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ABSTRACT

Title of Thesis : Particle Ratios and Transverse Momentum Spectra at

RHIC Energies

The first low energy nuclear collision experiment performed by Rutherford was able
to resolve the charged nucleus inside the neutral atom. High energy collisions were
able to resolve the existence of nucleons and eventually quarks bound within these
nucleons. The current goal of relativistic heavy ion collisions is to produce a new
state of matter where quarks decouple from nucleons and behave as quasi-free parti-
cles. This is called “Quark Gluon Plasma” (QGP). The evolution of the QGP may
allow us to better understand the evolution of universe itself. The theory, which at
present is believed to give the best description of the strong forces is QCD (Quantum
ChromoDynamics). In QCD, the fundamental interactions are believed to be between
quarks and gluons, and nucleons are seen as bound states of three quarks held to-
gether by gluon exchange. The concept of QCD was first given by David Politzer,
Frank Wilczek and David Gross in 1970, for which they were awarded the 2004 Nobel
Prize in Physics.

The ultra-relativistic heavy-ion collisions provide an indispensable laboratory for
investigating the behavior of nuclear matter under extreme conditions of tempera-
ture and /or pressure as those existing a few moments after the “Big Bang”. In these
collisions very hot and dense nuclear matter is produced having an estimated tem-
perature of about trillion degrees (10'%), and density several times higher than that
of normal nuclear matter. Under these conditions, a phase transition is believed to
occur leading to the “deconfinement” of partons, a state where quarks and gluons are
no longer bound in individual hadrons but instead can freely move inside the whole
interaction region. Such a state is also referred to as the QGP. RHIC (Relativistic

Heavy Ion Collider) is the first machine in the world capable of colliding heavy-ions
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as well as nucleons and its complex is composed of long chain of particle accelerators
and detectors. Its main purpose is to study the fundamental properties of the matter
from elementary particles to the evolution of universe. Besides, RHIC we have var-
ious other experiments world wide viz. SPS, LHC at CERN Geneva; FAIR at GSI,
Germany etc. serving in their own specified objectives pertaining to the field of high
energy physics. Even though the LHC begins its first data taking in 2009, lots of
physics is yet to be explored from RHIC not only with p + p collisions but also with

the heavy ion collisions.

Many QGP signatures have been proposed which include rare probes (e.g. direct
photon, dilepton production, jet modification) as well as bulk probes (e.g. enhanced
strangeness and anti baryon production, strong collective flow). While rare probes
are most robust, they are relatively difficult to measure. On the other hand, signals
of QGP that are related to the bulk of the collision are most probably disguised or
diluted by other processes like final state interaction. Simultaneous observations and
systematic studies of multiple QGP signals in the bulk matter would, however, serve
as strong evidence for QGP formation. These bulk properties include strangeness
and baryon production rates and collective radial flow. Furthermore, these bulk ob-
servables can be studied via transverse momentum (pr) spectra of identified particles
in heavy ion collisions in comparison to nucleon-nucleon and nucleon-nucleus refer-
ence systems. The observable used to study the enhancement in the strangeness is the
Particle Ratio of the strange to the non-strange particle. Thus, study of particle ratios
are significant in many ways, as it provides us useful information regarding the chem-
ical freeze-out temperature and many important phenomena occurring during the
evolution of the system of two particles colliding with high energies. Proton-proton
collisions are the simplest case of nucleus-nucleus collisions and provide an essential

baseline to determine what’s new in heavy-ion collisions. While colliding nuclei, the
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bulk properties of the nuclear matter can be studied under extreme conditions i.e.
nucleus-nucleus (AA) collisions probe the material science of nuclear matter, the p+p
collisions more directly probe the hadronization. Thus, by measuring the size of p+p
collisions, we get the information about what the collisions looked like when hadrons
were created—this gives us insight into the mysterious process of hadronization. The
structure of the inclusive pr spectra from relativistic nuclear collisions is affected by
several aspects of collision dynamics and by the final state hadronization process. Its
only through the comparison of p+p collisions with the d4+ Au and Au+ Au transverse
momentum spectra at RHIC which suggest that a form of color-deconfined matter
has been created in Au + Au collisions. Particle-production mechanism which could
determine spectrum structure include soft parton scattering followed by longitudinal

or string fragmentation and hard parton scattering followed by transverse scattering.

This thesis work pertains to Solenoidal Tracker At RHIC (STAR) Collaboration
housed at Brookhaven National Laboratory (BNL), USA as a part of the Relativistic
Heavy Ion Collider (RHIC) facility. Three other experiments which are also operating
there as a part of the heavy ion programme are; Pioneering High Energy Nuclear
Interaction eXperiment (PHENIX), Broad RAnge Hadron Magnetic Spectrometer
(BRAHMS) and PHOBOS. STAR and PHENIX are large, multipurpose detectors
and at the moment only these two experiments are in operational mode for the data
taking where as the other two have ceased working since 2007. The STAR detector is
a “Hadronic Signal” detector. It is a large acceptance cylindrical detector system with
a complete azimuthal coverage over the central rapidity region. It consists of several
sub-detectors and the entire system is located within 0.5 Tesla solenoidal magnet
which provides uniform magnetic field for the charged particle momentum analysis. It
uses Time Projection Chamber (TPC) as its primary tracking device which performs

the role of 3-D camera capturing the images of the emitted sub-atomic particles. The

XXX1il



STAR detector along with its various sub-detectors will be discussed in detail in the

chapter 3 of this thesis.

The research work embodied in this thesis is based on the data analysis of the p+p
collisions at /s = 62.4 GeV collected by STAR experiment in the 2006 experimental
run of the RHIC. The main physics observables studied in this thesis are the identified
particle spectra, their ratios, mean pr and the particle yield per unit rapidity of the

charged hadrons.

One of the major topic studied in this thesis is the py spectra of the charged
particles. Such measurements are essential to study the collective properties of the
strongly interacting matter and also to study the physics of the critical point as the
shape of the py spectra carries the combined effect of — the temperature in the colli-
sion and the expansion of the system. We have also presented the results of various
like and unlike particle ratios. This observable plays a significant role in the under-
standing of the process of hadronization and also about the evolution of the system
formed during the high energy collisions. The particle ratios are also studied in order
to understand the freeze-out dynamics in the ultra-relativistic collisions. The particle
yield per unit rapidity (dN/dy) and the mean pr are also obtained from the identi-
fied spectra of the particles. The strange behavior of the mean pr as a function of
charged particle multiplicity is an important tool in understanding the mechanism of

the phase transition from the QGP to the hadronic phase.

This thesis is divided into seven chapters and the brief contents of the chapters are :
Chapter 1 : In this chapter an introduction to the particle physics is given with
some historical background. Some of the key concepts of this dynamical field are
taken into consideration like, the QCD , QGP and its phase diagram. A brief intro-

duction about the ultrarelativistic heavy ion collisions is also discussed.
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Chapter 2 : The overview of literature for the transverse momentum spectra of the
charged particles, their ratios along with the experimental and theoretical implica-
tions are taken into consideration in this chapter. The basic mechanism of the p + p
collisions is also discussed in detail. The Monte Carlo models viz. PYTHIA, PHO-
JET and HIJING are also discussed briefly along with their physics mechanisms.
Chapter 3 : The experimental set up of the RHIC and especially, the STAR detec-
tor is given in detail in this chapter. All the sub detectors in the STAR are discussed
in relation to their experimental functions and utilities. The detector set up is nicely
explained with the proper illustrations wherever necessary.

Chapter 4 : In this chapter, the analysis techniques employed to carryout the par-
ticle production study in p + p collisions as undertaken in this thesis work are given.
The unique picture of how the event as well as the track reconstruction is done in
the real experimental scenario has also been presented nicely in this chapter. The
information about the data set used in this thesis is also presented with some basic
quality assurance plots. The particle identification technique used in the STAR’s
Time Projection Chamber is also discussed and the raw particle yield is extracted
with the additional use of the z variable which will be extensively taken with various
illustrations for different charged particles in different pr windows in this chapter.
Chapter 5 : This chapter is dedicated to the different types of corrections done to
the uncorrected particle spectra to obtain the final yields. The detailed procedure of
each correction is given along with their corresponding results. Since, the study of
the corrections in the spectra analysis requires the use of the simulation as well the
embedding techniques to achieve its goals, so, the software techniques in relation to
the given detector set up are also discussed. The results from the simulation study
are also compared with the real data measurements.

Chapter 6 : The results for the corrected spectra for 7+, K*, p and p for the p+p
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collisions at center of mass energy 62.4 GeV are presented in this chapter. The same
measurements are done with the simulation models discussed in the chapter 2. From
the transverse momentum spectra distributions, the mean pr and the particle yield
per unit rapidity are also obtained. The pr spectra, mean py and the dN/dy results
obtained from the real data are compared with the similar measurements done in
the model study. Furthermore, all the results obtained in this thesis work are also
compared with the similar study done by PHENIX experiment. The like as well as
unlike particle ratios for the different particles in the real data are also obtained and
compared with the results with the model calculations as well as with the PHENIX
experiment.

Chapter 7 : The results presented, compared with the model calculations and
PHENIX experiment are summarized in this chapter. The physics conclusion for
the work done in this thesis is also made in the light of the various published results
as well as the theoretical predictions for the spectra analysis. The observations made
in this study are found to be consistent with the results obtained by the PHENIX

experiment in the field of high energy physics.
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Chapter 1

Introduction to high energy physics

1.1 Heavy-ion physics

Heavy-ion physics is devoted to the study of matter under the extreme conditions
which are created in collisions of heavy-ions at large energies. Experiments in Heavy
Ion Physics are carried out using accelerator and collider facilities available at labo-
ratories throughout the world notably the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory (BNL), USA, the Super Proton Synchrotron (SPS)
and the Large Hadron Collider (LHC), CERN, Switzerland. This Chapter gives an
overview of some basic concepts of Heavy Ion Physics.

The search for the fundamental building blocks of all matter in the universe
has always been a central issue in physics. As our understanding of physical laws
improves, our view changes on what constitutes the elementary particles — particles
that cannot be made as composites of others. These days, the accepted view is that
all matter is made of quarks and leptons. The only additions to the list are photons,
W= and Z° bosons, gluons, and gravitons, particles mediating electromagnetic, weak,
strong, and gravitational interactions, respectively. These assumptions are based on

the predictions of the Standard Model of particle physics (with the exclusion of gravity
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Figure 1.1: The info-graphic of a given Standard Model

and its mediator particle “graviton”) which introduces the basic particles, forces, and

the rules of their combinations and interactions [1].

Three of the fundamental forces result from the exchange of force-carrier particles,
which belong to a broader group called “bosons”. Particles of matter transfer discrete
amounts of energy (> % as per Heisenberg’s energy-time uncertainty relation) by
exchanging bosons with each other. Each fundamental force has its own corresponding
boson — the strong force is carried by the “gluon”, the electromagnetic force is carried
by the “photon”, and the “W and Z bosons” are responsible for the mediating weak
force. Although not yet found, the “graviton” should be the corresponding force-

carrying particle of gravity. The Standard Model includes the electromagnetic, strong

and weak forces and all their carrier particles, and explains well how these forces act



on all of the matter particles. However, the most familiar force in our everyday lives,
gravity, is not part of the Standard Model, as fitting gravity comfortably into this
framework has proved to be a difficult challenge. With the quantum theory describing
the micro world, and the general theory of relativity describing the gravitation, it is
difficult to fit them into a single framework because of the non-linear nature of the
general relativity. No one has managed to make the two mathematically compatible
in the context of the Standard Model. But luckily for particle physics, when it comes
to the minuscule scale of particles, the effect of gravity is so weak as to be negligible.
Only when matter is in bulk, at the scale of the normally visible objects or of the
planets for example, that the effect of gravity dominate. So the Standard Model
still works well besides its reluctant exclusion of one of the fundamental forces [2].
Figure 1.1 summarizes the particles of the Standard Model, whereas Fig. 1.2 gives a
graphical overview of the interactions of these particles. All particles in the Standard
Model have antiparticles with the same mass but with opposite electrical charge and
color charge. Antiparticles are denoted with a bar, so that an anti-up quark is labelled
as u. Leptons have only been observed as free particles whereas quarks are not. In
the present Universe the only quarks observed are the u and d quarks which are found
in the neutrons (udd) and protons (uud). In general, composite particles built from
quarks are called hadrons. Hadrons containing two quarks are called mesons while
those composed of three quarks are known as baryons. Thus, the neutron and the
proton are baryons. The conservation of certain quantum numbers (electrical charge,
spin, isospin etc.) determines the possible hadronic states. Examples of mesons are

the pions (7*) and kaons (K*) [3].
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Figure 1.2: The allowed interactions as per the Standard Model
1.2 Quantum Chromodynamics (QCD)

The dynamic theory of quarks and gluons that describes color interactions is known as
Quantum Chromodynamics (QCD), and is a gauge theory of the non-Abelian color
symmetry group SU(8). This theory is very similar to Quantum Electrodynamics
(QED), which describes the electromagnetic interactions of charges with photons.
As it is well known that, QED is an abelian gauge theory with symmetry group
U(1), whereas being a gauge theory of color symmetry, QCD also contains massless
gauge bosons (namely gluons) that have properties similar to photons. There are
however, essential differences between the two theories, which arise because of the
different nature of the two symmetry groups. The fundamental difference between
QED and QCD is that, the photon, which is the carrier of the force between the

charged particles, is itself charge neutral, and as a result, the photon does not interact
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Figure 1.3: Polarization of a dielectric medium around a positive electric charge, and
the effective value of the charge as a function of distance and of momentum transfer.

with itself. In contrast, the gluon, which is the mediator of the color interactions,
apart from having color charge is also self-interacting. Another consequence of the
non-Abelian nature of the color symmetry is related to how color-neutral states are
formed. Consider, e.g., a red-colored quark, we can obtain a color-neutral system by
combining the red quark with an anti-red antiquark. This is quite similar to how
electric charges add. However, because three quarks with distinct colors can also
yield a color-neutral baryon, there must therefore be an alternative way of obtaining
a color-neutral combination from three colored quarks, which is obviously different

from the way electric charges add together.

The difference between color charge and electric charge has important physical
consequences. For example, a classical test particle carrying positive charge polarizes
a dielectric medium by creating pairs of oppositely charged particles (dipoles). Due
to the nature of the Coloumb interaction, the negatively charged parts of the dipoles
are attracted towards the test particle, while the positively-charged parts are repelled

(see Fig. 1.3 ).

As a consequence, the charge of the test particle is shielded and the effective
charge seen at large distance is smaller than the true charge carried by the test
particle (electric field in a dielectric medium is reduced relative to that in vacuum
by the value of the dielectric constant of the medium). In fact, the effective charge

depends on the distance (or scale) at which we probe it at ever smaller distances, and
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only asymptotically (at largest momentum transfers) that we obtain the true point
charge of the test particle. Since the distance probed is inversely proportional to the
momentum transfer, it is stated conventionally that the effective electric charge, or
the strength of the electromagnetic interaction, increases with momentum transfer,
and which seems purely a consequence of the screening of electric charge in a dielectric
medium. Because of the presence of quantum fluctuations, a similar effect arises for
charged particles in vacuum, the impact of which is that the fine structure constant
a=e?/hc increases, though only slightly, with momentum transfer. This has been
confirmed in high-energy ete™ scattering, where « is found to be 1/127.9, or ~ 7%

larger than at low energy.

In contrast, a test particle carrying color charge polarizes the medium in two
ways. First, just as in the case of QED, it can create pairs of particles with opposite
color charge. But it can create three particles of distinct color, while still maintaining
overall color neutrality. Consequently, for the color force, the effect of color charge
on a polarized medium is more complex. A detailed analysis of QCD reveals that
the color charge of a test particle is, in fact, anti-screened. In other words, far away
from the test particle, the magnitude of the effective color charge is larger than that
carried by the test particle. In fact, as we probe deeper, the magnitude of this charge
decreases. Thus, the qualitative dependence of the color charge on probing distance,
or on the probing momentum transfer, is exactly opposite of that for electromagnetic

interactions (see Fig. 1.4).

This implies that the strength of the strong interaction decreases with increasing
momentum transfer, and vanishes asymptotically. Conventionally, this is referred
to as asymptotic freedom, and refers to the fact that, at infinite energies, quarks
behave as essentially free particles, because the effective strength of the coupling

for interactions vanish in this limit (Asymptotic freedom of QCD was discovered
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Figure 1.4: The effective value of color charge as a function of probing distance and
of momentum transfer.

independently by David Politzer and Frank Wilczek & Gerard Hooft). This principle
has the additional implication that, in very high energy collisions, hadrons consist of
quarks that act as essentially free and independent particles. This limit of QCD for
high-energy hadrons is known as the parton model, which agrees with many aspects

of high-energy scattering [4].

The original parton model claimed that baryons, such as protons, neutrons, and
A baryons, consist of 3 fractionally charged quarks while mesons, such as 7’s and p’s,
consist of a quark-antiquark pair. This naive model required modification with the
observation of the doubly charged A*™, as its decay properties suggest that it is made
up of three identical spin 1/2 quarks, thus violating the Pauli exclusion principle. A
new quantum number called color was introduced to fully anti-symmetrize the A*+
wave function. This three component color charge is treated similarly to the electric
charge in Quantum Electrodynamics (QED) except the propagators of the field are
color charged gluons while the photon of QED has no electric charge. Quantum
Chromodynamics (QQCD), the theory of colored interactions, attempts to incorporate
all the experimental properties of quarks and gluons even though these particles have

never been observed as free particles [5].

In QCD, the color charge is carried by quarks and gluons and particles carrying

it interact strongly. This means that gluons mediate the strong force between quarks
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and they interact strongly themselves. This is not the case for e.g., photons that
mediate the electromagnetic force without self-interactions. QCD is a non-Abelian
gauge theory, which means that the strong interaction shows almost no resemblance
to e.g., the electromagnetic interactions, which is believed to follow the Abelian QED
theory. To illustrate this, the quark-quark potential calculated from QCD is shown in
Fig. 1.5. It is seen that the ‘quark-quark potential rises with distance, indicating that
it will require an infinite amount of energy to separate two quarks. This is the the-
oretical explanation of the phenomenon of quark confinement in hadrons. Figure 1.5
also reveals another important property of the strong interaction, namely that the qq-
potential drops as the distance between the quarks becomes small, a concept known as
asymptotic freedom. Confinement and asymptotic freedom are key concepts in the dy-
namics of heavy-ion collisions. To further illustrate these concepts let us consider two
scenarios, firstly: What happens if a quark is pulled (e.g., in scattering experiments)
away from the other quarks in a hadron? According to QCD, the potential between
the quark and the hadron will increase until there is enough energy to produce a new
quark-antiquark pair, a phenomenon known as pair production. The new particles
will then recombine to form hadronic states. In this way, instead of isolating a single
quark, the quark-antiquark pairs will be created to form new particles. The second
scenario is: What if it was possible (e.g., in heavy ion collisions) to create a high
enough density of quarks in a nucleus (or a region of a compatible volume) for them
to experience asymptotic freedom? The discoveries at RHIC supports the conjecture
that this leads to the formation of a state of matter observed briefly and immediately
after the Big Bang (t < 1079 s). This state of matter is called a Quark Gluon Plasma
(QGP), since it consists of ‘quassi free’ quarks and gluons. The formation and study

of the QGP is one of the primary challenges in Heavy Ion Physics.

