ratio of the yield between the central (high multiplicity) to non-central

collisions (low multiplicity), scaled by respective average number of nucleon-nucleon
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collisions. It is defined as:

2
NCO
QCP(pT> = % (4‘2)
dpdy |
<Ncoll> LM

where, (Ny) is the average number of nucleon-nucleon collisions at low-
multiplicity (LM) and high-multiplicity (HM) events, respectively. The rapidity
dependent study of Qcp will explore the nuclear phenomena such as Cronin effect [4],
dynamical shadowing, and energy loss in cold nuclear matter [5]. In asymmetric sys-
tems like p-Pb collisions, multiple scattering, nuclear shadowing, and radial flow are
all expected to influence particle production differently in the backward (Pb-going)
and forward (p-going) rapidity region. As a result, Pb-going direction is expected
to have more radial flow than p-going, resulting in a stronger mass dependence in
Pb-going direction. The nuclear shadowing effect is expected to be greater in the
p-going direction, since smaller x fractions will penetrate in the nucleus. As a result,
Pb-going directions should have higher (Qcp values than p-going directions. There is
no clear understanding of the effects of parton multiple scattering and studies have
shown that they depend on different factors, such as the scatterings being inelastic,
elastic, coherent/incoherent. Tests of these predictions can be performed by mea-
suring (Qcp separately in the p-going and Pb-going directions.
In this chapter, we present the first measurement of the rapidity dependence of
#(1020) mesons production in p-Pb collisions at /syy = 5.02 TeV by the ALICE
experiment at the LHC. The availability of large statistics data and excellent par-
ticle identification of ALICE detector provides us to study rapidity dependence of
¢(1020) mesons in various multiplicity classes. This study will help us to investigate
the nuclear effects on the particle production mechanism in p-Pb collisions. The re-
sults include the py spectra, rapidity asymmetry (Y,qm), pr-integral particle yield,
mean transverse momentum and nuclear modification factor in the rapidity range
—1.2 < y < 0.3 and three multiplicity classes along with the multiplicity-integrated

sample. The rapidity range —1.2 < y < 0.3 is divided into five equal intervals of
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width 0.3. The measurements are also compared with various model calculations
such as EPOS-LHC [6], EPOS3 with and without UrQMD |[7], HIJING [8], DPM-
JET [9] and PYTHIA8(Angantyr) [10].

The EPOS-LHC is an event generator incorporating a parameterization of
flow based on LHC results [6]. This event generator utilizes the multiple partonic
scatterings described by Gribov’s Reggeon field theory formalism, including collec-
tive hadronization as well as the core-corona mechanism from pp to A-A collisions.
EPOS3 event generator uses the Gribov-Regge multiple scattering framework which
includes 3+1D viscous hydrodynamical evolution in it, and is used to understand
hadronic resonances and their interactions in the partonic and hadronic medium.
The UrQMD within the EPOS3 model introduced the description of regeneration
and re-scattering effects in the hadronic phase. The DPMJET is a QCD-inspired
dual parton model based on the formalism of the Gribov Glauber approach that
treats the soft and hard scattering interactions differently. HIJING is used to study
jet and the associated particle production in high energy collisions and is based
on QCD-inspired models, including multiple minijet production, soft excitation,
nuclear shadowing of parton distribution functions, and jet interaction in dense
matter. PYTHIA8(Angantyr) is an event generator based on the Fritiof model,
which includes the features of multi-parton interactions and diffractive excitation
in each nucleon-nucleon (NN) sub-collision. It acts as a baseline for understanding
the non-collective background in the observables sensitive to collective behavior, as
PYTHIAS does not include a collective expansion stage in its description of pp colli-
sions. The comparison of data with the results from these phenomenological models
helps to understand the relative contribution of the nuclear effects on the particle

production in p-Pb collisions.

4.1 Analysis details

The ¢(1020) mesons measurement are performed in p-Pb collisions at center-of-

mass energy in nucleon-nucleon collisions at /syy = 5.02 TeV. The high statistics



4.1. ANALYSIS DETAILS 103

data was collected during ALICE Run-2 in 2016. The ¢ meson is reconstructed
through invariant-mass method by using their decay daughters. The ¢ resonance is
reconstructed by the following decay channel ¢ — KK~ having branching ratio
49.2% [11]. In the p-Pb configuration, the ***Pb beam with energy of 1.58 TeV per
nucleon collides with a proton beam with an energy of 4 TeV resulting in collisions
at a nucleon-nucleon center-of-mass energy ,/syy = 5.02 TeV [11]. It leads to the
rapidity in the center-of-mass frame being shifted by dy = —0.465 in the direction
of the proton beam with respect to the laboratory frame. As a result of shifting
in rapidity, the measurements are performed in the rapidity range —1.2 < y < 0.3
(center-of-mass frame) divided into five rapidity intervals having equal width of 0.3,
and in three multiplicity classes along with a multiplicity-integrated class. The ¢
signal is obtained in the p region form 0.8 to 16 GeV /¢ for different rapidity intervals
and multiplicity classes. The measurements are carried out with the ALICE central
barrel detectors, which are utilized for tracking, particle identification, and primary
vertex reconstruction and housed inside a solenoidal magnet with a magnetic field
of 0.5 T. The main detectors used for reconstructing the track and primary vertex in
this analysis are the I'TS [12], TPC [13], and TOF [14] detectors. All three detectors

have common pseudorapidity coverage of |n| < 0.9, with full azimuthal coverage.

4.1.1 Event, track selection and particle identification

The event, trigger and track selection criteria used in this analysis are similar as
those discussed in previous chapter 3. The events are selected with a minimum bias
trigger (KINT7) based on the coincidence of signals in two arrays of 32 scintilla-
tor detectors covering full azimuth and the pseudorapidity regions 2.8 < n < 5.1
(VOA) and -3.7 < n < -1.7 (VOC) [4]. The charged particle track reconstruction
information from ITS and TPC detectors is used to reconstruct the primary vertex.
The primary vertex of selected events should lie within + 10 cm from the center
of ITS detector along the beam direction (z-direction). The distribution of primary

vertex (V) position is shown in Fig. The Silicon Pixel Detector (SPD) which
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is the innermost detector layers of the I'TS, is used to reject events in which mul-
tiple collision vertices are found (pile-up) [12]. In this analysis, approximately 540
million events are selected after implementation of the selection criteria described
above. The multiplicity selection is performed using the total charge deposited in
VOA detector. The minimum bias events are further divided into three multiplicity
classes, 0-10%, 10-40% and 40-100%. The ¢ meson yield is measured in five rapidity
intervals —1.2 <y < —-0.9, -09 <y < —-0.6, =06 <y < —0.3, —0.3 <y < 0 and
0 < y < 0.3, in three multiplicity classes 0-10%, 10-40% and 40-100% along with
the minimum-bias events (0-100%). The events distribution as a function of charged
particle multiplicity classes is shown in Fig. All the events cut implemented in
the analysis are listed below:

1. kKINT7 trigger.

2. InComplete Data Acquisition (DAQ) check. It is used to check if DAQ has set
the incomplete event attributes.

3. Pileup Rejection using AliAnalysisUtils::IsPileUpEvent(). The events are rejected
which have multiple vertices while reconstruction in the SPD.

4. SPD Cluster vs Tracklet Check using AliAnalysisUtils:: IsSPDClusterVsTrack-
letBG() with default parameters. It is used to check the correlation between number
of clusters and number of tracklets.

5. Event has a track or SPD primary vertex identified. Events that have a primary
collision vertex that has been reconstructed using the SPD detector are chosen.

6. SPD vertex-z resolution < 0.25 cm. This cut is optimized for successfully match-
ing tracks between the ITS and the TPC and reject the events with poor vertex-z
resolution.

7. SPD vertex dispersion < 0.04. This is the size of the window opened to define
the tracklets used in the determination of the vertex.

8. z-position difference between track and SPD vertex < 0.5 cm. This cut is applied
to reject events with badly reconstructed track vertex, typically events with true
collision at very large z with badly reconstructed track vetex.

9. Vertex-z position : |v,| < 10 cm. This v, cut value is optimized using the real
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data and Monte Carlo (MC) simulation and it is varied while estimating the sys-

tematic uncertainty.
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Figure 4.1: The primary vertex (V) distribution in p-Pb collision at ,/syy = 5.02
TeV.
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Figure 4.2: The number of events as a function of multiplicity classes from VOA
detector in p-Pb collision at /syy = 5.02 TeV.

The charged particle tracks with pp > 0.15 GeV/c and pseudorapidity |n| <
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0.8 are selected in the TPC for better reconstruction of tracks. The selected charged
tracks should pass at least 70 TPC readout pad rows out of maximum 159 rows.
The distance of closest approach of the track to the primary vertex in the longitu-
dinal direction (DCA,) is required to be less than 2 cm. A pp-dependent selection
criteria is applied in the transverse plane of DCA,, (pr) < 0.0105 + 0.035 prtcm.
The decay daughter (kaons) of ¢ mesons are identified by measuring the specific
ionization energy loss (dE/dz) in the TPC [13] and their time-of-flight information
using TOF [14] detector. For the kaons selection, the measured (dE/dx) is required
to be within norpc from the expected (dE/dx) values for a given mass hypothesis,
where orpc is the TPC (dE/dx) resolution. A momentum dependent criteria is
applied on the value of n as following; a 60rpc, 30rpc and 20pc cut is applied in
the momentum interval p < 0.3 GeV/¢, 0.3< p < 0.5 GeV/¢c, and p > 0.5 GeV/c,
respectively. If TOF information is available for the selected track, the TOF signal
is also used for kaon identification in addition to the TPC one by requiring the
time-of-flight of the particle to be within 3orgp from the expected value for the
considered mass hypothesis, where orop is the time-of-flight resolution of the TOF.
The dE/dzx distribution of kaons in TPC after implementation of PID cut is shown
in Fig.[4.3] The no distribution of kaons in TPC and TOF detector before and after

implementation of selection criteria are shown in Fig. [4.4]

4.2 Signal extraction

The ¢ meson is reconstructed by invariant mass technique from its decay daughters
using the hadronic channel ¢ — KK~ with branching ratio 48.9%. The invariant

mass distribution in terms of energy and momentum is expressed as,

Mgy = \/(EKK + EKK)2 — |Prk +]7KK|2 (4.3)

where, E is the energy and p'is the momentum of the kaon (K) particle.

For each event, the invariant mass (M) distribution of the ¢ meson is constructed
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Figure 4.3: The dE/dz distribution of kaons in TPC after particle identification
(PID).

using all combinations of K™ with K~ (called the same-event or signal distribution).
Since not all charged K* in each event originate from the ¢ meson decays, the ¢
meson signal extracted in this way sits above a large combinatorial background of
uncorrelated pairs. The estimation of the combinatorial background is performed
by two methods: event mixing technique and like sign technique.

Event mixing technique:

In event mixing technique, the combinatorial background is constructed by choosing
K* from one event and paired with KT from other events. To minimize effects from
statistical fluctuations, each event is mixed with five other similar events. The two
events that are mixed must have similar characteristics in order to reproduce the
combinatorial background. Effects from multiplicity fluctuations are minimized by
selecting two events to be mixed with a multiplicity difference less than five. The
resultant mixed event background will be around five times higher than the unlike-
sign (signal) pairs distribution. So, the mixed event background is normalized in
the range 1.06 < Mgy <1.09 GeV/c2, which is away from the ¢ mass peak position.
Like sign technique:

In like sign technique, the combinatorial background is constructed through the in-

variant mass distribution of pairs of same charges from the same event. Background
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Figure 4.4: Upper panel shows norpc (left) and nopop (right) distributions for
kaons before PID cut and lower panel shows distributions of norpc (left) and nopop
(right) after implementation of PID cut (no cut).
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is normalized by factor QW . Here (++) is the invariant mass of K" K*
pairs and (- -) is the invariant mass distribution of K™K~ pairs. The signal is ob-
tained by subtracting the like-sign background from the same-event unlike-sign K=
invariant mass distribution. The signal after like-sign background subtraction in

various pr bins in rapidity interval 0 < y < 0.3 for 0-100% multiplicity class are
shown in Fig.
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Figure 4.5: Invariant mass distribution My after like-sign background subtraction
in various pr bins in the p region 0.8 < pp < 16.0 GeV/c in the rapidity range 0
< y < 0.3 for multiplicity class (0-100%). The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2" order
polynomial function.

The mixed-event technique is used as default method to extract the ¢ me-
son yield. The absolute difference arising in the yield by using the combinatorial
background from the like sign method with respect to the default method is taken

care in systematic uncertainty. After the subtraction of the combinatorial back-
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ground, the invariant-mass distribution consists of a resonance peak sitting on the
top of a residual background of correlated pairs. The residual background originates
from correlated pairs from jets, misidentification of kaons from ¢ meson decays, and
partially reconstructed decays of higher-mass particles [11]. The invariant mass dis-
tributions of unlike K of both same events and normalized mixed event background
in p region 2.2 < pp < 3.0 GeV/c for the rapidity interval 0 < y < 0.3 (panel a)
and —0.3 < y < 0 (panel ¢) in the multiplicity class 0-10% are shown in Fig. [1.6]
The signals after mixed event background subtraction are shown in panel (b) and
(d) in Fig. The signal peak is fitted by a Voigtian function (convolution of
Breit-Wigner and Gaussian functions) and the residual background is fitted by ond
order polynomial function in the mass range from 0.99 GeV/c* to 1.07 GeV/c®. The

Voigtian function along with 2" order polynomial function is described as:
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Figure 4.6: Invariant mass distribution My of both same event (black marker) and
normalized mixed event (red marker) for pp region 2.2 < pp < 3.0 GeV/c in the
rapidity range -0.3 < y <0 (a) and 0 < y < 0.3 (c¢) for multiplicity class (0-10%).
The invariant mass distribution M after mixed event combinatorial background
subtraction is shown in panels (b) and (d). The signal peak is fitted with a Voigtian
function (blue line) and the residual background (red doted line) with a 2°¢ order
polynomial function.
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. exp( )

f(Mgk) = 22372, 7+ AMG g+ BMy o +C
77

o0 20" (Mg — My)* + T
(4.4)
where, M,, I' and o are the mass, width and mass resolution of ¢ meson,
respectively. Y parameter represents the area under the Voigtian distribution and
corresponds to ¢ raw yield. The Voigtian function as implemented in ROOT is given
below.
A TMath:: Voigt(M;,, — M,, T',0)
where, A, M,, I', o are the fit parameters representing the integral of the function
(from 0 to co), mass of the ¢, width of the ¢ and detector resolution, respectively.
The width of ¢ meson is fixed to the PDG value and resolution (o of gaussian func-
tion) is kept as free parameter. It is observed that the mass and width obtained from
the fit are independent of rapidity and multiplicity class. The mass and resolution
as a function of py for various rapidity interval in 0-100% multiplicity class is shown

in Fig. [4.7 and [4.8] respectively. ¢ meson peak significance is defined as:

Sig
V/Sig + Bkg

Significance =

For calculation of ‘Sig” we integrate the signal after background subtraction
over the mass region (1.011, 1.028 ) GeV/¢* (which is within 2T" from mass peak posi-
tion) and ‘Sig+Bkg’ is calculated by integrating the unlike sign (signal+background)
over the mass region (1.011, 1.028 ) GeV/c*. ¢ meson signal significance as a func-
tion of pp for various rapidity intervals in multiplicity class (0-100%) is shown in

Fig. 4.9

4.2.1 Yield extraction

Raw yield can be extracted from either bin counting method or function integration.

Bin counting is used as default and function integration is used for systematic study.
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Figure 4.9: ¢ significance as a function of pp for p-Pb collisions at /sy = 5.02
TeV in multiplicity class (0-100%).

Bin Counting (Ygc) :

To extract the yield, first the invariant-mass histogram (after the combinatorial
background subtraction) is integrated over the mass region (1.011, 1.028) GeV/c?
and then the integral of the residual background contribution (from the polynomial
function which is used to describe the residual background) over the same interval
is subtracted from the integrated yield.

Nraw = Ncounts - NRB (46)

where, N o unts 1 the total number of counts in signal histogram in mass bins which
satisfy the condition: lower value (lval) < Bin Center < upper value (hval). These
lower and upper values are equivalent to M(PDG) - 2I" and M(PDG) + 2I" respec-
tively, where I" is the width of ¢ meson. Ngg is integral of the polynomial (used
for residual background) in the same mass range mentioned above. The errors from
the Npunts and Npp are propagated to the N,,,. As we only count the yield in a
limited mass range (M(PDG) -2I" and M(PDG) + 2I') so we need to correct the
same for the tail part. We estimate the tail contribution from the peak fit function

in the mass region (2M.+) < Mg < 1.011 GeV /c® and 1.028 < My < oo GeV
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Mppg—2T
Now = | it (M) dMige (4.7)
Nhigh = / fit(Myx)dMyg (4.8)
Mppg+2I’

We added the lower and the higher invariant mass tail contribution to the bin

counting yield. The final yield is
YBC - Nlow + Nraw + Nhigh (49)

The uncertainty on Yyc is quadrature sum of the uncertainties on Ny, N, and

Nhigh-
Function Integral (Yg;)
The yield is extracted by integrating the peak fitting function over the region 2M <

MKK<OO

Y = fit(Mgg)d Mgk (4.10)
2Mp
The raw yield of ¢ meson extracted by bin counting method as a function of
pr for various rapidity intervals in p-Pb collisions at /sy = 5.02 TeV in 0-100%
multiplicity class is shown in Fig. [4.10l The ¢ meson raw yield spectra for other

multiplicity classes is shown in Fig. [4.11]

4.3 Monte Carlo Simulations

Due to inefficiency of detector we need to apply some correction factors like, effi-
ciency, acceptance etc. to the measured ¢ meson yield. These factors can not be
obtained from the real data. So a simulated data set is analyzed in order to extract
the ¢ reconstruction Efficiency x Acceptance (this calculation is described in next
section). In this study we use two official Monte Carlo productions (LHC17f2b_cent
wsdd and fast) from ALICE, which are produced by DPMJET event generator, while
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Figure 4.10: The raw py spectra of ¢ meson in various rapidity intervals in p-Pb
collisions at /syy = 5.02 TeV in multiplicity class (0-100%).

the particle interactions with the ALICE detector are simulated using GEANTS.
The tracks which are identified by the reconstruction algorithms and which pass the
track selection and PID cuts (same as data) are referred to as reconstructed tracks.

A Tune On Data option is used while selecting the kaon particles.

4.3.1 Reconstruction Efficiency X Acceptance

The reconstructed efficiency is used to correct the raw spectra. The reconstructed
efficiency is defined as the ratio of number of ¢ mesons reconstructed to the number
of ¢ mesons generated in each transverse-momentum bin.

N,

— rec 4 . 1 1
6I'QC N ( )

gen

The N, are the reconstructed ¢ mesons which include the detector effects, pass the
analysis cuts and reconstruction algorithms and N,, are the generated ¢ mesons by

the event generator DPMJET. Both numbers are counted within a corresponding
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Figure 4.11: The raw py spectra of ¢ meson in various rapidity intervals in p-Pb
collisions at /syy = 5.02 TeV in multiplicity classes 0-10%, 10-40% and 40-100%.
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rapidity interval. The weighted average reconstructed Efficiency x Acceptance from
two productions for various rapidity intervals in centre of mass frame is shown in
Fig. |4.12| The efficiencies among various rapidity intervals have strong dependence

on transverse momentum at low pr.

The uncertainty in €., is calculated using the Bayesian approach described
in [16]. The standard deviation in an efficiency €., = k/n, where the numerator k

is a subset of the denominator n is defined as;

o = k+1 k+2_k+1 (4.12)
n+2\n+3 n+2

The fractional statistical uncertainty in €., is added in quadrature with the
statistical uncertainty in the uncorrected ¢ mesons yield to give the total statistical

uncertainty of the corrected ¢ yield.

The Efficiency x Acceptance is measured for both MC productions. A
weighted average Efficiency x Acceptance is calculated from the Efficiency x Ac-
ceptance of the above two productions (LHC17f2b_cent wsdd and fast). The formula
for calculating the weighted average Efficiency x Acceptance is as follows: (e;*n; +
e;*n,)/n, where e; and e, represent the efficiency, n; and n, represent the number
of events in the corresponding productions, and n equals the sum of n; and ns,.
The weighted average Efficiency x Acceptance is used to correct the raw spectra in
various multiplicity classes. It is to be noted that due to large statistical uncertain-
ties at high pp, we have fitted the Efficiency x Acceptance with sigmoid function
(a/(14exp(-b(pp-c)))) where a, b and c are free parameters. We have used the value
of efficiency from the fitting function for all py bins at pp > 4 GeV/c with the sta-
tistical error propagated from the corresponding MC data pp bins. The Efficiency

x Acceptance for various rapidity intervals is shown in Fig. |4.12

The Efficiency x Acceptance is calculated for all multiplicity classes and no
multiplicity dependence is observed. So, a minimum bias (0-100%) Efficiency X

Acceptance is used to correct all multiplicity classes raw pr spectra. The same
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Figure 4.12: The Efficiency x Acceptance of ¢ meson as a function of pp for various
rapidity intervals in multiplicity class 0-100% for p-Pb collisions at /syy = 5.02
TeV. The below panel shows the ratio w.r.t. the rapidity window 0 < y <0.3.

procedure is applied for the calculation of Efficiency x Acceptance in all rapidity
intervals. The comparison of Efficiency x Acceptance for both MC production and

weighted average method for two rapidity intervals 0 < y < 0.3 and -1.2 <y < -0.9

is shown in Fig. [4.13]

4.3.2 Re-weighted efficiency

It is observed that at low pr the generated ¢ meson spectrum has different shape
than the measured py spectra. So it is necessary to weight the generated and recon-
structed ¢ meson spectra in these simulations. Fig. |4.14] shows the generated and
reconstructed ¢ meson spectra plotted with the (corrected) measured ¢ spectrum

in 0-100% multiplicity class and the Levy-Tsallis fit of that measured spectrum.

An iterative procedure is performed to determine the correct weighting (and
therefore the correct €, ) as described below:

1. The unweighted e, is calculated.
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Figure 4.13: The Efficiency x Acceptance for DPMJET (LHC17{2b cent wsdd and
fast) production are compared with weighted average Efficiency x Acceptance for
rapidity intervals 0 < y < 0.3 and -1.2 < y < -0.9 in p-Pb collisions at \/syy =
5.02 TeV in 0-100% multiplicity class.

2. This €, is used to correct the measured ¢ meson pr spectrum.

3. The corrected ¢ meson spectrum is fitted with Levy-Tsallis function.

4. This fit is used to weight the MC generated ¢ spectra. A pp dependent weight is
applied to the generated ¢ spectrum so that it follows the fit (see Fig. . The
same weight is applied to the reconstructed ¢ spectrum.

5. The (weighted) €, is calculated.

6. Steps 2-5 are repeated (with the weighted €, from step 5 used as the input for
step 2) until the €, values are observed to change by < 0.1% (relative) between
successive iterations. It is observed that two iterations are usually sufficient for
this procedure to converge. The procedure is implemented in the macro inside the
Aliroot framework,

ALICE PHYSICS/PWGLF/RESONANCES /macros/utils/Reweight Efficiency.C
The net effect of the weighting procedure is very small except at low pr, as shown

in Fig. [4.16] At low pr weighting factor varies from 5-17% among various rapidity
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intervals. Here weighting factor only upto pr = 8 GeV/c is shown as we expected
no change at high pr. The new Efficiency x Acceptance (corrected with weighting
factor) is used to correct the raw pp spectra for various multiplicity classes and the

corresponding rapidity interval.
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Figure 4.14: The corrected ¢ meson spectrum fitted with Levy-Tsallis function in
0-100% multiplicity class. The generated and reconstructed ¢ meson spectra from
MC production is shown by blue and black marker respectively.