Theoretically speaking, the concept of quark confinement and its disappearance
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in the QGP phase is a feature of the so called chiral symmetry restoration. The
chiral condensate, defined as the vacuum expectation value of the quark condensate,
(1)) is non-zero in hadronic matter whereas it vanishes in the QGP phase, (11))
~ 0. While a measurement of this quantity would bring immediate enlightenment
on the formation of QGP, it is not possible to measure directly and therefore other
experimental routes must be taken to study QGP formation.

For practical purposes there are two different QCD approaches: Lattice QCD
(1QCD) where the calculations are done treating spacetime as discrete and pertubative
QCD (pQCD) working from the Lagrangians of QCD in the high ¢ (momentum

transfer) limit. The plot in Fig. 1.5 represents the former approach [7].

1.3 QGP and the QCD phase diagram

In ordinary matter, quarks are confined within hadrons. However, as the energy den-
sity is increased, a phase transition can occur to a state in which individual hadrons
lose their identities, and quarks and gluons become free to move across a volume
that is large compared to a hadron. Approximate lattice gauge theory calculations
suggest that, it should occur at an energy density of the order 1 GeV/fm?3, i.e. about
6 times the energy density at the center of a heavy nucleus, and the resulting new
state of matter is called Quark Gluon Plasma (QGP) [8]. So, we take the QGP
to be a (locally) thermally equilibrated state of matter in which quarks and gluons
are deconfined from hadrons, so that color degrees of freedom become manifest over
nuclear, rather than merely nucleonic volumes [10]. This state is believed to have
existed in the first few microseconds after the ‘Big Bang’ and it may exist today at
the center of neutron stars. More prosaically, a quark-gluon plasma may be created
briefly in collisions between heavy ions, if the collision energy is large enough. The

steps involved in the formation of such a plasma, and its subsequent expansion and
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Figure 1.6: Stages in the formation of a quark-gluon plasma and subsequent hadron
emission: (a) two heavy nuclei collide at high energies (b) interact via the gluon field;
(c) the very high energy-density produced causes the quarks and gluons to deconfine
and form a plasma that can radiate photons and lepton pairs; (d) finally as the plasma
cools, hadrons condense and are emitted [9].

cooling to yield many hadrons, are illustrated schematically in Fig. 1.6.

The program of relativistic heavy-ion collisions whose primary goal is to study
the phase diagram of QCD began with the fixed target experiments at SPS, CERN
and AGS, BNL. Results of the experiments at CERN, SPS provided very exciting
“evidence” in favor of QGP. However impressive the body of evidence is, the consensus
in the field is that, while the evidence in the field is suggestive, the properties are not
explored. Such a state of matter for which the analysis of all the four experiments at
RHIC point to the existence, in the evolution of a system immediately following a Au+
Aw collisions, of a near thermal, strongly interacting medium whose energy density

and temperature clearly exceed the critical values predicted by QCD calculations for
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a transition from ordinary hadronic states to the Quark Gluon Plasma. Prior to the
RHIC data, it was often stated, that QGP should behave like ideal gas of quarks and
gluons (i.e. like a weakly coupled plasma state). The RHIC data now confirms that
the observed medium behaves more like an ideal fluid [10], in analogy to a strongly
coupled plasma state. This state is referred to as strongly coupled quark gluon plasma
(sQGP). Now, it is also possible to probe this deconfined state of matter using the

LHC experiment at CERN.

Now, a key question is whether the energy density in the collisions is sufficient
to have created a quark-gluon plasma and its subsequent cooling phases. There are
many signatures for this, including the relative abundances of different final state
particle types. For example, the large numbers of gluons in the plasma would lead
to copious production of ss pairs via gluon fusion gg — s5, and hence production of
strange particles in excess of that expected from nucleon-nucleon collisions at very
high energies. On the other hand, the production of J/¥ would be suppressed because
the ¢ and ¢ quarks produced (also from the gluon fusion) would be separated by many
quarks of other flavors, leading instead to the production of charmed mesons, e.g. the
D mesons. In practice, these arguments depend on how long the quarks remain in the
central region of the plasma, and this will lead to angular dependences that provide
the basis for more detailed tests. Present measurements are all consistent with the
predicted energy density at which hadrons would be formed, while that of the initial

fireball is considerably higher.

Ongoing experiments like RHIC and LHC and also the future experiments like
CBM will play a crucial role in understanding the basic nature of deconfinement.
Questions to be addressed include: ‘What is the nature of matter at the highest
densities (experiments at RHIC suggest that the plasma behaves more like a liquid

b

than a gas)?’, ‘Under what conditions can a quark-gluon plasma be made?’ and
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‘What are the rules governing the evolution and the transition to and from this kind
of matter?’” In order to map the QCD phase diagram with the accelerators and to
review the experimental effort to study the QCD phase transitions, we compare the
settings for the QCD phase transition during Big Bang to the prevailing experiments.
Figure 1.7 shows the phase diagram of the hadronic and partonic matter. The QCD
phase diagram and different regions studied with the accelerator experiments as well
as the region of temperature and chemical potential prevailing in the first few u
seconds after the Big Bang is depicted in Fig. 1.7. A phase transition from the
confined hadronic matter to the deconfined QGP matter is expected to happen at
either high temperature (7) or large baryon chemical potential (up). The strongly
interacting matter would undergo different phases depending on the conditions of
T and pp which is related to the density of baryons in the system. The different
phases of this strongly interacting matter are; vacuum, hadron gas, nuclear matter,
color super-conductor and quark gluon plasma. Normal nuclear matter consists of
neutrons and protons, which are characterized by their low 7" and pp ~ 900 MeV.
The quarks and gluons are confined inside these composite particles which are known
as hadrons. However, under the extreme conditions of high 7" or high pp (or both),
quarks and gluons are set free due to the confinement breakdown. Deconfinement
at large pp is considered to exist inside the core of neutron stars [11] and color
super-conductors [12], where the nuclear matter is strongly compressed up to 10
times the normal nuclear density, while at very low pp the deconfinement by heating
up nuclear matter can be achieved by colliding heavy nuclei at enormous energies,
this phase is believed to have existed in the early universe or it can be reproduced in
the laboratory in the experiments like LHC and RHIC. Along the first order phase
transition line, the matter is believed to exist in mixed phase. Below it (lower T),

the matter is in hadron gas phase and above it (higher T), the matter is in QGP
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Figure 1.7: Schematic of QCD phase diagram. The solid lines show the phase bound-
aries for the indicated phases. The solid circle depicts the critical point where sharp
distinction between the hadronic gas and QQGP phases cease to exist. Possible trajec-

tories for systems created in the QGP phase at different accelerator facilities are also
shown.
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Figure 1.8: Schematic view of two colliding nuclei in the geometrical model.

phase. The point at which this line ends represents the QCD critical point, where
first order phase transition ends [13]. Beyond this point, there is a smooth cross-
over, where transition from one phase to another is very sharp. Locating the critical
point both experimentally and theoretically is a great challenge. Current theoretical
calculations are highly uncertain about the location of the critical point. The efforts
had already been made and positive results attained in the RHIC Beam Energy Scan-
[ (BES-I) program undertaken in the year 2010-11, in which the data was recorded
for 7 different beam energies ranging from 7.7 - 200 GeV. The purpose of BES-I
was three-fold: (a) to search for threshold energies for the QGP signatures that have
already been established at the top RHIC energies, thereby corroborating the past
QGP discoveries; (b) to search for the signatures of first-order phase transition; and

(c) to search for a QGP/QCD critical point.
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1.4 Ultra-relativistic heavy ion collisions

In the ultra-relativistic heavy-ion collisions, two highly Lorentz contracted nuclei
(appearing like “thin discs”) approach each other with velocities nearly equal to the
velocity of light. Many nucleon-nucleon collisions occur in a region of geometrical
overlap, which is determined by the distance between the centers of two colliding
nuclei (called impact parameter (b)) as shown in Fig. 1.8. The impact parameter
characterizes the centrality of the heavy-ion collisions. The corresponding nucleons
in the overlapped region are so-called participants, which consists of protons and
neutrons taking part in the collision. While the nucleons outside the overlapped region
are called as spectators, which continue travelling almost unaffected. The participants
interact with each other in the reaction zone, which lead to the formation of a hot
and dense region, the fireball. The number of participating nucleons (N,q¢) is an
important way of characterizing the heavy-ion collisions. It is also useful to know the
number of binary nucleon-nucleon collisions Ng,;. Both the Ny and N can be

calculated by a probabilistic model such as Glauber Model [14].

1.4.1 Space-time evolution

A schematic view of the ultra-relativistic nuclear collision involving various stages
is presented in the top panel of Fig. 1.9. Sometimes it is useful to conceptualize
such a collision in terms of a light cone diagram as shown in the lower panel of
Fig. 1.9. Here, two Lorentz contracted nuclei approach each other with velocity
nearly equal to the velocity of light and are colliding at ¢ = z = (. In the colliding
instant, both contracted nuclei pass through each other in the region of geometrical
overlap. Many processes involving parton-parton interaction with hard scattering
occur in the overlapped region, which result in depositing a large amount of energy in

a limited volume. The energy density and temperature at this stage is high enough
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Figure 1.9: Top panel : Overview of the space-time evolution in ultra-relativistic
nuclear collision. Bottom panel : Schematic of various stages of heavy ion collision
as a function of time and longitudinal coordinate (the collision axis)

for the creation of QGP. The created matter expands in the space-time going through
different stages till a large number of hadrons produced from the parton fragmentation
arrive at the detectors eventually [15, 16].

The dynamics of heavy-ion collision can be nicely illustrated in the space-time
diagram as shown in Fig. 1.9, where trajectories of the target and projectile nuclei

are shown as thick lines. In simple words, the evolution of this picture is as :

e the two Lorentz-contracted nuclei interpenetrate each other. The tremendous

temperature as well as energy density is supposed to be created due to high
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momentum transfer owing to the hard scattering among the partons. The high
momentum partons will interact inelastically and thereby lose their kinetic en-
ergy. The energy lost will lead to the creation of matter in the vicinity of
collision which is often labelled as the fireball. If the fireball is hot enough
the QGP will be formed. Also hard scattering processes with large momentum

transfer will lead to the hadrons with large momentum.

the further interaction of the particles (or the expansion of the fireball) drives the
system towards chemical and thermal equilibrium. If QGP forms, the individual
parton-parton scattering is expected to play an important role in thermalizing
the system during this stage. The development of the collective flow is also
believed to be originated at this moment. Rapid expansion (both in longitudinal
and transverse direction, mainly former) lowers the temperature of the system

and eventually approaches the critical temperature (7).

As the system further expands, the inelastic collisions cease when the chemical
freeze-out temperature (T,y,) is reached, which leads to the process of hadroniza-
tion and at this moment the particle yields and ratios get fixed. The T, and
g obtained at this point could be used to study the QCD Phase diagram of

the strongly interacting matter.

As the system keeps evolving, eventually ceasing the elastic interactions when
the kinetic freeze-out temperature (Ty,) is reached. At this moment, the mo-
mentum distribution of the particles get fixed and the hadrons can propagate

freely thereafter.
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1.4.2 Predicted signatures of QGP

Various experimental signatures have been associated with the formation of QGP
and heavy-ion programmes have focussed on several of them. Here, the few of the

observables that have been proposed as tell the tales of QGP are enlisted [10] :
1. J/U Suppression
2. High pr particle suppression : Jet Quenching
3. Strangeness Enhancement
4. Anisotropic Flow
5. Particle Ratios

Moreover, it is interesting to know that we can only measure the final state
particles in the experiment. These particles provide the very useful information to
determine the initial conditions of the system via different mechanisms and probes.
One such probe is the study of the “transverse momentum spectra” and the “parti-
cle ratios” of the various particles produced in the ultra-relativistic collisions. The
detailed analysis for the production of 7%, K*, p and p in the light of these two ob-
servables (pr spectra and particle ratios) at /s = 62.4 GeV with STAR experiment

have been reported in this thesis.

1.5 Organization of the thesis

Although, some of the experimental data at SPS and RHIC have strongly indicated
the existence of the QGP state, yet we still have no clear insight about what happens
in the system formed in such high energy collisions, e.g., the space time extents of

deconfinement state and the hadron gas. The particle spectra, therefore serve as a key
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observable to investigate the space time evolution of the system and to understand
a comprehensive picture of dynamics of expanding system from the formation of

deconfined state to the hadron gas.

The work presented in this thesis involve the study of some of the important
observables to understand the particle production mechanisms in high energy colli-
sions. Also, it is very important to study the particle production as a function of
both transverse momentum (pr) and particle species which provide crucial input for
modelling of hadronic interactions and the process of hadronization in such energetic
collisions. The research work given in this thesis is based on the data analysis of
the p + p collisions at /s = 62.4 GeV collected by STAR experiment in the 2006
experimental run of the RHIC. The main physics observables studied in this thesis
are pr spectra, particle ratios, mean pr and the particle yield per unit rapidity for the
identified charged hadrons. Chapter 2 gives a review of the observables like particle
ratios and transverse momentum distribution in high energy collisions. The Monte
Carlo models viz. PYTHIA, PHOJET and HIJING are also discussed briefly along
with their physics mechanisms. Chapter 3 gives a brief description of a RHIC accel-
erator facility and the STAR detector. Chapter 4 contains the detail of the analysis
methods and techniques used to study the various physics observables. The details
of the particle identification in STAR detector to obtain the raw particle yields is
also given in this chapter. Chapter 5 gives the detail about the various corrections
done to the uncorrected particle spectra to obtain the final yields. Chapter 6 contains
the final results for the invariant yields of 7%, K*, p and p along with their ratios.
The results for the inclusive particle yield per unit rapidity (dN/dy) and the aver-
age transverse momentum ((pr)) are also discussed. The results are compared with
the similar measurements obtained with Monte Carlo Models (PYTHIA, PHOJET)

and also with those of the PHENIX experiment. Chapter 7 finally summarizes and
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concludes all the results obtained in this thesis.
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Chapter 2

Elementary collisions, particle

spectra and ratios

2.1 Introduction

In this chapter, the theoretical understanding of some basic properties of proton-
proton collisions are discussed, with the special emphasis on the production of pions,
kaons, protons and antiprotons. A short description of proton-proton collisions mod-
elling is presented in Sec. 2.2 and Sec. 2.3. Some phenomenological models used to
describe the particle production in proton-proton collisions and heavy ion collisions
are also briefly described in the Sec. 2.4. The significance of the observables studied
in this thesis is also emphasized in connection with the similar studies done previously

at different energies and for the different systems (see Sec. 2.5).

2.2 Proton-proton collisions

The production of charged hadrons from the p + p collisions is the main topic of this

thesis and is an important area to test the predictions of QCD. While interesting in

23



their own right, the p+ p collisions provide a good reference or baseline for heavy ion
collisions due to number of reasons. One of the main reasons is that the p+p collisions
have not been believed to create a QQGP. Thus, the deviations in measured quantities
in p+p and heavy ion collisions can serve as a probe of the differences between the two
systems. Therefore, if really no QGP is formed in p + p collisions, then differences
between the two systems are useful for directly probing the characteristics of the
QGP formed in heavy ion collisions. However, it is noteworthy to mention that, it
has indeed been proposed that collective effects, and possibly even the formation of
a QGP, could occur in very high energy p + p collisions [17].

Regardless of whether or not such a state is formed in p + p collisions, these
elementary measurements do have a full physics motivation in its own right, with an
important contribution being the particle yields and their ratios as presented in this
thesis. A schematic picture of a p + p collisions is shown in Fig. 2.1.

Some worthy features of p + p collisions are as enlisted below:

e Simpler System : A p—+ p collision has a fewer components than a collision
of two heavy ions. While the most central heavy ion collisions can involve up to

~ 200 separate nucleon-nucleon collisions, the p + p collisions involve only one.

e No Collective Effects: The p + p collisions have never been observed to
exhibit the collective effects such as anisotropic transverse flow observed in
heavy ion collisions. This means that properly scaled-up p+p collisions can serve
as a model for A + A system without collective effects. It has been speculated
that collective effects (most prominently flow) would begin to appear in high
multiplicity p + p collisions at LHC but this is yet to be observed. If one
considers the energy density to be the crucial parameter, this certainly could

be a possibility if enough energy was carried by the protons.

e Jet Studies: In heavy ion collisions, the observed high pr suppression is
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Figure 2.1: An incoming parton might branch (¢ — qg ) before the collision in an
initial state shower. Similarly a parton branching after the collision is referred to as
a final-state shower. After the collision, the color string span between the outgoing

quarks and gluons. These fragments into colorless hadrons, which can be unstable and
further decay [18].
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often attributed to the interactions of the emitted jets with the hot and dense
medium produced. The p+p collisions allow for detailed studies of jets in a more
fundamental environment since the mechanism of jet production is believed to

be similar to the hard g + ¢ interactions.

While the system may seem simpler, studying p 4+ p collisions are not necessarily
simpler than measuring properties of heavy ion collisions. There are several reasons
for that. Firstly, all the accelerator effects that pollute the observations will affect the
results in p + p collisions the most because the particle production is much smaller in
p—+p collisions. This makes it harder to distinguish signal and noise in p+ p collisions
compared to heavy ion collisions where the higher multiplicities will make the signal
‘cleaner’. Secondly, there can be issues with the triggering of p 4+ p collisions where
the low multiplicity makes it harder to detect the appropriate number of events. It
require accurate simulations to study the corrections for the lower trigger efficiency.

These topics will be dealt in detail in the chapter 5.

2.3 Modelling of p + p collisions

Proton-proton collisions are often well described by the Monte Carlo event gener-
ators which are based on perturbative QCD for hard scattering processes and use
phenomenological models to describe the soft processes as well as many body dynam-

ics that are present in p + p collisions.

2.3.1 Classification of p + p interaction

Colliding hadrons are color singlets. As they approach each other, they may exchange
color octet gluon, making each hadronic cluster a color octet. To be able to separate

into two separate systems, they need to exchange another gluon and become colorless.
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As they move apart, color lines that connect them are stretched. Given time, this
system gets complex and multi-particle production occurs. In p+p (or more generally
hadron-hadron) scattering, interactions are classified by the characteristics of the
final states. Interactions can either be elastic or inelastic. Since interactions are
characterized by their cross-sections, so one can also say that, in general the p + p
cross-section (0,,) can be of these two types (elastic or inelastic) based on the rapidity”
(y) or the pseudorapidity (n) distributions of the product. In an elastic scattering (p
+ p — p + p ), both protons emerge intact and no other particles are produced. The
outgoing protons change direction but still appear in the forward? region as shown

by the dots in top right of Fig. 2.2.

In Fig. 2.2, the p + p interactions with different scattering schemes and the final
state of their corresponding interactions illustrated with ¢ vs 7 distributions are
shown side by side for more clarity. In all these interactions the particle exchanged
is a glueball structure called Pomeron (IP). The pomeron is a special case of reggeon.
This is a concept coming from the Regge theory which was developed before QCD
to explain the p + p collisions. In QCD, the Pomeron is regarded as a colorless and
flavorless multiple gluon state or a glueball exchange [20]. The LHC cross-section (at
Vs = 14 TeV) for elastic scattering is estimated to be ~30 mb [19]. The exchange
of gluons can excite a hadron. This can result in the outgoing state preserving the
internal quantum numbers of the incoming particles but having a higher mass. This
is known as quasi-elastic scattering. Interactions where the final state is not identical

to the initial state are called inelastic.