4.4 Corrected pt spectra

The raw spectra is corrected for the Efficiency x Acceptance of the detector and
branching ratio for corresponding decay channel of ¢ meson. The normalized cor-

rected pr spectra of ¢ mesons is obtained by using the following formula:

d’N B Raw Counts
dprdy  Ney X BR x dpp x dy X €,

(4.13)

Where, ‘Raw Counts’ represent the raw yields obtained form invariant mass distribu-
tions, N,,, is the total number of selected events, BR is branching ratio and is 0.489
for decay channel (¢ — K"K~ ) and dy is rapidity interval in which the spectra are

measured. The other correction factors such as Vertex correction (fy), Signal loss
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Figure 4.15: The weighted corrected ¢ meson spectrum in 0-100% multiplicity

class. The weighted generated and reconstructed ¢ meson spectra after iteration 2

is shown by blue and black marker respectively.
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correction (fs;,) and Normalization correction factor (fyom) are negligible for p-Pb
collisions at /syy = 5.02 TeV [11]. The corrected py spectra for various rapidity
intervals in 0-10% (left panel) and 10-40% (right panel) multiplicity classes in p-Pb
collisions at /syy = 5.02 TeV are shown in Fig. Similarly, Fig. shows
the corrected pr spectra for various rapidity intervals in 40-100% (left panel) and 0-
100% (right panel) multiplicity classes in p-Pb collisions at ,/syy = 5.02 TeV. These
spectra are scaled with various factors for clear visibility as shown in Figs. and
418

4.5 Systematic Uncertainty

The ¢ meson spectra are measured in the rapidity range -1.2 < y < 0.3 in various
multiplicity classes in p-Pb /syy = 5.02 TeV. The systematic uncertainties are es-
timated by varing the default analysis selection criteria. Barlow check is performed
as discussed in chapter 3 to check whether the variation comes under systematic
uncertainty. If it fails the barlow check criteria, then it is considered in total sys-
tematic uncertainty.

The main sources of systematic uncertainties on the spectra are signal extraction,
track selection criteria, particle identification, global tracking efficiency, uncertainty
in the material budget of the ALICE detector, and the hadronic interaction cross-
section in the detector material. In this analysis uncertainty due to global tracking
efficiency, material budget, and hadronic interaction cross-section are used from the

analysis described in chapter 3.

4.5.1 Systematic uncertainty due to signal extraction

The uncertainties due to signal extraction include variations of the signal peak fitting
range, variations of width and mass resolution, mixed event background normaliza-
tion region, choice of a residual background function, and type of combinatorial

background. The like-sign method is used for estimation of combinatorial back-
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Figure 4.17: ¢ meson spectra in five rapidity intervals within -1.2 < y < 0.3 in 0-
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V3NN = 5.02 TeV. The bottom panels show the ratios of spectra in various rapidity
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uncertainties are represented by bars and boxes, respectively.
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ground while the mixed-event method is used as default. The fitting range is varied
on both sides of the signal peak while fitting the ¢ meson invariant mass distribution
with the Voigtian function. The residual background fit function is varied from 2™
order (default) to 1°* and 3™ order for systematic uncertainty. The normalization
range of the mixed-event background is varied away from the ¢ meson signal peak.
The resolution is fixed to the value obtained from simulations and the width is kept
as a free parameter. The estimated systematic uncertainty that comes out due to

signal extraction is around 3.3%.

4.5.2 Systematic uncertainty due to particle identification

For the estimation of PID systematic uncertainty, the no cut in TPC and TOF is
varied from the default value for the selection of kaons. Two momentum-independent
selections: 20rpc with 3oror and 207pc only, while selecting the kaons are used.

The estimated systematic uncertainty is 1.7% for ¢ meson.

4.5.3 Systematic uncertainty due to event and track selec-

tion

By varying the default selection criteria as discussed in [4.1.1, systematic uncertainty
due to track selection and event selection is estimated. The variation includes the
changes in the number of crossed readout rows from 70 (default) to 80 in the TPC
and the distance of the closest approach to the primary vertex of the collision from
7o(default) to 40. The variations also include the variations of x* of ITS from 36
(default) to 25 and TPC from 4 (default) to 3 while reconstruction of the track, and
the variations of the cross row over findable clusters from 0.8 (default) to 0.9 in the
TPC detector. The primary vertex position cut is also varied from 10 (default) to
8 for systematic uncertainty. The relative contribution of uncertainties due to the

tracks and events selection is about 5%.

The systematic uncertainties exhibit a few fluctuations from bin to bin, while
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Table 4.1: Relative systematic uncertainties for ¢ meson yields in p-Pb collisions
at /sy = 5.02 TeV. The quoted relative uncertainties are averaged over pr in the
range 0.8-16 GeV/c. The total systematic uncertainty is the sum in quadrature of
the uncertainties due to each source.

Systematic variation )
Yield extraction (%) 3.3
Track selection (%) 5.0
Particle identification (%) 1.7
Global tracking efficiency (%) 2.1
Material budget (%) 2.2
Hadronic Interaction (%) 2.4
Total (%) 7.3

one might expect a smooth behavior of the systematic uncertainties. We smoothed
the dips and spikes in systematic uncertainties by averaging over the nearest bins in
order to obtain a more uniform set of systematic uncertainties. The total systematic
uncertainty is taken as the quadrature sum of all contributions leading to 7.3% for
¢ mesons. The total systematic uncertainties including contribution from various
source of systematics after smoothing are shown in Fig. in rapidity interval 0
<y < 0.3 in 0-100% multiplicity class. No multiplicity and rapidity dependence of
the systematic uncertainties is observed. Therefore, the systematic uncertainties on
the pr spectra determined for minimum bias events in the rapidity interval 0 < y <
0.3 are assigned in all rapidity intervals and multiplicity classes. A summary of the

systematic uncertainties on the py spectra is given in Table

Y,sym Systematic uncertainty : Y, ., is the ratio of py spectra in backward
rapidity (Pb-going direction) to that in forward rapidity (p-going direction). As
a result, some of the systematic errors will cancel out in the ratio. The system-
atic uncertainties on Y, are estimated by considering the same approaches and
variations as for the corrected yields. The systematic uncertainties due to signal
extraction and PID are uncorrelated among different rapidity intervals whereas the
other sources of systematic uncertainties such as track selections, global tracking

uncertainties, material budget, and hadronic interactions are correlated and can-
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Figure 4.19: Relative total systematic uncertainty on ¢ meson yields as a function
of pp in p-Pb collisions at /syny = 5.02 TeV in the rapidity interval 0 < y < 0.3.
Different color lines correspond to various sources of systematic uncertainties.
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cel out in the Y., ratio. For the uncorrelated sources of uncertainty, the same
variations considered for the yields were studied by estimating their effects on the

Y,

asym Tatio. The resulting uncertainty was estimated to be about 2% for ¢ mesons.

No multiplicity and rapidity dependence of the uncertainties is observed for Y,q .
Therefore, the systematic uncertainties determined for minimum bias events are as-
signed to the ratios in the different rapidity intervals and multiplicity classes. Total

systematic uncertainty on Y,y is shown in Fig.

—
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Figure 4.20: Relative total systematic uncertainty on Y,q;, as a function of pr in
p-Pb collisions at /sy = 5.02 TeV in the rapidity interval 0 < |y| < 0.3.

Systematic uncertainty on the ratio of dN/dy and (py): The system-
atic uncertainties on the ratios (AN /dy)/(dN/dy),—¢ and (pr)/(pr),—0 as a function
of rapidity are calculated in a similar way as for Y,4,,,. For each uncorrelated source
of systematics the ratio is calculated and the variation from the default value is
considered as systematic uncertainty due to that particular variation. The system-
atic uncertainties on (dN/dy)/(dN/dy),—o and (pr)/(pr),—0 are 2% and 1% for ¢
meson, respectively. The total systematic uncertainty on (dN/dy)/(dN /dy),—, and
(pr)/(PT)y=0 are shown in Fig. 4.21
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Figure 4.21: The systematic uncertainty on dN/dy/dN/dy,_, (left panel) and
(p1)/{Pr)y=0 (right panel) for 0-100% multiplicity class in p-Pb collisions at |/syy
= 5.02 TeV.

4.6 Results

4.6.1 Transverse momentum spectra

The ¢ meson pr spectra is measured in five rapidity intervals within -1.2 < y <
0.3 and four multiplicity classes 0-10%, 10-40%, 40-100%, and minimum bias (0-
100%) in p-Pb collisions at /sy = 5.02 TeV with ALICE at the LHC as shown in

Figs.|[4.17)and 4.18] The spectra are scaled with different factors for clear visibility

for different rapidity intervals. The ratios of the pp spectra in various rapidity

intervals to that in the interval 0 < y < 0.3 are shown in the bottom panels of the

Figs. [4.17/ and [4.18] The measured spectra at low pp (< 5 GeV/c) show rapidity

dependence for 0-10%, 10-40%, and 0-100% multiplicity classes, indicating that the
production of the ¢ mesons is higher in the Pb-going direction (y < 0) than in the
p-going direction (y > 0). For high pr, and in 40-100% multiplicity class, no rapidity

dependences are observed.
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4.6.1.1 Model comparison

The measured ¢ meson spectra is compared with the predictions from the models
such as HIJING with and without shadowing factor, EPOS-LHC, EPOS3 with and
without UrQMD, DPMJET and PYTHIA8 (Angantyr) in p-Pb collisions at ,/syy
= 5.02 TeV. The events are generated locally for p-Pb collisions at \/syy = 5.02
TeV. In the HIJING model we have generated events with two different shadowing
parameter values 0 and 0.1. In EPOS, the events are generated for two cases,
one with UrQMD and another without UrQMD. The py spectra , dN /dy, mean
transverse momentum and Y, are calculated for all models (HIJING, EPOS-LHC,
EPOS3, DPMJET and PYTHIAS8 (Angantyr)) for similar rapidity intervals as in
data. Figure shows the ¢ mesons pr spectra comparison with the predictions
from HIJING, EPOS-LHC, EPOS3, DPMJET and PYTHIAS8 (Angantyr) models
in the rapidity intervals 0 < y < 0.3 (left plot) and -0.3 < y < 0 (right plot) in
0-100% multiplicity class. The bottom panels show the model to data ratios and
bands around one correspond to the statistical and systematic uncertainties on the
measured data points. None of the above mentioned model describes the measured
pr spectra in data in full pp range. EPOS-LHC model describes the measurements

better than other models.

4.6.2 Integrated particle yield and mean transverse momen-

tum

The integrated yield (AN /dy) and the mean transverse momentum ({pr)) are calcu-
lated by the official macro ”YieldMean.C” which is part of the PWGLF/SPECTRA
aliroot directory. The measured spectra are fitted using the Levy-Tsallis function.
The dN/dy and (pr) are obtained from the transverse momentum spectra in the
measured pr interval and using Levy-Tsallis fit function to account for the con-
tribution of ¢ mesons in the unmeasured region. The dN/dy are obtained in the
unmeasured region at low pp( < 0.8 GeV/c) from fitting function. The obtained

yield in the extrapolated region accounts for 33% (39%) of the total yield in the 0-
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Figure 4.22: The comparison of measured p spectra of ¢ meson with predictions
from EPOS-LHC, EPOS3, HIJING, DPMJET and PYTHIAS (Angantyr) model in
rapidity intervals 0 < y < 0.3 (left plot) and -0.3 < y < 0 (right plot) in 0-100%
multiplicity class for p-Pb collision at \/syy = 5.02 TeV. The bottom panels show
the ratios of various models to data. The bands around one correspond to the
statistical and systematic uncertainties on the measured data points.
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10% (40-100%) multiplicity class for ¢ mesons. The contribution of the extrapolated
yield at low py is the same for all rapidity intervals. The contribution of the yield in
the unmeasured region at high pr ( pp >16 GeV/c) is negligible for ¢ mesons. The
difference between the extrapolated yield contribution at low pp obtained with dif-
ferent fitting functions (i.e. mp—exponential, Bose-Einstein and Boltzmann-Gibbs
Blast-Wave function) and that obtained with the default Levy-Tsallis function is

included in the systematic uncertainties.

Figure [4.23] shows dN/dy (left panel) and (py) (right panel) of ¢ mesons as
a function of rapidity (y) for minimum bias p-Pb collisions at ,/syy = 5.02 TeV.
The central values of the dN/dy of ¢ mesons decrease slightly from the rapidity
interval -1.2 <y < -0.9to 0 < y < 0.3 even though within the systematic uncertain-
ties all the data points are compatible among each other. Nevertheless, considering
that the systematic uncertainties are mostly correlated among the rapidity inter-
vals, the measured dN/dy values suggest a decreasing trend with increasing y in
the rapidity interval covered by the measurement. The (py) shows a constant be-
haviour as a function of rapidity for ¢ mesons. The measured dN/dy and (pr) are
compared with the model predictions from EPOS-LHC, EPOS3 with and without
UrQMD, DPMJET, HIJING and PYTHIAS(Angantyr) are shown in Fig. [£.23] In
general, the models show a similar trend with rapidity as the data except for cal-
culations from EPOS3 with and without UrQMD for (pr) that show a decreasing
trend with rapidity. All the model predictions discussed above underpredict the
(pr) of ¢ mesons. EPOS-LHC model (pr) is more closer to the data than the other
models. For dN/dy, EPOS-LHC and DPMJET models better describe the data.
PYTHIA8(Angantyr) model underpredict the ¢ yield, whereas HIJING and EPOS3

overpredict the measured ¢ mesons yield.

Figure shows the dN/dy (left panel) and (pr) (right panel) of ¢ mesons
as a function of rapidity (y) in pPb collisions at /sy = 5.02 TeV for various mul-
tiplicity classes. The dN/dy and the (pr) increase with multiplicity for a given
rapidity interval. The dN/dy shows a weak rapidity dependence with large un-
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Figure 4.23: The pt integrated yield (dN/dy) (left panel) and mean transverse
momentum ((pr)) (right panel) for ¢ meson as a function of y measured for
the multiplicity class 0-100% in pPb collisions at ,/syy = 5.02 TeV. The predic-
tions from EPOS-LHC, EPOS3 with and without UrQMD, DPMJET, HIJING and
PYTHIA8(Angantyr) are shown as different curves. The statistical uncertainties
are represented as bars whereas the boxes indicate total systematic uncertainties

on measurements.

certainties, and suggests a more pronounced dependence for events in the highest
multiplicity class (0-10%). The (pr) shows a flat behavior as a function of rapidity
for all multiplicity classes in the measured rapidity interval. Similar behavior in the
average transverse kinetic energy ((KEr) = (mrp) —m, where my = \/m) as

a function of rapidity for strange hadrons was reported in [3].

In order to investigate in more detail the dependence of dN/dy and (py) for
¢ mesons in the multiplicity class 0 to 100%, the dN/dy and (py) values in a given
rapidity interval are divided by the corresponding values at y = 0, as shown in
Fig. 4.25. The dN/dy and (pr) value at y = 0 is computed from the py spectrum
measured in the rapidity interval -0.3 < y < 0.3. For systematic uncertainties the
ratio is obtained for each systematic variation and the difference with respect to
default case is taken in systematic uncertainty. The systematic uncertainties on
these ratios were estimated by studying the effects of the variations directly on the
ratios in similar way as discussed in [4.5.3. Since some of the systematic uncer-

tainties are correlated across rapidity bins, these ratios have a smaller systematic
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Figure 4.24: The pr integrated yield (dN/dy) (left panel) and mean transverse
momentum ((p)) (right panel) for ¢ meson as a function of y measured for the
multiplicity classes 0-10%, 10-40% and 40-100% in pPb collisions at ,/syy = 5.02
TeV. The statistical uncertainties are represented as bars whereas the boxes indicate
total systematic uncertainties.

uncertainties than those on the dN/dy and (pr) and so provide more insight into
y dependence. The ratio (dN/dy)/(dN/dy),—¢ decreases with rapidity, whereas
(pr))/{DT)y=0 Shows a flat behavior within uncertainties as a function of rapidity

for ¢ mesons. The measurements are also compared with various model predictions

as shown in Fig.

For (dN/dy)/(dN/dy),—o, all models except EPOS3 and DPMJET explain
the data. EPOS3 explains the data except in -1.2 < y < -0.9 rapidity region.
For (pr)/(pr)y—0, HIJING(with and without shadowing) explains the data, whereas

other models do not describe the data towards the negative rapidity region.

Similar studies of the ratio (pr)/(pr) =0 of charged hadrons in pPb collisions at
V5nn = 5.02 TeV compared with the predictions of hydrodynamics and color-glass
condensate (CGC) model were reported in [17]. Predictions from hydrodynamic
calculations show a decrease in (pr) with rapidity, whereas CGC predicts an increase

in (pp) with rapidity [17], while the data are flat within uncertainties.
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Figure 4.25: The pt integrated yield (dN/dy) (left panel) and mean transverse
momentum ({pr)) (right panel) for ¢ meson as a function of y, divided by the
dN/dy and (pt) at y = 0 measured for the multiplicity class 0-100% in pPb col-
lisions at \/syy = 5.02 TeV. The predictions from EPOS-LHC, EPOS3 with and
without UrQMD, DPMJET, HIJING and PYTHIA8(Angantyr) are shown as differ-
ent curves. The statistical uncertainties are represented as bars whereas the boxes

indicate total systematic uncertainties.

4.6.3 Rapidity asymmetry

The rapidity asymmetry (Y,om) of ¢ mesons is measured from the pr spectra in
the rapidity interval -0.3 < y < 0 and 0 < y < 0.3, as defined by equation
Figure shows the Y, of ¢ mesons as a function of pr for various multiplicity
classes in the rapidity interval 0 < |y| < 0.3 in p-Pb collisions at |/syy = 5.02 TeV.
The Y,qym values deviate from unity at low pp ( < 5 GeV/c), suggesting the presence
of a rapidity dependence in the nuclear effects. The deviations are more significant
for events with high multiplicity. The Y,,,,, values are consistent with unity at high
pr ( >5 GeV/c) for all multiplicity classes, suggesting the absence of nuclear effects
at high pp for the production of ¢ mesons in pPb collisions. Similar results have
been reported for charged hadrons, pions, and protons in dAu collisions at /sxn
= 200 GeV by the STAR Collaboration 18] and for charged hadrons and multi-
strange hadrons in pPb collisions at |/syy = 5.02 TeV by the CMS Collaboration

as discussed in [3}|12].
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Figure 4.26: Rapidity asymmetry (Y,qm) of ¢ meson production as a function of
pr in the rapidity interval 0 < |y| < 0.3 for various multiplicity classes in p-Pb
collisions at /syny = 5.02 TeV. The statistical and systematic uncertainties on the
measurements are represented as bars and boxes, respectively.

Y,

asym Measurements for ¢ mesons are shown in Fig. as a function of

pr in minimum bias events (0-100%) compared to predictions from EPOS-LHC,
DPMJET, HIJING with and without shadowing, PYTHIA8(Angantyr), and EPOS3
with and without UrQMD. The HIJING with and without shadowing, and the
EPOS3 with and without UrQMD describe the measured Y, at low pp within
uncertainties, but they overestimate it at high py, predicting an increasing trend
despite the observations which are consistent with a flat or decreasing trend. EPOS-
LHC, PYTHIA8(Angantyr) model predictions at mid pp and DPMJET at high pr

are in agreement with the data within uncertainties.

4.6.4 Nuclear modification factor

The nuclear modification factor (Qcp) is defined as the ratio of ¢ meson yields in

high multiplicity (central) to that in low multiplicity (peripheral) class, normalized
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Figure 4.27: The comparison of Y, ., for ¢ meson production as a function of py
in the rapidity interval 0 < |y| < 0.3 with the model predictions from EPOS-LHC,
EPOS3, HIJING, DPMJET and PYTHIAS (Angantyr) for p-Pb collisions at /sy
= 5.02 TeV. The data points are shown with blue marker, and model predictions are
shown by different color bands, where bands represent the statistical uncertainty
of the model. The statistical and systematic uncertainties on the data points are
represented as bars and boxes, respectively.
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with corresponding (N,p) as described by equation [4.2]

Figure shows the Qcp of ¢ mesons as a function of pr for 0-10%/40-100%
(solid marker) and 10-40%/40-100% (open marker) in five rapidity interval within
the range -1.2 < y < 0.3 for p-Pb collisions at ,/syy = 5.02 TeV. An enhancement
at intermediate py (2.2 < pp < 5.0 GeV/¢), reminiscent of the Cronin effect, is seen.
This enhancement is more pronounced at high negative rapidities, i.e. in the Pb
going direction, and for high multiplicity events. The more pronounced Cronin-like
enhancement for the 0-10% multiplicity class suggests that the multiple scattering
effects are more relevant for high multiplicity (central) collisions. At high pr (>5
GeV/c), the Qcp values are greater than unity, which is a known feature of Q,py,
and (Qcp when the centrality or multiplicity classes are defined with the VO detector,

and it is interpreted as a selection bias due to the multiplicity estimator [19)].
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Figure 4.28: The Qcp of ¢ mesons as a function of pp for 0-10%/40-100% (solid
circles) and 10-40%/40-100% (open circles) in various rapidity intervals within the
range -1.2 < y < 0.3 in p-Pb collisions at /syy = 5.02 TeV. The statistical and
systematic uncertainties on the data points are represented as bars and boxes,
respectively.

In order to quantify the rapidity dependence of the nuclear modification factor
Qcp, we plotted the Qcp values of ¢ mesons for intermediate pr (2.2 < pr < 5.0
GeV/c) as a function of rapidity in Fig. 4.29, The values of Qcp at intermediate

pr show a faster decrease from the rapidity interval -1.2 < y <-09 to 0 < y <
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0.3 for 0-10%/40-100% than for 10-40%/40-100%, indicating a stronger rapidity
dependence of the Cronin-like enhancement in events with high multiplicity. The
stronger rapidity dependence for 0-10%/40-100% can be inferred from the slope
parameter (m) of the linear function fit to the Qcp of ¢ mesons reported in Fig.
The bottom panel of the Fig. shows the decreasing trend of the double ratio
(ratio of 0-10%/40-100% to 10-40%/40-100%) as function of y, which also indicate
the stronger rapidity dependence for 0-10%/40-100%. A similar conclusion on the 5
dependence of nuclear modification factors of charged hadrons was reported by the

BRAHMS Collaboration [20)].
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Figure 4.29: The Qcp of ¢ meson as a function of rapidity for 0-10%/40-100%
(solid circles) and 10-40%/40-100% (open circles) in p-Pb collisions at /sy =
5.02 TeV. The solid and doted lines represents the linear fit to data. The statistical
and systematic uncertainties on the data points are represented as bars and boxes,
respectively.

4.7 Summary

The transverse momentum differential yields of ¢ mesons have been measured in the

rapidity interval -1.2 < y < 0.3 for various multiplicity classes over the transverse
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momentum range 0.8 < pr < 16 GeV/c in p-Pb collisions at ,/syy = 5.02 TeV with
the ALICE detector. The pt spectra of ¢ mesons show a multiplicity and rapidity
dependence at low pr, whereas the spectral shapes are similar for all multiplicity
classes and rapidity intervals at high pr (> 5 GeV/c). This suggests that nuclear
effects influence ¢ meson production at low pp. The (dN/dy)/(dN/dy),—, ratios
decreases with increasing rapidity in the measured interval -1.2 < y < 0.3, whereas
the average transverse momentum ((pr)) and the (pr)/(pr),—o ratios show a flat be-
havior for ¢ mesons. The rapidity dependence of dN/dy, (pr) and their ratios with
respect to the corresponding values at y = 0 are compared with model predictions for
minimum bias events. The EPOS-LHC model, which includes parameterized flow,
is the one that provides the best description for the magnitude of ¢ meson dN /dy
and (pr), whereas HIJING predictions are the ones in closest agreement with the
measured rapidity dependence, which is studied via the ratios (dV/dy)/(dN /dy),—o
and (pr)/(pr)y—o- The Y, ratios for ¢ mesons as a function of pr show deviations
from unity at low pp for high multiplicity events, while, their values are consistent
with unity within uncertainties at high p in the measured multiplicity and rapid-
ity intervals. The measured deviations of Y,q., from unity at low pr suggest the
presence of rapidity dependent nuclear effects such as multiple scattering, nuclear
shadowing, parton saturation, and energy loss in cold nuclear matter. None of the
models presented here is able to describe the Y., of ¢ mesons at low pp. The
nuclear modification factor for central with respect to peripheral collisions QQcp for
¢ mesons as a function of pp show an enhancement, with a maximum around py
= 3 GeV/c, suggestive of the Cronin effect. This Cronin-like enhancement is more
pronounced for large negative rapidities (in the Pb-going direction) and for more
central (higher multiplicity) collisions. The measurements reported in this chapter
suggest that nuclear effects play an important role in particle production in p-Pb
collisions at the LHC energies and they will contribute, along with previous and
upcoming measurements of other hadron species, to constrain models and event

generators.
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Chapter 5

Summary

CERN’s main objective since its inception was to understand the physics behind the
universe creation and how it is evolving with time. Felix Bloch, then the Director-
General of CERN, laid the first foundation stone of the CERN laboratory in July
1955. Since its inception, CERN has made numerous breakthroughs, both in par-
ticle physics and technology. The ALICE collaboration, which is a part of the
CERN collaboration, is focused on studying the physics of strongly interacting mat-
ter (QGP) with the highest energy density ever measured in a laboratory. An
intensive study of the production of hadrons in heavy-ion collisions is ongoing to
understand Quark-Gluon-Plasma (QGP) properties. Asymmetric collision systems
such as proton-nucleus (p-Pb), where the formation of the QGP phase is not ex-
pected can be used to study the possible effects of cold nuclear matter. A study
of the production of hadrons (which differ in properties such as mass, charge, spin
and lifetime) in different collision systems and energies will provide new insights
into particle production mechanisms. In this thesis, we have reported the first mea-
surements of ¢ meson productions in mid-rapidity (-0.5 < y < 0) p-Pb collisions at
center of mass energy /syy = 8.16 TeV [1] with ALICE at the LHC. The measure-
ments are performed in various multiplicity classes (0-5%, 5-10%, 10-20%, 20-40%,
40-60%, 60-80%, 80-100% and 0-100%), selected based on the total charge deposi-

tion in the VOA detector. The ¢ resonance has net spin-zero and a lifetime of the
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order of 1072 s. The resonances are short-lived particles. The lifetimes of various
resonances are comparable to the evolution time of dense matter to the hadronic
final state and can be used to probe the matter at different stages of evolution. As
the ¢ meson has strange quark and antiquark, its study will help to understand the
strangeness production in small systems like p-Pb. The inclusive study of hadrons
as a function of multiplicity in p-Pb collisions will help to understand the particle
production mechanism from pp to Pb-Pb collisions.