Inelastic collisions can be diffractive or non-diffractive (ND). There are several

possible description of diffraction, allowing several alternative approaches, though the

'For the definitions of the rapidity and pseudorapidity see the Appendix B.

ZPerpendicular to the beam axis the value of pseudorapidity (n) is equal to zero, increasing as
the angle of the particle relative to the beam axis decreases. The ‘forward’ direction refers to the
regions of a detector close to the beam axis.
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Figure 2.2: Graphical Representation of the most common event types in p + p col-
lisions. The left side pictures are the graphical representations of the processes and
right side pictures depicts their azimuthal distributions as a function of pseudorapidity
in the final state of scattering.
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one which is more reliable and got more acceptance is the one described by the Regge
theory [21] in terms of the exchange of a Pomeron. A diffractive reaction is one in
which no internal quantum numbers (e.g. color or charge) are exchanged between the
colliding particles. Diffraction occurs when the exchanged Pomeron interacts with
the proton to produce a system of particles referred to as the diffractive system (‘M’
and also by the blue lines and blue dots as illustrated in Fig. 2.2). In diffractive
scattering, the energy transfer between two interacting protons remains small, but
one or both protons dissociate into multi-particle final states with the same internal
quantum numbers of the colliding protons. The scheme of various diffractive processes

as shown in Fig. 2.2 is as follows:

e Ifonly one of the proton dissociates then the interaction is Single Diffractive (SD)
p+p—>p+ Morp+p— M+ p). The dissociated proton forms the
diffractive system (M) and is depicted as spray of blue lines (dots). The non-
dissociated proton is shown as the pink dot. The LHC cross-section (at /s =

14 TeV) for SD on both sides is estimated to be ~10 mb [19].

e Ifboth the colliding protons dissociate, then the process is Double Diffractive (DD)
(p+p— M+ M) as illustrated in Fig. 2.2 by the spray of blue arrows (dots) in
the final state. These two diffractive systems populate the forward regions, leav-

ing a central unpopulated region in the pseudorapidity. The LHC cross-section

(at /s = 14 TeV) for DD is estimated to be ~7 mb [19].

e A different topology is also possible with the exchange of two Pomerons leading
to the Central Diffraction (CD) processes (p + p — p + M + p). In this
process, both the protons are intact and are seen in the final state (as two
dots in Fig. 2.2), besides having a spray of particles in the central region of the
pseudorapidity. The LHC cross-section (at /s = 14 TeV) for CD is estimated

to be ~1 mb [19].
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Figure 2.3: Graphical Representation of the Non-Diffractive (ND) process in p + p
collisions. The left side represents the graphical picture of the process and right side
depict the azimuthal distribution as a function of pseudorapidity in the final state of
scattering.

e In addition, there are interactions where many Pomerons are exchanged. In
this process of Multi Pomeron Exzchange, the particles are produced with the
dissociation of both the protons, here particles are spread over the entire pseu-
dorapidity region with symmetric gap in between as shown in Fig. 2.2. The
LHC cross-section (at /s = 14 TeV) for multi-Pomeron exchange is estimated

to be <1 mb [19].

e Finally, in the Non Diffractive (ND) interactions there is an exchange of color
charge and subsequently more hadrons are produced. This is shown in Fig. 2.3.
These are the dominant processes in the p + p interactions and are expected
to be ~58% of all interactions at LHC with a cross-section estimated to be
~ 65 mb (at /s = 14 TeV) [19]. It is worth mentioning here that, the STAR
experiment records the Non Single Diffractive (NSD) scatterings which involves

the combination of ND and DD scattering processes.

Diffractive processes are characterized by a large (non exponentially suppressed)
pseudorapidity gap in the final state. In other words, there is a large phase space
separation between the outgoing proton and the diffractive system (or between the
two diffractive systems in the case DD) in which no particles are detected. The

AN

probability density of a pseudorapidity gap An is given by e_m’%, where T is
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Figure 2.4: Schematic view of the non-diffractive p + p interaction.

the pseudorapidity density. Those with An > 3 are mainly diffractive events. To

summarize, the total p + p cross-section is given by:

Ototal = Oelastic T Tinelastics (21)

where the inelastic cross-section can be further sub-divided into different types like

single diffractive (SD), double diffractive (DD) and non-diffractive (ND), i.e.,

Oinelastic = 0Sp +0pp + OND + ... ) (2.2)

the additional terms come from less common processes like central diffraction (CD)

and multi-Pomeron exchange [22].

The ND collisions are the most complex. The schematic picture of the ND inter-
actions is shown in Fig. 2.4, it can be further divided and well understood in terms

of the following stages:
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e initial state showers of partons inside the protons,

e hard collisions between two partons (due to high | Q? |), involving the exchange

of quantum numbers (this can happen more than once),
e radiations of partons in the hard collisions (parton showers),

e interaction of remnants of incoming protons (partons which do not take part in

hard scattering),
e hadronization of all partons produced during the previous steps.

It is also significant to note that, the production of pions, kaons, protons and antipro-
tons is a part of the hadronization, which can be described using different approaches
: independent hadronization, Lund String fragmentation and a cluster model. The
production of hadrons with the large p; with respect to proton beam axis is influenced
by the final state radiation of partons produced in hard scattering and are described
by fragmentation functions based on the perturbative calculations [23], whereas the
production of the low pr is influenced by the particle production in multiple inter-
actions of beam remnants and soft products of parton showers. That is why the

experiments have to provide the good quality measurements to constrain this part of

the QCD.

2.3.2 Monte Carlo event generators

The Monte Carlo (MC)? technique uses random numbers to solve problems. In a
definition given by Halton [25], “the Monte Carlo method represents the solution of
a problem as a parameter of a hypothetical population, using a random sequence of

numbers to construct a sample of the population, from which statistical estimates of

3The term Monte Carlo was coined in the 1940s by physicists working on the Manhattan project
in the Los Alamos National Laboratory [24].
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the parameter can be obtained”. One of the main applications of MC calculations in
high-energy physics is the integration of the relativistic phase space of multi-particle
reactions.

Event generators produce hypothetical events in a simulated world with distri-
butions predicted by theory to resemble real collisions. The objective is to pro-
vide, as accurately as possible, a representation of event properties in a wide range
of reactions. Event generators in particle physics simulate particle collisions as
they would be seen by a perfect detector. They are limited by our current un-
derstanding of the underlying physics and generally make use of both perturbative
and phenomenological approaches. By understanding how the original physics input
is distorted at every stage in the better controlled simulated world, event genera-
tors help us to understand the detector, trigger, data and background in the real
world. Due to the extensive use of MC techniques, they are called the MC event
generators. In an event generator the event is built in steps. For example, in a
hadron-hadron interaction, the incoming hadrons have a partonic structure given by
their Parton Distribution Function (PDF). A collision of partons from the incoming
hadrons results in one of many possible processes. The random selection of process
is governed by the cross-sections of various processes. The type of process selected

determines the next steps. As an example, the following steps occur in a hard process:

e When a collision occurs, the exchange of color and electric charge can result in
gluon or electromagnetic bremsstrahlung radiation. Emissions that are associ-
ated with the two incoming and colliding partons are called Initial-State Radi-
ation (IsR). These are modelled by space-like parton showers. Those emissions
associated with the outgoing partons after the collision are called Final-State

Radiation (FsR). These are approximated by time-like parton showers.

e In a collision of two hadrons, there is a possibility that more than one pair of
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partons could collide, giving rise to multiple interactions (MI), each associated
with its own IsR and FsR. Those partons that do not collide form the beam
remnants. While a fraction of energy of the incoming hadrons is taken away
by the colliding partons, most of the incoming energy remains in the beam
remnants. The beam remnants continue to travel in their original direction,

and carry color to compensate for that taken away by the colliding partons.

e With time of the order of fm/c, partons move away from each other and QCD
confinement forces begin to act. The time evolution of confinement forces is
not known from the first principles, and often, models are used. One such
approach is called Lund Model [26], in which confinement fields are modelled
as strings that are stretched between each color and its anti-color. As the
partons move apart, the potential energy in the string increases, eventually
breaking the string and producing a new quark-antiquark pair (or a diquark-
antidiquark) at the point of breakage. The two resulting strings continue to
fragment until the energy of the string is too small for further fragmentation.
The resulting pieces of strings are mesons. Similarly, baryons are formed by
diquark-antidiquark pairs being produced at the point of breakage. Baryons
(and sometimes mesons) can also be produced by the popcorn mechanism [27]
from the successive production of several ¢g pairs. While only some of these
hadrons live long enough to be visible in a detector, many are unstable and
decay at different time scales. The final products seen in a detector depend on

their branching ratios, decay products and life-times.

A broad range of physics processes are described by MC event generators. The
MC event generators used in this thesis for the comparison of results with the real

data are PYTHIA and PHOJET. Both of these models use the Lund String Fragmen-

tation (see Appendix A) for hadronization, the process responsible for the particle
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production.

2.3.2.1 PYTHIA

PYTHIA* is a MC event generator frequently used in high-energy physics that com-
bines perturbative QCD and sophisticated, mostly phenomenologically motivated
models. It uses perturbative QCD (pQCD) for both low and high regions in transverse
momentum. Regions in low transverse momentum play a significant role in inelas-
tic scattering. Perturbative QCD is divergent at low transverse momentum. This
is corrected by one of the two methods, either a simple cut-off or a more complex
correction factor [28].

It is basically a model of hadronic and lepton-hadron interactions commonly
used at RHIC energies and above. It contains “theory and models for a number of
physics aspects, including hard and soft interactions, parton distributions, initial and
final state parton showers, multiple interactions, fragmentation and decay.” As noted
above, for p+ p collisions one needs a phenomenological approach to soft interactions
in addition to the hard scatterings. PYTHIA solves this issue by using pQCD for all
interactions, but by eikonalizing® the cross-section and using special methods to treat
the divergent low-py parts. For a given impact parameter (b), PYTHIA performs
multiple parton scatterings according to a Poissonian distribution, with the average
number of scatterings being b-dependent according to a profile function A(b). Two
(main) ways of dealing with the low-pr divergences within these multiple scatterings
are implemented. One, known as simple scenario, is to simple introduce a cut-off
parameter p5**, such that do/dpr = 0 for pr < p§*. This is the default scenario,

with p$* = 1.9 GeV/c. Another way, the so called complex scenario, is to correct all

4PYTHIA is not an abbreviation but a name taken from the ‘oracle’ in the ancient Greek city of
Delphi. The heart of PYTHIA is the so-called ‘Lund String Model’.

Seikonal is a word borrowed from Gribov-Regge theory, where one studies minijets by assum-
ing that the Pomeron can be split into two contributions, coming from soft and hard processes
respectively.
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divergent terms by a factor p7./(p3 + p3,) and replace p% by p% + p%, in determining
a. Here, the prg is a cut-off parameter as in the first scenario, but the cut-off is
continuos rather than abrupt. The first of these scenarios is equivalent to introducing
a maximum impact parameter b,,,, above which there are no interactions, while the
second assumes some matter distribution around the edges of a hadron. A third
option is to turn-off multiple scattering completely, leaving PYTHIA as a simple two-
string model. This is described by the authors as a ‘toy model” only, pointing out the

importance of this multiple scattering treatment in the model [29].

After calculating the interactions and treating the initial and final state radiation,
PYTHIA performs hadronization using the string picture which is done in by setting
the JETSET conditions in the source code, which is part of a complete PYTHIA
package. PYTHIA is a very flexible, well documented and tunable model. All aspects
of the program are controllable by the user, and the manual documents all options
thoroughly. Amongst these options, it offers a parameter for tuning the probability for
quark-diquark breakup. The value of this parameter can be used to better reproduce
experimental results in p+ p collisions, especially for proton transport to midrapidity.
In this thesis, in chapter 6, comparisons to PYTHIA are done using the default
parameters only, which implies that the simple scenario for multiple scattering is

used.

2.3.2.2 PHOJET

PHOJET is another Monte Carlo based event generator much like PYTHIA, ex-
cept that instead of pQCD it uses the Gribov-Regge phenomenology and calculations
briefly discussed above. It is intended to be used for simulations of hadronic multi
particle production at high energies in hadron-hadron, photon-hadron, and photon-

photon interactions. The ideas and methods used in PHOJET are based mainly on
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the Dual Parton Model (DPM). The DPM is partonic version of the dual resonance
model, where the basic observation is that in hadronic interactions through the forma-
tion of intermediate states, i.e., resonances, the s-channel and t-channel amplitudes
will be equal. This duality gives the model its name. The amplitude can be writ-
ten down as a convergent sum of interactions with varying ‘s’ known as Veneziano
amplitude, and this, combined with experimental high energy phenomenology, led to
the description of such interactions through the exchange of Pomeron. The DPM
extends the dual resonance models in the sense that it includes partons at the ends

of the strings and interprets the hadrons in terms of the parton model [30].

These days, the DPM represents an attempt to give an almost complete descrip-
tion of hadronic interactions at high energies. It combines results obtained within
Regge theory and by perturbative as well as non-perturbative QCD expansions with
generally accepted arguments of unitarity and duality. Within this model one can
calculate both elastic processes (i.e cross-sections) and inelastic processes (i.e. multi

particle production) in a consistent way.

In order to combine the DPM treatment of soft processes with the predictive
power of perturbative QCD, the PHOJET like PYTHIA, is formulated as two-component
model with cross-sections split into a soft and a hard component. On the basis of
the optical theorem, which relates the forward scattering amplitude in a reaction to
the total cross-section, Regge phenomenology is used to parametrize the total and
elastic cross-sections as well as a series of partial inelastic cross-sections. To preserve
unitarity, i.e. conservation of probability, PHOJET uses so called ‘multiple parton
interaction’ in one event, treating them through Gribov’s Reggeon calculus. Since
both soft and hard processes are treated in unified way, multiple soft and hard inter-
actions may be generated in one event. PHOJET simulations of p + p collisions at

Vs = 62.4 GeV, using default parameters, will be presented and compared with the
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real data observation in the chapter 6 of this thesis.

2.3.2.3 HIJING

Perturbative QCD predicts jet production from parton scatterings in high energy
hadronic interactions. Hard or semi-hard parton scatterings with pr of a few GeV are
expected to dominate high energy heavy ion collisions. The Heavy Ion Jet INteraction
Generator (HIJING) [37] was developed by combining the pQCD inspired models of
jet production using the Lund model for jet fragmentation. The HIJING model has
been developed with special emphasis on the role of mini jets in pp, pA and AA
interactions. The model includes multiple mini-jet production with initial and final
state radiation. The soft processes in HIJING are guided by Lund FRITOF model
and DPM. The hard processes are inspired by the perturbative QCD as implemented
in PYTHIA. Binary scattering with Glauber geometry for multiple interactions are
used to simulate pA and AA collisions. Two important features of HIJING are jet
quenching and nuclear shadowing. Jet quenching is modelled by as assumed energy
loss dE/dz of partons traversing the produced dense matter. Shadowing describes the
modification of the free nucleon parton density in the nucleus. HIJING simulations
of p+ p collisions at /s = 62.4 GeV, with default parameters, are used to extract the
vertex efficiency (one of the corrections) to select the good number of events. This is

discussed in detail in the chapter 5.

2.4 Phenomenological Models

In this section, the phenomenological models which describe the particle production

in p 4+ p as well as heavy ion collisions are presented.

38



~10 g
« E
3 pp V sy = 200 GeV o
»lE 0o
Z ; Kop
o] -1f K*U "'
10 F A ’,,1.)
E " 4
S oA T=170.1£3.5 MeV
10 ¥ A(1520) &2 VT°=135:60
; ¥z 1,=0.5690.031
3 s 2_15.6/14 dof
10 o K’ =1. 0
: T Q+Q
Af 7
10 '-4 1 L 1 lllll -3 'l Ll IIIIl] -2 L 1L Illlll -l L Ll lllll] L Ll L LLLL
10 10 10 10 1
A dN/dy (model)
ERPN t {
2 0 4+ S H—{—L
ok ! R
_4 F | | | | | | | | | ] | | | | ] | |

=

=

—_
=

o KKpop o AA Q K%p" KU A(1520)

Figure 2.5: Thermal model fit to the particle productions made by the STAR experi-
ment [31].
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2.4.1 Thermal model

The thermal model describes the total particle production based on the statistical
physics in the p + p collisions. This approach assumes that the hadronization takes
place from fireballs® according to a canonical ensemble. The quantum numbers of the
fireballs are constrained by the initial conditions. In this approach the total yields
are described by three parameters: temperature (T), volume (V) and the strangeness
suppression factor (), which is a phenomenological parameter introduced to reduce
the phase space for the strange quark production. The volume in this model does not
have a clear physical interpretation, unless the yields for the entire phase space are
used. Results of the thermal model fit to the yields in p + p collisions at /s = 200
GeV reported by the STAR experiment are shown in Fig. 2.5. The description of the
yields by the thermal model is in good agreement with data but this does not imply
a thermalization on an event-by-event basis, rather suggests that statistical emission
is a property of the hadronization process. The obtained T = 170 MeV does not

strongly depend on the collision energy.

2.4.2 Non-extensive thermodynamic model

For a long time the transverse momentum distributions (pr spectra) of the particles
produced in heavy ion and p + p collisions have been described using the function
dN/dpr x pr exp(-pr/T), which is characteristic for an adiabatic expansion of a
fireball at temperature (T) [32]. The increase of the energy of colliding protons has
shown that this function cannot describe well the high py part of the particle spectra,
which shows a power-law behavior (e.g. spectra in p+ p collisions at /s = 200 GeV).
The power-law part is interpreted as the region where hard processes are dominant.