The ¢ meson results including the transverse momentum spectra, integrated yield,
mean transverse momentum, zt scaling and nuclear modification factor in p-Pb
collisions at /syy = 8.16 TeV are discussed in this thesis. The NSD spectra is com-
pared with the predictions from the EPOS-LHC, HIJING and DPMJET models.
The EPOS-LHC model including effects of the hadronic phase describes the NSD
spectrum quantitatively well in full pp range in comparison to the DPMJET and HI-
JING model predictions. Both DPMJET and HIJING models overpredict the data
at low pr and underpredict the data at high py. The NSD spectrum of ¢ mesons
at /sy = 8.16 TeV is compared with NSD spectrum at /sy = 5.02 TeV. The
differential yield ratio between these two energies are also compared with the pre-
dictions from EPOS-LHC, HIJING and DPMJET models. The ratio is independent
at low pr (< 1 GeV/c) within systematic uncertainty and its value is close to one.
It suggests that the particle production in the soft scattering region is not strongly
dependent on collision energy. The slope of the differential yield ratios increases as
a function of pr for pr > 1 GeV/c. Similar behavior is also observed in pp colli-
sions [2]. The pr differential yield ratios obtained from EPOS-LHC, DPMJET, and
HIJING are consistent with the measurements within the systematic uncertainties
and reproduce the energy dependence trend for ¢ in p-Pb collisions. The ratios of pp
spectra in various multiplicity classes to the pr spectrum for NSD events show that
at low pr (< 4 GeV/c), the slopes of the pr spectra increase from low to high multi-
plicity classes, whereas the spectral shapes are similar at high p for all multiplicity
classes. This indicates that the processes like radial flow, which lead to a change in

the shape of the pr spectra for various multiplicity classes, dominate mainly at low
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pr. The pr-integrated yields and mean transverse momentum ({pr)) extracted from
the pr spectra shows increasing trend with charged particle multiplicity. The (py)
of ¢ mesons seems to be saturated at high charged particle multiplicity. The dV/dy
and (pp) measurements are compared with other ALICE measurements in pp colli-
sions at /s = 7 and 13 TeV [3,4], in p-Pb collisions at /sy = 5.02 TeV [5], and in
Pb-Pb collisions at 2.76 TeV and 5.02 TeV [6-8]. The multiplicity scaled integrated
yields (dN /dy/(dNg,/dn),<05) evolve smoothly as a function of multiplicity from
pp, p-Pb to Pb-Pb collision systems. For similar (dN,/dn), <5, these values are
consistent within uncertainties for different colliding systems and at various LHC
energies. This indicates that the event multiplicity drives the resonance production,

irrespective of the colliding systems and energies.

It is observed that the (pr) is increasing faster for pp and p-Pb than Pb-Pb
collisions, and for a common multiplicity coverage, the values of (pr) in pp and
p-Pb are larger than Pb-Pb collisions. At similar multiplicity, the difference in (py)
values among Pb-Pb, p-Pb, and pp collisions indicate that the geometry of collisions
and dynamics of systems are different. The p-Pb measurements are important as
it is shown that (pr) of charged hadrons as a function of multiplicity shows similar
behavior as pp in low multiplicity, whereas it seems to approach a similar but less
prominent trend of saturation as Pb-Pb at high multiplicity. The model comparison
to p-Pb data shows that EPOS-LHC describes the increasing trend of (pr) with
multiplicity for ¢, and it gives a better agreement for ¢ to higher multiplicity values.
DPMJET and HIJING models fail to describe the observed trend in (py) for ¢ and

they underpredict the data for all multiplicities.

Invariant cross section of particle production have been found to follow a uni-
versal scaling at high py, which is known as zr scaling. In this thesis, first time the
validity of xp scaling is tested for ¢ mesons in p-Pb collisions at LHC energies are
reported. The invariant cross sections were determined from the measured invari-
ant yield as Ed2a/ d’p = oy Ed2a/ d®p, where 0y, is the inelastic cross section
in pp collisions. At fixed xy , the invariant cross section scales as p7p, where the

exponent of scaling n depends on z and /syy. A universal xp scaling for ¢ is well
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satisfied (within roughly 20%) in the hard scattering region (at z > 107°) of the
particle production. The obtained value of exponent (n = 5) is lower compared to
that at RHIC energies which suggests the increasing contribution of hard scattering
processes at higher |/syy. Furthermore, the value of exponent n in p-Pb collisions
for ¢ is compatible with those in pp collisions for 7=, K= and K* suggesting that

the high p particle production mechanism is similar in both the collision systems.

The nuclear modification factor (R,py,) is reported here to understand the nu-
clear effects in p-Pb collisions. If the nuclear modification factor is unity, it suggests
that nuclear collisions is an incoherent superposition of nucleon-nucleon collisions.
In the absence of the availability of ¢ measurements at center of mass energy /s
= 8.16 TeV in pp collisions, the reference pr spectra are obtained from the mea-
sured pr spectra at /s = 8 TeV [9] using simulation approach with PYTHIA 8.23.
Cronin-like enhancement is observed in R,p;, values (above unity) at intermediate
pr (2 < pr < 8 GeV/c) region in p-Pb collision at /sy = 8.16 TeV. The ¢ meson
R,py, in p-Pb collisions at /sy = 8.16 TeV and 5.02 TeV are comparable and no
energy dependence is observed in R,p,. The R, pj, of ¢ mesons is compared with
that of K*, 7, K, p, E and Q particles. At intermediate pr, R,py, shows Cronin-like
enhancement, which is more pronounced for baryons having higher mass. The re-
sults are consistent with the observation reported by CMS [10] and hydrodynamical
expectation of radial flow [11]. It is also observed that the R p, of ¢ meson is smaller
than that of proton inspite of similar masses, which may indicate baryon-meson or-
dering. So, along with the presence of strong radial low component, there are other
effects like different production mechanism of baryons and mesons which are affect-
ing the R,p;, in intermediate pr region. At high pr (> 8 GeV/c), the R p;, values
of all particles are consistent with unity within the uncertainties in p-Pb collisions
at /syn = 5.02 and 8.16 TeV which suggests that there is no modification in R,py,
at high p.

In p-Pb collisions, it can be expected that the production mechanism will be
sensitive to different effects at forward (p-going) and backward (Pb-going) rapidi-

ties. The transverse momentum spectra of ¢ mesons have been measured in five
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rapidity intervals (-1.2 < y < -0.9, -0.9 < y < -0.6,-0.6 <y < -0.3,-03 <y <0
and 0 < y < 0.3) in range -1.2 < y < 0.3 for various multiplicity classes (0-10%,
10-40%, 40-100% and 0-100%) over the transverse momentum range 0.8 < pp < 1.6
GeV/c in p-Pb collisions at /syy = 5.02 TeV with ALICE detector at the LHC.
The pt spectra of various rapidity intervals are compared with the spectra in ra-
pidity interval 0 < y < 0.3 for various multiplicity classes. It is observed that the
¢ meson production is higher in Pb-going direction (y < 0) than p-going direction
(y > 0). The pr spectra of ¢ mesons show a multiplicity and rapidity dependence
at low pr, whereas the spectral shapes are similar for all multiplicity classes and
rapidity intervals at high py (> 5 GeV/c). This suggests that nuclear effects in-
fluence ¢ meson production at low pp. The minimum bias (0-100 %) ¢ mesons
spectra in various rapidity intervals are compared with the predictions from EPOS-
LHC, HIJING with and without shadowing, DPMJET, EPOS3 with and without
UrQMD and PYTHIA8/Angantyr models. The EPOS-LHC model describes the
measurements better than the other mentioned models in full pt region. Integrated
yield (AN /dy) and mean transverse momentum ((py)) shows increasing trend with
multiplicity classes for a given rapidity interval. The results are consistent with the
previous measurements in p-Pb collisions from the ALICE. The dN/dy shows a less
pronounced decreasing trend with rapidity in high multiplicity classes. Although the
dN /dy looks similar across rapidity within systematic uncertainty. The (p) shows
flat behavior with rapidity across all multiplicity classes. Similar behavior in the
average transverse kinetic energy as a function of rapidity for strange hadrons was re-
ported in [12]. The dN/dy and (py) in minimum bias (0-100%) events are compared
with the predictions from EPOS-LHC, HIJING with and without shadowing, DPM-
JET, EPOS3 with and without UrQMD and PYTHIA8/Angantyr models. EPOS3
with and without UrQMD shows a decreasing trend of (pr), whereas all other mod-
els show a similar trend as data. The EPOS-LHC and DPMJET model predictions
for ¢ mesons dN/dy are closer to data and EPOS-LHC model better describes the
(pr) than the other models.

The (dN/dy)/(dN/dy),—¢ and (pr)/{(pr),—0 ratios are measured in O0-
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100% multiplicity class to quantify the rapidity dependence. The ratio
(dN/dy)/(dN /dy),—o decreases with rapidity, whereas (pr)/(pr),—o shows a flat
behaviour within uncertainties as a function of rapidity for ¢ mesons. The
measurements are compared with the predictions from EPOS-LHC, HIJING
with and without shadowing, DPMJET, EPOS3 with and without UrQMD and
PYTHIAS/Angantyr models. The predictions from HIJING qualitatively repro-
duce the trend and are the closest to the measurements. The predictions from
PYTHIAS/Angantyr, DPMJET, EPOS-LHC, EPOS3 with and without UrQMD
show a decreasing trend of (dN/dy)/(dN/dy),— with increasing y, but the rapidity
dependence is less pronounced than that in the measured data. The EPOS3 with
and without UrQMD, overestimates the measurements at the low y and predicts a
decreasing trend of (pr)/(pr),—o With rapidity, which is not supported by the data.
The HIJING model predicts a slightly decreasing (pr)/(pr),—0 With increasing ra-
pidity, while PYTHIA8/Angantyr, DPMJET, and EPOS-LHC predict a slightly
increasing trend. Hydrodynamic calculations suggests a decreasing trend in (py)

with rapidity, whereas CGC predicts an increasing trend in (pr) with rapidity [13].

The rapidity asymmetry (Y,q,) which is the ratio of yield in rapidity interval
-0.3 <y < 0 to that in 0 < y < 0.3 is measured for ¢ meson for various multiplicity
classes in p-Pb collisions at /syy = 5.02 TeV. The Y, is observed at low pr (< 5
GeV/c), suggesting the presence of nuclear effects. At high pr (> 5 GeV/c) for all
multiplicity classes and in 40-100% multiplicity class the ¢ mesons Y, values are
consistence with unity within uncertainty, suggesting the absence of nuclear effects
at high pr and low multiplicity class (40-100 %) in p-Pb collisions. The Yy, in
minimum bias events (0-100%) are compared with the predictions from EPOS-LHC,
HIJING with and without shadowing, DPMJET, EPOS3 with and without UrQMD
and PYTHIA8/Angantyr models. The HIJING and EPOS3 models describe the
Y,sym at low-pp and overestimate the data at high pp. The DPMJET model describes

the Y,

asym at high pp within uncertainties. None of the above mentioned models

describe the data in the full pt range.

The nuclear modification factor (Qcp) of ¢ meson is studied for various rapid-
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ity intervals in the range -1.2< y < 0.3 for 0-10%/40-100% and 10-40%/40-100%
multiplicity classes in p-Pb collisions at /sy = 5.02 TeV. The Cronin-like effects
are observed at intermediate pp region (2.2 < pp < 5 GeV/c) for ¢ mesons for the
Qcp- The Cronin-like effects are more pronounced at high negative rapidity (Pb-
going direction) and for high multiplicity events. It suggests that multiple scattering
effects are more relevant for high multiplicity collisions. At high pp (> 5 GeV/¢),
the Qcp values are higher than unity, which is a known feature of Q,py, and Qcp
when the centrality or multiplicity classes are defined with the VO detector, and it
is interpreted as a selection bias due to the multiplicity estimator [14]. The Qcp
values at intermediate pp region show a faster decrease as a function of rapidity at

0-10%/40-100% than 10-40%/40-100% multiplicity classes.

The further study of ratios of ¢ mesons yield to the stable particles yields
such as kaons and pions will shed light on the re-scattering/regeneration effects
and strangeness enhancement in p-Pb collisions at /syy = 8.16 TeV. The compar-
ison of mean transverse momentum with other hadrons will help to understand the
mass ordering and baryon-meson splitting mechanism. Further study of the rapid-
ity asymmetry of other hardons will help to understand the nuclear effects in p-Pb
collisions. The ¢ mesons Q)cp shows rapidity dependent Cronin-like enhancement,
further study of QQcp for other hadrons, at higher energy and rapidity will help to
understand the various nuclear phenomena. Since most of the studied models do not
describe the ¢ meson rapidity asymmetry measurements, this study highlights the
need for further theoretical or phenomenological research to understand the physics

of p-Pb collisions.
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Appendix A

A.1 Invariant mass distributions

The Invariant mass distributions (Mgg) of unliked charged KK pairs in different
pr bins at mid rapidity -0.5 < y < 0 for various multiplicity classes 0-5%, 5-10%,
10-20%, 20-40%, 40-60%, 60-80%, 80-100% and 0-100% p-Pb collisions at \/syy =
8.16 TeV are shown in the Fig. to Fig. :
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Figure A.1: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 0-5% in p-Pb collisions at /sy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.

%
S

o

Counts/(1Mev/c?)

!
°8 o

28<p, <3

S
3

52 om0

Inv. mass( GeV/c?)

@
3

=]
3

@
S

45<p, <50

60

10)

098 T 1.027.047.06108 1.1 11
Inv. mass( GeV/c?)

8.0<p, <10,

’ J
@551 1:057.041.061.08 14 1.1
Inv. mass( GeV/c®)

30<p <35

Wi

0. TG T O T T o8 T

Inv. mass( GeV/c?)

50<p, <6

|
& i

Inv. mass( GeV/c®)

10.0<p, <12
T
B

Inv. mass( GeV/c®)

35<p, <4

@
2

@
3

Counts/(1Mev/c®)
2
8

|
5 Wfﬂ

Inv. mass( GeV/c®)

60<p <7

Pos T T TOsTOE T T
Inv. mass( GeV/c?)

120<p, <164

8
6
4
2
@981 170271.047:06 1.08 1.1 1-1
Inv. mass( GeV/c)

40<p <4

RN
Inv. mass( GeV/c?)

7.0<p, <8

EEEEEEFE

’ + t #Hjﬁﬁj

@55 1105704106 7.08 14 1.1¢
Inv. mass( GeV/c®)

Figure A.2: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 0-5% in p-Pb collisions at /sy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
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Figure A.5: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 10-20% in p-Pb collisions at ,/syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure A.6: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 10-20% in p-Pb collisions at /syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure A.7: Invariant mass distribution My after mixed-event background sub-
traction in various pr bins for multiplicity class 20-40% in p-Pb collisions at ,/syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure A.8: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pr bins for multiplicity class 20-40% in p-Pb collisions at /syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure A.9: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 40-60% in p-Pb collisions at /syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.

Figure A.10: Invariant mass distribution Mk after mixed-event background sub-
traction in various pp bins for multiplicity class 40-60% in p-Pb collisions at ,/syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure A.11: Invariant mass distribution Mgy after mixed-event background sub-
traction in various pr bins for multiplicity class 60-80% in p-Pb collisions at ,/syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
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Figure A.12: Invariant mass distribution Mgy after mixed-event background sub-
traction in various pr bins for multiplicity class 60-80% in p-Pb collisions at /syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
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Figure A.13: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 80-100% in p-Pb collisions at |/syN
= 8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd

order polynomial function.
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Figure A.14: Invariant mass distribution Mk after mixed-event background sub-
traction in various pr bins for multiplicity class 80-100% in p-Pb collisions at /sy
= 8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
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Figure A.15: Invariant mass distribution Mgy after mixed-event background sub-
traction in various pr bins for multiplicity class 0-100% in p-Pb collisions at ,/syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure A.16: Invariant mass distribution Mgy after mixed-event background sub-
traction in various pr bins for multiplicity class 0-100% in p-Pb collisions at ,/syy =
8.16 TeV in rapidity interval -0.5 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.



Appendix B

B.1 Invariant mass distributions

The Invariant mass distributions (Mggk) of unliked charged KK pairs in different
pr bins for various multiplicity classes 0-100%, 0-10%, 10-40% and 40-100% p-Pb
collisions at /syny = 5.02 TeV in the rapidity region -1.2 < y < 0.3 are shown in

the Fig. [B.1 to Fig. .

B.2 Efficiency X Acceptance

The Efficiency x Acceptance as a function of pp for various rapidity interval in
rapidity range -1.2 < y < 0.3 for multiplicity class 0-100% in p-Pb collisions at
V5nn = 5.02 TeV are shown in Figs. @ The Efficiency x Acceptance is fitted
by a sigmoid function(a/(1+exp(-b(pr-c)))) (red line).
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Figure B.1: Invariant mass distribution My after mixed-event background sub-
traction in various pp bins for multiplicity class 0-100% in p-Pb collisions at /SN
= 5.02 TeV in rapidity interval 0 < y < 0.3. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure B.2: Invariant mass distribution Myk after mixed-event background sub-
traction in various pr bins for multiplicity class 0-100% in p-Pb collisions at ,/syy =
5.02 TeV in rapidity interval -0.3 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure B.3: Invariant mass distribution Myk after mixed-event background sub-

traction in various pr bins for multiplicity class 0-100% in p-Pb collisions at /sy
= 5.02 TeV in rapidity interval -0.6 < y < -0.3. The signal peak is fitted by a

Voigtian function (blue line) and the

order polynomial function.
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Figure B.4: Invariant mass distribution Myk after mixed-event background sub-

traction in various pr bins for multiplicity class 0-100% in p-Pb collisions at /sy
= 5.02 TeV in rapidity interval -0.9 < y < -0.6. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd

order polynomial function.
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Figure B.5: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 0-100% in p-Pb collisions at /SN
= 5.02 TeV in rapidity interval -1.2 < y < -0.9. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.6: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 0-10% in p-Pb collisions at /snyN
= 5.02 TeV in rapidity interval 0 < y < 0.3. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure B.7: Invariant mass distribution Myk after mixed-event background sub-
traction in various py bins for multiplicity class 0-10% in p-Pb collisions at |/syy =
5.02 TeV in rapidity interval -0.3 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order

polynomial function.
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Figure B.8: Invariant mass distribution Myk after mixed-event background sub-
traction in various pp bins for multiplicity class 0-10% in p-Pb collisions at /syN
= 5.02 TeV in rapidity interval -0.6 < y < -0.3. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd

order polynomial function.
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Figure B.9: Invariant mass distribution My after mixed-event background sub-
traction in various pp bins for multiplicity class 0-10% in p-Pb collisions at /sy
= 5.02 TeV in rapidity interval -0.9 < y < -0.6. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.10: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 0-10% in p-Pb collisions at /snyN
= 5.02 TeV in rapidity interval -1.2 < y < -0.9. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.11: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pr bins for multiplicity class 10-40% in p-Pb collisions at ,/syN
= 5.02 TeV in rapidity interval 0 < y < 0.3. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure B.12: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pr bins for multiplicity class 10-40% in p-Pb collisions at ,/syy =
5.02 TeV in rapidity interval -0.3 < y < 0. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure B.13: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 10-40% in p-Pb collisions at /SN
= 5.02 TeV in rapidity interval -0.6 < y < -0.3 The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.14: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 10-40% in p-Pb collisions at ,/syN
= 5.02 TeV in rapidity interval -0.9 < y < -0.6. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.15: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pr bins for multiplicity class 10-40% in p-Pb collisions at ,/syN
= 5.02 TeV in rapidity interval -1.2 < y < -0.9. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.16: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pr bins for multiplicity class 40-100% in p-Pb collisions at |/syN
= 5.02 TeV in rapidity interval 0 < y < 0.3. The signal peak is fitted by a Voigtian
function (blue line) and the residual background (cyan doted line) of 2nd order
polynomial function.
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Figure B.17: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 40-100% in p-Pb collisions at /sy
= 5.02 TeV in rapidity interval -0.3 < y < 0. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.

08<p_<15(GeVic) 15<p_<22(GeVic) 22<p_<3.0(GeVic)
T T 7438171 T % Tndr 76960 T % Tndr 1503/ 75
— P o Frob e |~ Frob Sosse 07
o . o ey E o :
$5000F o 101550000 $5000F " 101650000 24000 " 102000
Soooof- % oooniTr £ ooots 5 % oonnisi < oooonzs 000 % ooors2 £ oooma
7239 £ 6221 20000F P4 17620404 + 1.1576403 o4 4466 +
25000F o Tast 60 - 55 17080004 1 1 re80st0 Fo000f o nras sant
“B5000F “BB000F
€ €
000F 36000F
o O4000F
5000f 2000k
] Of -7 P, of ~== A S o]
| | S T | AN
0.98 1 1.02 104 1.06 108 1.1 1 0.98 1 1.02 104 1.06 108 1.1 1 0.98 1 1.02 104 1.06 108 1.1 1
My ( GeVic?) My ( GeVic?) My ( GeVic?)
3.0<p_ <40 (GeVic) 4.0<p_ <50 (GeVic) 50<p_ <6.0 (GeVic)
T T 286775 T ) 205775 T 32 ol B 75
= X o ~ o 7 —~ B 01819
7000 o] Lol g e woite || <% soof W Ges0 01
S6000F il 1022000 S2000F il 102+ 000 = Pt 1.02 £0.00
o2 o2 0.001241 + 0.000040 2 P2 0001355 + 0.000059 P2 0.00162+0.00010
=5000F o 1176 2664 = ps 4197+ 1359 = 600 P4 851
2 o 10t 2700 Z1500F o sse - 1300 = o5 21692660
FH000F ES 2 400F
S3000f § 000) é
Spooop 8 500k 8 200F
1000F \
e of 4
ok - PN oF At oWM"\M\M
= L L L SN L 1= L L L SN L = L T, L SN L
098 1 102 1.04 106 108 14 1. 098 1 102 1.04 106 108 14 1. 098 1 102 104 106 108 14 1.
M,..( GeV/c?) M,..( GeV/c?) M,..( GeV/c?)
6.0 <p_<80(GeVic) 8.0<p_<16.0 (GeVic)
T FRi TITOT67 T PRIl 63775
<600 Proo ooonsas | Pro 0001567
(<} p0 4.488 0093 o 200F 0 77 £ 0.057
3 500f % ocosioooont || B 180 % oozl 00020
= ot 1220 536 S 160 s0g 279
= 400F p5 1172549 = 140 05 3997 +286
2 2 120
§ 300F 5 100)
S 200f 8 8of
h \ \ [ 60F fudh ) it
ook ) i S uh A
3
P N ) 20p L
L K- KV B N N B RN T N K P R K KR R R
M, ( GeV/c?) M, ( GeV/c?)