A function which can describe such spectra in the whole py range can be derived

6regions of the pre-hadronic strongly interacting matter.
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using the idea of the non-extensive thermodynamics (see Fig. 2.6). Non-extensive
thermodynamics is based on the Tsallis entropy instead of the Boltzmann-Gibbs
(BG) one [33]. In this thesis, the Tsallis distribution has been used to extract the
integrated yield per unit rapidity (dN/dy) for the protons and antiprotons. In this
fitting function, the free parameters are the dN/dy, ¢ and T, while the mass (m)
corresponds to the given hadron mass. The functional form of the Tsallis (Lévy)

distribution is given as:

2 _ o _ —q
L 4N = N X 9= 1ig—2) X (1 TR m) ) (2.3)
2rpr dydpr  dy — 2mqT [qT +m(q — 2)]

2.4.3 Collective behavior in p + p collisions

An increase of the energy of p + p collisions provides the possibility to observe col-
lisions with the multiplicity (total number of produced particles) comparable with a
multiplicity in heavy ion collisions at lower energies. Those events may exhibit collec-
tive behavior of the created system. Here the collective behavior of the system can be
understood as a situation in which system is described using quantities like a density
or a flow. Already some indications of the collective behavior in p 4+ p collisions are
seen at dN/dn > 6 (multiplicity at mid-rapidity) as hints of the phase transition [34].
The evolution of the mean pr of identified particles as a function of the multiplicity
at mid-rapidity can add additional information. The shape of the spectra can provide
evidence for collective behavior and it can be described using a Blast Wave model,

which is given below:

Blast wave model : The Blast Wave model describes the shape of the pr spectra
in heavy ion collisions. It assumes a collective radial flow which modifies the thermal

emission of the hadrons. The hadron emission takes place during the freeze-out de-
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scribed by the freeze-out hyper surface [35]. In this model the shape of the spectra is

nicely described by the following equation:

N R inh h
3— X pr / rdrmr Iy (p—T o (p)) K (—mT o8 (p)> : (2.4)
pr 0 j

where, p = tanh™'(8), Iy and K, are the Bessel functions and § is the radial flow

velocity. The radial flow velocity profile is parameterized as :

B =Ps(r/R)", (2.5)

so that the (8)= 2 fs/(n+2). The Blast Wave form derived using non-extensive
thermodynamics has also been used to fit the pr spectra [36] and is given by the

following equation:

AN Y T R
— & prmr / cosh(y)dy / do / rdr
dpr -Y -7 0

) (2.6)

(1 L ; 1) (mr cosh(y)cosh(p) — pr sinh(p) cos(¢))) (=) |

2.5 Particle yields and ratios

Matter made its appearance in the universe when Supergravity separates into com-
bined nuclear forces (strong, weak, electromagnetic) and gravitation. This era is
called Grand Unified Theory or GUT matter. The SU(5) is the simplest GUT and it
is something upon which the first grand unified theory was based, which is given by

the simple relation:

SU(5) > SU(3) x SU(2) x U(1), (2.7)

GUT matter is combined of what will become quarks, leptons and photons. Any mat-

ter that forms in the early universe quickly collides with other matter or energy and
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is converted back into energy. The matter is in equilibrium with surrounding energy
and the universe is radiation dominated. Since the temperature of early universe is
high, only massive matter can form which are unstable particles [38]. As the universe
cools, more stable, less massive particles forms. A weak asymmetry in the direction

towards matter becomes evident.

The elimination of anti-matter while leaving behind matter known as baryogen-
esis [39], is one of the most fundamental problems of modern physics. The Big Bang
and cosmological standard model assuming homogeneous and isotropic matter (an-
timatter) distribution are conjectured to create matter and antimatter equally. But
we experience only protons, neutrons, and electrons in our universe, i.e., the Baryon
Asymmetry of the Universe (BAU) seems to be ~100%. Exploration of solar systems
and observational evidence from radio astronomy along with cosmic ray detection
indicate that the Milky Way and other distant galaxies are made of matter. Theo-
retically, the well known Sakhrov’s Conditions [40], which have been suggested more
than 40 years ago remains a solid framework explaining the circumstances that mat-
ter became dominant against anti-matter when universe cools/expands. On the other
hand, the standard model for elementary particles apparently presents at least few
conditions in order to explain this. The most noteworthy among them is, the anti-
particle to particle ratio, which is a measure of this matter to anti-matter asymmetry
at a given energy. The ratios for boson and baryons equal to unity implies that this

asymmetry has completely vanished, this scenario is observed at very high energies.

2.5.1 Significance of particle spectra and ratios

From the corrected transverse momentum spectra of the charged particles, the impor-
tant observables like (pr), T}y, and dN/dy are obtained and are extrapolated outside

of the measured transverse momentum region. The extrapolation is based on different
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functional forms which will be discussed in chapter 6. In elementary collisions, parti-
cle production models describe a static, thermal source that leads to the exponential
behavior of the low momentum spectra. As it was known from the lower energy heavy
ion collisions, that the pressure generated during the collision boosts the produced
particles away from the center of collision. This mechanism leads to an expanding
source, which might be thermalized. This pressure generated boost manifests itself in
the change of the shapes of particle spectra, depending on the mass of the measured

particle [41].

A universal description for particle and/or antiparticle production at different
center of mass energies of nucleon-nucleon (NN) collisions can be achieved by study-
ing the dynamical fluctuations and multiplicities of particle yield ratios [42, 43]. The
particle yield ratios are not only able to determine the freeze-out parameters, tem-
perature (T) and chemical potential (x), but also eliminate to a large extent, the
volume fluctuations and the dependence of the freeze-out surface on the initial con-
ditions. On the other hand, the study of particle yield ratios are very much essential
for the evaluation of different statistical/thermal models, characterizing the chemi-
cal/thermal equilibration and last but not least, these studies help in the search for

the unambiguous signals for the creation of the QGP [44].

The investigation of the average transverse momentum as a function of charged
hadron multiplicity is a very useful study as the anomalous behavior of the average
transverse momentum as a function of the measured charged particle multiplicity can
indicate the phase transition from the QGP to the hadronic phase. Following Van
Hove’s approach: charged particle multiplicity is proportional to the entropy. Thus,
the shape of the transverse momentum spectrum carries the combined effect of the
temperature in the collision and the expansion of the system. Since, entropy is a

quantity characterizing the direction of time in the evolution of a physical system —
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in every irreversible process the entropy increases. In elementary interactions, and
in particular those involving relativistic collisions of two large atomic nuclei, there
is considerable production of particles and hence of entropy. A number of questions

arise naturally in this context:
1. When is entropy produced in a quantum process, such as a nuclear collision?
2. How is production of hadronic particles related to production of entropy?
3. How does one measure the entropy produced in the reaction?

In the deconfined phase the color degree of freedom is melted. Therefore, the
specific entropy content per baryon (S/B), evaluated at some given (measured) values
of statistical parameters, is generally greater in the deconfined state than it is into
the confined state. Entropy can only increase, and thus, once an entropy-rich state
has formed, there is an opportunity, by measurement of the entropy created in the
heavy ion collisions, to determine whether the color bonds of valence quarks present
in the collisions have been broken.

The final entropy content of the hadronic particles emerging has to exceed the
initial entropy of the thermal state. In fact, quantitative studies show that very
little additional entropy is produced during the entire evolution of a fireball, after
the initial thermalization stage. For this reason, the final hadronic state conveys the
key information about the initial thermal state of dense and hot hadronic matter.
For example, in the expanding quark-gluon fireball the quassi-entropy conserving
evolution has been confirmed within a model study involving parton cascade [45].
The final-state entropy is largely produced in the first instant of heavy-ion collision.

The entropy can be obtained using the momentum distribution function fgp:

— | B d’p n — n
SB,F—/d /(%)3 [+(1 £ far)in(l £ fer) — ferin(fsr), (2.8)
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The upper sign + is for bosons (B) and the lower sign - is for fermions (F), which is
somewhat counterintuitive, but in fact it is in agreement with Fermi-Bose statistics.
We are reminded of this change by the change in the usual sequence of letters ‘F, B’
in the subscript [46].

In heavy ion collisions, the enhanced antiparticles are conjectured as indicators
for the formation of deconfined QGP [47, 48], whereas the possible annihilation might
suppress such an enhancement [49]. This would explain why the values of antiparticle
to particle ratios in p 4 p collisions are higher than in heavy ion collisions. Therefore,
the initial conditions and formation time can be reflected by the surviving antiparticle.
Decelerating or even stopping of incident particle (projectile) and its break up in
inelastic collisions have been discussed in literature [50]. Therefore, antiparticle to
particle ratios can be used to study particle (or antiparticle) transport and production
and therefore would have significant cosmological and astrophysical consequences. By
mentioning astrophysics, it seems in order now to recall that the n;/n, ratios among
others have been calculated and also observed in the cosmic rays revealing essentials
details on astrophysical phenomena. Thus, the ratios and their description in the
thermal model seem to provide fruitful tools to study the evolution of the matter-

antimatter asymmetry with the changing energy.

2.5.1.1 Some Experimental Results

Here, we present some published results reflecting the above discussion pertaining to
the transverse momentum spectra and particle ratios. Figure 2.6 shows the combined
7, Kt and p transverse momentum spectra for p + p collisions at /s = 900 GeV
in ALICE experiment at LHC [51], whereas the transverse momentum spectra of
7t along with their antiparticle to particle ratio is shown in Fig. 2.7 for Au + Au

collisions at /syny = 62.4 GeV in STAR experiment at RHIC [52]. The spectra
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Figure 2.6: (Color online) Transverse momentum spectra of positive hadrons from
p + p collisions at /s = 900 GeV. The error shown is a systematic plus statistical
added in quadrature. The solid curves represent the Lévy function used to extract the
meaningful parameters [51].

shown in Fig. 2.6 are fitted with the Lévy (Tsallis) function. This function gives a
good description of the spectra and has been used to extract the total yields and
the (pr) to form a solid conclusion about the particle production mechanism in a
given collision. In addition to this, the results for the transverse momentum spectra
of 7%, K*, p and p as presented in this thesis work can be used to construct the
‘nuclear modification factor’ (Ra4) as is shown in Fig. 2.8, wherein they have used
the parameterization of the ISR data [53] to obtain the corresponding invariant yields
for the p + p collisions. The study of the R4 at the /s = 62.4 GeV has been very

crucial in understanding the parton energy loss and quark jets in the medium [52].

Strangeness has a special place in heavy ion physics. Enhanced production of
strangeness has long been predicted as a prominent signature of QGP formation. In

a hadron gas, strangeness has to be produced via strange hadron pairs, which requires

47



1012

2 READ RERJ NSRS LR AR AR B2 Tl RRAN REEN REL) K2 S0 REZE LARN ERL
+ TOF TPC 62.4 GeV

O MBX10°
m [ 0-10%X10°
Y O 10-20% X10
A /\ 20-40% X10"
*  Y¢ 40-80% X10°

T
"

T

e
=)
(=]

W)

T
=]
NI

—
Q
T T T

"

10

|

g i
S -
m -
--.(D.I = O - —
Q_'_ 10:— — —:
N go - g ]
2l Q B ]
o 10%F W —OF & O I | N
& i By 00 o ¢ i 3
= i A o O i O ]
Z 10°%E A By 0 : :
Z i %, A i ]
[ % A s A ]
Qb B % A E -
o * 4 - 200GeV K T 5
E * ; . %* ]
= ¥ " 3

T20-12%X10° ¥
]IJl[llllll!ll]l]lllllllll _l]J]IlllJ!IIl]JIIIIll]IIIl!l_'

0o 2 4 6 8 10 12 o 2 4 6 8 10 12

T

10

L
|

P

)

Transverse Momentum P, (GeV/c)

Figure 2.7: (Color online) Transverse momentum spectra of 7= from Au + Au colli-
sions at \/syy = 62.4 GeV. The ©~ /7" ratio is also shown in the right panel. The
errors shown are statistical, and the shaded bands reflect the systematic errors [52].

1.4

IIIIIIIIIII]IIIIIII i]llllillll]lll
" - /\ 20-40% 62.4 GeV
1.2 - -
[ ] 0-10% 62.4 GeV
1.0 < 0-12% 200 GeV

|

Rep (X% / 40-80%)

=+

12 (e - 650 - 800 """ - Alam et al.- Collisional A
L ¥ - 4 —— X.-N. Wang (1 = 10 fm/c) -
1.0 |- =] — X.-N. Wang l— sssss I. Vitev —
_ O (t =4, 10 fm/c) B |
o8l O (dN’/dy : 800 - 1175) 7
I:‘: - i
0.6 200 GeV = ]
0.4 !
m“.ﬁ..g\}....¢--._
0.2 n TI:++ " T = A T —-
PR PR NP O PO N O A P PR O P A AP I P I P B
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 10
p, (GeV/c) P, (GeV/c)

Figure 2.8: (Color online) Upper panels: Centrality and pr dependance of Rop for
7T +7" and p+p for Au+ Au at /sy = 62.4 GeV. Lower panels: Raa for 7+ +m~
at 62.4 GeV (0-10%) and 200 GeV (0-20%) compared to three model predictions. The

errors shown are statistical, and the shaded bands reflect the systematic errors [52].

48



C (a) Open: K*/n+  Filled: K/n 1 (b) ® AGSAusAu
0 25‘ O @ AGS AusAu 0 B SPSPbsPh
T B A AISRpp [J @ SPSPbsPb | 10+ * STARAusAu |
B f“ rﬁ % Y STARpp % % STAR Au+Au_Z r ]
0.2 b :F - In(s_+21.9)]1e
r -@__ . O n0s, 124
o5 0 el 1 ¥ ]
g C f + y4NDF=20/9
i C X L ]
o i & ¥ b
i i dd ]
0.05; ) — 001[in5, 226"
-0 CNDF=2719 1 1
D L ® L paal L Loy L L paaaal Lo L Lo
1 10 102 10° 1 10 102 10°

B GV B (G

Figure 2.9: (a) K™ /7" and K~ /7~ ratios as a function of the collision energy in
p+p and central heavy ion collisions. (b) K /K— ratio as a function of the collision
energy in the central heavy ton collisions. The curves going through the heavy ion
K~ /n~ and K*/K~ data are phenomenological fits. The curves going through the
heavy ion Kt /7" data are the product of the fit curves [55].

a large energy; whereas in QGP, it can be produced via strange quark-antiquark pair,

which is energetically favored [54].

Figure 2.9 shows the combined results from different experiments at AGS, SPS,
ISR and RHIC for the strangeness production and K /7 ratio. One obvious feature in
Fig. 2.9(a) in heavy ion collisions is that it steadily increases with /syy, while K /7"
ratio sharply increases at low energies. The addition of the K /7™ ratio measure-
ments at RHIC energies clearly demonstrates that this ratio drops at high energies.
A maximum K /7" value is reached at about \/syy ~ 10 GeV. This behavior of
K™ /7" is partially attributed to the net baryon density, which changes significantly
with \/syn. This could shed light on the two possible production mechanisms for
the K: pair production of K and K, which is sensitive to V/snn, and the associated

production of K(K) with a hyperon (antihyperon), which is sensitive to the baryon

(antibaryon) density. The excess of K over K is due to the finite net-baryon density.
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To visualize the relative contributions from the two mechanisms, Fig. 2.9(b) shows
the ratio of K* /K~ as a function of \/syy in central heavy ion collisions. The ratio
sharply drops with energy, demonstrating the transition from associated production
of KT dominant at low energies to the dominance of equal production of Kt and
K~ via either pair production of KK~ or associated production of KT (K ™) with

hyperon (antihyperon) at high energies [55].
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Chapter 3

Experimental Facility

3.1 Introduction

The data analysed for the present thesis work is from the Solenoidal Tracker At
RHIC (STAR) housed at Brookhaven National Laboratory (BNL) as a part of the
Relativistic Heavy-lon Collider (RHIC) facility. The RHIC Project began in the
early 1990s followed by 10 years of development and construction. The first Au+ Au
collisions at a center of mass energy per nucleon (y/syn) = 130 GeV took place in
the summer of 2000. The primary physics goals of the RHIC are to produce and
investigate the properties of the QGP with heavy ion collisions and to investigate the
spin structure of the nucleons with the polarized proton collisions. In this chapter

the RHIC experimental facility and the STAR detector are described in detail.

3.2 RHIC Complex

The RHIC experimental facility consists of accelerators, transfer lines, detectors and
computational facilities for data storage and analysis. It has the capability to accel-

erate and collide a large variety of particle configurations such as d + Au, Cu + Cu,
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Figure 3.1: The Relativistic Heavy Ion Collider Complez.

Au+ Au, Cu+ Au, He + Au and U + U at energies ranging from /syny = 7 to 200
GeV for heavy ions and for polarized as well as unpolarized p+p at /s = 62.4 to 500
GeV. The schematic diagram of the RHIC accelerator complex is shown Fig. 3.1. The
collider has two concentric rings: a “blue” ring for clockwise-beam revolution and a
“yellow” ring for counter clockwise-beam revolution and it is also obvious from the
the same figure that the rings are not circular, but have six straight sections and six
arc sections, and is total 3.8 Km in circumference. There are six intersection points
at the center of each straight section and four of them are occupied by the STAR,
PHENIX, BRAHMS, and PHOBOS experiments [56]. As of 2014, the BRAHMS, and
PHOBOS had already completed their physics programs, while STAR and PHENIX
continue to take data.

Figure 3.1 shows the operational steps of accelerating the beams. For Au ion

beams, negatively charged ions are produced from a pulsed sputter ion source at the
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Figure 3.2: RHIC integrated luminosity for heavy ion and proton-proton collision.

Tandem Van de Graaff [57], which accelerates the ions to an energy of 1 MeV/A
and partially strips their electrons. After passing through another stripping foil and
charge selection magnets, the ions with a charge of +32 are delivered to the Booster
synchrotron where they are accelerated to the injection energy, 95 MeV /A, of the
Alternating Gradient Synchrotron (AGS). For proton beams, polarized protons are
sourced at the Linear Accelerator (LINAC) where they are accelerated to the injection
energy of AGS. At the entrance and exit of AGS, the ions are fully stripped and
reach a charge state of +79. The ions or protons are bunched and accelerated to
RHIC injection energy of 10.8 GeV /A before being injected into RHIC via the AGS-
to-RHIC Beam Transfer Line (ATR). In RHIC, two counter revolving beams can
be accelerated up to the maximum design energy of 100 GeV /A for heavy ions and
250 GeV for protons. For more than 10 years after the first run, the RHIC collider
experts have been successfully improving not only luminosities but also the range of

the colliding energy with variety of particle species as shown in Fig. 3.2.

RHIC is designed to accelerate heavy ions to nearly the speed of the light in two

concentric collider rings. It is worth noting that up to 112 particle bunches per ring
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can be injected and in each case the time interval between bunch crossings at the
interaction points is of the order of nano second. A summary of the development of

heavy-ion collider is given in Table 3.1.

Run (year) Species Energy (c.m.s') [GeV/nucleon] | Luminosity
Runl Au™ 4+ Au™ 65.0 20 ub~!
(2000) | Au™ + Au 28.0 <0.001pb7!
Run2 Au™ 4+ Au™ 100.0 258 ub~!

(2001-2002) | Au™ + Au™ 0.8 0.4 pb!

p+p 100.0 1.4 pb~1
Run3 d+ Au™ 100.0 73 nb~!

(2002-2003) | p+p 100.0 5.5 pb~!
Run4 Au™ + Au™ 100.0 3.5nb!

(2003-2004) | Au™ + Au™ 31.2 67 bt

p+p 100.0 7.1 pb1
Runb Cu® + Cu? 100.0 42.1 nb~!
(2004-2005) | Cu2® + Cu? 31.2 1.5 nb~!
p+p 100.0 29.5 pb!
Run6 p+p 100.0 88.6 ph!
(2006) p+p 31.2 1.05 pb~1
Run7 Au™ + Au™ 100.0 7250 pbt
(2007) Au™ + Au™ 4.6 small
Run8 d+ Au™ 100.0 437 nbt
(2007-2008) p+p 100.0 38.4 pb~1
Au™ + Au™ 4.6 small
Run9 p+p 250.0 110.4 pb~1
(2008-2009) p+p 100.0 114.0 pb!
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Run (year) Species Energy [GeV /nucleon)] Luminosity
pp2pp 100.0 0.6 nb~!
Run10 Au™ 4+ Au™ 100.0 10.3 nbt
(2009-2010) | Au™ + Au™ 31.2 544.0 pb~!
Au™ + Au™ 19.5 206.0 ub~!
Au™ + Au™ 3.85 4.23 pbt
Au™ + Au™ 5.75 7.80 pb~1
Runll pAp 250.0 166.0 pb~!
(2010-2011) | Au™ + Au™ 0.8 33.2 b~
Au™ + Au™ 100.0 9.79 nb~!
Au™ 4 Ay™ 13.5 63.1 ub~!
Run12 pAp 100.0 74.0 pb!
(2011-2012) | p+p 250.0 277.0 pb~!
U + U 96.5 736.0 b~ !
Cu® + Ay™ 100.0 27.0 nb~*
Run13 ptp 250.0 1.04 fb!

(2012-13)

Runl4 Au™ + Au™ 7.25 42.2 pb=t
(2013-2014) | Au™ + Au™ 100.0 43.9 nb!
He? + Au™ 100.0 134.0 nbt

Table 3.1: The Summary of RHIC runs [58].

RHIC is also capable of accelerating polarized and unpolarized proton beams to a

maximum energy of 250 GeV. Besides supplying important baseline information with
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respect to A+ A collisions, the study of p+ p collisions will provide data on the proton
spin problem where it has been shown that the valence quarks of the proton do not
provide the total spin observed [59]. Collision of asymmetric species, i.e. different
species in the two beams (d + Au, Cu + Au and He + Au), is also possible due
to independent rings with independent steering magnets. This diversity allows the
study of colliding systems as a function of both energy and system size. As discussed
briefly above, that the heavy ions begins their journey in Tandem Van de Graaff
accelerator. The ions then travel through a transfer line to the small circular Booster
where, with each pass, they are accelerated to higher energy. From the Booster,
ions travel to the Alternating Gradient Synchrotron (AGS), which then injects the
beams via another beamline into the two rings of RHIC. In RHIC, the beams get
a final accelerator “kick up” in energy from powerful, highly focussed radio waves.
Once accelerated, the ions can “orbit” inside the rings for hours. RHIC’s 2.4 mile
ring has six intersection points where its two rings of accelerating magnets cross,
allowing the particle beams to collide. The collisions produce the fleeting signals
that, when captured by one of RHIC’s experimental detectors, provide physicists
with information about the most fundamental workings of nature [61]. RHIC can
also conduct colliding-beam experiments with polarized protons using this accelerator

chain.

Furthermore, another important aspect of RHIC is to provide beams of very
high luminosities, which makes possible to measure rare processes having small cross
sections. For a process with the cross section o;, the event rate (R;) is given by R; =
o; x L, where L is the Integrated Luminosity and is given by L= fn%, where Ny
and N, are the number of particles contained in each bunch, A is the cross-sectional
area of the overlap between the two colliding beams of particles, f is the frequency of

revolution, and n is the number of bunches per beam. High luminosities can therefore
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Parameter Value
Luminosity (Au + Au) 2 x 10% em™2 sec™!
Luminosity (p + p) 1.4 x 103 em™2 sec™!
Beam energy (Au + Au) | 3.85—100 GeV /nucleon
Beam energy (proton) 31.2—250 GeV
No. of bunches per ring 60—120
Revolution Frequency 78 KHz
Tons per bunch (Au) 10°
Tons per bunch (proton) 10t
No. of interaction points 6
Beam life time ~10 hours
Ring circumference 3833.845 m

Table 3.2: The List of some RHIC design parameters.

be achieved by maximizing f, n and decreasing the beam profile. A list of some RHIC

design parameters is given in the Table 3.2.

3.3 STAR experiment

The STAR experiment was specially constructed to investigate the behavior of strongly
interacting matter at high energy density and to search for signatures of QGP infor-
mation. RHIC creates a nuclear environment of a large number of produced particles
(up to approximately one thousand per unit pseudorapidity) and high momentum par-
ticles from hard parton-parton scattering. The main motivation to build the STAR
was to measure many observables simultaneously to study signatures of a possible
QGP phase transition and to understand the space-time evolution of the collision

process in ultra- relativistic heavy ion collisions. The goal is to obtain a fundamen-
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Figure 3.3: Perspective view of the STAR detector, with a cutaway for viewing inner
detector systems [61].

tal understanding of the microscopic structure of these hadronic interactions at high
energy densities. In order to accomplish this, STAR was designed primarily for mea-
surements of hadron production over a large solid angle. STAR is also very effective
in high precision tracking, momentum analysis, and particle identification at the cen-
tral rapidity region. The large acceptance of STAR detector makes it well suited
for event-by-event characterizations of heavy ion collisions and for the detection of
hadron jets [60].

Figure 3.3 shows the layout of the STAR detector along with its various subsys-
tems. The STAR magnet system is a room temperature solenoidal magnet which was
designed in cylindrical shape with a length of 6.85 m and has inner as well as outer
diameter of 5.27 m and 7.32 m, respectively. It provides a uniform magnetic field

which acts parallels to the beam direction (z direction) with a maximum value 0.5 T.
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STAR magnet can work under full field (+0.5 T), reversed full field (-0.5 T) and half

field configuration (+0.25 T).

Being a cylindrical detector, the STAR has an symmetric azimuthal acceptance
and it covers large range around mid-rapidity (|n|<1, 27 azimuthal coverage). Very
close to the beam pipe is the Heavy Flavor Tracker (HFT), it is the latest sub-
detector added in the STAR in 2014 experimental run. As its name indicate, the
HFT is designed to measure the heavy flavor production by the measurement of dis-
placed vertices and to do the direct topological identification of open charm hadrons.
The Time Projection Chamber (TPC) is the main 3D tracker at STAR which has a
coverage of |n|<1 along with the 27 azimuthal coverage. The Time Of Flight (TOF)
detector is surrounding the TPC which also has a similar n and azimuthal cover-
age. The Barrel Electro-Magnetic Calorimeter (BEMC) located outside of the TOF
and covers |n| <1 with complete azimuthal symmetry. The Endcap Electro-Magnetic
Calorimeter (EEMC) covers for 1 < |n| < 2, over the full azimuthal range. The EMCs
are used to distinguish high momentum single photons from photon pairs of 7 and
7 meson decays and also electrons from charged hadrons. Outside the BEMC is the
magnet system which provides a uniform magnetic field parallel to the beam direction
and together with BEMC it also servers as the electron and hadron absorber for the
Muon Telescope Detector (MTD). The MTD is also a new added detector, which was
installed in 2013 and is operational since then. It is designed to detect high pr muon

for heavy flavor collectivity and production.

Along the beam pipe, there are some trigger detectors: Zero Degree Calorimeter
(ZDC), Vertex Position Detector (VPD) and Beam-Beam Counter (BBC). Two ZDCs
are located on each side at a distance of ~18 m from the interaction point. The ZDCs
are designed as hadronic calorimeters to detect the outgoing neutrons. Dipole magnets

are put before the ZDC detectors to bend away the charged fragments. The ZDC
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signals are used for monitoring the heavy ion beam luminosity and for the experiments
triggers. The BBC subsystem covers 3.3 < |n| < 5.0 and consists of two disk shaped
scintillating detectors. They are placed at the endcaps of the TPC (3.5 m from TPC
center). Each BBC disk is made up of close packed hexagonal scintillator tiles in
two rings. A BBC trigger corresponds to a prompt coincidence between at least one
(out of eighteen total) tile firing in both BBC EAST and BBC WEST within a time
window. This BBC trigger defines a minimum bias trigger corresponding to a pp cross
section of ~ 26 mb, 87% of the pp Non-Singly Diffractive (NSD) cross section. The
VPD detector has two assembly which consists of two rings of readout detectors (19
channels). The two assemblies are mounted symmetrically with respect to the center
of STAR at a distance of 5.7 m and cover 4.24 < n < 5.1. The signals from VPD
are used to select minimum bias collisions, to constrain the location of the primary
collision vertex along the beam pipe and to provide start time for STAR fast timing

detectors. EMCs is also used to trigger on high pr particle events.

3.3.1 Trigger detectors

The main trigger detectors are ZDC, BBC, VPD, and EMC. Since the various detector
subsystems in STAR have different readout speeds, so the purpose of the STAR trigger
is to instruct the slower detectors on when to record data. A schematic view of a

nucleus-nucleus collision and STAR trigger system are shown in Fig. 3.4.

The two ZDCs are positioned at +18.25 meters along the beam axis relative to
z=0. The ZDCs are hadronic calorimeters designed to measure the energy from the
remaining neutrons from the colliding nuclei after collision in a small solid angle near
zero degrees (0 < 2 mrad). The energy deposited by the neutrons can be related to
the multiplicity. For a minimum bias trigger, a coincidence between the two ZDCs is

required with a summed signal greater than ~ 40% of a single neutron signal. The
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ZDC

Figure 3.4: (Color online) A schematic view of a nucleus-nucleus collisions and STAR
trigger systems.

BBC [62] consists of a hexagonal scintillator array structure, located on each side of
the interaction region covering the full azimuth and 2.1 < |n| < 5.0. It mounted around
the beam pipe at a distance of 3.7 m from the interaction point. For a minimum bias
trigger, a coincidence of signals is required between two BBC. The timing difference
between the two counters is used to get information of the primary vertex position.
BBC coincidences are also used to reject beam gas events. In addition, the small tiles

of BBC are used to reconstruct the first order event plane for flow analysis [63].

Since 2009, a pair of VPD were used to select events. Each VPD consists of
19 lead converters plus plastic scintillators with photomultiplier tube readout that
are positioned very close to the beam pipe on each side of STAR. Each VPD is
approximately 5.7 m from the interaction point and covers the pseudo-rapidity range
4.24 < |n| < 5.1. Trigger for the minimum-bias (MB) events using VPD is defined as
a coincidence signal in the east and west VPD detectors. The VPD can also provide
the information about the Z component of the vertex. The VPD has much better
timing resolution than BBC. The EMC can be used to select events with rare probes

such as high energy v and 7° particles, or electrons from .J/1 decays.
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Figure 3.5: Cutaway view of the TPC along with some other sub-detectors.

3.3.2 Time Projection Chamber

TPC is the main tracking detector of the STAR experiment and it is designed to
provide information on momentum and energy loss of charged particles in heavy ion
collisions over a large solid angle in high precision. This large acceptance is very
important to study, for example, particle correlations in an event-by-event basis and
it also helps to increase statistics for rare processes such as resonances with decay
channels with small branching ratios. A schematic picture of the TPC is given in

Fig. 3.5.

The STAR TPC is described in terms of the following main features:
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3.3.2.1 Physics Objectives:

The STAR’s TPC performs the role of 3D camera, capturing the images of the flight
of subatomic particles and is used to record the collisions at RHIC. It is the central
element in the suite of detectors that surrounds the interaction vertex [67]. The main

physics goals for which it is employed are:

e Given the magnetic field, it helps in the measurement of the particle momentum.

e [t also helps in the particle identification by measuring the ionization energy

loss of the charged particles.
e [t also helps in the determining the charge of the particle track.

e It helps in identifying charged particle over the momentum range (0.1 - 1.2
GeV/c), whereas it also helps in the track reconstruction of the charged particles

over the momentum range (0.1 - 30 GeV/c).

3.3.2.2 Design & geometry:

The TPC sits in a large solenoidal magnet that produces a maximum of +£0.5 T mag-
netic field and it is 4.2 m long and 4 m in diameter. It covers pseudo-rapidity |n| < 1.0
and 27 azimuthal coverage as is quite obvious from Fig. 3.5 and Fig. 3.6. Important
features regarding the TPC’s design are cathode & field cage, TPC’s endcaps with
anodes & pad-planes and drift gas.

The Central-membrane at the centre of TPC serves as “cathode”, the Field Cage is
composed of series of equi-potential rings that divide the space between the central
membrane and the anode planes into 182 equally spaced segments. One ring at the
center is common to both the ends, the central membrane is attached to that ring.

It serves two important functions:

e [t helps in the gas containment within the cylinder.
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Figure 3.6: Time Projection Chamber.

e [t helps in maintaining the uniform electric field throughout the drift volume.

At both the ends of TPC, see Fig. 3.6, we have read-out planes serving as Multi-

Wire Proportional Counters (MWPC) chambers with read-out pads, and these mod-
ular units are mounted on the aluminium support wheels as 12-sectors around the
circle. Such wheels are aligned on both sides of the central-membrane to form the so
called Field Cage as shown in the read-out planes. Here each wheel is composed of 12
sectors known as read-out planes and are further sub divided into outer sub-sector &
inner sub-sector. The outer sub-sectors use pads with large dimensions as compared

to the pads of inner sub-sectors. The significance of outer and inner sub-sectors lies

in the fact that:

e The outer sub-sectors have continuous pad coverage to optimize the (dE/dx)

resolution.
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e The inner sub-sectors are in the region of highest track density and are thus
optimized for good two hit resolution; that means they serve to give the better

position resolution and lower momentum particles.

Further each MWPC (read-out plane) consists of four planes; three wire planes
and one pad plane. They are aligned in the manner as shown in Fig. 3.7. The
Wire Plane is comprised of Gating-Grid Plane, Ground Wire Plane and Anode Wire

Plane [68], the significance of each of these wire planes are as:

e The Gating-Grid Wire Plane works as a shutter to control the entries of electrons

from TPC’s drift volume into the MWPC chambers.

e The Ground Wire Plane terminate the fields from penetrating into the avalanche

region so that it may provide additional “rf-shielding” for the pads.
e The Anode Wire Plane works as an amplifier and discriminator.

Layout of the one complete sector (which are 12 towards both the ends) is shown

in Fig. 3.8.

Gas : The TPC is filled with a P10 gas mixture, that is a mixture of 90% Argon
and 10% Methane. Argon (a noble gas) is chosen because it requires low electric field
intensities for avalanche formation and has a fast drift velocity. Methane is added
to suppress high energy photons caused by excited Argon atoms. The Argon atoms
are excited, instead of being ionized, by particles passing by [64]. The pressure of
the gas is 2 mbar higher than the atmospheric pressure to prevent contamination by
electronegative gas such as H,O and Oy, which capture the drifting electrons, reduce

drift time, and reduce the efficiency of creating avalanches at read out pads.

Electric Field : A well-defined, uniform, electric field of 135 V/cm along beam
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axis is applied so that ionized gas particles (electrons) drift into the readout channels
on both sides of the TPC. The uniform electric field is created by a thin conduc-
tive cathode membrane at the center, concentric inner and outer field-cage cylinders
(which are respectively 0.5 m and 2 m from beam axis), and anode wires at the read-

out end cap.

Read-Out System : The readout system is mounted on aluminum support wheels
at both end caps of the TPC. It consists of MWPC chambers and readout pads as
is shown in Fig. 3.5 and Fig. 3.6. The drifting electrons avalanche in high electric
fields between the shielding grid at ground potential and anode wires. Positive ions
created in the avalanche induce image charges on the readout pads. The gating grid
prevents the slow positive ions from entering the drift region by closing the gates after

electrons have drifted through.

3.3.2.3 Basic Mechanism :

The most important function of the TPC is to reconstruct the paths of particles.
When a charged particle passes through the gas, it ionizes the gas molecules and
creates electrons and ions. Due to a sufficiently strong electric field, the electrons
separate from the ions and drift to the ends of the TPC. The electrons drift with
an average velocity of 5.45 cm/us to the readout channels (end caps). Different drift
distances result in different readout times. With this timing information and the
2D position on the read out pads, 3D tracks can be reconstructed. For this reason,
it is called the Time Projection Chamber. Since magnetic fields curve a charged
particle’s path according to its momentum, the momentum can be calculated from

the curvature of the path according to following equation,
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pr= BR = 0.3BR, (3.1)
C

where B is the strength of a constant magnetic field and R is the radius of
curvature. Since particles continuously lose their energy and momentum as they
travel through the gas in the TPC, measured momenta are corrected using expected
energy loss values, which are functions of a particles velocity. By default, a pion mass
is assumed for all particles to estimate velocity. This is a good approximation at
high momentum for other species of particles. However, at low momentum the pion
mass assumption causes the momentum away from the true value for other species
of particles. Though, this problem can be corrected using simulation after particle

identification is done.

3.3.2.4 Performance of TPC :

Reconstruction of x, y and z coordinates

The reconstruction of the x,y and z coordinates in TPC employs the principle mech-
anism of both MWPC & Drift chamber. The x-y position determination is based
on the MWPC'’s principle, while the z position determination is based on the Drift
chamber’s principle. The x-y coordinates of a cluster are determined by the charge
measured on adjacent pads in a single pad row. The z coordinate of a point inside
the TPC is determined by the knowledge of time of a drift of a cluster of a secondary
electrons from the point of origin to the anodes on the endcaps and average drift
velocity [69].

Distortions

The study of distortions is very important because if it is taken for granted, then the
spatial as well as momentum resolution will be adversely affected. The position of a

secondary electron at the pad plane can be distorted the non-uniformities and global
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misalignments in the electric and magnetic fields of the TPC [70]. Various causes of

the distortions in the TPC are as follows:

1. Non-uniform magnetic field.

2. The angular offset between electric and magnetic fields.

3. Cathode’s non-flat shape and tilt.

4. Geometrical effect between the inner and outer sub-sectors.

5. TPC endcaps non-flat shape and tilt.

6. Misalignments between IFC (Inner Field Cage) and OFC (Outer Field Cage).

7. Space charge build up in the TPC.

Two Hit Resolution & Tracking Efficiency
The two hit resolution and tracking efficiency are also very important features of
TPC. The inner and outer sub-sectors have different size pads, so their two hit reso-
lutions are different. Moreover the two hits can be completely resolved when they are
separated in the padrow direction by at least 0.8 ¢m in the inner sector and 1.3 cm
in the outer sector. Along the z-direction two hits can be completely resolved when
they are separated by 2.7 cm in the inner sector and 3.2 ¢cm in the outer sector. The

tracking efficiency of the TPC relies on:

1. Acceptance of the detector.
2. Two hit separation capability.
3. Dead channels and bad pads.

4. Fudicial cuts & merging of the tracks.
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Vertex Resolution
To ensure the good tracking the resolution of the primary vertex is very important.
The primary vertex is found by considering all the tracks reconstructed in the TPC
and then extrapolating them back to the origin. The global average is the vertex
position. Also it is calculated by comparing the position of the vertices that are
reconstructed using each side of the TPC separately. Furthermore, the primary vertex
can be used to improve the momentum resolution of the tracks and the secondary
vertices can be separated from the primary vertices if the vertex resolution is good

enough.

Momentum Resolution
The transverse momentum pr of a track is determined by fitting a circle through the
x-y coordinates of the vertex and the points along the track. The total momentum is
calculated using the radius of curvature and the angle that tracks makes w.r.t. z-axis
of TPC, This procedure works for all the primary particles coming from the vertex but
for secondary decays, such as As or ks, the circle fit must be done without reference
to the primary vertex. For the precise momentum resolution, the use of embedding
technique is also ensured. As, the momentum resolution at low pp, significantly
depends on determination of the contribution of Multiple Coulomb Scattering (MCS)
and that at the high pr, it is independent of mass and is only limited to the strength

of the magnetic field.

Particle Identification
Energy lost by the charged particles inside the TPC volume is a valuable tool for
determining the different particle species. But this works well for the low momentum
particles and with the increase in the particles energy (momentum), the energy loss
become less mass dependent making it hard to separate the particles with velocity

greater than 0.7 ¢. The resolution of good dE/dx requires: large track length, large
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number of tracks, good calibration, minimum noise etc.. The most probable energy
loss is preferred, but as energy loss is skewed towards the higher values, leading to
the Landau’s tail so truncated mean is used to characterize the energy loss [71]. As
the energy lost by a particle when it travels through the TPC volume is a function
of the velocity with which it travels and is described by a Bethe-Bloch formula, the

details of which is given in the chapter 4.