Figure B.18: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 40-100% in p-Pb collisions at /syN
= 5.02 TeV in rapidity interval -0.6 < y < -0.3. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.19: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pp bins for multiplicity class 40-100% in p-Pb collisions at |/syN
= 5.02 TeV in rapidity interval -0.9 < y < -0.6. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.20: Invariant mass distribution Mgk after mixed-event background sub-
traction in various pr bins for multiplicity class 40-100% in p-Pb collisions at |/syN
= 5.02 TeV in rapidity interval -1.2 < y < -0.9. The signal peak is fitted by a
Voigtian function (blue line) and the residual background (cyan doted line) of 2nd
order polynomial function.
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Figure B.21: Efficiency x Acceptance as a function of p for various rapidity interval
in rapidity range -1.2 < y < 0.3 for multiplicity class 0-100% in p-Pb collisions at
/SN = 5.02 TeV. The Efficiency x Acceptance is fitted by a sigmoid function (red

line).
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Production of K*(892)° and ¢(1020) in pp and Pb-Pb collisions at ,/syy = 5.02 TeV
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The production of K*(892)° and ¢(1020) mesons in proton—proton (pp) and lead—lead (Pb—Pb) collisions
at ./syy = 5.02 TeV has been measured using the ALICE detector at the Large Hadron Collider (LHC). The
transverse momentum (pr) distributions of K*(892)° and ¢(1020) mesons have been measured at midrapidity
(Jy] <0.5) up to pr = 20 GeV/c in inelastic pp collisions and for several Pb—Pb collision centralities. The
collision centrality and collision energy dependence of the average transverse momenta agree with the radial flow
scenario observed with stable hadrons, showing that the effect is stronger for more central collisions and higher
collision energies. The K**/K ratio is found to be suppressed in Pb—Pb collisions relative to pp collisions: this
indicates a loss of the measured K*(892)° signal due to rescattering of its decay products in the hadronic phase.
In contrast, for the longer-lived ¢(1020) mesons, no such suppression is observed. The nuclear modification
factors (Ras) of K*(892)° and ¢(1020) mesons are calculated using pp reference spectra at the same collision
energy. In central Pb—Pb collisions for pr > 8 GeV/c, the Ry, values of K*(892)° and ¢(1020) are below unity
and observed to be similar to those of pions, kaons, and (anti)protons. The R4 values at high pr (>8 GeV/c)

for K*(892)° and ¢(1020) mesons are in agreement within uncertainties for ,/syy = 5.02 and 2.76 TeV.

DOI: 10.1103/PhysRevC.106.034907

I. INTRODUCTION

Experiments at the Large Hadron Collider (LHC) at CERN
have recorded Pb—Pb collisions at the center of mass energy
/Snn = 5.02 TeV, to date the highest energy for collisions of
heavy ions, that has allowed for the creation of a long-lived,
hot, dense, and strongly interacting QCD matter [1,2]. One
of the physics interests of ALICE experiment is to study the
properties of the deconfined state of quarks and gluons (the
quark-gluon plasma, QGP) produced in the early stages of
the collision relative to the confined state of hadrons and
resonances (excited state hadrons) [3-5]. In these collisions,
several kinds of hadrons and resonances with different flavors
of valence quark content, mass, spin, and lifetime are pro-
duced. Each of these hadrons and resonances possesses unique
characteristic features that can be exploited to study the prop-
erties of the medium [6]. Strongly decaying resonances like
K*(892)° and ¢(1020) with strange valence quarks have sim-
ilar masses and spin = 1, but different lifetimes of 4.16 £
0.05 fm/c and 46.3 £ 0.4 fm/c [7], respectively. The large
difference in the lifetimes of these resonances allows one to
probe the system formed in heavy-ion collisions at different
timescales [8-22].

*Full author list given at the end of the article.
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Experiments usually measure the transverse momentum
(pr), rapidity (y), and azimuthal angle (¢) distributions of
the produced particles. Other observables are mostly derived
from these basic measurements. The total yields of the reso-
nances like K*(892)° and ¢(1020) dominantly come from the
low transverse momentum (pp < 3 GeV/c¢) particles and are
sensitive to the rescattering and regeneration processes in the
hadronic phase of the heavy-ion collisions [10,14,18,20,21].
Further, the pr-integrated yields have been used to construct
various particle ratios to understand strangeness enhancement
in high-energy collisions [10,12-14,18,19,21,23]. In the in-
termediate pr range (3—6 GeV/c), effects of radial flow and
recombination have been probed [24,25]. Different kinds of
particle ratios, particularly baryon-to-meson, have been used
to understand these dynamics [18,19,21,26-29]. At high pr,
the phenomenon of energy loss by energetic partons traversing
the dense medium formed in high-energy heavy-ion collisions
has been studied [27,30-38]. The energy loss process depends
on the initial medium density, on the lifetime of the dense
matter, on the path length traversed by the parton, and on
the quark flavor. The contributions of these parameters can be
understood by studying the identified hadron pr spectra for
various collision centralities and collision energies relative to
pp collisions.

ALICE has previously measured the K*(892)° and
¢(1020) meson production in pp and Pb-Pb collisions at
Svv = 2.76 TeV [18,21]. The low-pr physics phenomena
of rescattering of resonance decay products and regener-
ation of resonances in hadronic medium, radial flow, and
strangeness enhancement are addressed through the measure-
ments of the particle yield (dN/dy), yield ratios, and mean
transverse momentum ({(pt)). The measured (pr) in central
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Pb-Pb collisions is observed to be 15-20% higher than in
peripheral collisions and is also higher than the (pr) mea-
sured in nucleus—nucleus collisions at RHIC energies [10,12—
14], suggesting a stronger radial flow effect at the LHC. In
Ref. [27], it is shown that (pr) of 7, K, and p in central Pb—Pb
collisions is slightly higher at 5.02 TeV than at 2.76 TeV.
This effect is consistent with the presence of a stronger radial
flow at the highest collision energy in Pb—Pb collisions. The
K*(892)° and ¢(1020) resonances, having a mass similar to
the mass of the proton, can further be used to test this effect.
The pr-integrated yield of K*(892)° relative to kaons is ob-
served to be suppressed in central Pb—Pb collisions compared
to pp and peripheral Pb—Pb collisions. No such suppression
is observed for the ¢(1020) meson. This suggests that the
rescattering of the decay products of the short-lived reso-
nance K*(892)" in the hadronic phase is the mechanism that
determines the reduced measurable yield. This characteristic
is further supported by the expectations from thermal model
predictions for Pb—Pb collisions with a chemical freezeout
temperature of 156 MeV, which does not include rescattering
effect [39]. A detailed study on the energy and system size
dependence of pr-integrated particle yield ratios, K*°/K and
¢ /K is performed. For current measurements, these ratios are
calculated with the average of particle and anti-particle yields
ie. (K* +K™)/(K* + K~) and 2¢/(K* + K~), which are
denoted as K*°/K and ¢/K, respectively throughout this
paper unless specified otherwise. The reader is referred to
Ref. [22] for more elaborate discussions on the observation
of rescattering in Pb—Pb collisions, lifetime of the hadronic
phase and physics related to py dependence of particle ratios
involving K*(892)° and ¢(1020) resonances in Pb—Pb colli-
sions at \/syy = 5.02 TeV.

The comparison of K*(892)° and ¢(1020) pr distributions
to the expected pr distributions from a blast-wave function
[40] with parameters obtained from combined fits to 7%, K*,
and p(p) [41], which does not include rescattering effects,
shows a suppression of the K*(892)° yield by ~40% for
pr < 3 GeV/c. However, it is not yet established if the
observed pr-dependence of the K*(892)° suppression is only
due to the rescattering effect. No such suppression is observed
for the ¢(1020) meson, suggesting that ¢(1020) mesons typ-
ically decay outside the fireball (lifetime ~10 fm/c [42])
because of their longer lifetime.

The high-pr parton energy loss is studied by measuring the
nuclear modification factor (R44). It is defined as

1 d*N**/(dydpr)
(Taa) d?oP?/(dydpr)’

ey

Ryn =

where d*N44/(dydpr) is the yield of particles in heavy-
ion collisions and o?” is the production cross section in pp
collisions. (Taa) = (Ncon)/0inel 1s the average nuclear over-
lap function, where (N.oy) is the average number of binary
nucleon—nucleon collisions calculated using MC Glauber [43]
simulations, and oy, is the inelastic pp cross section equal to
(67.6 =0.6) mb at /syy = 5.02 TeV [27,44]. The R44 mea-
surements in Pb—Pb collisions at ,/syy = 2.76 TeV [10,31]
show that at high transverse momentum (pr > 8 GeV/c) nu-
clear modification factors for 7, K, p, K *(892)°, and $(1020)

are consistent within uncertainties. This suggests that the par-
tonic energy loss in the dense medium produced in heavy-ion
collisions does not change the relative particle abundancies
at pr > 8 GeV/c in the light quark sector (u, d, s). The
new measurements in pp and Pb-Pb collisions at ,/syy =
5.02 TeV will be useful in the study of energy dependence
of R44 and in further testing the flavor dependence of partonic
energy loss in the dense medium produced in heavy-ion colli-
sions. The centrality, collision energy and flavor dependence
of the Ry, are studied using precise measurements at the high-
est beam energy available for Pb—Pb collisions at the LHC.

In this article, K*(892)° and ¢(1020) meson production
is studied at midrapidity, |[y| < 0.5, over a wide transverse
momentum range up to 20 GeV/c in Pb—Pb and inelastic pp
collisions at ,/syv = 5.02 TeV. Throughout this article, the
results for K*(892)° and K~ (892)° are averaged and denoted
by the symbol K*°, and ¢(1020) is denoted by ¢ unless
specified otherwise. The article is organized as follows: Sec-
tion II describes the data analysis techniques, which include
the event and track selection, the technique adopted to obtain
the yields of the resonances, correction factors and systematic
uncertainties. Section III presents results related to the K*°
and ¢ meson pr spectra, yields, mean transverse momentum,
particle ratios and nuclear modification factors. A summary of
the work presented in the article is given in Sec. I'V.

II. DATA ANALYSIS

The measurements of K** and ¢ meson production in pp
and Pb—Pb collisions at ./syy = 5.02 TeV have been per-
formed on data taken with the ALICE detector in the year
2015. The resonances are reconstructed via their hadronic
decay channels, K** — 7*K¥ (B.R. = 66.6% [7]) and
¢ — KYK~ (BR. =49.2% [7]). In pp collisions, K*° and
¢ mesons are measured in inclusive inelastic events, whereas
in Pb—Pb collisions they are measured in eight collision cen-
trality classes 0-10%, 10-20%, 20-30%, 30-40%, 40-50%,
50-60%, 60-70%, and 70-80% [45].

A. Event and track selection

A detailed description of the ALICE detector can be found
in Refs. [46,47]. The measurements are obtained with the
ALICE central barrel detectors, which are located inside a
solenoidal magnet providing a magnetic field of 0.5 T, and are
used for tracking, particle identification and reconstruction of
the primary vertex. The measurements have been performed
by using central barrel detectors: the inner tracking system
(ITS), the time projection chamber (TPC), and the time-of-
flight (TOF) detector. These detectors have full azimuthal
coverage around midrapidity, at pseudorapidity || < 0.9. The
primary vertex position is determined from global tracks [47].
Global tracks are reconstructed using both the TPC and ITS,
and are used to determine the primary vertex position [47].
Events are selected according to the position of the primary
vertex along the beam axis (v;), which is required to be within
10 cm from the nominal interaction point to ensure a uniform
acceptance and reconstruction efficiency in the pseudorapid-
ity region |n| < 0.8. In addition, the difference between the
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vertices reconstructed with the two innermost layers of the
ITS and those reconstructed with global tracks (|v, Tack —
v, spp|) is required to be less than 0.5 cm. This selection is
required to reject pile-up events in pp collisions, which are
less than 1% of the overall number of events. Pb—Pb colli-
sions have negligible pile-up. A pair of scintillator arrays (VO
detector) that cover the pseudorapidity region 2.8 < n < 5.1
(VO-A)and —3.7 < n < —1.7(V0-C), is used for the interac-
tion trigger both in pp and in Pb—Pb collisions. The trigger is
defined as a coincidence between the VO-A and the VO-C. In
addition, at least one hit in the central barrel detector SPD is
required for the minimum bias trigger in pp collisions. The VO
detector signal is the total charge collected (VOM amplitude)
in the detector, which is proportional to the charged particle
multiplicity in its acceptance, and it is used to classify the
Pb—Pb events into centrality classes, defined in terms of per-
centiles of the hadronic cross section. A Glauber Monte Carlo
model is fitted to the VO amplitude distribution to compute
the fraction of the hadronic cross section corresponding to any
given range of VO amplitudes. Based on these studies, the data
are divided into several centrality classes [48]. The number
of events analyzed after the event selections are ~110 x 10°
and ~24 x 10° in minimum bias pp and Pb-Pb collisions,
respectively.

K*? and ¢ mesons are reconstructed using global tracks. To
ensure high tracking efficiency and to limit the contamination
due to secondary particles and tracks with wrongly associated
hits, global selected tracks are required to have a minimum
number of TPC hits associated to the track (70 of a maximum
of 159). The reconstructed track x> normalized to the number
of TPC clusters is required to be lower than 4. To reduce the
contamination from beam-background events and secondary
particles coming from weak decays, selection criteria on the
distance of closest approach to the primary vertex in the trans-
verse plane (DCA,,) of the selected tracks and in the beam
direction (DCA;) are applied [47]. The value of DCA,, is
required to be DCA,, (pr) < 0.0105 + 0.035p;"! cm (pr in
GeV/c) which corresponds to 7 times the DCA,, resolution,
and DCA, is required to be less than 2 cm. The pr is requested
to be larger than 0.15 GeV/c. The charged tracks are selected
within the pseudorapidity range |n| < 0.8, which ensures
uniform acceptance and the best reconstruction efficiency.
Furthermore, the charged tracks from the decay of weakly
decaying kaons are rejected.

The TPC and TOF are used to identify pions and kaons by
measuring the specific ionization energy loss (dE /dx) in the
TPC and their time-of-flight in the TOF, respectively. When-
ever the TOF information for a given track is not available,
only the TPC information is used for particle identification.
The dE /dx resolution of the TPC is denoted as orpc. For
K*9 and ¢ meson reconstruction in Pb—Pb collisions, and K *0
reconstruction in pp collisions, pion and kaon candidates are
required to have (dE /dx) within 2o7pc of the expected dE /dx
values for each particle species over the whole momentum
range. To further reduce the number of misidentified particles,
the measured time-of-flight is required not to deviate from
the expected value for each given mass hypothesis by more
than 3oror (oror =~ 60 ps) [27]. For ¢ meson reconstruction
in pp collisions, the kaon candidates are selected using the

TPC with selection criteria of 6orpc, 401pc, and 2o1pc on the
measured (dE /dx) distributions in the momentum ranges p <
0.3GeV/c,03 <p<0.4GeV/c,and p > 0.4 GeV/c, respec-
tively. In addition, a 3orop selection criterion is applied on the
time-of-flight over the measured momentum range whenever
the TOF information is available.

B. Yield extraction

The raw yields are extracted in each pr bin and centrality
class as done in previous work [18,21,49-51]. The pr spectra
for K*° (¢) mesons cover the range 0-20 GeV/c (0.4-20
GeV/c) for pp collisions. For Pb—Pb collisions, the pr spectra
of K** and ¢ mesons are measured from pr = 0.4 GeV/c
up to 20 GeV/c in all centrality classes. The K** and ¢
mesons are reconstructed via their hadronic decay channels
by calculating the invariant mass of their decay daughters. For
each event, the unlike-sign kaons and pions are paired for K*°,
and unlike-sign kaons are paired for the ¢ meson to construct
the invariant-mass distribution. The rapidity of the daughters
pair is required to lie in the range, |y] < 0.5. An event
mixing technique is used to estimate the combinatorial back-
ground where the kaons and pions from one event are mixed
with oppositely charged kaons and pions from other events.
Two events are mixed only if they have similar multiplicity
(JAn| < 5) and collision vertex (|Av,| < 1 cm). To reduce the
statistical uncertainties from the background distribution, each
event is mixed with five other events. Then the mixed-event
invariant mass distribution is normalized in the mass region
outside of the mass peak, namely 1.1 < My, < 1.15 GeV/c?
and 1.035 < Mgg < 1.045 GeV/c? for K*° and ¢ mesons,
respectively. The left panels of Figs. 1 and 2 show the in-
variant mass distributions of unlike-sign K7 and KK pairs
from the same event (black marker) and the normalized mixed
event background (red marker) for the transverse momentum
ranges 1.2 < pr < 1.6 GeV/c and 0.8 < pyr < 1.0 GeV/c,
respectively. The invariant mass distributions are shown for
the 0—10% and 70-80% centrality classes in Pb—Pb collisions.
The combinatorial background subtracted invariant-mass dis-
tributions are fitted using a combined function to describe the
signal peak and the residual background. As shown in the right
panels of Figs. 1 and 2, respectively, a Breit-Wigner function
[Eq. (2)] is used to describe the K** peak and a Voigtian
function [a convolution of a Breit-Wigner and a Gaussian
function, Eq. (3)] is used to describe the ¢ peak. A second
order polynomial is used to describe the residual background
in both cases. The residual background is what remains after
the combinatorial background subtraction and it is mainly
due to correlated pairs from real resonance decays where the
daughter particles are misidentified as K or z. The signal peak
fit functions for K** and ¢ are

AN N r o
dMgx 20 (Mgx — M) +
dN N r e~ (' =Mo)*/20°
— dm',
dMgk 2w Mgk —m')?> +T2/4 2no .
(3)
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FIG. 1. Invariant-mass distributions of wK pairs for the 0—
10% and 70-80% centrality classes in Pb-Pb collisions at
/Svny = 5.02 TeV for the transverse momentum range 1.2 < pr <
1.6 GeV/c. The left panels show the unlike charge 7K invariant-
mass distribution from the same event and the normalized mixed
event background. The right panels report the invariant-mass distri-
bution after subtraction of the combinatorial background for K*°. The
solid curves represent fits to the distributions and the dashed curves
are the components of the fits that describe the residual background.
The statistical uncertainties are shown by bars.

where Mg, and Mgk are the reconstructed invariant masses
of K** and ¢ mesons. My, I', and N, are the mass, width
and raw yield of the resonances, respectively. The parameter
o in Eq. (3) represents the mass resolution, which depends
on pr. The widths of K** and ¢ are fixed to the vacuum
values [7] while fitting the invariant mass distributions. For
the ¢ meson, the o is kept free. The measured o on the ¢
mass is pr dependent, varies between 1-2 MeV /c? and its
values are consistent with the values obtained from Monte
Carlo simulations. The raw particle yields are extracted by
integrating the invariant mass distribution within the mass in-
terval approximately M, &+ 2I" and subtracting the integral of
the residual background function in the same mass region. The
resonance yields beyond the integration region are obtained
by integrating the tail part of the signal fit function; these
yields are then added to the yields extracted by integrating
the invariant mass distribution.

C. Yield correction
1. Acceptance and reconstruction efficiency

The raw transverse momentum distributions are corrected
for the detector acceptance and reconstruction efficiency (A x
€rec). These correction factors are evaluated by using Monte
Carlo (MC) events generated with PYTHIAS8 (Monash 2013
Tune) [52] for pp and HIJING [53] for Pb-Pb collisions,

. x10° x10°_
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R ALICE T wm k)
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FIG. 2. Invariant-mass distributions of KK pairs for the 0—
10% and 70-80% centrality classes in Pb—Pb collisions at
Svwv = 5.02 TeV for the transverse momentum ranges 0.8 < pr
< 1.0 GeV/c. The left panels show the unlike charge KK invariant-
mass distribution from the same event and the normalized mixed
event background. The right panels report the invariant-mass distri-
bution after subtraction of the combinatorial background for ¢. The
solid curves represent fits to the distributions and the dashed curves
are the components of the fits that describe the residual background.
The statistical uncertainties are shown by bars.

and by transporting the particles through a full simulation of
the ALICE detector with GEANT3 [54]. The A X €. has a
centrality dependence in Pb—Pb collisions and a deviation of
~5-7% is observed from the most central to the most pe-
ripheral centrality classes. As the real data and the generated
MC spectral shapes are different, the py spectra of the gener-
ated mesons are reweighted to the respective pr spectra from
the data in an iterative method to re-estimate the efficiency
[55]. The effect of re-weighting the generated pr spectra on
A X €rec 18 ~4—6% at low-pt (<1 GeV/c) and is negligible at
high pr (>1 GeV/c).

2. Normalization
The normalized yield is given by

1 d°N 1 Nuw
Nevenl dyde B NES

event

€trig €vert €SL
AyApt (A X €rc) BR '

“

where Ay and Apr are the widths of rapidity and pr bins,
respectively. The raw spectra are corrected for the branching
ratio (BR). The extracted yields are normalized to the number
of analyzed events (N&y,). In order to obtain the absolute
resonance yields per inelastic pp collision, the factor €yjy =
0.757 £ 0.019 due to trigger efficiency is used. This is the ra-
tio between the VO visible cross section [56] and the inelastic

cross section [44].
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The correction factor €yey accounts for the vertex recon-
struction efficiency, which is calculated as the ratio of the
number of events having good vertex to the total number of
triggered events. This is estimated to be 0.958 in pp collisions.
The signal loss correction, €gp, accounts for the loss in K *0 and
¢ yields that is caused by the event selection with minimum
bias trigger, rather than all inelastic events. The eg;, has a pr
dependence and is only significant for low pr (<2.5 GeV/c).
It is calculated as the ratio of the py spectrum from inelastic
events to the pr spectrum from triggered events. The value of
est. is less than 1.05 for both K** and ¢ mesons in pp col-
lisions. The effects of inelastic trigger, vertex reconstruction
efficiency and signal loss corrections are negligible in Pb—Pb
collisions [28,41] and, hence, are not considered.

D. Systematic uncertainties

The systematic uncertainties in the measurement of K*°
and ¢ production in pp and Pb-Pb collisions at ./syy =
5.02 TeV have been estimated by considering uncertain-
ties due to signal extraction, track selection criteria, particle
identification, global tracking efficiency, uncertainty in the
material budget of the ALICE apparatus and the hadronic
interaction cross section in the detector material. To study the
systematic uncertainty for K* and ¢ in Pb—Pb and K** in pp,
an approach similar to that described in Refs. [18,21,49,51]
has been adopted. For the estimation of systematic uncer-
tainties for ¢ in pp, a similar approach is followed as in
Refs. [57,58].

A summary of the systematic uncertainties from various
sources, for K** and ¢ in pp and Pb—Pb collisions is given in
Ref. [22] where the values of relative systematic uncertainties
are quoted for low, intermediate, and high pt. The track selec-
tion criteria have been varied to study the systematic effect due
to the track selection. In order to study the effect of the choice
of particle identification criteria of the daughter tracks on raw
yield extraction, the selection criteria on TPC and TOF have
been varied. To estimate the systematic uncertainty of particle
identification (PID), the Notpc,ToF cut is varied by 1orpc/tor
from the default PID selection criterion.

The uncertainty due to the signal extraction includes vari-
ations of the event mixing background normalization range,
signal fit range, residual background fit function, choice of
combinatorial background, and mass resolution. The mixed
event background distributions for K** and ¢ have been
normalized in different invariant-mass regions excluding the
signal peaks; the change in yield is considered as the sys-
tematic uncertainty. The K7 invariant-mass fitting ranges are
varied by 10-50 MeV/c? for K*° whereas for the ¢ the KK
invariant-mass fitting ranges are varied by 5-10 MeV /c?. The
residual background is fitted with a third-order polynomial for
Pb—Pb collisions, and in pp collisions, a first- and third-order
polynomial is used for systematic studies. The systematic un-
certainties due to the combinatorial background are estimated
by changing the method of background reconstruction (like
sign and event mixing).