The Figure 3.9 shows the measured dE/dx for the particles in the TPC as a
function of the particle momentum. Various bands, corresponding to different mass
particles, are clearly separated at low pr. At the modest momentum, the bands start
to overlap: e* and K+ merge at ~ 0.45 GeV/c, K* and 7% merge at ~ 0.75 GeV/c,

and p (p) and 7F merge at ~ 1.2 GeV /c.
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Calibration :
Several calibrations have to be done to achieve precise momentum measurement.
The main sources of error in the momentum measurement are from changes in the
drift velocity and electric and magnetic field distortions [65]. The drift velocity is
calibrated using a narrow specific wavelength (A = 266 nm) laser which can produce
ionization in the TPC equivalent to relativistic particles [66]. Laser events are taken
for this purpose in every beam fill. The potential sources of field distortions are
field misalignment which arises from slightly unparallel £ and B fields, space charge
distortion caused by a buildup of positive charged ions in the TPC gas, and grid
leak of ionic charge into the main TPC volume from the high gain anode region.
Calibrations can be done for those distortions by applying a residual space charge
model with parameters. The parameters are determined by minimizing x? values of
the helix fit of good quality tracks. Moreover the necessary information regarding the
basic parameters along with the associated hardware for the STAR TPC is also given

in the Table 3.3.

3.3.3 Time Of Flight

The TOF system was built to improve the PID capability of the STAR experiment
and was designed to provide a time resolution less than 100 pico seconds (107%) to
achieve this goal. The heart of this detector is the Multi-gap Resistive Plate Chamber
(MRPC) which has been developed at CERN for the detectors at the LHC [74]. The
MRPC is based on relatively inexpensive technologies and materials, which enabled
the building of the TOF system over a large area within a reasonable budget. After
dedicated R&D and remote construction of the TOF detectors [75], about 75% of trays
were installed in 2009. The full 120 trays have been installed and taking data since

2010. Since then almost all the analysis in the STAR collaboration have exploited
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’ Item Dimension Comment
Length of the TPC 420 cm Two halves, 210 cm long
Outer Diameter of 400 cm 200 cm radius
Drift Volume
Inner Diameter of the Drift Volume | 100 cm 50 cm radius
the Drift Volume
Distance: Cathode to Ground Plane | 209.3 cm Each side

Ground Plane

Cathode 400 cm diameter At the center of the TPC

Cathode Potential 28 KV Typical

Drift Gas P10 10% methane, 90% argon

Pressure Atmospheric + 2 mbar | Regulated at 2 mbar
above Atm. pressure

Drift Velocity 5.45 cm/us Typical

Number of Anode Sectors 24 12 per end

Sectors

Number of Pads 136,608

Signal to Noise Ratio 20: 1

Electronics Shaping Time 180 ns FWHM

Signal Dynamic Range 10 bits

Sampling Rate 9.4 MHz

Sampling Depth

512 time buckets

380 time buckets typical

Magnetic Field

0,025 T, £0.5 T

Solenoidal

Transverse Diffusion (o)

230pum/+/cm

140 V/em & 0.5 T

Longitudinal Diffusion (o)

360um/+/cm

140 V/cm

Table 3.3: Basic Parameters and its associated hardware for the STAR TPC
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upVPD | L

Figure 3.10: Schematics of the TOF system: Barrel TOF trays and upVPD’s upon
the beam pipe on the east and west sides .

TOF information and the TOF system has become an indispensable part of the STAR

experiment. The schematic of the TOF detector is shown in Fig. 3.10.

A TOF system measures the time span that particles spend to fly from one point
to another. In the STAR experiment the first point is assumed to be the collision
vertex. So the TOF information is calculated for only primary tracks, not for global
tracks, which might contain secondary tracks, like weakly decaying daughter particles.
The collision time (start time) is determined by upgraded Vertex Position Detector
(upVPD). The second time measurement is at the stop-side-detectors, barrel TOF
trays, which measures the time at which a particle reaches the detector. The TOF has
not enough information to provide PID, which will ultimately depend on the particle
velocity. Therefore, path length (flight distance) is also required. The path length is
estimated by extrapolating the track helix from the TPC onto a channel on the TOF
trays, that matched the TOF hit.

As discussed above, the TOF system extends the TPC charged hadron identifi-

cation capabilities to higher particle momenta. The TPC alone can separate charged
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Figure 3.11: Particle identification using TOF.

m/K and (7+K)/p up to P ~ 0.7 and 1.1 GeV/c respectively, whereas the TOF pro-
vide charged hadrons separation for 7/K and (7+K)/p up to P ~ 1.6 and 3.0 GeV/c
respectively. The inverse velocity, 1/8-distribution as a function of particle momen-
tum is shown in Fig. 3.11. The timing resolution for TOF is 7 < 100 ps. Charged
hadron identification can be extended to 2 < P < 4 GeV/c using a combination of
TPC and TOF detectors. More details about the TOF system can be obtained from

this particular STAR Ref. [75, 70]

3.3.4 Barrel Electromagnetic Calorimeter

This analysis relies to some extent on this STAR sub-system called as BEMC for

obtaining the MinBias trigger. BEMC sits inside the solenoidal magnet as shown in
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Fig.3.3 and it covers the 60 m? area just outside the TOF sub-system. It thus has
an acceptance and n-coverage congruent to the TPC and TOF-Barrel. It is a lead-
scintillator sampling electromagnetic calorimeter with a total depth of 20 radiation
lengths (20X) at n=0. The BEMC is composed of 120 modules which subtends 6°
in A¢ and 1.0 unit in An, each module is made of 2 rows of 20 A¢ xAn = 0.05x0.05
towers for a total of 4800 towers covering the full BEMC, the towers are projective

to the center of the interaction diamond as shown in Fig. 3.12.

Each module consists of a stack of 20 layers of lead and 21 layers of scintillators
with an active depth of 23.5 ¢m (Fig. 3.13 left). To provide a finer spatial resolution
in the towers a Barrel Shower Maximum Detector (BSMD) is implanted at a depth
of ~ 5X, (Fig. 3.13). A two sided aluminum extrusion provides ground channels for
two independent planes of proportional wires, each of these layers contain 18000 wires
orthogonal to each other to cover the n and ¢, thus it provides a 2-dimensional image
of the showers, the SMD is located near the depth of the maximum electromagnetic
showers with energies 1-2 GeV as opposed to hadronic showers which peak at one

interaction length [78].

3.3.5 Endcap Electromagnetic Calorimeter

Supplementing the BEMC in the forward region 1 < |n| <2, the EEMC covers the
full azimuth as in STAR’s TPC. Just like an BEMC, it also plays a vital role in
the detection of the photon, electromagnetic decaying mesons like, 7 and 7 in the
energy range 10-40 GeV. It also helps in high pr triggering system in STAR and
discriminating pre-shower and post-shower layers intended to discriminate hadrons
from electrons. The further details of this specific sub-system can be obtained from

this particular Ref. [80].
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Figure 3.12: Schematic of STAR’s BEMC. The BEMC towers are annotated and their
projectivity to the interaction diamond is illustrated by the tilting of towers. Shown
i green are enerqy deposited by tracks coming from the vertex .

3.3.6 STAR’s DAQ

The STAR’s Data Acquisition (DAQ) system is driven by the characteristics of
STAR’s main detectors like TPC, TOF etc.. These detectors produce 80 MB of
data per event and are able to read out events at 100 Hz. The storage of raw data is
managed by RHIC Computing Facility (RCF) using High Performance Storage Sys-
tem (HPSS), the limit for STAR is 30 MB/s. So the task of DAQ is then to read data
from the detectors at rates up to 8000 MB/s to reduce the data rate to 30 MB/s, and
to store the data in the HPSS facility. There are many other detectors that need to
be read out too, but all with smaller data volumes. Thus, STAR DAQ system is a
modular design [79].

The large input data is processed parallel at the DAQ front end. Multiple receiver
boards (RB’s) receive data in parallel on separate optical fibers from the detectors.

The RB’s are grouped together in VME crates. Each crate controlled by a Detector
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Figure 3.13: (Left) Side view of the BEMC module showing the 20 lead layers and 21
layers of scintillators. Also shown are the two layers of Shower Mazximum Detector
(BSMD) sitting at a depth of ~5Xo from the front face at n=0. (Right) A schematic
tllustration of an electromagnetic shower at the BSMD wire layers which provide a
two-dimensional tmage of the shower.
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Broker CPU (DET). Two strategies (zero-suppress and 13 for physical filter) are
used to reduce the data volume. Events from small detectors are read into MVME
processors over private, point-to-point 100 MB/s ethernet. The detector brokers
present a detector-independent interface to the DAQ network. After all the events
are read into the DETSs, the Global Broker (GB) assigns these events to Level 3
Trigger (L3) and wait for an event decision. If the event is rejected, GB instructs the
DETs to release the buffers associated with this event. If the event is accepted by L3,
the event is transferred to the Event Builder (EVB). The EVB collects and formats
all the data, then instructs the DETSs to release the buffers associated with the event
and passes the event to a Spooler which handles the writing of events to RCF. The
Spooler thus transfers the data to RCF. A fraction of the data is written to a event

pool for online monitoring too.

3.3.7 Recent Upgrade

Most recently, two new subsystems have been introduced into the STAR detector
system, they are MTD and HFT. Installed in the most outside of all subsystems of
STAR is the MTD, which is a specifically meant for the y detection. MTD is based
on the long-MRPC technology, it covers |n| < 0.5 in terms of pseudorapidity and 2
in azimuthal direction. It uses the BEMC and the magnet steel as the absorber for
electrons and hadrons. Its first prototype was installed in STAR in the year 2007
and showed good performance in the following runs. In 2013, MTD had been fully
installed and tested, however the significant data set was taken with it in the year

2014.

The most recent detector added into the STAR system is the HFT, which has been
included in 2014, it is a inner vertex detector and is positioned between Beam pipe and

TPC. The HFT is a state-of-art micro-vertex detector utilizing active pixel sensors
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Figure 3.14: Partial schematic view of the STAR system including the MTD and the
HFT [77].

and silicon strip technology. The HF'T consists of 4 layers of silicon detectors grouped
into three subsystems with different technologies, guaranteeing increasing resolution
when tracking from the TPC towards the vertex of the collision. The Silicon Strip
Detector (SSD) is an existing detector in double-sided strip technology. It forms the
outermost layer of HF'T. The Intermediate Silicon Tracker (IST), consisting of a layer
of single-sided strip-pixel detectors, is located inside the SSD. Two layers of silicon
Pixel detector (PXL) are inside the IST. The PXL detectors have the resolution
necessary for a precision measurement of the displaced vertex. With the HF'T, the
TOF, the TPC, and the BEMC, the STAR will study the physics of mid-rapidity
charm and bottom production. The schematic of the cutaway STAR-detector with
some of its main component detectors along with the MTD and the HFT is given in

Fig. 3.14.

The primary motivation for the HFT is to extend STAR’s capability to study
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heavy flavor production in p + p, p+ A and A + A collisions by the measurement
of displaced vertices and the direct topological identification of open charm hadrons.
The yield and distribution of bottom hadrons will be estimated from the charm pro-
duction and non-photonic electron measurements and also via the impact parameter
reconstruction of their decay electrons. The primary physics topics to be addressed
by the HFT include heavy flavor energy loss, flow, and a test of partonic thermal-
ization at RHIC. These measurements have been identified as necessary goals for the
RHIC program in the Nuclear Physics Long Range Plan and in the RHIC mid-term

scientific plan [81].

3.4 Event Reconstruction in the TPC

The offline simulation and reconstruction software is a major component of the ex-
periments, as one has to rely on it to reconstruct the collision event to a sufficient
extent that the physics goals and the physics capabilities of the sub-detectors can
be realized, to evaluate and visualize the results to determine their adequacy as well
as correctness, and also to generate acceptance and reconstruction efficiency. The
offline software includes all major sub-detectors. The task of the event reconstruc-
tion software is to take the digital information from the detectors and convert it into
reconstructed track from which the properties of particles emitted from the collision
can be extracted. The process of event reconstruction consists of various basic steps
viz. hit & cluster finding?, track finding®, particle identification and vertex finding®.

The primary objective of any reconstruction software is to reduce the data taken

in any event to lists of meaningful quantities such as space points, particle tracks,

2Locating the positions in the detectors where a track passed.

3Reconstructing the tracks as sub-collections of hits and clusters which represent that paths of
particles emitted from the collision.

4Reconstructing the primary vertex from the track collection.

81



vertices. It must employ the best available knowledge of the relevant calibration
parameters for each experimental run. These include for example the drift velocity
of the electrons in the gas, trigger time offsets, temperature, pressure, magnetic and
electric fields.

The technique employed here is typical of that employed in many other exper-
iments. The offline event reconstruction procedure in the TPC uses the cluster/hit
finder as a first step. Corrections to the hits are applied after the finding process.
The reconstruction of trajectories is then performed on the basis of the coordinates
of the found hits. The specific energy loss of the particle along its path (dE/dx) is

calculated from the deposited charges (ADC) of the accepted clusters on the track.

3.4.1 Cluster/Hit Reconstruction

A particle traversing the TPC ionizes molecules of the TPC gas. Electrons released
in the ionization process along the particle trajectory knock other electrons out of
the gas molecules, so that clouds of electrons (clusters) emerge. Due to the constant
electric field, these charged clusters drift towards a segmented readout plane, where
they induce a signal on the pads. The cluster coordinate is then derived from the x-y
position of the pads and through the clusters drift time, the longitudinal (z) position
is obtained.

A pixel is the integer ADC value for a pad in a single time-bin. A cluster gives rise
to a signal in consecutive pixels of the adjacent pads. The task of the cluster finder
(TCL) is to find groups of pixels and determine the center of gravity of the cluster
with respect to the deposited charge [82, 83]. The TPC zero suppressed raw data
from the ASIC’s on the readout boards contain pixel information and are arranged
in a format of potential clusters. The charge information of each pad is corrected

for individual gain variations. To find clusters, the following procedure is followed:
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In a pixel sequence a center of gravities are determined. Then it is checked whether
if in the sequence of a previous pad, center of gravities in the same time-bin range
are found. If so, the accruing pixels are marked that they belong to clusters. This
procedure is applied in each individual padrow, and results in a list of cluster centroids

in pad space-time, where only clusters fulfilling certain quality criteria are accepted.

The hit finder (TPH) is applied to each cluster to reconstruct local peaks. In the
case of merged clusters, this can happen if tracks are too close and clusters from these
tracks merge into one, clusters are then treated by a “multi-peak finder” algorithm,
such kind of scenarios are mostly observed in the A + A (nucleus-nucleus) collisions.
Once a peak of a cluster is found, the hit position is extracted. The hit position
along the padrow is determined using a 3-point Gaussian fit. The position in time
direction is determined by a weight mean of the ADC values. The z — y coordinates
are then derived from the geometrical position of the padrow, and the z-coordinate

is calculated by multiplying the time-bin position with the constant drift velocity.

3.4.2 Coordinate transformation and distortion corrections

Before track reconstruction, the hit positions are translated from local sector coordi-
nates (sector, row, pad, time) to global coordinates. The z and y coordinates can be
calculated using geometrical transformations from the sector coordinates. However,
the z coordinate requires knowledge of the drift velocity of the TPC gas mixture with
a precision of 0.1%, as well as the offset of the first time-bin [68]. The drift veloc-
ity varies due to the dependence on atmospheric pressure and the gas mixture. To
minimize this effect, the TPC is operated so that the electric field in the TPC corre-
sponds to the peak in the drift velocity curve [84]. Additionally, a laser calibration
is performed before each run. Due to the known position of the laser beams inside

the TPC, the drift velocity can be determined by measuring the drift time of clusters
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generated by the laser beam.

The offset of the first time-bin is constant over the full TPC volume and can be
corrected by reconstructing the event vertex of a given event separately in the two
halves of the TPC, and merging the resulting vertex positions. At this level of the
reconstruction procedure, differences between reconstructed hit positions and actual
positions of the originating clusters caused by distortions are taken into account.

Known effects which cause distortions are:

1. ExB distortions are caused if field lines of the drift field (E-field) are not per-

pendicular to those of the magnetic field (B-field), due to field inhomogenities.

2. The non-flat shape and tilt of the central membrane (cathode) and TPC endcaps

causes an inhomogeneous drift field.

3. The TPC is placed at a slight angular offset relative to the axis of the magnetic
field.

4. Misalignment between the inner and outer field cage causes a shift of hit coor-

dinates.

5. Space charge build up causes a shift of cluster coordinates in the area of high
track density (effect is most dominant at the center of the TPC, when dealing

the A 4+ A collisions).

The magnitude of the distortions are shown in Table 3.4. Although the distortions
are all below 1 mm, they would have an impact on the momentum determination of
tracks having high momentum and a large radius (e.g. r = 33 m at p = 5 GeV/c).
Distortions at the central membrane are most undesirable, since clusters from particle
trajectories in this area have a long drift time. In order to understand the distortions

and correct for them, the magnetic field of the STAR magnet was mapped out with
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Distortion

Magitude of Imperfection

Magnitude of Correction

Non-uniform B field

Geometrical effect between

+0.0040 T

Exact calculation

0.10 cm

0.05 cm (near padrow 13)

inner and outer sub-sectors depends on geometry

Cathode’s non-flat shape and tilt 0.1 cm 0.04 cm
Angular offset between E and B fields | 0.2 mr 0.03 cm
TPC endcaps non-flat shape and tilt 0.1 cm 0.03 cm
Misalignment between IFC and OFC | 0.1 cm 0.03 cm
Space charge build up in the TPC 0.001 C/eg 0.03 cm

Table 3.4: Distortion Corrections in STAR TPC [65].

Hall and Nuclear Magnetic Resonance (NMR) probes before the TPC was installed,
while the electric field was calculated taking the geometry of the TPC into account.
Since the dependence of the field strength on the coordinates is known, the correct hit
position along the padrows can be calculated. The corrections to the hit coordinates
are carried out before the track reconstruction and reduce the relative error between

a point and the track model fit to 50 pum, while the absolute error for any point is

about 500 pm. [68]

3.4.3 Track Reconstruction

To reconstruct the trajectories along which charged particles traverse the TPC, hit
positions of reconstructed clusters are connected. TPC Tracking (TPT) software uses
the follow-your-nose algorithm, which has already been used in experiments such as
NA49 at the SPS. It starts by connecting hits in the outermost padrows, where the
track density is smallest, to form the track seeds. Using the track seeds, a straight
line parametrization is extrapolated inwards. Hits lying along this extrapolation are
added to the original seeds and will define a track segment. Once a track segment has

been defined, the associated hits are marked as used and new seed is found to form
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another track segment. This process is continued until all track segments are found.
Attempts are then made to add additional hits to the track segments that were not
assigned to the track in the first place, starting with the largest segments. In contrast
to the linear extrapolation used in the initial segment formation, a helix track model
is used to predict the location of the next hit. Hits on the track are marked as used
and added to the collection of points forming the track. The extension of the track
segment continues inwards towards the interaction region in the center of the TPC
and then outwards, until no further hits can be assigned to the track. The last step

in the tracking process is to merge the split tracks.

3.4.3.1 Helix Parameterization

As already discussed above, the trajectory of charged particle in a static uniform
magnetic field with éz(O, 0, B.) is a helix. To determine the helix parameters of a
given track, a circle-line fit is performed in two independent procedures [85]: The
transverse momentum associated with the track is obtained by fitting a circle to
the collection of assigned hits projected onto the plane perpendicular (z — y) to the
magnetic field vector as shown in Fig. 3.15(a). A least square fit of the track hits to
a straight line in the bend (s — z) plane gives the longitudinal momentum along the
beam axis, where s is the path length along the track as shown in the Fig. 3.15(b).
The circle-line fits are performed within the errors of the reconstructed hits. The

helix parameterization in STAR is given by the following:

1
x(s) = xo + ;(cos(@o + h s Kk cos \) — cosPy), (3.2)

1
y(s) = yo + —(sin(Po + h s k cos X) — sindy), (3.3)
K

86



a) b)
YA\
P
\ P,
A
z ' -
0 .
X S

Figure 3.15: a) Projection of a heliz onto the transverse (z-y) plane. b) Projection
onto the bend (s-z) plane [85].

2(s) = 29+ 5 sin A, (3.4)

where x, y, z are Cartesian coordinates expressed as functions of the path length
s along the helix, (xq, %0, 20) is the origin at s=s¢=0, A is the dip angle, x is the
curvature (k = 1/r), ¢ is the particle charge in units of positron charge, h is the
direction of rotation of the projected helix in the x — y plane (h = -(¢B) = £1), ®q
is the azimuth angle of the track direction at the origin, i.e. tan™!(dy/dx) at s = 0.

The parameters can be visualized with the aid of Fig 3.15, where in (a), a particle
trajectory is projected onto the transverse (x — y) plane and appears as a circle. The
projection onto the bend (s-z) plane illustrated in (b) shows a linear dependence of
the longitudinal component z on the path length s, due to fact that the magnetic field
lines are parallel to the particle trajectory in the longitudinal direction. From these
parameters, the transverse and longitudinal momentum (pz, p,) can be calculated.
To calculate the momentum components of the particle trajectory (py,py,p), the

helix has to be extrapolated to the origin, where the particle is produced (e.g. the
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main event vertex for a primary particle), in order to determine the azimuthal angle

(W), of the track direction at that point.

3.4.4 Vertex reconstruction

The vertex of the collision is the point where the two nuclei collide or appear to collide,
interaction point of the two nuclei would also be a good phrase to define a vertex.
Figure 3.16(a) shows the side-wise view of the STAR’s TPC in a high multiplicity
p + p event. In the given Fig. 3.16, the counter revolving beams enter from the left
and the right through the beam pipe which is represented by the two center-most
horizontal lines. The beam pipe can be seen more easily as the innermost circle in
the end-wise view shown in Fig. 3.16(b). The color scale of the tracks is based on
the magnitude of py of the corresponding tracks, with low pr tracks shown in the
blue while orange color is meant for the high pr tracks. Most of the tracks originate
from a point near the center of TPC, this point is called the vertex and is symbolized
on the event display as a red star. Tracks that come from the vertex referred to as
the primary tracks and they corresponds to the required signal. Tracks that do not
project to the vertex are background tracks. These background tracks have many

sources — pile-up, cosmic rays, and decays of primary tracks.

As it has been observed that in an experiment based on Laboratory System,
the position of the vertex must be within the target, whereas in RHIC which has
a colliding beams (Center of Mass System), has primary vertices located anywhere
along the beamline. If the bunches are not steered or collimated well, the vertex can
wander longitudinally. When the vertex is close to the edge of the TPC, many of the
tracks will not be reconstructed because they do not fall within the acceptance of the
TPC. Therefore, the vertex position must be constrained to near the center of TPC

in order to maintain the uniform acceptance. Figure 3.17(a) shows the longitudinal
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(a) (b)

Figure 3.16: a) Side-wise view and, b) End-wise view of the p+p event. The red star
symbol represents the vertex position determined by the software [S6].

vertex position distribution for the high multiplicity p + p event. The distribution is
very wide, therefore many outlier events are required to be rejected. The transverse
position distribution is more constrained because it must occur within the beam pipe
diameter and does not depend strongly on the bunch timing. The transverse position

distribution is shown in the Fig. 3.17(b) [86].

In the standard method of vertex finding, a minimization is performed to find
the vertex. Schematically, what is done is to minimize the distance of closest ap-
proach of all the tracks in the event. If a track comes from the vertex, one would
expect the distance of closest approach (DCA) of a track to the vertex to be zero.
An iterative approach is used to remove the outliers in order to find a more pre-
cise vertex location. The software package that performs this function is referred
to as the proton-proton Low Multiplicity Vertex (ppLMYV) finder. The quantity to be

minimized is given as :
Az?

2
g;

1
2

== —_— 3.5

X' =5 : (3.5)

i=1
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Figure 3.17: a) Vertex distribution along longitudinal and, b) transverse direction in
p+ p event [86].

where Axz; is the distance of closest approach between the requested vertex and the
current track, o; is the error on Az; and is a function of momentum and other track
parameters. The error can also be used as a weighing function to give a larger influence
on the vertex for certain high quality tracks. For instance, a high pr track has a small
curvature and undergoes less scattering in comparison to low pr track. Therefore,
the high pr tracks should have a small error when projecting back to the vertex.

In a Au + Au event there are approximately 5000 tracks per event, so there are
sufficient constraints to produce a reliable and accurate fit. However, in a p + p
event, because of comparatively fewer tracks per event, so extra constraints must be
added to produce a reliable fit. Since the transverse position of the beam is very
well confined, as shown in Fig. 3.17(b), so this can be used as a constraint on the
vertex position. In order to use this as a constraint, the standard vertex finder is
run without restrictions on the transverse position. The transverse position versus
the longitudinal position is then parameterized by a fit, which is referred to as the
beamline. The vertex finder is then re-run with the beamline added in as a highly
weighted track. This effectively constrains the vertex to lie along the beamline. Since
the beam steering changes every time RHIC is filled, a beamline parametrization is

calculated for every run.
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3.5 Particle Identification by dE/dx

As the main tracking detector of the STAR, the TPC can identify particles by mea-
suring the mass dependent ionization energy loss (dE/dz) at low momentum (P < 1.2
GeV). A charged particle traversing the TPC gas volume ionizes the gas atoms. In
the electric field these charge clouds drift from their creation point to the two ends of
the TPC [68], where the charges are readout on the padrows. Produced charge in each
hit on a padrow is proportional to the energy loss of particles traversing through the
TPC volume. If a particle travels through the entire TPC volume, 45 dE/dx points
can be measured on the 45 padrows. This specific ionization energy loss, called the
dE/dzx, is a function of the particle momentum magnitude. This property is used for
particle identification. In this thesis work we shall focus on the low pr region. While
the extension of particle identification to high momentum (P) is possible by the Time
of Flight (TOF) patch and by using the relativistic rise of the specific ionization en-
ergy loss [74, 75, 76]. The details of the TOF and the relativistic ionization energy

loss are out of the scope of this thesis work.

The electron ionization process has large fluctuations, so the measured dE/dx
sample for a given track length follows the Landau distribution. But the mean dis-
tribution is sensitive to the fluctuations in the tail of the distribution. Therefore,
highest 30% of the measured charged clusters are discarded for each track, and the
truncated mean from the remaining 70 % of the charged clusters for each track are

selected for data analysis.

The resolution of the obtained < dE/dx > depends on; the track length and the
particle momentum: greater the track length greater will be the number of hits and
hence more will be the resolution, while smaller the momentum, more the ionization

and thus greater will be the resolution of mean dE/dx. The ionization energy loss by
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Figure 3.18: Identification of the particles by Ionization Energy Loss.

charged particles in material is given by the Bethe-Bloch formula [87] :

dE Z 1 2m..c? )
— % = 471-N07*gmec2zp§,22 {ln (Tﬁz’Yz) - 52 - E} (3'6)

where Ny is the Avogadro number, 7. is the classical electron radius, Z is the
atomic number (only when used in eq. 3.6) of the medium, [ is the ionization potential
of the medium and ¢ accounts for the density effect of the medium. Now, Fig. 3.18
shows the measured < dE/dx > versus total momentum for the particlesin | n | < 0.5
and gives the distribution of different < dE/dx > bands for positive charged particles.
Various bands, corresponding to different mass particles, are clearly separated at

low momentum. At the modest momentum, the bands start to overlap. However,
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particles can still be statistically identified by a fitting procedure to deconvolute the
overlapped distribution into several components, this point will be more clear by
the various Z -distribution’® results discussed in Chapter 4. Moreover, the separation
of the dE/dz bands depends on the rapidity region and decreases toward higher
rapidities. To obtain the maximal separation we only concentrate on the midrapidity

region (| y | < 0.1) for the present analysis.

®A method used in STAR to extract the raw particle yields of charged particles in TPC.
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Chapter 4

Analysis Techniques

4.1 Introduction

The offline simulation and reconstruction software is a major component of the ex-
periments, as one has to rely on it to reconstruct the collision event to a sufficient
extent that the physics goals and the physics capabilities of the sub-detectors can be
realized, to evaluate and visualize the results to determine their adequacy as well as
correctness, and also to generate acceptance and reconstruction efficiency. The offline

software includes all major sub-detectors.

In this chapter, the strategy used for performing the data analysis for the given
thesis work is discussed and illustrated with the basic results derived from the analy-
sis. The procedure for extracting the raw particle yields for various charged particles
is also given. The results obtained for these raw yields are presented at different

* K*, p and p. In addition to this, the basic informa-

transverse momenta for 7
tion about the data set used to obtain these results is also given along with some

quality assurance plots emphasizing the good quality of data with the optimum event

and track selection employed in this analysis.
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4.2 Strategy of data analysis

Before the detailed discussion, a general overview is given to provide a conceptual
framework for the data analysis. In this section a general procedure is described to
extract the uncorrected as well as corrected particle spectra and their properties for
identified pions, kaons, protons along with their antiparticles, these corrected particle
yields are further used to get the anti-particle to particle ratios. Steps of the analysis

leading to the identified particle spectra are enlisted below:

1. Good events are selected from data on tape, satisfying trigger and vertex re-
quirements. Event variables such as the uncorrected charged particle multi-
plicity are corrected for vertex inefficiencies upon selecting the good events in
the minimum bias p + p collisions. The multiplicity of the uncorrected charged
hadrons in the mid-rapidity (| n | < 0.5) region for the present analysis work
is given in Fig. 4.1 referred to as the reference multiplicity for all the charged

particles (hadrons).

2. Once a good event is identified, good tracks are selected based on the analysis
specific quality cuts. The details of these quality cuts for the good events as
well as good tracks will be discussed in the sections to be followed viz. event

selection and track selection.

3. At this point, selected data includes event and track corrections, which is fol-
lowed by the extraction of raw particle yields from the multi-Gaussian fits to

the Z — distributions and it will be described in section 4.6.

4. The extracted raw yield at this juncture could be corrected for tracking efficiency
and acceptance depending on the particle type, and multiplicity for obtaining

the fully corrected identified spectra which follows the pattern as:
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Figure 4.1: Reference multiplicity of charged particles.
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e Raw pion yield is further corrected for weak decay contamination.

e Raw proton yield is corrected for background contribution from detector

material.

e Finally point-to-point systematics error are assigned to each spectrum

point.

5. At the end of this procedure, the fully corrected identified particle spectra could
be obtained. But pertaining to this analysis work we have obtained these results
for various charged particles, these particle yields are further used in estimating

the useful physics observables as dN/dy, mean py and various particle ratios.

4.3 Data-set information

Data presented here are collected in the year 2006, for the p+ p collisions at center of
mass energy 62.4 GeV from the production P12ia, with the minimum biased trigger
with the trigger set up ppProduction62 & ppProductionMB62 having the trigger Id
147001. In STAR experiment, NSD events are selected by the coincidence of the two
BBC’s (Beam Beam Counter) measuring the charged particle multiplicity near beam
rapidity. The magnetic field used in this particular experimental Run is 0.5 Tesla.
The overall approximate number of events studied before selecting the criteria for

good events and tracks are of the order of ~ 1.3 million.

4.4 Event selection

The selection of quality events is of prime importance in any analysis, without which
the final results obtained may actually mislead the experimentlist. It is observed

that, the position of the collision points (vertices) are distributed around the center
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Quantity | Cut Applied
Refmult > 0
Ranking > 0
V. (cm) < 1.0
| V.| (cm) < 30.0

Table 4.1: The event quality cuts.

of the TPC (center of the detector). The primary vertex position should be confined
in order to select the events with the uniform detector acceptance in a given pseudo-
rapidity region. Selection on the z component of the primary vertex is specific to the
colliding species. The quality cuts used to select the good number of events for this
analysis are shown in the Table 4.1. The relevant plots corresponding to the event

information are shown in Fig. 4.2.

4.5 Track selection

Just like event cuts, tracks must also conform to certain specified limits to provide
good number of tracks. The first criterion is the low pr cut, since for the charged
particle track to traverse the full volume of a TPC it must have the minimum pr
of 0.10 GeV/c. As the track having the minimum required momentum to traverse
the complete volume of TPC can leave the maximum 45 hits, so in order to avoid
the splitting tracks the good primary tracks should have at least 20 fit points on the
track. To make sure that the tracks to be analysed come from the primary vertex the
distance of closest approach (DCA) for those tracks has to be within the 3 cm of the
collision point. Such tracks are termed as primary tracks. In addition to the above
cuts, there are still some more quality selection cuts related to the spectra analysis

involving the required number of dE/dx points and also rapidity cuts for the specific
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Figure 4.2: Quality assurance plots displaying the event information.
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Figure 4.3:  Transverse momentum distribution of charged particles in p+p collisions.

particles. The appropriate values for the track cuts used for this analysis are given
in the Table 4.2. The pr distribution of the charged particles is shown in the Fig. 4.3

and other relevant plots providing the track information are shown in Fig. 4.4.

4.6 Extraction of raw particle yields for various
particles

In general, the gaussian distribution is described by a gaussian function g(x), it has

three parameters: amplitude, mean and width (sigma) and is expressed as:

(x —b)?

2c2

} (4.1)

g9(x) = a exp {—
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Table 4.2: The track quality cuts
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Figure 4.4: Quality assurance plots displaying the track information.
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where a is the amplitude of the distribution, b is the mean of the distribution
which is generally denoted by p and c is the width of the distribution which is generally

denoted by o. Also the amplitude a is given as:

a=—— (4.2)

so the equation 4.1 can be rewritten as:

1 (z — p)?
glx) = —— exp {— 10} (13)
o V2T o
30 F
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Figure 4.5: Identification of the particles by lonization Energy Loss.
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Since the < dFE/dx > distribution (discussed in section 3.5 of Chapter 3 and is
shown in the top left plot in Fig. 4.5) for a fixed particle type is not Gaussian, a new
variable is useful in order to have a proper deconvolution into gaussians. It is shown
that a better Gaussian variable, for any given particle type, is the Z-variable, defined

as

< dE/dx >
Z; = 4.4
: l”(< dE [ dx >fB)’ (4.4)

where < dE/dx >P5 is the Bethe-Bloch (Bichsel) [88] expectation of < dE/dx > for
the given particle type i (i = w, K, p). In the present analysis, < dE/dx >BP is

parameterized as

m;
< dE/dv >PP= 4, (1 + ) : (4.5)

mag
where m; is the particle’s rest mass, pi,q4 is the particle’s momentum magnitude and
A; is the normalization factor. This parameterization is found to describe the data
well. The expected value of Z; for the any particle type in study is around zero [89)]
The z distributions as a function of py for 7%, K+ and p are also shown in the top
right plot and bottom plots in Fig. 4.5. For extracting the raw particle yield, the Z
distributions are used for all the charged particles.

In this method, for a given particle type the z distributions/peaks are simultane-
ously fitted by the multiple gaussian functions, as shown in all the Fig. 4.6. Now, the
parameters for the multi-gaussian fits are essentially the amplitude, mean and width
for all the gaussians involved. In extracting the raw particle yield, the particle and
anti-particle width are kept the same. And the particle yield extracted from the fit
to the corresponding Z; distribution is the raw yield where i represents the specific
particle type. The Z,+ distribution is shown for a specific py-bin (0.40 GeV/c <
pr < 0.45 GeV/c) as shown in Fig. 4.6, in which the blue solid-circles represent the
measured Z; distribution and the colored curves represent the multi-gaussian fits to

7t K%, e*, p(p) and also the combined fit. The fit yields from the other particle
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Figure 4.6: Multi-gaussian fit for the Z.+ distribution for a specific pr bin.

peaks in the distribution for specific particle cannot be used, because the rapidity
calculation will be incorrect for those particle types. The same procedure is repeated
for each particle type separately. For instance the charged pions can be separated in
the pr region 200-850 MeV /c. Various plots corresponding to Z,+ for six different pr
bins, are shown in Fig. 4.7, whereas the plots corresponding to Z,- for six different

pr bins, are shown in Fig. 4.8.

The raw kaon yield can be extracted in the py region ~ 200-800 MeV/c. The
extraction of the raw kaon yield is more complicated since the electron and the kaon
peaks start to merge at ~ 500 MeV /c. Therefore, the raw electron yield is extracted
in the pr region < 500 MeV /c and extrapolated in the merged bins to obtain the raw
kaon yield. The measured raw electron yield is fitted to an exponential function in the
pr range 200-500 MeV /c. The fit result is fed to the multi-gaussian fit in the large

pr region and the electron yield is either fixed or left to vary within a reasonable

105



pT(0.20 -0.25)

37 ndt 550.1 /160
9 F
£ . B L1805 £ 398802
3 40t —
g ¢ i <2
> | ¢ K 9683 £ 306
[
R N 3 184 £ 861
£ °, DOB1SZ + 000027
2100 -
E P HiEl =" 004046 £ 000035
E ’
c uirg] 018 £000
[ inek) 1167 £ 004
107 uixsl 1028 £ 0004
E 9% D128 £ 00w
C % 01452 £ 0.0008
10 \
E i
' !
15 i H
h H
: 0
i 1
PN RN AR PRI 1 Y PRI B 1 1 7 R
-1 -0.5 0 0.5 1 15 2 25
Zy.
p,(0.30- 0.35)
P 883131
28
€ B 10005 £ 3190802
3 0t 7 725
e T 172
8]
$ C K izt £ 487
E P 150500 £ 13802
o
z 10° s 007719 +0.60018
Hin 0.04074 + 0.00028
piwel 03062 £ 00012
wlek) 08106 £ 0002
10 ulea) 069 0002
% D085 +0.00123
% 01075 +0.0005
10
1
L
-1 25
Z,.
P 2221106
28
E10'E g B latedn £ esieee
3 E
E e 2065 £ 547
o F
= [ e X 70 £844
B —
H 10* 9 007726 £ 000021
E =P uin) DOATT2 40,0009
C sire) 03 00
ik 02638 4 D024
10
wieg) 0858 £ 00019
r o 008042 £ 000143
r % 008587 £ 0.00048
T
10 ﬁ
= M
Cov i | SN AT | PR
- 05 1 15 2 25
Z,.

pT(0.25 -0.30)

o ot ar5 13t
2100 )
E B o0 + 1042
=
E‘ - K 1768 £ 423
[
£ r P 1502404 £ 1228402
s
= % 007734 + 000018
< e,
= wiely 00e2e4 £ 000025
= uixel D254 £ 00011
[ uixK) 08717 £ 00028
L .
0P winpl 105 £ 000
= P . 0105 + 0,002
L % OHET £0.0007
PN IR rn 1
Zy.
oo 10797139

T

K
[

Arbitrary Counts
T

Ty

m)

uineh

plnK)
lt

min-ph

882404 £ 308402
3238 £593

3004 £553
2038404 1 1426402
0.07734 +0.00019
003301 +0.00027
0365 £0.002
04148 £00021
09126 +00018
0.08489 +0.00118

0.1017 +0.0005

7
10— ﬁ
=
Ev I
-1 .5
Z.
A indt 2017/ 104
,‘% 100 s ® Gesied : 2ToR2
8 [ e 1089 £ 1262
> [ ¢ K 4080 723
@
5 P Lesled £ 1287002
Fire K
5 E % 007585 £ 000030
E.p uie) 005512 £ 000040
= wie=) 015 2000
P W) 0342000
E iap) LEATS £ 00017
i 008715 £ 000110
L %, 008178 £ 000050
0 *f% i
1
B UL coa bbb L
o -0.5 15 2 25
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Figure 4.8: Multi-gaussian fits for Z.- for 6-different pr bins.
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range around the fitted value. The fit results for the kaons are thus shown in the
various plots in Fig. 4.9 for the six different py bins for the Zg+, whereas the plots
corresponding to Zx- for six different py bins, are given in Fig. 4.10.