Another source of uncertainty comes from the determina-
tion of the global tracking efficiency, which arises from the
ITS-TPC track matching efficiency. The systematic uncertain-
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FIG. 3. Transverse momentum spectra of K*° (left panel) and
¢ (right panel) for inelastic pp collisions at /s = 5.02 TeV. The
statistical and systematic uncertainties are shown by bars and boxes,
respectively. The results are compared with model calculations from
PYTHIA 6.4 (Perugia 2011 Tune) [62,63], PYTHIA 8.1 (Monash
2013 Tune) [52,64], PYTHIA 8.2 (Rope hadronization) [65], EPOS-
LHC [66], and HERWIG 7.1 [67], which are shown as different
dashed lines. The lower panels show the data to model ratio.

ties due to global tracking efficiency are calculated from the
corresponding values for single charged particles uncertainty
and by combining the two charged tracks used in the invariant
mass reconstruction of K*? and ¢. In both pp and Pb—Pb colli-
sions, this contribution has been estimated to be pr dependent
for charged particles [28].

The material budget of the ALICE detector setup is known
with an uncertainty of 7% in terms of radiation length, deter-
mined on the basis of y conversion measurements [59]. The
systematic uncertainty contribution due to material budget is
thus estimated by varying the amount of material by £7% in
the Monte Carlo simulation. The systematic uncertainty due to
the hadronic interaction cross section in the detector material
is estimated by comparing different transport codes: GEANT3
[54], GEANT4 [60], and FLUKA [61]. The effects of material
budget and hadronic interactions are evaluated by combining
the uncertainties for a pion and a kaon (in case of K*°), and
for two kaons (in case of ¢) according to the kinematics of
the decay [28]. These effects are found to be negligible at
intermediate and high pr for both K** and ¢.

Raw yield extraction and global tracking efficiency domi-
nate total uncertainties in the lowest and highest pr intervals.
The total systematic uncertainties for K** and ¢ amount to
10.9-12.3% (9.1-13.0%) and 6.4-9.2% (5.4-9.5%) in Pb—Pb
(pp) collisions, respectively. Among the sources of systematic
uncertainty, the yield extraction is the only fully uncorrelated
source, while track selection, PID, global tracking efficiency,
material budget and hadronic interaction are correlated across
different centrality classes.

III. RESULTS

A. prt spectra in pp collisions

Figure 3 shows the invariant yields of K** and ¢ mesons as
a function of pr for inelastic pp collisions at /s = 5.02 TeV.
These first measurements at /s = 5.02 TeV extend to
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TABLE 1. Lévy-Tsallis fit parameters for K* and ¢ meson pr
spectra in pp collisions at /s = 5.02 TeV. The errors on the fit
parameters result from the total (quadrature sum of statistical and
systematic) uncertainties on the data.

Resonance n C (GeV) x2/ndf
K*0 7.05+0.14 0.267 £ 0.006 0.23
¢ 7.47 +0.16 0.309 £ 0.006 0.62

pr = 20 GeV/c in the rapidity range of |y| < 0.5. The shape
of both spectra is well described by a Lévy-Tsallis function
[68] whose form is given by

d*N dN (mm—1)(n-2) mr —m1"
= pr [1+ | ®
dprdy dy nC[nC + m(n — 2)] nC

where dN/dy, n, and C are the parameters of the function that
are determined from the fit to the measured spectra, m is the
mass of the hadron, and m is the transverse mass defined as

\/ P4 + m?. The Lévy-Tsallis function provides a fair descrip-

tion of the shape of the transverse momentum spectrum over
a wide pr range, thanks to its two parameters: the exponent n
and the inverse slope C. The parameters obtained from the fit
to K** and ¢ spectra in pp collisions at /s = 5.02 TeV are
given in Table I. They are similar to the parameters obtained
in pp collisions at /s = 7 and 8 TeV [57]. The x?/ndf
values are less than unity because the bin-to-bin systematic
uncertainties taken in the fit could be correlated. The data are
compared to the corresponding results from the QCD inspired
Monte Carlo event generators like PYTHIAG [62], PYTHIAS
[64], HERWIG [67], and EPOS-LHC [66]. In PYTHIA model
hadronization of light and heavy quarks is simulated using
the Lund string fragmentation model [69]. Various PYTHIA
tunes have been developed on the basis of extensive compar-
isons of Monte Carlo distributions with the minimum bias
data from different experiments. Perugia tunes of PYTHIAG6
include the revised set of parameters of fragmentation and
flavor which improves the overall description of the Tevatron
data as well as the reliability of the extrapolations to the
LHC measurements [63]. Perugia 2011 takes into account the
minimum bias and underlying event data from the LHC at
/s = 0.9 and 7 TeV. The Monash 2013 Tune of PYTHIAS
uses the updated set of hadronization parameters compared
to the previous tunes [52]. It gives an overall good descrip-
tion of kaon data but significantly underestimates the baryon
yields at the LHC. The Rope Hadronization model within the
framework of PYTHIAS assumes that instead of independent
string fragmentation, the strings overlap to form ropes in the
high multiplicity environment [65]. In the Rope Hadronization
model, the larger and denser collision systems form color
ropes that hadronize with larger string tension leading to en-
hanced production of strange hadrons with increasing charged
particle multiplicity. The HERWIG model includes processes
such as coherent parton showers for initial and final state QCD
radiation, an eikonal multiple parton-parton interaction model
for the underlying event and a cluster hadronization model for
the formation of hadrons from the quarks and gluons produced
in the parton shower [67]. EPOS-LHC, which is built on the
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FIG. 4. Comparison of transverse momentum spectra of K*°
(left panel) and ¢ (right panel) for inelastic pp collisions at /s =
5.02 TeV (solid markers) and 2.76 TeV (open markers) [21]. The
lower panels show the ratio of the pr spectra at /s = 5.02 TeV
to those from /s = 2.76 TeV. The statistical uncertainties on the
data are shown by bars and the systematic uncertainties by boxes.
The ratios are compared with model calculations from the PYTHIA
6.4 (Perugia 2011 Tune) [62,63], PYTHIA 8.1 (Monash 2013 Tune)
[52,64], PYTHIA 8.2 (Rope hadronization) [65], EPOS-LHC [66],
and HERWIG 7.1 [67], which are shown as different dashed lines.

Parton-Based Gribov Regge Theory, implements a different
type of radial flow for pp collisions, where a very dense
system is created in a small volume. The model, utilizing the
color exchange mechanism of string excitation, is tuned to
LHC data [66]. In this model, the part of the collision system
that has high string or parton densities becomes a “core”
region that may evolve as a quark—gluon plasma; this is sur-
rounded by a more dilute “corona” for which fragmentation
occurs as in the vacuum. The strangeness production is higher
in the core region that results in strangeness enhancement with
increasing multiplicity.

For K*0, all the tunes of PYTHIA model overestimate
the data for pr < 0.5 GeV/c, underestimate the data in the
intermediate py region and give a better description for pr >
10 GeV/c. For ¢, all the tunes of PYTHIA model give a better
description of the data for pr > 10 GeV/c and underestimate
the data for lower pr region. The deviations in limited pr
ranges observed between data and PYTHIA for both K** and
¢ are similar to those reported for /s = 2.76 [21] and 7 TeV
[49]. The EPOS-LHC model results are in agreement with the
data for pt < 5 GeV/c (3.5 GeV/c) and overestimate the data
at higher pr for K* (¢). HERWIG does not describe the data
for both K** and ¢ over the measured pr region.

Figure 4 shows the comparison of pt spectra of K** and ¢
mesons between 4/s = 5.02 and 2.76 TeV. The yields of both
K*0 and ¢ mesons are higher at /s = 5.02 TeV compared
to /s = 2.76 TeV. The ratio of the pt spectra at /s = 5.02
to 2.76 TeV as a function of pr shows that the differential
yield ratio increases with pt for both K* and ¢ mesons and
show a hint of saturation at higher pr. These results further
help in understanding the nuclear modification factor (derived
using pp reference spectra) for Pb—Pb collisions that will
be discussed in Sec IIl E. The ratios are compared to the
corresponding calculations from the PYTHIAG6 (Perugia 2011
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FIG. 5. Transverse momentum spectra of K*° (left panel) and ¢
(right panel) at midrapidity in various centrality classes in Pb—Pb
collisions at /syy = 5.02 TeV. The statistical uncertainties on the
data are shown by bars and the systematic uncertainties by boxes.
The results are compared with model calculations from HIJING 1.36
[53], which are shown as dashed lines. The lower panel shows the
data to model ratios.

Tune), PYTHIA8 (Monash 2013 Tune), PYTHIAS8 (Rope
hadronization), EPOS-LHC, and HERWIG models. For the
K*° meson, all the models except PYTHIA8-Monash 2013
Tune are in good agreement with the measurements within
uncertainties for the whole pr range. For the ¢ meson, all
the models except PYTHIA8-Monash 2013 Tune are in good
agreement with the measurements within uncertainties for
pr < 8 GeV/c. The ratio of the pr spectra for K* and ¢
from the Monash 2013 Tune of PYTHIAS are higher than
the measurements for all py. All the models presented here
fail quantitatively and/or qualitatively to describe the K*°
and ¢ data over the entire measured pr range. It has proven
challenging for event generators to accurately model the pr
distributions of such resonances [21,49,57,58]. Thus, the data
and model comparisons may provide valuable inputs to tune
the MC event generators so that one get a unified physics
description of present results.

B. pr spectra in Pb-Pb collisions

Figure 5 shows the pr distributions for K* and ¢ mesons
in Pb—Pb collisions at /syy = 5.02 TeV. The measurements
are carried out at midrapidity (]y| < 0.5) for eight different
centrality classes. For the most central collisions (0-10%),
the measurements extend up to pr = 20 GeV/c for both
K* and ¢ mesons. The HIJING model was used to calculate
the reconstruction efficiency of K** and ¢ mesons in Pb—Pb
collisions, hence the data are compared to the corresponding
results from the HIJING model [53]. For K** meson, HIJING
does not describe the data for all centrality classes over the
whole measured pr region. For ¢ meson, the model gives a
good agreement with the data in mid-central collisions for
pr > 7 GeV /c, however does not describe the data for most of
the centrality classes. The pr spectra are further characterized
by the integrated yields (dN/dy) and the average transverse
momentum ({pr)) which are discussed in the next subsection.
Figure 6 shows the comparison of the pr spectra for K*° and
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FIG. 6. Comparison of transverse momentum spectra of K* (left
panel) and ¢ (right panel) in central (0-10%) and mid-central (40—
50%) centrality classes in Pb—Pb collisions at /syy = 5.02 (solid
marker) and 2.76 (open marker) TeV [18,21]. The lower panels show
the ratio of the pr spectra at ,/syy = 5.02 TeV to those from /syy =
2.76 TeV. The statistical uncertainties on the data are shown by bars
and the systematic uncertainties by boxes.

¢ mesons in Pb—Pb collisions for the 0-10% and 40-50%
centrality classes at ,/syy = 5.02 and 2.76 TeV. The ratios
of the pr spectra increase with pr and then tend to saturate
at high pr for both mesons in central as well as in peripheral
collisions, as also observed in pp collisions (Fig. 4). These
results are useful in understanding the energy dependence of
the nuclear modification factor which is discussed in Sec III E.
For pr > 5.0 GeV/c, the pr differential yields at 5.02 TeV
are ~1.8 times higher than those measured at 2.76 TeV.

A blast-wave model, which does not include rescattering
effects, is used to investigate the pr dependence of reso-
nance yield suppression. Previously, in Pb—Pb collisions at
Svv = 2.76 TeV [18], the K*0 and ¢ pr spectra were com-
pared to the expected distributions based on the blast-wave
model [40] using parameters obtained from the combined fit
to 7%, K*, and p(p) spectra. A suppression of the K** yield
with respect to the blast-wave distribution was observed for pt
< 3 GeV/c in central collisions. This suppression is attributed
to rescattering of resonance decay products in the hadronic
phase that reduces the measurable yield of K*° mesons [22].
The lack of similar suppression for the ¢ meson is interpreted
as being due to the absence of rescattering, as it mostly de-
cays outside the fireball because of its longer lifetime. We
have carried out a similar exercise for Pb—Pb collisions at
/svnv = 5.02 TeV. The Boltzmann-Gibbs blast-wave function
is a three parameter simplified hydrodynamic model, which
assumes that the emitted particles are locally thermalized in
a uniform-density source at a kinetic freezeout temperature
Txin and move with a common collective transverse radial flow
velocity field. It is given by [40]

1 dN R inh h
L) ()
prdpr 0 Txin Tiin

(6)

where Iy and K, are the modified Bessel functions, R is the
fireball radius, and r is the radial distance in the transverse
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TABLE II. Blast-wave parameters from fit to charged pion, kaon,
and proton spectra in Pb—Pb collisions at ,/syy = 5.02 TeV.

Centrality Txin (GeV) (Br) n
0-10% 0.091 £+ 0.003 0.662 4+ 0.003 0.735 +£0.013
70-80% 0.147 £ 0.006 0.435 +0.011 1.678 £ 0.088

plane. The velocity profile p is defined as

p = tanh™ Br(r) = tanh*l[(%)"ﬂs], %)

where fr(r) is the transverse expansion velocity and S is the
transverse expansion velocity at the surface. The free parame-
ters in the fits are Ty, Bs, and the velocity profile exponent .
For the current study, the above parameters, listed in Table II,
are fixed to the values from fits to the charged pion, kaon, and
(anti)proton pr distributions in Pb—Pb collisions at /syy =
5.02 TeV [27].

Figure 7 shows the expected K** and ¢ pr distributions
from the blast-wave model (as solid lines), the measured res-
onance pr distributions, and the ratios of the measurement to
the blast-wave model for central (0—10%) and peripheral (70—
80%) collisions. The expected distributions are normalized so
that their integrals are equal to the measured yield of charged
kaons in Pb—Pb collisions at ,/syy = 5.02 TeV [27] multiplied
by the K*°/K and ¢/K ratios from pp collisions at /s =
5.02 TeV. A similar procedure of normalization was used in
Pb—Pb collisions at /syy = 2.76 TeV [18]. The ratio for the
¢ meson pr distribution is close to unity and no significant
differences are observed in central or peripheral collisions
for pr <2 GeV/c. However, the data/blast-wave ratio for
the K*¥ is lower than unity with a deviation of 40-60% for
pr < 3 GeV/c in central collisions. In peripheral collisions,
the data/blast-wave ratio for the K** shows a significantly
smaller deviation from unity for pr <2 GeV/c relative to
central collisions. Both K* and ¢ show a similar deviation
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FIG. 7. Transverse-momentum distributions of K** and ¢ reso-
nances in Pb—Pb collisions at ,/syy = 5.02 TeV along with expected
distributions for central (left) and peripheral (right) collisions. The
shapes of the expected distributions are given by Boltzmann-Gibbs
blast-wave functions [40] using parameters obtained from fits to
pion, kaon, and (anti)proton pr distributions [27] (see text for
details). The shaded bands indicate the uncertainties in the fit pa-
rameters of the model distributions. The lower panels show the ratios
of the measured distribution to the values from the model.
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({dNen/dn)p1<0.5) in pp and Pb—Pb collisions at /syy = 5.02 TeV
and compared with result from Pb—Pb collisions at /syy =2.76 TeV
[18,21]. The statistical uncertainties on the data are shown by bars
and the systematic uncertainties by boxes. The shaded box shows the
uncorrelated systematic uncertainties.

for pr > 3 GeV/c (>2.5 GeV/c) in central (peripheral) col-
lisions. The blast-wave model is expected to describe the
measured pr distributions over the entire pr range if these
are driven purely by the collective radial expansion of the
system. The model describes the data over a wider pr interval
for central Pb—Pb collisions than for peripheral collisions as
observed for 7, K, p in Pb—Pb collisions at /syy = 5.02 TeV
[27]. For Pb-Pb collisions, the average transverse velocity
(Br) is observed to increase with centrality while Ty, de-
creases [27]. For central Pb—Pb collisions, the shape of the
pr distributions of K** and ¢ mesons for pr <2 GeV/c
are consistent with the blast-wave parameterization within
uncertainties. The suppression of yields of K** with respect to
the blast-wave model expectation in central collisions, relative
to peripheral collisions and ¢ mesons, is consistent with the
dominance of rescattering effects in the medium formed in
Pb—Pb collisions at /syy = 5.02 TeV.

C. dN/dy and (pr)

Figure 8 shows the pr-integrated yield dN/dy of K*° and
¢ mesons scaled by the average charged particle multiplic-
ity measured at midrapidity ({(dNcn/dn)|y<0.5) as a function
of (dNen/dn)n<0.5 for Pb—Pb and pp collisions at /syv =
5.02 TeV. The pr-integrated yields (dN/dy) have been ob-
tained by integrating the spectra over pr using the measured
data and a blast-wave function (Lévy-Tsallis function) in the
unmeasured regions for Pb—Pb (pp) collisions. The fraction
of the yields from the extrapolation to the total for K* (¢)
mesons is 0.09 (0.08) in the 0-10% centrality class, and is 0.16
(0.12) in the 70-80% centrality class. This fraction is 0.17
for ¢ in pp, whereas no extrapolation is needed for K*. For
comparison, the corresponding results from /syy = 2.76 TeV
are also shown in Fig. 8. The dependence of the normalized
dN/dy on {(dNg/dn) is found to be the same regardless of the
beam energy.

The average transverse momentum (pr) values for the K*°
and ¢ resonances are obtained by using the data in the mea-
sured region and a blast-wave function (Lévy-Tsallis function)
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FIG. 9. Mean transverse momentum of K** and ¢ as a function of
the averaged charged particle density ((dNen/d 1), <0.5) in Pb—Pb and
pp collisions at \/syy = 5.02 TeV. Also shown for comparison are
the corresponding values from Pb—Pb and pp collisions at \/syy =
2.76 TeV [18,21], and Au—Au and pp collisions at /syy = 200 GeV
[9,10,12,13]. The statistical uncertainties on the data are shown by
bars and the systematic uncertainties by boxes. The shaded box
shows the uncorrelated systematic uncertainties.

in the unmeasured regions for Pb—Pb (pp) collisions. Figure 9
shows (pr) values obtained at midrapidity (|y| < 0.5) as a
function of (dN/dn) iy <05 for Pb—Pb and pp collisions at
Sy = 5.02 TeV. The (pr) values increase with charged
particle multiplicity. The (pr) of K** and ¢ mesons, which
have similar masses, are similar for events with the same

(dNen/dn)ni<o0.s5 in Pb—Pb collisions. Both of these features
are consistent with the picture of a growing contribution of
radial flow with increasing (dNc,/dn)y <05 for the system
formed in Pb—Pb collisions at ,/syy = 5.02 TeV [27]. These
results are also compared to the corresponding results from
Pb—Pb collisions at ,/syy = 2.76 TeV [18,21], and to Au-Au
and pp collisions at ,/syy = 200 GeV [9,10,12,13]. The {pr)
values are larger for higher energy collisions at similar values
of (dNen/dn)y1<0.5, although the uncertainties are also larger
at lower collision energies for K*°. The qualitative features of
the dependence of K*° and ¢ meson (pr) on (dNen/dn) ni<0.5
are similar at RHIC and LHC energies. The values of dN/dy
and (pr) of K** and ¢ measured in Pb—Pb and pp collisions
at \/syn = 5.02 TeV are given in Table II1.

Figure 10 compares the (pr) of K** and ¢ as a function
of (dNen/dn) |y <05 with the respective values for 7#, K,
and p(p) [27] for Pb—Pb collisions at /syy = 5.02 TeV. All
the hadrons exhibit an increase in (pr) from peripheral to
central Pb—Pb collisions: the largest increase is observed for
protons, followed by the K** and ¢ mesons, and then by K
and 7. The rise in the (pr) values is steeper for hadrons with
higher mass, as expected in presence of a radial flow effect.
For (dNch/dn)y <05 > 300, the (pr) values of K*, p, and ¢
hadrons follow a similar trend and have quantitatively similar
values within uncertainties at a given (dNch/dn) |y <0.5 value.
The masses of these hadrons are similar, K* ~ 896 MeV /c?,
P~ 938 MeV/c?, and ¢ ~ 1019 MeV/c?. The hadron mass

TABLE III. The values of dN/dy and (pr) measured in Pb—Pb and pp collisions at ,/syy = 5.02 TeV. Pb—Pb results are shown for the
different centrality classes. In each entry the first uncertainty is statistical and the second one is systematic.

K*O

Centrality class dN/dy

(pr)

0-10% 19.726 £+ 1.357 £ 2.475 1.457 £ 0.053 + 0.044
10-20% 16.363 + 0.895 + 1.725 1.411 £ 0.039 £ 0.035
20-30% 12.129 + 0.547 + 1.331 1.364 £+ 0.031 + 0.034
30-40% 8.260 + 0.361 + 1.111 1.368 £ 0.030 £ 0.043
40-50% 5.321 £ 0.268 £ 0.574 1.305 £ 0.034 £ 0.032
50-60% 3.039 + 0.140 £ 0.300 1.259 + 0.030 £ 0.037
60-70% 1.661 £+ 0.079 £ 0.176 1.209 £ 0.028 £ 0.035
70-80% 0.793 £ 0.033 £ 0.076 1.150 £ 0.024 £ 0.033
¢
Centrality class dN/dy (pr)

0-10% 14.937 + 0.154 + 1.210
10-20% 10.483 + 0.113 £ 0.828
20-30% 7.497 £ 0.083 £ 0.647
30-40% 5.192 £ 0.056 £ 0.404
40-50% 3.113 £ 0.038 £+ 0.237
50-60% 1.829 £+ 0.024 £ 0.148
60-70% 0.870 &+ 0.013 & 0.072
70-80% 0.378 £+ 0.008 + 0.031

pp collisions

1.429 £+ 0.008 + 0.023
1.371 £+ 0.008 £ 0.024
1.393 £ 0.009 £ 0.027
1.344 £+ 0.008 £ 0.024
1.343 £+ 0.009 £ 0.021
1.256 £+ 0.010 £+ 0.027
1.248 £ 0.011 £ 0.029
1.171 £+ 0.014 £ 0.029

Particle specie

dN/dy

(pr)

K*O
¢

0.0872 £ 0.0006 £ 0.0072
0.0302 £+ 0.0002 £ 0.0024

1.0131 % 0.0038 £ 0.0216
1.1239 £+ 0.0047 £ 0.0282
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FIG. 10. Mean transverse momentum of K*° and ¢ as a function
of the averaged charged particle density ((dNcn/dn)|y/<0.5) in Pb—Pb
collisions at /syy = 5.02 TeV compared with the corresponding
values for other identified particles such as w*, K*, and p(p) [27].
The statistical uncertainties on the data are shown by bars and the
systematic uncertainties by boxes. The shaded boxes show the un-
correlated systematic uncertainties.

dependence of (pr) is consistent with the expectation from
a hydrodynamic evolution of the system formed in Pb-Pb
collisions at \/syy = 5.02 TeV for (dNw/dn)y <05 > 300. In
peripheral collisions ((dNch/d 1) <05 < 300), {pr) of proton
is lower than those of K** and ¢, indicating the breaking
of mass ordering while going toward peripheral Pb—Pb col-
lisions.

D. Particle ratios

Figure 11 shows the K *0/K ratio in panels (a) and (b) for
different collision systems at RHIC [9,10,12-14,49] and at
the LHC [18,21,50,51,70] as a function of (dNCh/dn)l/3 and
/snn, respectively. The K*°/K ratio in heavy-ion collisions is
smaller than those in pp collisions, with the results from p-Pb
lying in between. The K*°/K ratio decreases when the system
size increases, as reflected by the values of (dNg,/dn)'/? (a
proxy for system size [42]). To quantify the suppression of
K*%/K ratio in central Pb-Pb collisions with respect to pp col-
lisions, we calculate the double ratio (K** /K )pppy/(K**/K),5p.
The K*°/K double ratio in Pb—Pb collisions at 5.02 TeV (2.76
TeV) is 0.483 £ 0.082 (0.585 £ 0.122), which deviates from
unity by 6.2 (3.4) times its standard deviation. The same
ratio in Au—Au collisions at ,/syy = 200 GeV gives 0.571 £
0.147, which deviates from unity by 2.9 times its standard
deviation. Figure 11(b) shows K**/K ratio as a function of
/snn for pp collisions, as well as for central p-Pb, Cu—Cu,
Au-Au, and Pb-Pb collisions. The K*°/K ratio is higher in
pp collisions than in central Au—Au and Pb—Pb collisions at
various center of mass energies. The value of the K**/K ratio
is larger in central Cu—Cu than in central Au—Au collisions, as
expected because of the smaller Cu—Cu system size.

Figures 11(c) and 11(d) show the ¢/K ratio for differ-
ent collision systems at RHIC [9,10,12-14,49] and LHC
[18,21,50,51,70] as a function of (dN/dn)'? and /syw,

o¥ 05 (a) STAR, |s, =200 GeV T(b) A-Aandp-Pb Data: Central 7
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FIG. 11. Particle ratios K*°/K [panels (a) and (b)] and ¢/K
[panels (c) and (d)] in pp, d—Au, p-Pb, Cu—Cu, Au—-Au, and Pb-Pb
collisions [9,10,12-14,18,21,49-51,70]. In panels (a) and (c) these
ratios are presented as a function of (dN.,/dn)'/?. These ratios are
measured as K**/K~ and ¢/K~ in Pb-Pb collisions at /syy =
2.76 TeV and in STAR experiment. The values of (dNe/dn) <05
were measured at midrapidity. In panels (b) and (d), these ratios are
presented for pp, central d—Au, p-Pb, and heavy-ion collisions as
a function of ,/syy. The values given by a grand-canonical ther-
mal model with a chemical freezeout temperature of 156 MeV are
also shown [39]. For quantities marked “*”, boxes represent the
total uncertainty (separate uncertainties are not reported). Other-
wise, bars represent the statistical uncertainties and boxes represent
the systematic uncertainties (including centrality-uncorrelated and
centrality-correlated components). EPOS3 model predictions [20] of
K*°/K and ¢/K ratios in Pb—Pb collisions are also shown as violet
lines.

respectively. In contrast to the K**/K ratio, the ¢/K ratio is
approximately constant as a function of (dNe,/dn)'/3. The
values of the ¢/K ratio in Au—Au and Cu—Cu collisions are
slightly larger than the corresponding results from Pb—Pb col-
lisions, but agree within uncertainties. The ¢ /K ratio is found
to be independent of collision energy and system from RHIC
to LHC energies.

Figures 11(a) and 11(c) also show the K*°/K and ¢/K
ratios from EPOS3 model calculations with and without a
hadronic cascade phase modeled by UrQMD [20], and ther-
mal model calculations with chemical freezeout temperature
T., = 156 MeV [39]. The thermal or statistical hadroniza-
tion model assumes that the system formed in heavy-ion
collisions reaches thermal equilibrium through multiple in-
teractions and undergoes a rapid expansion followed by the
chemical freezeout. The freezeout surface is characterized by
three parameters: the chemical freezeout temperature T, the
chemical potential x and the fireball volume V. The value of
the K*°/K ratio in central Pb—Pb collisions is smaller than
the thermal model expectation, however ¢ /K ratio is in fair
agreement with the model calculations. The EPOS3 event
generator is based on 3 4 1D viscous hydrodynamical evolu-
tion where the initial stage is treated via multiple scattering
approach based on Pomerons and strings and the reaction
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FIG. 12. The nuclear modification factor, R4, as a function of
pr for K*° and ¢ mesons at midrapidity (|y| < 0.5) for different
centrality classes in Pb—Pb collisions at ,/syy = 5.02 TeV. The
statistical and systematic uncertainties are shown as bars and boxes,
respectively. The boxes around unity indicate the uncertainty on the
normalization of Ry, .

volume is divided into two parts, “core” and “corona.” It is
the core part that provides the initial condition for QGP evo-
lution, described by viscous hydrodynamics. The corona part
is composed of hadrons from the string decays. In EPOS3 +
UrQMD approach [20], the hadrons separately produced from
core and corona parts are fed into UrQMD [71,72], which
describes the hadronic interactions in a microscopic approach.
The chemical and kinetic freezeouts occur during this phase.
The model predictions from EPOS3 and EPOS3 + UrQMD
are shown for Pb—Pb collisions at ,/syy = 2.76 TeV. As the
ratios are shown as a function of (dN.,/dn), no significant
qualitative differences are expected between the two energies.
The observed trends of the K*°/K and ¢/K ratios are re-
produced by the EPOS3 generator with UrQMD. However,
EPOS3 model without hadronic interactions is unable to re-
produce the suppression of K*°/K ratios toward the higher
(dNeh/d n)'/3 values or central collisions.

E. Nuclear modification factor

The nuclear modification factor, R4, of K** and ¢ mesons
are studied as a function of centrality and center-of-mass en-
ergy. The Ra4 values of resonances are also compared to those
of m, K, and p to investigate the hadron species dependence
of R AA -

1. Centrality dependence of the nuclear modification factor

The centrality dependence of R44 helps in understanding
the evolution of parton energy loss in the medium as a function
of the system size. Figure 12 shows the Rys for K* and ¢
mesons as a function of pr for different centrality classes at
midrapidity (|y| < 0.5) for Pb—Pb collisions at ,/syy = 5.02
TeV. The R4s values are lower for K*° compared to ¢ for
pr < 5 GeV/c for most of the collision centralities studied.
This can be attributed to the dominance of rescattering effects

ALICE, Pb-Pb
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FIG. 13. The nuclear modification factor, Ra4, as a function of pr
for K** for different centrality classes in Pb-Pb collisions at \/syy =
5.02 TeV compared with the results from Pb—Pb collisions at /syy =
2.76 TeV [21]. The statistical and systematic uncertainties are shown
as bars and boxes, respectively. The boxes around unity indicate the
respective uncertainty on the normalization of Ry4.

at lower pr. At higher pr (> 6 GeV/c) the Raa values for
K** and ¢ mesons are comparable within uncertainties. The
Ry values below unity at high pr support the picture of
a suppression of high pr hadron production due to parton
energy loss in the medium formed in heavy-ion collisions. For
all the collision centralities studied, the R44 values are below
unity and the values increase for pr > 6 GeV/c. The average
Ry values at high pt (> 6 GeV//c) are found to decrease when
going from peripheral to central collisions for both K*° and
¢ mesons. The dependence of R44 on collision centrality at
high pr provides information on the path length dependence
of parton energy loss in the medium formed in high energy
heavy-ion collisions [21,31,73-76]. This is reflected as a more
pronounced suppression of R4, in the most central collisions,
as expected from the longer path length traversed by the hard
partons as they lose energy via multiple interactions.

2. Center-of-mass energy dependence of the nuclear
modification factor

Figure 13 (Figure 14) show the pr-differential R44 for the
K** (¢) meson for five different collision centrality classes
(0-10%, 10-20%, 20-30%, 30-40%, and 40-50%) in Pb—Pb
collisions. The Ry values for ,/syy = 5.02 TeV are compared
to the corresponding values at /syy = 2.76 TeV. No signifi-
cant differences are observed between 5.02 and 2.76 TeV for
both the K** and ¢ resonances. This is supported by Figs. 4
and 6, which show that the ratios of pr spectra of K*° and ¢ at
5.02 TeV to that at 2.76 TeV are similar for both pp and Pb—Pb
collisions. The results from Figs. 12—14 indicate that within
uncertainties, the nuclear modification factor is independent
of the resonance species at high pr and compatible with
measurements at /syy = 2.76 TeV for different centrality
classes. However, the R44 measurements of other mesonic and
baryonic resonances like p(770)°, A(1232)*+, %(1385), and
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FIG. 14. The nuclear modification factor, R4, as a function of
pr for ¢ mesons in different centrality classes in Pb—Pb collisions at
/Sy = 5.02 TeV compared with the results in Pb—Pb collisions at
/Svy = 2.76 TeV [21]. The statistical and systematic uncertainties
are shown as bars and boxes, respectively. The boxes around unity
indicate the uncertainty on the normalization of Ry,.

A(1520) which differ in lifetime, mass, quark content, and
particle type are required to further support these results.

3. Hadron species dependence of the nuclear modification factor

Figure 15 shows the hadron species dependence of Raa
for various collision centrality classes in Pb—Pb collisions at
J/Svn = 5.02 TeV. The hadron species considered here are
charged pions, kaons, (anti)protons, K** and ¢ mesons. They
vary in mass from about 140 to 1019 MeV, both baryons
and mesons are considered, and their valence quark contents
are also different. At low pr (<2 GeV/c), the K 0 Raa val-

0-10% 10-20% ALICE

Pb-Pb \[sy, = 5.02 TeV
o4+

= K 4+ K

¢p+p

FIG. 15. The nuclear modification factor, R4, as a function of
pr for K* and ¢ mesons in Pb—Pb collisions for different centrality
classes at ./syy = 5.02 TeV. The results are compared with the R4
values of 7, K, and p measured by ALICE [27]. The statistical and
systematic uncertainties are shown as bars and boxes, respectively.
The boxes around unity indicate the uncertainty on the normalization
of R AA -

ues are the smallest for central collisions; this is attributed
to the rescattering effect as discussed earlier in the article.
For the pr range 2-8 GeV/c, there appears to be a hadron
mass dependence for mesons. It is also observed that R44 of
proton is higher than all mesons including ¢. This indicate
a baryon-meson ordering. So, even in the presence of strong
radial flow in this pr region, there are other effects which
can affect Rys. For pr larger than 8 GeV/c, all the particle
species show similar R44 values within uncertainties for all the
collision centralities studied. This suggests that, despite the
varying degree of energy loss at different collision centralities,
the relative particle composition at high pr remains the same
as in vacuum.

IV. CONCLUSIONS

The transverse momentum distributions of K** and ¢
mesons have been measured in inelastic pp and Pb—Pb col-
lisions at ,/syy = 5.02 TeV using the ALICE detector. The
measurements are carried out at midrapidity (|y| < 0.5) up to
pr = 20 GeV/c and for Pb—Pb collisions in various collision
centrality classes.

The pr distributions for K*° and ¢ mesons in pp collisions
are well described by a Lévy-Tsallis function and are com-
pared to results from the PYTHIA6, PYTHIAS, EPOS-LHC,
and HERWIG event generators. None of the models are able
to describe the transverse momentum distributions of K*° and
¢ in the measured pr range. The (pr) values are found to
increase with (dN/dn) iy <0.5, With the mass of the hadron
and with ,/syy. These measurements are consistent with the
observation that radial flow effects are larger for more central
collisions and increased high-pt production at higher colli-
sion energies.

The pr-integrated particle ratios as a function of ,/syy and
(dNe/dn)'/? in Pb-Pb and inelastic pp collisions have been
compared. The K**/K and ¢ /K ratios as a function of \/syy
and (dNg,/dn)'/? taken together indicate the dominance of the
rescattering effect in the hadronic phase in Pb—Pb collisions.
EPOS3 and thermal models that do not include hadronic inter-
actions are unable to describe the suppression of K*°/K ratio.
EPOS3 + UrQMD, where the hadronic phase is described by
the UrQMD model, is able to reproduce the decreasing trend
of K*%/K ratio as a function of multiplicity in the Pb—Pb colli-
sions. In contrast, the ¢ /K ratios in Pb—Pb collisions are quite
comparable to those from pp collisions, and agree well with
all model calculations. The dissimilarity in the behavior of
K*%/K and ¢ /K ratios is dominantly attributed to the lifetime
of K*0, which is a factor of 10 smaller than the lifetime of
the ¢ meson. Hence, K** decay daughters are subjected to a
greater rescattering in the hadronic medium. The comparison
of transverse momentum distributions of K* and ¢ in central
Pb—Pb collisions with blast-wave predictions, which does not
include rescattering effects, show a suppression of K*¥ yield
for pr <3 GeV/c.

At low pr (< 5 GeV/c), the nuclear modification factor
values for K*O are lower with respect to those obtained for
¢ mesons, chiefly because of rescattering effects. The Ruq
values at high pr (> 6-8 GeV/c) for K** and ¢ mesons
are comparable within uncertainties. The average R44 values
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at high pr are found to decrease when going from periph-
eral to central collisions. The Ra4 values at high pr for K *0
and ¢ mesons at ,/syy = 5.02 TeV are comparable to the
corresponding measurements at ./syy = 2.76 TeV for most
of the collision centralities studied. At the same time, the
transverse momentum spectra at high pr in both pp and
Pb—Pb collisions are found to be higher by a factor of about
1.8 at \/syy = 5.02 TeV compared to /syy = 2.76 TeV.
Further, we find that the R44 values at high pt for the hadrons
7, K, K*°, p, and ¢ are similar within uncertainties for all
the collision centrality classes studied. This suggests that the
energy loss in the medium which leads to the suppression
does not modify the particle composition in the light quark
sector.
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Abstract

The transverse-momentum (pr) spectra of K*(892)° and ¢ (1020) measured with the ALICE detector
up to pt = 16 GeV/c in the rapidity range —1.2 < y < 0.3, in p—Pb collisions at the center-of-mass en-
ergy per nucleon—nucleon collision /syn = 5.02 TeV are presented as a function of charged particle
multiplicity and rapidity. The measured pr distributions show a dependence on both multiplicity and
rapidity at low pt whereas no significant dependence is observed at high pr. A rapidity dependence
is observed in the pr-integrated yield (dN/dy), whereas the mean transverse momentum ((pr)) shows
a flat behavior as a function of rapidity. The rapidity asymmetry (Yysym) at low pt ( <5 GeV/c) is
more significant for higher multiplicity classes. At high pr, no significant rapidity asymmetry is
observed in any of the multiplicity classes. Both K*(892)° and ¢(1020) show similar Y,sym. The
nuclear modification factor (Qcp) as a function of pt shows a Cronin-like enhancement at intermedi-
ate pt, which is more prominent at higher rapidities (Pb-going direction) and in higher multiplicity
classes. At high pr (> 5 GeV/c), the Qcp values are greater than unity and no significant rapidity
dependence is observed.

©2022 CERN for the benefit of the ALICE Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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1 Introduction

The primary goals of high-energy heavy-ion (A—A) collisions are to create a system of deconfined quarks
and gluons known as quark—gluon plasma (QGP) and to study its properties [1—4]. Asymmetric collision
systems like proton-nucleus (p—A) and deuteron-nucleus (d—A) can be considered as control experi-
ments where the formation of an extended QGP phase is not expected. These collision systems are used
as baseline measurements to study the possible effects of cold nuclear matter and disentangle the same
from hot dense matter effects produced in heavy-ion collisions [5-14]. In addition, p—A collisions at
Large Hadron Collider (LHC) energies enable probing the parton distribution functions in nuclei at very
small values of the Bjorken x variable, where gluon saturation effects may occur [15-17]. Recent mea-
surements in high-multiplicity pp, p-Pb, p—Au, d—Au, and *He—Au collisions at different energies have
shown features such as anisotropies in particle emission azimuthal angles, strangeness enhancement, and
long-range structures in two-particle angular correlations on the near and away side, which previously
have been observed in nucleus-nucleus collisions [18-29]. The origin of these phenomena in small sys-
tems is not yet fully understood. A systematic study of multiplicity and rapidity dependence of hadron
production allows us to investigate the mechanism of particle production and shed light on the physics
processes that contribute to the particle production [15]. Similar studies have been reported by the ex-
periments at the LHC [9, 10, 16, 17] and Relativistic Heavy Ion Collider (RHIC) [6, 7, 19-21]. The
mechanism of hadron production may be influenced by different effects such as nuclear modification of
the parton distribution functions (nuclear shadowing) and possible parton saturation, multiple scattering,
and radial flow [16, 30-32]. These effects are expected to depend on the rapidity of the produced par-
ticles. In p—Pb collisions, one can expect that the production mechanism may be sensitive to different
effects at forward (p-going) and backward (Pb-going) rapidities [9, 10, 16, 17, 32, 33]. The partons of
the incident proton are expected to undergo multiple scattering while traversing the Pb-nucleus. It is thus
interesting to study the ratio of particle yields between Pb- and p-going directions, represented by the
rapidity asymmetry (Yasym) defined as:

ﬂ‘
dprdy | _03<y<0
d2N }
dprdy [g<y<0.3

(1)

Yasym (pT) =

where d2N /dprdy|—0.3<y<0 is the particle yield in the rapidity (y) interval -0.3 <y < 0, considered as the
Pb-going direction, and d’N/ dprdy|o<y<0.3 is the particle yield in the rapidity interval 0 <y < 0.3, cor-
responding to the p-going direction. From the experimental point of view, the Y,sym is a powerful observ-
able because systematic uncertainties cancel out in the ratio and hence it can better discriminate rapidity-
dependent effects among models [16—18]. Gluon saturation effects at low Bjorken x values [7, 18] may
affect the transverse momentum distribution of hadron production at large rapidities in the p-going di-
rection in p—Pb collisions at LHC energies. The gluon saturation effects depend on the colliding nuclei
and rapidity as A'/3¢*Y, where A represents the mass number [18], and A is a parameter whose value
lies between 0.2 and 0.3, and is obtained from fits to the HERA measurements [8]. The effect of rapidity
dependence on particle production is tested by measuring the ratios of integrated yield (dN/dy) and mean
transverse momentum ((pt)) at given y to the values at y = 0, i.e. denoted as (dN /dy)/(dN /dy),—¢ and
(p1)/{pT)y=0. It is also important to study the variation with rapidity of the nuclear modification factor
between central and non-central collisions. This factor (Qcp(pr)) is defined as

&N &N
dprdy dprdy
Ocr(pT) = ) (2)
(P ) <Ncoll> HM <Nc011> LM

where (Ncoy) is the average number of nucleon—nucleon collisions in low-multiplicity (LM) and high-
multiplicity (HM) events, respectively. The multiplicity dependence of K*° and ¢ meson production at
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midrapidity was studied in pp, p—Pb, and Pb—Pb collisions at LHC energies and reported in Refs. [14,
26, 27, 34]. The lifetime of the K* meson is about 4 fm/c, which is comparable to the lifetime of the
hadronic phase. In contrast, the lifetime of the ¢ meson is 10 times higher. The K** and ¢ mesons are
thus useful probes of the late-stage evolution of high-energy hadronic collisions. As they have similar
mass but differ in their strangeness content by one unit, they are suitable candidates to understand the
modification of particle production due to rescattering effects and the role of the strangeness content, as
discussed in Refs. [26, 28, 29, 34].

This article reports the first measurements of the rapidity dependence of K*(892) and ¢ (1020) mesons
production in p—Pb collisions at center-of-mass energy per nucleon—nucleon collisions at /sy = 5.02
TeV by the ALICE experiment at the LHC. The large size of the data sample and the excellent particle
identification (PID) provide opportunities to extend these measurements in a wider rapidity interval and
multiplicity classes compared to earlier measurements [23, 24, 26-29]. This enables the investigation of
the nuclear effects on the particle production in p—Pb collisions. The pr spectra, Yasym(pT) and Qcp(pr1)
are studied in the rapidity range -1.2 < y < 0.3 and three multiplicity classes along with a measurement
on the multiplicity-integrated sample. Similar measurements for charged particles and strange hadrons
at RHIC and the LHC energies were reported in Refs. [7, 16, 18].

The measurements presented here are compared with various model predictions such as EPOS-LHC [35],
EPOS3 with and without UrQMD [36-39], DPMIJET [40], HIJING [41] and PYTHIA8/Angantyr [42].
EPOS-LHC is an event generator for minimum-bias hadronic interactions that incorporates a parameter-
ization of flow based on LHC data [35]. It is an event generator based on multiple partonic scatterings
described using Gribov’s Reggeon field theory formalism, supplemented with collective hadronization
and the core-corona mechanism from pp to A—A collisions [35]. EPOS3 is an event generator based
on 3+1D viscous hydrodynamical evolution in the Gribov-Regge multiple scattering framework, which
is used to understand hadronic resonances and their interactions in the partonic and hadronic medium.
The UrQMD model introduces the description of rescattering and regeneration effects in the hadronic
phase [36, 38, 39]. DPMJET is a QCD-inspired dual parton model based on the formalism of the Gribov-
Glauber approach that treats the soft- and hard- scattering interactions differently [40]. HIJING is used
to study jet and the associated particle production in high energy collisions and is based on QCD-inspired
models, including multiple minijet production, soft excitation, nuclear shadowing of parton distribution
functions, and jet interaction in dense matter. Due to nuclear shadowing, the parton distribution func-
tions of quarks and gluons are expected to differ from the simple superposition of their distribution in a
nucleon. The initial nuclear shadowing effect on particle production is tested using two shadowing depth
constant values 0.1 and O that represent the HIJING model predictions with and without shadowing [41].
PYTHIAS/Angantyr is an event generator based on the Fritiof model [43], which includes the features of
multi-parton interactions and diffractive excitation in each nucleon—nucleon (NN) sub-collision. It acts as
a baseline for understanding the non-collective background in the observables sensitive to collective be-
havior, as PYTHIAS does not include a collective expansion stage in its description of pp collisions [42].
The comparison of data with the results from these phenomenological models helps to understand the
relative contribution of the nuclear effects on the particle production in p—Pb collisions.

For the results presented here, K*(892)? and K" (892)° are averaged and denoted by the symbol K*,
while ¢ (1020) is denoted by ¢. The article is organized as follows. In Section 2, the data sample, event
and track selection criteria, the analysis techniques, the procedure of extraction of the yields, and the
study of the systematic uncertainties are discussed. In Section 3, the results on the pr spectra, the dN/dy,
the (pr), the Yasym and the QOcp in p—Pb collisions at \/syn = 5.02 TeV are presented. Finally, the results
are summarized in Section 4.
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2 Data analysis

Measurements of K* and ¢ meson production are carried out on the data sample collected in 2016 dur-
ing the second LHC run with p—Pb collisions at /sy = 5.02 TeV. The resonances are reconstructed
from their decay products by using the invariant-mass method. The considered decay channels are
K*® — K* 7~ and its charge conjugate, and ¢ — K*K~ with respective branching ratios (BR) of 66.6 %
and 49.2 % [26, 27]. In the p-Pb configuration, the 2®Pb beam with energy of 1.58 TeV per nucleon
collides with a proton beam with an energy of 4 TeV resulting in collisions at a nucleon—nucleon center-
of-mass energy /snn = 5.02 TeV [26]. It leads to the rapidity in the center-of-mass frame being shifted
by Ay = —0.465 in the direction of the proton beam with respect to the laboratory frame. The measure-
ments are performed in the rapidity range -1.2 <y < 0.3 for five rapidity intervals with width of 0.3
units and three multiplicity classes along with a multiplicity-integrated class. The details of the ALICE
detector setup and its performance can be found in Refs. [44, 45]. The measurements are carried out with
the ALICE central barrel detectors, which are utilized for tracking, PID, and primary vertex reconstruc-
tion and are housed inside a solenoidal magnet with a magnetic field of 0.5 T. The main detectors that
are used for the analyses presented here are the Inner Tracking System (ITS) [46], the Time Projection
Chamber (TPC) [47], and the TOF (Time-Of-Flight) [48] detectors. These detectors have full azimuthal
coverage and have a common pseudorapidity coverage of 1| < 0.9.

2.1 Event and track selection and particle identification

The trigger and event selection criteria are the same as those discussed in previous publications [26, 27].
The events are selected with a minimum-bias trigger based on the coincidence of signals in two ar-
rays of 32 scintillator detectors covering full azimuth and the pseudorapidity regions 2.8 < 1 < 5.1
(VOA) and -3.7 < n < -1.7(VOC) [49]. The primary vertex of the collision is determined using the
charged tracks reconstructed in the ITS and the TPC. Events are selected whose reconstructed pri-
mary vertex position lies within +10 cm from the center of the detector along the beam direction.
The Silicon Pixel Detector (SPD) which is the innermost detector of the ITS, is used to reject events
in which multiple collision vertices are found (pile-up) [46]. In this work, approximately 540 mil-
lion events are selected with the criteria described above. The minimum-bias events are further di-
vided into three multiplicity classes, which are expressed in percentiles according to the total charge
deposited in the VOA detector [49]. The yield of K** and ¢ mesons is measured in five rapidity re-
gions -1.2 <y <-0.9,-09 <y <-0.6,-0.6 <y<-03,-03<y<0and 0 <y < 0.3 for the multiplic-
ity classes 0-10%, 10-40%, 40—100% in addition to the multiplicity-integrated (0—100%) measurement,
corresponding to all minimum-bias events. The 10% of the events with the highest multiplicity of charged
particles correspond to the 0—10% class and similarly, the 40—100% class corresponds to the lowest mul-
tiplicity. The (Ncon) values are estimated from a Glauber model analysis [50] of the charged particle
multiplicity distribution in the VOA detector, and they are 13.8 4= 3.8, 10.5 £ 3.9 and 4.0 + 2.6, respec-
tively for 0-10%, 10-40%, and 40-100% multiplicity classes taken from Ref. [51]. Charged-particle
tracks reconstructed in the TPC with pt > 0.15 GeV/c and pseudorapidity || < 0.8 are selected for
the analysis. The selected charged tracks should have crossed at least 70 out of 159 readout-pad rows
of the TPC. The distance of closest approach of the track to the primary vertex in the longitudinal di-
rection (DCA,) is required to be less than 2 cm. In the transverse plane (Xy) a pr-dependent selection
of DCA,(pr) < 0.0105 + 0.035 p; 1 cm is applied. The K** and ¢ mesons are reconstructed from
their decay daughters (pions and kaons), which are identified by measuring the specific ionization en-
ergy loss (dE/dx) in the TPC [47] and their time-of-flight information using the TOF [48]. For the
selection of pions and kaons, the measured (dE/dx) is required to be within norpc from the expected
(dE/dx) values for a given mass hypothesis, where orpc is the TPC (dE/dx) resolution. The values
of n are momentum-dependent (p) and are set to 60rpc, 301pC, and 26tpc in the momentum intervals
p <0.3GeV/c, 0.3 < p <0.5GeV/c and p > 0.5 GeV/c, respectively. If the TOF information is avail-
able for the considered tracks, it is used for pion and kaon identification in addition to the TPC one by
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requiring the time-of-flight of the particle to be within 3oror from the expected value for the considered
mass hypothesis, where oror is the time-of-flight resolution of the TOF.

2.2 Yield extraction

The K*¥ and ¢ resonances are reconstructed from their decay products using the invariant-mass recon-
struction technique described in Refs. [26, 27]. The invariant-mass distributions of K*zT and KK~
pairs in the same event are reconstructed. The shape of uncorrelated background is estimated using two
techniques, namely mixed-event and like-sign methods. In the mixed-event method, the shape of the
uncorrelated-background distribution for K*° (¢) is obtained by combining pions (kaons) from a given
event with opposite-sign kaons from other events. Each event is mixed with five different events to re-
duce the statistical uncertainties of the estimated uncorrelated-background distribution. The events which
are mixed are required to have similar characteristics, i.e. the longitudinal position of the primary ver-
tices should differ by less than 1 cm, and the multiplicity percentiles, computed from the VOA amplitude,
should differ by less than 5%. The mixed-event distributions for K*° (¢) candidates are normalized in the
invariant mass interval 1.1 < Mg, < 1.15 GeV/c? (1.06 < Mgk < 1.09 GeV/c?), which is well separated
from signal peak.
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Figure 1: Invariant-mass distributions after combinatorial background subtraction for K** and ¢ candidates in
the multiplicity class 0-10% and transverse momentum range 2.2 < pt < 3.0 GeV/c in the rapidity interval
-0.3 <y < 0 (panels (a) and (b)) and 0 < y < 0.3 (panels (c) and (d)). The K*0 peak is described by a Breit-
Wigner function whereas the ¢ peak is fitted with a Voigtian function. The residual background is described by a
polynomial function of order 2.

In the like-sign method, tracks with the same charge from the same event are paired to estimate the
uncorrelated background contribution. The invariant-mass distribution for the uncorrelated background
is obtained as the geometric mean 2v/nt+ x n——, where n* " and n~~ are the number of positive-positive
and negative-negative pairs in each invariant-mass interval, respectively. The mixed-event technique is
used as the default method to extract the yields for both K** and ¢ mesons, while the difference with
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respect to the yield obtained using the combinatorial background from the like-sign method is included
in the estimation of the systematic uncertainty. After the subtraction of the combinatorial background,
the invariant-mass distribution consists of a resonance peak sitting on the top of a residual background
of correlated pairs. The residual background originates from correlated pairs from jets, misidentification
of pions and kaons from K** and ¢ meson decays, and partially reconstructed decays of higher-mass
particles [26]. Figure 1 shows the K*n 7 and KK~ invariant-mass distributions after subtraction of
mixed-event background in the transverse momentum interval 2.2 < pr < 3.0 GeV/c for the rapidity
intervals -0.3 <y < 0 (panels (a) and (b)) and 0 < y < 0.3 (panels (c) and (d)) in the 0—10% multiplicity
class.

The signal peak is fitted with a Breit-Wigner and a Voigtian function (convolution of Breit-Wigner and
Gaussian functions) for K** and ¢ resonances, respectively. For the K*°, a pure Breit-Wigner is used be-
cause the invariant mass resolution is negligible with respect to the natural width of the resonance peak.
A second-order polynomial function is used to describe the shape of the residual background for both res-
onances. The fit to the invariant-mass distribution is performed in the interval 0.75 < Mg, < 1.15 GeV/c?
(0.99 < Mgx < 1.07 GeV/c?) for K**(¢). The widths of K** and ¢ peaks are fixed to their known widths
['(K*%) = 47.4 4+ 0.6 MeV/c?, T'(¢) = 4.26 & 0.04 MeV/c? [52], whereas the resolution parameter of
the Voigtian function for ¢ is kept as a free parameter. In the estimation of the systematic uncertainties,
the width of the Breit-Wigner is taken as a free parameter. The mass and width values extracted from
the fit have similar magnitude and trend with pt as reported in previous publications [26, 27, 34, 53]. In
the present study, it is found that the mass and width obtained from the fit are independent of rapidity
and multiplicity for both K** and ¢ mesons. The sensitivity of the systematic uncertainty to the choice
of the fitting range, normalization interval of the mixed-event background, shape of the residual back-
ground function, width, and resolution parameters have been studied by varying the fit configuration, as
described in Section 2.3. The raw yields of K** and ¢ mesons are extracted in the transverse momentum
range from 0.8 to 16 GeV/c for various rapidity intervals and multiplicity classes.

To obtain the transverse momentum spectra, the raw yields are normalized by the number of accepted
non-single-diffractive (NSD) events and corrected for the branching ratio and the detector acceptance
(A) times the reconstruction efficiency (€c). The A X & is obtained from a Monte Carlo (MC) sim-
ulation based on the DPMJET [40] event generator and the GEANT3 package to model the transport
of the generated particles through the ALICE detector [54]. The A X €. is defined as the ratio of the
reconstructed py spectra of K** (¢) mesons in a given rapidity interval to the generated ones in the same
rapidity interval. The track and PID selection criteria applied to the decay products of resonances in the
MC are identical to those used in the data. Since the efficiency depends on pr and the pr distributions
of K** and ¢ mesons from DPMIJET are different from the real data, a re-weighting procedure is applied
to match the generated pt shapes to the measured ones.

The effect of the re-weighting on A X &, depends on pr and amounts to ~5-17% at pt < 1.5 GeV/c.
At higher pr, the effect is negligible. The effect of re-weighting also depends on rapidity at low pr.
The re-weighted A X €. is used to correct the raw pr distribution. The A X & is calculated for each
rapidity interval and multiplicity class considered in the analysis. The A X & as a function of pr shows
a rapidity dependence for a given multiplicity class, however, no significant multiplicity dependence of
A X g 1s observed for a given rapidity interval.

2.3 Systematic uncertainties

The procedure to estimate the systematic uncertainties is similar to the one adopted in previous analy-
ses [26, 27]. The sources of systematic uncertainties on the measured yield of K** and ¢ mesons are
signal extraction, track selection criteria, PID, global tracking efficiency, uncertainty on the material
budget of the ALICE detector, and the hadronic interaction cross section in the detector material. A
summary of the systematic uncertainties on the pr spectra is given in Table 1. The uncertainty due to
signal extraction is estimated from the variation of the yields when varying the invariant mass fit range,
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Table 1: Relative systematic uncertainties for K*° and ¢ yields in p—Pb collisions at /sy = 5.02 TeV. The quoted
relative uncertainties are averaged over pr in the range 0.8—16 GeV/c. The total systematic uncertainty is the sum
in quadrature of the uncertainties due to each source.

Systematic uncertainty KO ¢
Yield extraction (%) 52 33
Track selection (%) 25 5.0

Particle identification (%) 30 1.7
Global tracking efficiency (%) 3.0 2.1

Material budget (%) 1.2 22
Hadronic Interaction (%) 19 24
Total (%) 75 7.3

the treatment of the Breit-Wigner width in the fits, the mixed-event background normalization interval,
the choice of residual background function, and the method to determine the combinatorial background.
The fitting range is varied by 50 MeV /c? for K** and 10 MeV / ¢? for ¢. The normalization interval
of the mixed-event background is varied by 150 (50) MeV/ ¢* with respect to the default value for K*°
(¢). The width of K** and ¢ resonances is left as a free parameter in the fit, instead of fixing it to the
world-average value. For ¢ resonances, the effect on the yield due to the variation of resolution parame-
ter (o of the Gaussian function in the Voigtian distribution) is also considered. The residual background
is parameterized using first-order and third-order polynomial functions for estimating its contributions to
the systematic uncertainties. The combinatorial background from the like-sign method is used instead of
the one from event mixing. The estimated systematic uncertainties due to the yield extraction is 5.2% for
K* and 3.3% for ¢. The systematic effects due to charged track selection have been studied by varying
the selection criteria on the number of crossed rows in the TPC, the ratio of the numbers of TPC crossed
rows to findable clusters, and the DCA to the primary vertex of the collisions. The estimated uncertain-
ties due to the track selection is 2.5% for K*° and about 5% for the ¢ mesons. To estimate the systematic
uncertainty due to the PID, the selections on the dE/dx and time-of-flight of the pions and kaons are
varied. Two momentum-independent selections: 2orpc with 361or and 26pc only, are used for both
K* and ¢. The estimated systematic uncertainties are 3% for K** and 1.7% for ¢. The uncertainty due
to the global tracking efficiency, description of the detector material budget in the simulation, and the
cross sections for hadronic interactions in the material are taken from Ref. [26]. The total systematic
uncertainty is taken as the quadratic sum of all contributions leading to 7.5% for K*° and 7.3% for ¢
mesons. No multiplicity and rapidity dependence of the systematic uncertainties is observed. There-
fore, the systematic uncertainties on the pt spectra determined for minimum-bias events in the rapidity
interval 0 < y < 0.3 are assigned in all rapidity intervals and multiplicity classes.

The systematic uncertainties on Y5y are estimated by considering the same approaches and variations as
for the corrected yields. The systematic uncertainties due to signal extraction and PID are uncorrelated
among different rapidity intervals whereas the other sources of systematic uncertainties such as track
selections, global tracking uncertainties, material budget and hadronic interactions are correlated and
cancel out in the Y,y ratio. For the uncorrelated sources of uncertainty, the same variations considered
for the yields were studied by estimating their effects on the Y,y ratio. The resulting uncertainty was
estimated to be about 2.5% (2%) for K** (¢) mesons. No multiplicity and rapidity dependence of the
uncertainties is observed for Y,sym. Therefore, the systematic uncertainties determined for minimum-bias
events are assigned to the ratios in the different rapidity intervals and multiplicity classes. The systematic
uncertainties on the ratios (dN/dy)/(dN/dy)y—o and (pt)/{pt),y—0 as a function of rapidity are calculated
in a similar way as for Y,sym. The systematic uncertainties on ( dN/dy)/(dN/dy)y—o and (pt)/(pT),—0 are
2.2% (2%) and 1.2% (1%) for K*° (¢), respectively.



K*(892)° and ¢(1020) in p-Pb at \/snn = 5.02 TeV ALICE Collaboration

3 Results and discussion

The rapidity and multiplicity dependence results on the pt spectra, the dN/dy, the (pr), the Yaym, and
the Qcp in p—Pb collisions at ,/syy = 5.02 TeV are discussed. The measurements are also compared
with various model predictions.

3.1 Transverse momentum spectra

Figure 2 and Fig. 3 show the pr spectra of K** and ¢ mesons in p-Pb collisions at \/syy = 5.02 TeV
for five rapidity intervals within -1.2 < y < 0.3 and for two multiplicity classes 0—10% and 40-100%,
respectively. The ratios of the pt spectra in different rapidity intervals to that in the interval 0 <y < 0.3
are presented in the bottom panels of Fig. 2 and Fig. 3. The measured pt spectra of K* and ¢ mesons
in the 0—-10% multiplicity class show a rapidity dependence at low pr (< 5 GeV/c) indicating that the
production of these resonances is higher in the Pb-going direction (y < 0) than in the p-going direction
(y > 0). For high pr, no rapidity dependences are observed.
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Figure 2: Top panels: The transverse momentum spectra of K** for five rapidity intervals within —1.2 < y < 0.3
and for two multiplicity classes (0-10%, 40-100%) in p—Pb collisions at /syn = 5.02 TeV. The data for different
rapidity intervals are scaled for better visibility. Bottom panels: The ratios of the pr spectra in various rapidity
intervals to that in the interval 0 <y < 0.3 for a given multiplicity class. The statistical and systematic uncertainties
are shown as bars and boxes around the data points, respectively.
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Figure 3: Top panels: The transverse momentum spectra of ¢ for five rapidity intervals within —1.2 <y < 0.3
and for two multiplicity classes (0-10%, 40-100%) in p—Pb collisions at /syn = 5.02 TeV. The data for different
rapidity intervals are scaled for better visibility. Bottom panels: The ratios of the pr spectra in various rapidity
intervals to that in the interval 0 <y < 0.3 for a given multiplicity class. The statistical and systematic uncertainties
are shown as bars and boxes around the data points, respectively.

3.2 Integrated particle yield and mean transverse momentum

The dN/dy and the (pr) are obtained from the transverse momentum spectra in the measured pr interval
and using a fit function to account for the contribution of K** and ¢ mesons in unmeasured regions. The
spectra are fitted with a Lévy-Tsallis function [55] and the fit function is extrapolated to unmeasured
regions at low pr ( < 0.8 GeV/c). The integral of the fit function in the extrapolated region accounts for
33% (39%) of the total yield in the 0—10% (40-100%) multiplicity class for both K** and ¢ mesons. The
contribution of the extrapolated yield at low pr is the same for all rapidity intervals. The contribution of
the yield in the unmeasured region at high pt ( > 16 GeV/c) is negligible for both K** and ¢ mesons. The
extrapolated yield contribution at low pr obtained with different fitting functions (i.e., mr-exponential,
Bose-Einstein and Boltzmann-Gibbs Blast-Wave function [56]) and that obtained with the default Lévy-
Tsallis function is 5% (8%) for the 0-10% (40-100%) included as the systematic uncertainties in the
dN/dy and it varies by 2-5 % for the (pr). In Fig. 4 the dN/dy (top panels) and (pr) (bottom panels)
of K*O (left) and ¢ (right) mesons are shown as a function of y for minimum-bias p—Pb collisions at
V/SNN = 5.02 TeV. The central values of the dNV/dy of both K* and ¢ mesons decrease slightly from the
rapidity interval —1.2 <y < —0.9 to 0 < y < 0.3 even though within the systematic uncertainties all the
data points are compatible among each other. Nevertheless, considering that the systematic uncertainties
are mostly correlated among the rapidity intervals, the measured dN /dy values suggest a decreasing trend
with increasing y in the rapidity interval covered by the measurement. The (pr) is constant as a function
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of rapidity for both K** and ¢ resonances.
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Figure 4: The pr integrated yield (dN/dy) (top panels) and mean transverse momentum ({pr)) (bottom panels)
for K*O (left) and ¢ (right) mesons as a function of y measured for the multiplicity class 0-100% in p—Pb collisions
at /sy = 5.02 TeV. The predictions from EPOS-LHC [35], EPOS3 with and without UrQMD [38, 39], DPM-
JET [40], HIJING [41], and PYTHIAS8/Angantyr [42] are shown as different curves. The statistical uncertainties
are represented as bars whereas the boxes indicate total systematic uncertainties.

The model predictions from EPOS-LHC [35], EPOS3 with and without UrQMD [38, 39], DPMIJET [40],
HIJING [41], and PYTHIA8/Angantyr [42] are also shown in the Fig. 4. In general, the models show a
similar trend with rapidity as the data except EPOS3 with and without UrQMD for (pr), which shows a
pronounced decreasing trend with rapidity. All the model predictions shown in Fig. 4 underestimate the
(pr) of both meson species. For the dN/dy, HJING and EPOS3 with and without UrQMD overpredict
the measured values for both K* and ¢, while PYTHIA8/Angantyr overpredicts the K** and underpre-
dicts the ¢ yield. EPOS-LHC provides the best overall description of the dN/dy and (pr) measurements
for K** and ¢ mesons. The (pr) also shows a flat behavior as a function of rapidity for all the considered
multiplicity classes as it can be seen in Fig. A.1 of Appendix A.

A similar behavior in the average transverse kinetic energy as a function of rapidity for strange hadrons
was reported in Ref. [16]. The rapidity dependence of dN/dy and (pr) for K** and ¢ mesons in the
multiplicity class 0-100% is further studied by dividing the dN/dy and (pr) values in a given rapidity
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interval by the corresponding values at y = 0, as shown in Fig. 5. The dN/dy and (pr) value at y =
0 is computed from the pr spectrum measured in the rapidity interval -0.3< y <0.3. The systematic
uncertainties on these ratios are estimated by studying the effects of the variations directly on the ratios as
discussed in Section 2.3. This procedure takes into account the correlation of the systematic uncertainties
across rapidity bins: as a result, these ratios have smaller systematic uncertainties than those on the
dN/dy and (pr), and allow for a better insight into the y dependence. The ratio (dN/dy)/(dN/dy)y—o
decreases with rapidity, whereas (pt)/(pr)y—o0 shows a flat behavior within uncertainties as a function
of rapidity for K** and ¢ mesons. The measurements are compared with various model predictions.
The predictions from HIJING qualitatively reproduce the trend and are the closest to the data for both
K* and ¢. The predictions from PYTHIA8/Angantyr, DPMJET, EPOS-LHC, EPOS3 with and without
UrQMD show a decreasing trend of (dN/dy)/(dN /dy),—o with increasing y, but the rapidity dependence
is less pronounced than the one in data, as it can be seen by the fact that they all tend to underestimate
the measured yield ratios in the lowest rapidity intervals, especially for K** meson.

For (pr)/{pt)y—0 as a function of y, also shown in Fig. 5, EPOS3 with and without UrQMD overestimate
the measurements at low y and predict a marked decreasing trend of (pr)/(pt)y—o With rapidity, which is
not supported by the data. From the other models, less pronounced trends are expected, which are con-
sistent with the data. In particular, HIJING predicts a slightly decreasing (pt)/{pr)y—o With increasing
rapidity, while PYTHIAS8/Angantyr, DPMJET, and EPOS-LHC predict a slightly increasing trend.

Similar studies of the ratio (pr)/(pr),—0 of charged hadrons in p-Pb collisions at /sy = 5.02 TeV
compared with the predictions of hydrodynamics and color-glass condensate (CGC) model were reported
in [33]. Predictions from hydrodynamic calculations show a decrease in {pr) with rapidity, whereas CGC
predicts an increase in (pr) with rapidity [33], while the data are flat within uncertainties. The dN/dy
and (pr) increase with multiplicity at midrapidity as observed for light-flavor hadrons and resonances in
pp and p—Pb collisions[26, 27, 56]. A similar behavior is observed in this article for K*° and ¢ in all the
different rapidity intervals shown in Fig.A.1 in Appendix A.
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Figure 5: The pr integrated yield (dN/dy) (upper panels) and mean transverse momentum ({pr)) (bottom panels)
for K*O (left) and ¢ (right) mesons as a function of y, divided by the dN/dy and (pt) at y = 0 for the multiplic-
ity class 0-100% in p—Pb collisions at /snn = 5.02 TeV. The predictions from EPOS-LHC [35], EPOS3 with
and without UrQMD [38, 39], DPMIJET [40], HIJING [41], and PYTHIA8/Angantyr [42] are shown as different
curves. The statistical uncertainties are represented as bars whereas the boxes indicate total systematic uncertain-
ties.

3.3 Rapidity asymmetry

The rapidity asymmetry (Yasym) is calculated from K*Y and ¢ mesons yields in -0.3< y <0 and 0< y <0.3,
as defined by Equation 1. Figure 6 shows the Y5y of K*Y and ¢ mesons in the measured pr intervals for
various multiplicity classes in p—Pb collisions at \/sxy = 5.02 TeV.
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Figure 6: Rapidity asymmetry (Yasym) of K*0 (red circles) and ¢ (blue squares) meson production as a function
of pr in the rapidity range 0 < |y| < 0.3 for various multiplicity classes in p-Pb collisions at /sy = 5.02 TeV.
The statistical uncertainties are shown as bars whereas the boxes represent the systematic uncertainties on the
measurements.

The Yysym values for K*? and ¢ as a function of pr are consistent within uncertainties for all multiplicity
classes. The Y,sym values deviate from unity at low pr ( < 5 GeV/c), suggesting the presence of a
rapidity dependence in the nuclear effects. The deviations are more significant for events with high
multiplicity. The Y,5ym values are consistent with unity at high pr ( > 5 GeV/c) for all multiplicity
classes, suggesting the absence of nuclear effects at high pt for the production of K** and ¢ mesons in
p—Pb collisions. Similar results have been reported for charged hadrons, pions, protons in d—Au collisions
at /snn =200 GeV by the STAR Collaboration [18] and for charged hadrons and multi-strange hadrons
in p—Pb collisions at \/syn = 5.02 TeV by the CMS Collaboration as discussed in Refs. [16, 17]. Figure 7
shows the comparison of the measured Y,sym for K*Y and ¢ mesons as a function of pr in minimum-bias
events (0-100%) with the model predictions from EPOS-LHC, HIJING with and without shadowing,
DPMIET, PYTHIA8/Angantyr, and EPOS3 with and without UrQMD.
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Figure 7: The comparison of experimental results of Ysym for K** and ¢ meson production as a function of pr
in the rapidity range 0 < |y| < 0.3 with the model predictions from EPOS-LHC [35], EPOS3 with and without
UrQMD [38, 39], DPMIJET [40], HIJING [41], and PYTHIA8/Angantyr [42]. Data points are shown with blue
markers, and model predictions are shown by different color bands, where bands represent the statistical uncertain-
ity of the model. The statistical uncertainties on the data points are represented as bars whereas the boxes indicate
total systematic uncertainties.

HIJING with and without shadowing, and EPOS3 with and without UrQMD describe the measured
Yasym at low pr within uncertainties, but they significantly overestimate the data at high pr, predicting an
increasing trend with pt (more pronounced for K*? than for ¢) that is not supported by the measurements,
which are consistent with a flat or decreasing trend for both meson species. Model predictions from
EPOS-LHC, PYTHIAS8/Angantyr, and DPMJET for K* and DPMJET for ¢ at high pr are in agreement
with the data within uncertainties.

3.4 Nuclear modification factor

The nuclear modification factor Qcp is calculated from the K** and ¢ yields normalized to (Noyi) in high
multiplicity (central) and low multiplicity (peripheral) collisions, as defined by Equation 2. Figure 8
shows the Qcp of K*? (red circles) and ¢ (blue squares) mesons as a function of pr for 0—-10% / 40-100%
(top panels) and 10-40% / 40-100% (bottom panels) in various rapidity intervals within the range
—1.2 <y < 0.3 for p—Pb collisions at /sy = 5.02 TeV. The Qcp of ¢ mesons seems to be slightly
higher than the K*0 one for the ratio of 0-10% / 40-100%, however, the results for the two meson
species are consistent within uncertainties for the ratio 10-40% / 40-100% for all measured rapidity in-
tervals. An enhancement at intermediate pt (2.2 < pr < 5.0 GeV/c), reminiscent of the Cronin effect,
is seen for K** and ¢ mesons in the Qcp. This enhancement is more pronounced at high negative rapid-
ity, i.e., in the Pb-going direction, and for high multiplicity events. The more pronounced Cronin-like
enhancement for the 0-10% multiplicity class suggests that multiple scattering effects are more relevant
for high multiplicity (central) collisions. At high pt (> 5 GeV/c), the Qcp values are greater than unity,
which is a known feature of Qppy, !"and Qcp when the centrality or multiplicity classes are defined with

Ut is defined as the ratio of the yield per equivalent number of nucleon—nucleon collisions at a given centrality or multiplicity
class in p—Pb collisions to the yield in minimum-bias pp collisions at the same center-of-mass energy.
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the VO detector, and it is interpreted as a selection bias due to the multiplicity estimator [51]. The results
for K** and ¢ mesons are consistent between each other within uncertainties.
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Figure 8: The Ocp of K*? (red circles) and ¢ (blue squares) mesons as a function of pr for 0-10% / 40-100%
(top panels) and 10-40% / 40-100% (bottom panels) in various rapidity intervals within the range —1.2 <y < 0.3

in p—Pb collisions at /snn = 5.02 TeV. The statistical and systematic uncertainties are represented by vertical bars
and boxes, respectively.

To quantify the rapidity dependence of the nuclear modification factor, the Qcp values of K** and ¢
mesons for intermediate pt (2.2 < pt < 5.0 GeV/c) are shown as a function of rapidity in Fig. 9. The
values of Qcp at intermediate pt show a faster decrease from the rapidity interval —1.2 <y < — 0.9 to
0 <y < 0.3 for 0-10% / 40-100% than for 10-40% / 40-100%, indicating a stronger rapidity depen-
dence of the Cronin-like enhancement in events with high multiplicity. The stronger rapidity dependence
for 0—-10% / 40—-100% can be inferred from the slope parameter () of the linear function fit to the Qcp
of K** and ¢ mesons reported in Fig. 9. The slope of the ¢ meson Qcp is slightly larger than the K*°
one. A similar conclusion on the 11 dependence of nuclear modification factors of charged hadrons was
reported by the BRAHMS Collaboration [7].

15



K*(892)° and ¢(1020) in p-Pb at \/snn = 5.02 TeV ALICE Collaboration

2.5 I | | I |
ALICE
* 22<p_<50GeV/c
p-Pb |5, =5.02Tev K™ T )
ot y=a"X+C { — -
_— >.<
~=—
o
OO1-5_ ey T "= 7
Solid (0-10% / 40-100%) Open (10-40% / 40-100%)
|
o + Aa [ o +  Aa c
— —-0.193 £0.081 1.70 — —0.273 +0.064 1.80
== — 0.095 £0.062 | 1.34 === 0.118 +0.047 1.?5
L ! L !
-1 -0.5 0 -1 -0.5 0

y

Figure 9: The Ocp of K*¥ (red circles) and ¢ (blue squares) mesons as a function of rapidity for 0-10% / 40-100%
(solid markers) and 10-40% / 40-100% (open markers) in p—Pb collisions at /sy = 5.02 TeV. The solid and
doted lines represents the linear fit to data. The statistical and systematic uncertainties are represented by vertical
bars and boxes on the measurements, respectively.

4 Summary

The transverse momentum differential yields of K** and ¢ mesons have been measured in the ra-
pidity interval —1.2 < y < 0.3 for various multiplicity classes over the transverse momentum range
0.8 < pt <16 GeV/c in p—Pb collisions at /sxy = 5.02 TeV with the ALICE detector. The pt spectra of
K* and ¢ mesons show a multiplicity and rapidity dependence at low pt, whereas the spectral shapes
are similar for all multiplicity classes and rapidity intervals at high pt (> 5 GeV/c). This suggests that
nuclear effects influence K** and ¢ meson production at low pr. The (dN/dy)/(dN/dy),— ratios de-
creases with increasing rapidity in the measured interval -1.2 < y <0.3, whereas the average transverse
momentum ((pr)) and the (pr)/(pr)y—o ratios show a flat behavior for both K** and ¢ mesons. The
rapidity dependence of dN /dy, (pr) and their ratios with respect to the corresponding values at y = 0 are
compared with model predictions for minimum-bias events. The EPOS-LHC model, which includes pa-
rameterized flow, provides the best description for the magnitudes of K** and ¢ dN/dy and (pr), whereas
HIJING predictions are in closest agreement with the measured rapidity dependence, which is studied
via the ratios (AN /dy)/(dN /dy)y—o and (pr)/{pt)y=0. The Yusym ratios for K** and ¢ mesons as a function
of pr show deviations from unity at low pt for high multiplicity events, while, their values are consistent
with unity within uncertainties at high pr in the measured multiplicity and rapidity intervals. The Yasym
ratios of K* and ¢ mesons are found to be consistent between each other within uncertainties in the
measured kinematic region. The measured deviations of Y,y from unity at low prt suggest the presence
of rapidity dependent nuclear effects such as multiple scattering, nuclear shadowing, parton saturation,
and energy loss in cold nuclear matter. None of the models presented here is able to describe the Yysym
of K** and ¢ mesons at low pt. The nuclear modification factors between the central and peripheral
collisions Qcp for K** and ¢ mesons as a function of pt show a bump, with a maximum around pr
=3 GeV/c, suggestive of the Cronin effect. This Cronin-like enhancement is more pronounced for large
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negative rapidities (in the Pb-going direction) and for more central (higher multiplicity) collisions. The
measurements reported in this paper confirm that nuclear effects play an important role in particle pro-
duction in p—Pb collisions at the LHC energies. They will contribute, along with previous and upcoming
measurements of other hadron species, to constrain models and event generators.
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Figure A.1: The pr integrated yield (dN/dy) (top panels) and mean transverse momentum ((pr)) (bottom panels)
for K*¥ (left panels) and ¢ (right panels) mesons as a function of y measured for the multiplicity classes 0—10%,
10-40% and 40-100% in p—Pb collisions at /sy = 5.02 TeV. The statistical uncertainties are represented as bars
whereas boxes indicate the total systematic uncertainties on the measurements.

A Multiplicity and rapidity dependence of dN /dy and (pr)

Figure A.1 shows the multiplicity dependence of the dN/dy and (pt) of K*” and ¢ mesons as a function
of y in p—Pb collisions at /sy = 5.02 TeV. The dN /dy and the (pr) increase with multiplicity for a given
rapidity interval. The dN/dy shows a weak rapidity dependence with large uncertainties, and suggesting
a more pronounced dependence for events in the highest multiplicity class (0-10%). The (pt) shows
a flat behavior as a function of rapidity for all multiplicity classes in the measured rapidity interval.
Similar behavior in the average transverse kinetic energy as a function of rapidity for strange hadrons
was reported in Ref. [16].
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Introduction

The measurement of hadronic resonance
production in high-energy heavy-ion collisions
provides an important contribution for un-
derstanding particle production mechanisms.
Measurements in smaller collision systems
such as pp and p—Pb act as a reference for the
interpretation of the heavy-ion results. Due to
their short lifetime, resonances are ideal can-
didates to probe the dynamics of the hadronic
phase formed in heavy-ion collisions. The life-
time of ¢ meson (46.3 fm/c) is long compared
to that of other hadronic resonances as well
as the lifetime of the fireball produced in the
heavy-ion collisions. The ¢ meson is useful for
the study of strangeness enhancement. The ¢
meson contains strange quark and antiquark
(s8), with net strangeness content equal to
zero. Its production should therefore not be
canonically suppressed, while the production
of hadrons with open strangeness (e.g. kaons
or Z ) may be canonically suppressed [1]. Re-
cent results obtained by using the ALICE de-
tector show that although the ¢ meson has
zero net strangeness content, it behaves like a
particle with open strangeness in large colli-
sion system. Measurements of ¢-meson pro-
duction as a function of the multiplicity may
help to distinguish between the various expla-
nations of strangeness enhancement in small
systems.

Analysis details

The ¢ vector meson is reconstructed
through an invariant mass analysis using the
hadronic decay channel into K*K~ (branch-
ing ratio: 49.2%) [2]. The ¢ meson signals in

*Electronic address: sandeep.dudi@cern.ch

different transverse momentum (pr) intervals
and multiplicity classes is obtained by sub-
tracting the combinatorial background from
unlike-sign pair invariant-mass distributions.
After the combinatorial background subtrac-
tion a residual background remains, which
mainly arises from other sources of correlated
pairs and mis-identified particle-decay prod-
ucts. The extracted ¢ signal is fitted with
a Voigtian function (which is a convolution
of Breit-Wigner and Gaussian functions). A
polynomial function is used to describe the
residual background. In each pr interval, the
raw yield is obtained from the fit to the signal
peak for the various multiplicity classes. To
determine the final pp spectra the raw yields
are corrected for detector acceptance, recon-
struction efficiency and decay branching ratio.
Recent measurements of ¢ mesons in p—Pb col-
lisions at \/syn = 5.02 and 8.16 TeV and in
pp collisions at /s = 7 and 13 TeV , are pre-
sented.

Results and Discussion

Figure 1 shows the pr integrated ¢-meson
yield (dN/dy) as a function of charged-
particle multiplicity in different colliding sys-
tems and at different energies. dN/dy in-
creases with increasing charged-particle mul-
tiplicity. It also appears that the event multi-
plicity drives the particle production, irrespec-
tive of the colliding system type and energies.

Figure 2 shows the ratios of the yields of
p, K% A, ¢, =, and Q to pions as a func-
tion of charged particle multiplicity in vari-
ous systems at different energies. A signifi-
cant enhancement of strange to non-strange
hadron production is observed with increas-
ing charged particle multiplicity in pp and p—
Pb collisions [3]. No significant energy depen-
dance is observed in these ratios. The larger
the strangeness content of the particle, the
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stronger the observed enhancement. This ef-
fect is due to strangeness and not due to the
baryon number or mass of the hadron. At high
multiplicity in pp and p—Pb collisions the yield
ratios have similar values to those observed in
Pb-Pb collisions.
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collisions at /sy = 5.02 [4], in Xe—Xe collisions
at \/sNN = 5.44 and in Pb-Pb collisions at /snn
= 5.02 TeV.

Proceedings of the DAE Symp. on Nucl. Phys. 64 (2019)

The =Z/¢ ratio as a function of charged-
particle multiplicity for three different colli-
sion systems and energies is shown in Fig. 3.
The net strangeness content of ¢ meson is 0,
while net strangeness of = is 2.In Fig. 3 it is
possible to see that Z/¢ ratio slightly increases
in pp and p—Pb as a function of the charged
particle multiplicity, but is fairly constant or
slightly increases across a wide range of mul-
tiplicities. This indicates that the ¢ meson
behaves as if it had an effective strangeness
< 2. Comparing the ¢ with particles hav-
ing strangeness 1 or 2, one observe that the
¢ meson behaves like a particle with open
strangeness.
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FIG. 3: Z/¢ ratio as a function of

(dNeh/dn)pi<0.5 in pp collisions at /s =
13 TeV, in p—Pb collisions at y/snn = 5.02 TeV
and in Pb—Pb collisions at /sxy = 5.02 TeV.
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Chapter 93 M)
@ and K** Production in p-Pb and L
Pb-Pb Collisions with ALICE at the LHC

Sandeep Dudi

Abstract We report recent measurements of ¢ and K*° production in p—Pb and Pb—
Pb collisions at ./syn = 8.16 and 5.02 TeV, respectively. The integrated yield and
mean transverse momentum are reported as a function of charged particle multiplicity
to explore the particle production mechanism. Particle ratios K*/K and ¢/K are
studied as a function of charged particle multiplicity to explore rescattering and
regeneration effects. The nuclear modification factor (Raa) as a function of pr is
studied to explore parton energy loss.

93.1 Introduction

It has been established that in high-energy heavy-ion collisions, a hot and dense,
strongly interacting matter, often described as a strongly coupled quark-gluon plasma
(sQGP), is created [1-3]. The K*(892)° (d5) and ¢(1020) (s5) particles produced in
these collisions contain strange (anti-strange) quarks and they can be used for the
systematic studies of the particle-species dependence of partonic energy loss in the
medium. The K*° and ¢ have lifetimes in vacuum of 4.164-0.05 fm/c and 46.34-0.4
fm/c, respectively [4]. Due to their short lifetimes, resonance particles can be used
to probe the system at different timescales during its evolution. Resonance yields
measured by hadronic decay channels can be affected by particle rescattering and
regeneration in the hadron gas phase.

A Large Ion Collider Experiment (ALICE) [5] is a multi-purpose heavy-ion detector,
which has excellent tracking and particle-identification capabilities [6]. Resonances
¢ and K*0 are reconstructed from their hadronic decay daughters (¢ — KK and K*°
— Kor) using an invariant mass technique. The details of the analysis can be found
in [7].

For ALICE Collaboration.
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Fig. 93.1 (Left) The integrated yield (dN/dy) and (right) the mean transverse momentum ({pr))
of ¢ meson as a function of charged particle multiplicity ((dNcn/dn)) in pp collisions at /s = 7 and
13 TeV and in p-Pb collisions at ,/syn = 5.02 and 8.16 TeV

93.2 Results

Figure 93.2 (left panel) shows the integrated yield of ¢ as a function of the charged
particle multiplicity in pp collisions in rapidity (]y| < 0.5) at /s =7 and 13 TeV and
in p—Pb collisions in rapidity (—0.5 < y < 0) at ,/sny =5.02 [8] and 8.16 TeV. The
integrated yield increases with increasing charged particle multiplicity ((dN.y/dn))
independently of the identities of the colliding ions and their energies. The right
panel of Fig. 93.1 shows the mean transverse momentum ({pr)) of ¢ as a function of
(dNcn/dn) in pp collisions at /s =7 and 13 TeV and in p—Pb collisions at \/sxy = 5.02
and 8.16 TeV. The (pr) increases as a function of the charged particle multiplicity
and seems to saturate at high multiplicity in p—Pb collisions. A similar trend of
{pr) dependence on multiplicity is also observed for other resonances [8]. The new
results for (pr) may lead to a better understanding of the mass ordering (particles
with similar masses have similar (pt)) observed in central and semi-central Pb—Pb
collisions, which is consistent with expectations from the hydrodynamic expansion
of the system [7]. The mass ordering in (pt) is not observed in small collision
systems [9].

The K*%/K and ¢/K ratios as a function of charged particle multiplicity ((dNcx/dn))
in Pb-Pb collisions at ,/syy = 5.02 TeV are shown in Fig.93.2. The results are
compared with p—Pb and Pb—Pb collisions at ,/syn =5.02 and 2.76 TeV, respectively.
The K*%/K ratio decreases as we go from p—Pb and peripheral Pb—Pb collisions to the
most central Pb—Pb collisions. This decrease in the K*%/K ratio can be understood
as the rescattering of K* decay daughters in the hadronic medium [7]. The ¢/K
ratio shows no suppression in p—Pb and Pb—Pb collisions and almost no dependence
on (dN/dn). The ¢/K ratio suggests that the ¢ (which has a lifetime of an order
of magnitude larger than the K*°) might decay predominantly outside the hadronic
medium.



93 @ and K*° Production in p—Pb and Pb-Pb Collisions with ALICE at the LHC 681

Fig. 93.2 pr integrated
K*9/K and ¢/K ratios as a
function of changed particle
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TeV and in Pb-Pb collisions
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The nuclear modification factor (Raa) of 7, K, p, ¢ and K*0 as a function of PT
in Pb-Pb collisions at /sxy = 5.02 TeV in the 0-10 % collision centrality class is
shown in Fig. 93.3. In the intermediate pr range (2-6 GeV/c), the Raa of ¢ and K*0
are similar to that of the charged kaons, whereas protons and ¢ exhibit a different
trend despite their similar masses [10]. For pt > 8 GeV/c, all the light flavoured
species, 7, K, p, ¢ and K*0, show a similar suppression within uncertainties.
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93.3 Conclusions

The production of ¢ and K*° mesons in p—Pb and Pb—Pb collisions in various cen-
trality classes at ,/syn = 8.16 and 5.02 TeV, respectively, has been measured. The
integrated yields (dN/dy) of ¢ and K*° mesons (only the ¢ measurement is shown
here) are independent of collision system and energy, indicating that particle produc-
tion is driven by multiplicity. The ( pr) of the ¢ meson saturates at high multiplicity in
p-Pb collisions. The suppression in K*%/K ratio indicates that rescattering dominates
over regeneration. The Raa value of ¢ mesons and protons differ at intermediate pr
despite similar masses. At high pr (pr> 8 GeV/c), all particles show similar sup-
pression within uncertainties.
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The study of identified particle production in p-Pb and pp collisions provides a baseline mea-
surement to be compared with Pb-Pb results. The excellent tracking and particle identification
capabilities of the ALICE detector allow the study of identified particle production up to a very
high transverse momentum (prt). We report recent results on ¢ and K* in p-Pb collisions at

VNN = 8.16 TeV along with measurements of 7, K, p, E, A and Q in p-Pb collisions at

V/SNN = 5.02 TeV. Integrated yields, mean transverse momenta, and particle ratios as a function
of the charged particle multiplicity are studied to understand the particle production mechanism.
The nuclear modification factor (Rppy) as a function of pr is studied to understand the parton
energy loss mechanism and the Cronin effect.

International Conference on Hard and Electromagnetic Probes of High-Energy Nuclear Collisions
30 September - 5 October 2018
Aix-Les-Bains, Savoie, France

*Speaker.
T A footnote may follow.

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonC: ial-NoDerivatives 4.0 I ional License (CC BY-NC-ND 4.0). https://pos.sissa.it/




hidden strangeness Sandeep Dudi (for ALICE Collaboration)

1. Introduction

Measurements of identified particle production as a function of the charged particle multi-

plicity in pp and p—Pb collisions are important tools for understanding the similarities and differ-
ences between small and large interacting systems. Because of their short lifetimes, resonances are
good candidates to understand the mechanism of particle production and properties of the hadronic
phase. The yields of resonances might be modified by in-medium effects such as re-scattering
and regeneration [1]. The multiplicity dependent studies in pp and p—Pb collisions can be used to
search for the onset of collectivity similar to what is observed in heavy ion collisions. The nuclear
modification factors (R,pp) can be used to study the parton energy loss mechanism, cold nuclear
matter effects such as the Cronin enhancement at intermediate pt and shadowing effects [2]. The
p—Pb collision system allows a study of the particle productions mechanisms in the multiplicity
range intermediate between elementary pp and peripheral Pb—Pb collisions.
We present measurements of integrated particle yields, mean transverse momenta and pr integrated
yield ratios of ¢(1020), K*(892)°, 7, K, p, A, Q and E in p-Pb collisions at LHC energies. In ad-
dition, nuclear modification factors (R,pp) of 7, K, p, Q and E in p-Pb collisions at /sy = 5.02
TeV are discussed.

2. Analysis

The detailed description of the ALICE detector can be found in Ref. [3]. The measurements of
7, K, p, ¢ and K*? production are performed in p—Pb collision as a function of the charged particle
multiplicity at \/sxy = 5.02 and 8.16 TeV in the rapidity range -0.5 < yem < 0. Resonances (¢,
K*%) and multi-strange baryons (€, E) are reconstructed by using an invariant mass technique [1].
The ¢ and K*° are reconstructed in the following decay channels ¢ — K* K~ (BR = 48.2%) and
K*(K*%) - K"~ (K~ 7")(66.6 %) while Q and E are reconstructed in the decay channel Q~(Q")
-+ AK (AK")(67.8%) , 2 (E*) = A (A n*) (99.9%) with a subsequent A — pr—(63.9%)
decay [4]. Long-lived particles like 7, K, p and p are identified with the help of various ALICE
sub-detectors: the Inner Tracking System (ITS), the Time Projection Chamber (TPC) and the Time-
Of-Flight (TOF), by using different PID techniques [5]. The centrality classes are defined based
on the signal amplitude measured in the VOA scintillator. The resonance peaks reconstructed by
the invariant-mass method sit on top of a large combinatorial background, which is estimated by
using like-sign and event-mixing techniques. In the mixed-event method the shape of the uncorre-
lated background is estimated from the invariant-mass distribution of A*h~ combinations from five
different events having similar characteristics like multiplicity, collision vertex position etc. In the
like-sign technique, the background is evaluated by using invariant mass distribution of like-charge
pairs from the same event [1]. After background subtraction the raw yield is extracted from the
invariant-mass distribution and is then corrected for detector acceptance, tracking efficiency and
branching ratio. The first two corrections are determined from Monte Carlo simulations of the
ALICE detector response [6].

3. Results

Figure 1 (left panel) shows the integrated yields of ¢ as a function of the charged particle
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multiplicity in pp collisions at /s =7 and 13 TeV and in p-Pb collisions at /syy = 5.02 and 8.16
TeV. The integrated yield increases with increasing (dN,/dn). The right panel of Fig. 1 shows
the mean transverse momentum ({(p)) of ¢ as a function of (dN./dn) in pp collisions at /s =7
and 13 TeV and in p—Pb collisions at /sy = 5.02 and 8.16 TeV. The (pr) increases as a function
of the charged particle multiplicity and seems to saturate at high multiplicity in p—Pb collisions.
A similar trend of (pr) dependence on multiplicity is also observed for other resonances [7]. In
the most central p—Pb collisions, (dNcy/dn) has the same order of magnitude as in peripheral
heavy ion collisions. The new results for (pr) may lead to a better understanding of the mass
ordering (particles with similar masses have similar (pr)) observed in central and semi-central
Pb-Pb collisions, which is consistent with expectations from the hydrodynamic expansion of the
system [1]. The mass ordering is not observed in small collisions systems [6].
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Figure 1: (Left) The integrated yield (dN/dy) and (right) the mean transverse momentum ({(pt)) of ¢ meson
as a function of charged particle multiplicity ((dNcy/dn)) in pp collisions at \/s = 7 and 13 TeV and in p-Pb
collisions at \/syn = 5.02 and 8.16 TeV.

Figure 2 (left panel) shows the ratios of the yields of p, K%, A, ¢, Z, and Q to pions as a
function of charged particle multiplicity in various systems at different energies. A significant
enhancement of strange to non-strange hadron production is observed with increasing charged
particle multiplicity in pp and p—Pb collisions [8]. No significant energy dependance is observed.
The larger the strangeness content of the particle, the stronger the observed enhancement. This
effect is due to strangeness and not due to baryon number or mass. At high multiplicity in pp
and p—Pb collisions the yield ratios have similar values as observed in Pb—Pb collisions. The Z/¢
ratio as a function of charged particle multiplicity for three different collision systems and energies
is shown in Fig. 2 (right panel). The net strangeness of ¢ is O (the @, as an s§ state, has hidden
strangeness) while net strangeness of E is 2. From the figure we can see that E/¢ ratio slightly
increases in pp and p—Pb as a function of the charged particle multiplicity, but is fairly constant over
a wide range of multiplicities. This indicates that ¢ behaves as if it had an effective strangeness
Sy < 2. From ¢/K ratio (not shown here), the effective strangeness of ¢ is Sy > 1.

The nuclear modification factor for 7, K, p, Q and E as a function of pr in p—Pb collisions
at \/syn = 5.02 TeV is shown in Fig. 3. At intermediate pr (3.0 < pr < 6 GeV/c) a Cronin peak
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Figure 2: (Left) The ratio of yields of hadrons (p, K?, A, ¢, Q, E) to pions as a function of charged particle
multiplicity ((dNep/dn)) in pp collisions at /s = 7, 13 TeV, in p-Pb collisions at ,/sxn = 5.02 [9], in Xe-Xe
collisions at ,/syn = 5.44 and in Pb—Pb collisions at /syy = 5.02 TeV. (Right) E/¢ ratio as a function of
(dNcp/dn) in pp collisions at /s = 13 TeV, in p-Pb collisions at \/snn = 5.02 TeV and in Pb-Pb collisions
at \/snN = 5.02 TeV.

is observed in Rppp for p, E and Q. At intermediate pt baryons and mesons show different Rypp
and the enhancement for p, £ and Q is stronger. Rppp at high pr ( pr > 8 GeV/c) is consistent
with unity within uncertainty, suggesting that final state effects do not play a role. The Rppy, for
the proton has a peak at pr~4 GeV/c. A similar enhancement of protons was observed in Pb—Pb

collisions and similar pattern was observed at RHIC [10].
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Figure 3: The nuclear modification factor (R,pp) of 7, K, p, Q and E as a function of pt in p—Pb collisions
at \/snN =5.02 TeV.
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4. Conclusions

We have reported the measurements of identified particle production as a function of the
charged particle multiplicity in p—Pb collisions at \/sxn = 5.02 and 8.16 TeV. The integrated yields
(dN/dy) of ¢ and K*° mesons are independent of collision system and energy, indicating that par-
ticle production is driven by multiplicity. The (pr) of the ¢ meson saturates at high multiplicity in
p—Pb collisions. In the ratios of p, K?, A, ¢, Q, E yields to that of pions, a significant enhancement
of strange to non-strange hadron production is observed with increasing charged particle multi-
plicity in pp and p-Pb collisions. The yield ratios are independent of the energies. While the net
strangeness of ¢ is zero, it behaves as a particle with an effective strangeness of 1-2. The Rypy, is
independent of particle species at high momentum, it is consistent with unity within uncertainty.
The enhancement at intermediate pr is stronger in case of p, £ and Q. In the future, new results for
Rypp from p—Pb collisions at ,/syn = 8.16 TeV may help to study the energy dependence of Rypy.
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