The protons (antiprotons) are well separated from the rest of particles in the mo-
mentum region ~ 300-1200 MeV /c. The Z distribution plots with the multi-gausssian
fits for protons and antiprotons for six different pr bins are shown in Figures 4.11
and 4.12 respectively. So in this manner, the raw particle yield is obtained for different
charged hadrons from multi-gaussian fits.

The further details of the method used for extracting the raw particle yields
for charged hadrons in the lower momentum range can be obtained from the STAR

Collaboration’s paper [55].

4.7 Systematic uncertainties

It is important to note that, the results for all the particle yields are obtained along
with their statistical uncertainties. Furthermore, the errors shown for all the final re-
sults in this thesis work for the observables like pr spectra, particle ratios, dN/dy and
mean pr are both statistical and systematic. For the final corrected invariant yield
of 7%, K*, p and p, the average bin to bin systematic uncertainty is estimated to be
of the order of 9%. Different combinations of the various experimental variables are
chosen to estimate the systematic errors. The various experimental variables selected
for this study are: longitudinal vertex distribution (V,), distance of closest approach
(DCA), number of hits distribution (NhitsPts), dE/dx fit points (dE/dxzPts), bin-
counting method (bin-counting) and vertex efficiency (e, ). The systematic errors
in our measurements were found to be particle type and pr dependent. For all the
identified charged particles, the systematic uncertainty due to €, is of the order of

3 — 5%. For pions: the major contribution to the systematic uncertainties were due
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Figure 4.9: Multi-gaussian fits for Zg+ for 6-different pr bins.
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Figure 4.10: Multi-gaussian fits for Zx— for 6-different pr bins.
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to — uncertainty in bin-counting (~ 6%), uncertainty in V, (~ 4%) and uncertainty in
DCA (~ 3%). In case of kaons: the major contribution to the systematic uncertain-
ties were due to — uncertainty in bin-counting (~ 5%), uncertainty in €,¢ (~ 5%) and
uncertainty in DC'A (~ 3%). And, for protons and antiprotons: the major contribu-
tion to the systematic uncertainties were due to — uncertainty in DCA (~ 7%) and
uncertainty in €., (~ 3%). To estimate the total systematic error for a given particle
type, the various individual uncertainties are added in quadrature. The values ob-
tained for the systematic uncertainties for the results presented in Chapter 6 are listed

in the tables in the Appendix D along with the values of statistical uncertainties.
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Figure 4.11: Multi-gaussian fits for Z, for 6-different pr bins
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Chapter 5

Corrections to the particle spectra

5.1 Introduction

Now that good events and tracks have been selected by applying some quality cuts
as discussed in the chapter 4. In this chapter, all the corrections implemented in this
analysis work will be discussed in detail to obtain the final corrected particle spectra
and ratios. Prior to that, the simulation and the embedding softwares which served

as an essential tools to study these corrections will be discussed.

5.2 Simulation and embedding

The simulation as well as embedding softwares provide an indespensible tool to derive
the physics results in the detector experiments. Their significance lie in the fact that
— they provide the unique way to learn about the shortcomings of the detectors, ob-
tain the correction factors and use them to correct the experimental data, they help
to understand the topology and background, so that the better sets of cuts could
be found to improve the signal and they also help to evaluate the performance of

reconstruction software, so as to optimize the reconstruction software. There are two
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main categories of simulations:

(1) Event simulation (generator) — this simulates what happens in a real event.
Different physics mechanisms are employed as per the requirement of the input con-
ditions and the model is framed portraying the realistic environment as expected in
case of real events. The most popular and commonly used models are PYTHIA,
HIJING, AMPT, UrQMD etc.

(2) Detector simulation — this simulates how detectors respond to the particles
which are generated from the event. The STAR experiment employs two kinds of
simulators for the TPC - the TPC Response Simulator (TRS) and the TPC Fast
Simulator (TFS). The TRS package simulates the response of the TPC detector gas
volume and electronics to the passage of ionization energy through the TPC volume.
The physical processes to be simulated by the TRS are the drift of the ionized elec-
trons in the gas, amplification on the sense wires, induction of signal on the readout
pads, and the response of the readout electronics which generate digitized data. The
TFS is capable of handling the large Monte Carlo events in a very short time by
directly generating the space points having the characteristics as close as possible
to those hits reconstructed from the real pixel data, thus bypassing the slow TPC
simulator and the cluster finder reconstruction analysis. A GEANT Monte Carlo
program take the tracks from an event generator and propagates them through the
TPC, generating hits corresponding to each pad-row crossing. The GEANT hits are
fed into the TFS as input. The output of TFS then forms the input of the STAR

TPC’s tracking system.

The first step for evaluation is to relate the information from the Monte Carlo
events to the information from the reconstructed events. In STAR, this functionality is
realized by the StAssociationMaker package. The relationship is established through

multi-maps which involve several levels of associations: (1) the first one is the hit
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association which is done through proximity matching between Monte Carlo hits and
reconstructed hits, where users define the distance criteria, (2) then there comes
the track association. Users define the criteria for the required number of common
hits. It checks how many hits on a MC track match to those with a reconstructed
track. If it satisfies the criteria, it is assumed that the tracks are associated, (3)
vertex association is based on the track association. Its criteria depend on particle
decay topologies. For kinks, what happens in the St AssociationMaker is that it checks
whether daughter tracks are associated, then whether the start vertex of the daughter
track is not the primary vertex, and then whether the parent tracks are associated.
In the kink analysis stage, we check whether the vertex is a weak decay vertex. Based
on the three levels of association, we can proceed to do evaluation: for instance to
see the hit position resolution, momentum resolution etc. Evaluation provides useful

information to tune the reconstruction software.

GEANT based simulations of models are crucial to the understanding and opti-
mization of the environment but not for the calculation of acceptance and efficiency
corrections. This is because no matter how realistic the simulation is, it cannot ac-
count for effects which exist only in real data, e.g. dead channels, noise, collider
background etc. So, the correction factors are obtained by the multistep embedding
MC technique. First, simulated tracks are blended into real events at the raw data
level. Real data events to be used in the embedding are sampled over the entire data
taking period in order to have proper representation of the whole data set used in the
analysis. MC tracks are simulated with the primary vertex position taken from the
real events. The MC track kinematics are taken from the flat py distribution. The
flat pr distribution is used in order to have similar statistics in different py bins. The
number of embedded MC tracks is of the order of 5% of the measured multiplicity

in real events. The tracks are propagated through the full simulation of the STAR
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detector and geometry using GEANT with a realistic simulation of the STAR-TPC
response. The simulation starts with the initial ionization of the TPC gas by charged
particles, followed by electron transport and multiplication in the drift field, and fi-
nally the induced signal on the TPC read-out pads and the response of the read-out
electronics. All physical processes (hadronic interaction, decay, multiple scattering,
etc.) are turned on in the GEANT simulation. The obtained raw data pixel infor-
mation for the simulated particles are added to the existing information of the real
data. Detector effects such as the saturation of ADC channels are taken into account.
The format of the resulting combined events is identical to that of the real raw data

events.

Secondly, the mixed events are treated just as real data and are processed through
the full reconstruction chain. Clusters and hits are formed from the pixel information;
tracks are reconstructed from the hits. Thirdly, an association map is created between
the input MC tracks and the reconstructed tracks of the mixed event. The association
is made by matching hits by proximity'. For each MC hit from GEANT, a search for
reconstructed hits from the embedded event is performed with a window of 6 mm in
x-y, and z [90]. The window size is chosen based on the hit resolution and the typical
occupancy of the TPC in central Au+ Au collisions. If a reconstructed hit is found in
the search window, the MC hit is marked as matched. The MC track is considered to
be reconstructed if more than ten of its hits are matched to a single reconstructed track
in the embedded event. Multiple associations are allowed, but the probability is small
of having a single MC track matched with two or more reconstructed tracks or vice
versa. From the multiple associations, the effects of track splitting (two reconstructed
tracks matched to one MC track) and track merging (two MC tracks matched to a

single reconstructed track) can be studied. The reconstruction efficiency is obtained

! Another possible matching algorithm is the identity (ID) truth method, where the track ID
information is propagated to the reconstructed hits.
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by the ratio of the number of matched MC tracks to the number of input MC tracks.
The reconstruction efficiency contains the net effect of tracking efficiency, detector
acceptance, decays, and interaction losses. The most critical quality assurance is to
make sure that the MC simulation reproduces the characteristics of the real data. This
is carried out by comparing various distributions from real data and from embedding
MC as shown in Fig. 5.1. Good agreement is found between embedding MC and real

data.

5.3 Corrections

Several corrections are required to be applied to the real data. The schematic flow
chart of all the corrections done in the present analysis is shown in Fig. 5.2. The

following subsections discuss all these corrections in detail.

5.3.1 Trigger and Vertex efficiency

As the minimum biased (MinBias) data are analysed for the present analysis work,
wherein the MinBias trigger in p + p collisions require the coincidence of signals from
the two BBC detectors on the opposite sides of the interaction point. Due to the dual-
arm configuration, this trigger was sensitive to the non-singly diffractive (NSD) cross
section, which is a sum of the non-diffractive and double diffractive cross sections.
The BBC trigger efficiency has been studied previously (87.0 = 8%) [91] and taken
care of in this study.

In p+ p and d 4+ Au collisions, the average number of tracks per event is small
compared to Au + Au collisions, and the event rate is high. In very low multiplicity
events ppLMV algorithm can fail to find the vertex when the fits do not converge at a

point and the vertex is not found at all - such events are called lost events. Also, the
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Figure 5.1: Comparison of DCA and Nhits distributions for different eta and pr bins
of embedding and real data.
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Pile-up? can shift the position of the reconstructed primary vertex i.e. the ppLMV
algorithm causes the vertex to be found in the wrong place - such events are called as
fake events. One must therefore quantify the efficiency of the standard vertex finder
to determine if a bias exist. In real data, it is impossible to know where the actual
vertex is located, so one must use simulations. In order for the simulations to be

valid, they must accurately reproduce the detector environment.

In high multiplicity Au + Awu collisions, the primary vertex can be determined
accurately. The vertex-finding efficiencies in p + p and d + Au collisions are studied
by HIJING-MC events embedded into Abort — gap® or Zero — bias events. For this
analysis, we have used the zero-bias events, which represents the background in the
real collision environment. The embedded event is subsequently reconstructed by the
full reconstruction chain. In every MC event, there is a well-defined primary vertex.
With the embedded event reconstructed (after passing through GEANT) and the MC

information in hand, the vertex-finding efficiency can be obtained.

The overall vertex-finding efficiency €., is determined as the ratio of the number
of reconstructed events with the correct vertex position (matched reconstructed tracks

to the input MC tracks) to the number of input MC events [89]:

No. of good reconstructed events (matched)

vtr — , 5.1
ot No. of good MC events (5:.1)

The Vertex finding efficiency is obtained as a function of number of primary tracks
and is shown in Fig. 5.3. After getting the vertex-finding efficiency, each event and
each track is weighted by the inverse of the €,;, to obtain the correct number of events
and primary tracks. From the Fig. 5.3, it is clear that the vertex-finding efficiency

strongly increases with increasing multiplicity resulting in approximately 5% of events

2multiple bunch crossing within the same readout window.
3events triggered and reconstructed at empty bunch crossings.
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Figure 5.3:  Vertex Efficiency as a function of number of primary tracks.

being missed, over 95% of which have fewer than three tracks in the TPC. Keeping
this observation into account, the effect of this correction has been included into the

systematic uncertainties for the spectra results presented in the Chapter 6.

5.3.2 Tracking efficiency

This correction is essential to all the spectra analysis irrespective of the particle species
involved in collisions. Here the raw particle spectra are corrected for the detector
acceptance and the tracking efficiency. These are obtained from the MC embedding
technique as discussed in the section 5.2. The track reconstruction efficiency can be
defined as the ratio of the matched reconstructed tracks to the MC tracks and is

expressed as:

No. of good reconstructed tracks (matched)
No. of good MC tracks ’

€trk =
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The Fig. 5.4 shows the tracking efficiency for 7%, K*, p and p. The curves
shown in all the plots of Fig. 5.4 are parameterizations to the efficiency data and are
used for implementing the corrections in the analysis. It is also worth the while to
mention here that in estimating the efficiency for all the particles, the similar cuts
corresponding to the event and tracks are applied as used in the real data. From
the efficiency plots one can observe the pr dependence for different particles in p + p
collisions at 62.4 GeV. The pion efficiency is independent of py for pr > 0.3 GeV/c,
but falls steeply at lower pr, because the particles with low pr cannot traverse the
entire TPC due to their large track curvature inside the solenoidal magnetic field.
For kaons, the efficiency increases smoothly with pr and already includes decay loss
which decreases with the increasing pr. The comparitively smaller kaon efficiency at
lower pr than pions is caused by the large loss of kaons due to decays. The efficiency
for protons and antiprotons is also independent of pr above 0.5 GeV /c. However, at
lower pr, the efficiency drops steeply because of the large multiple scattering effect

due to the large (anti)proton mass.

5.3.3 Energy loss correction

This correction is also obtained from the embedding data by comparing the recon-
structed pr and the MC pr for all the charged tracks. As the low momentum particles
lose some energy while passing through the TPC’s volume, thereby affecting the ac-
tual measurement of the momentum of each track. Figure 5.5 shows the energy loss
correction for pions, which clearly indicates that the transverse momentum difference
is flat through the measured pr range. This is because the reconstruction algorithm
takes into account the energy loss and multiple Coulomb scattering effects for pions.
The blue line shown in Fig. 5.5 is an arbitrary linear fit to guide the eye. However,

kaons and protons/antiprotons show larger discrepancy between the MC and the re-
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Figure 5.5: Energy loss effect for n* as a function of pr in p +p event.

constructed transverse momentum at low momentum and the deviation from MC
input is the same for particles and antiparticles as is clear from Fig. 5.6. Also, the
data points shown in all the plots of Fig. 5.6 corresponds to energy loss measurements
where as curves represents the parameterizations to the energy loss data and are used
for implementing the corrections in the analysis independently for each particle type.
The energy loss correction is applied offline to all the tracks using the parameteriza-
tions as depicted in the legends of each plot in Fig. 5.6 for each particle. Now, once
this correction is done, the corrected pr for all the tracks is obtained and is used in

all the results for this analysis.

5.3.4 Pion background correction

Unlike the embedding data where real events are also embedded into the Monte Carlo
events, here corrections are extracted from PYTHIA simulations propagated through
the STAR geometry and reconstructed as real tracks. For each simulated particle, the

information about its parent, daughter, origin, process, decay etc. is already known.
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Figure 5.7: Pion background fraction from weak decays (K° & A), u* contamination
and total background as a function of pr in p+ p events.

With all this information in hand one can select the primary pions, pions from decay
of other particles as well as those coming direcly from the detector material. The
main contribution to the background pions comes from the weak-decay of pions from
K2 and A. Also muons from the decay of pions can be misidentified as primordial
pions because of the similar masses of muon and pion. These contaminations can
be obtained from the parent particle information and by identifying the decays of
the particles, which could be easily accessible from the MC simulation. Having these
crucial informations in hand and applying all the quality cuts, one can estimate the

total pion background for each pr bin as shown in Fig. 5.7 for 7+ and 7~ background.

5.3.5 Proton background correction

Apart from the primordial yields, there is a lot of background protons being detected
alongwith the primary yields. The main sources of these background protons are:
background protons from the detector material (main contributor of the secondary

protons) and weak-decay protons from the hyperons (this study is beyond the scope
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Figure 5.8: Global DCA distributions of the protons and antiprotons alongwith the
background contamination in the p + p events for two different pr bins.

of this analysis). As per the previous studies on proton background estimation [92],
the proton sample contains background protons knocked out from the beam pipe and
the detector materials by interactions of produced hadrons in these materials. Most of
these protons have large DCA and are not reconstructed as primary particles. How-
ever, some of these background protons have small DCA and are therefore included

in the primary track sample and hence correction is needed.

In order to obtain the background protons, the global DCA distribution is studied
from the real data and the percentage of background protons is estimated from the
same distribution; though, the shape of the background protons is estimated from
the MC simulation study. Figure 5.8 shows the DCA distribution of protons and
antiprotons for two different pr bins in p + p at 62.4 GeV collisions. From both the
plots in Fig. 5.8, one can observe the long, nearly flat DCA tail which mainly arises
due to the knock-out background protons. This effect is large at low pr bins and
significantly reduces at high py. As antiprotons do not have knock-out background,
so the flat tail is absent from their DCA distributions. Most of the knock-out protons

are eliminated by applying the strict DCA cut (< 3 ¢cm). However, it is observed in
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Fig. 5.8, that there is a bump at DCA ~ 2.5-3.0 cm range, so we have applied a DCA
cut (< 2 c¢m) as a default cut specifically for proton and antiproton analysis for all
the results.

Based on the MC simulation studies, the following functional form is used to

describe the backgound protons:

bkgd = B(1 — e PCA/CYD (5.3)

Now, assuming that the shape of the background subtracted proton DCA distribution
is identical to that for the antiproton DCA distribution , the proton DCA can be fit

by the following functional form:

Pdca = PJA+ B(1 — e POA/D, (5.4)

where the magnitude of the background protons B, the parameter C', the exponent
D and the antiproton to proton ratio A are the free parameters. The dashed curve in
Fig. 5.8 represents the protons background, the solid triangle symbols represents the
scaled antiproton DCA distribution. The red curve represents the functional form (as
discussed in the eq. 5.4) used to fit the proton DCA shown with the open circles in

Fig. 5.8.
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Chapter 6

Transverse momentum spectra and

particle ratios

6.1 Introduction

The raw particle yields obtained in the Chapter 4 for different charged particles are
corrected for different corrections whichever necessary for a specific particle type (the
correction factors are obtained in the Chapter 5). The corrected invariant yields for
7%, K*, p and p for STAR experiment in p+ p collisions at /s = 62.4 GeV are given
in this Chapter. The antiparticle to particle ratios (7~ /7%, K~ /K™ & p/p) as well as
unlike particle ratios (K= /7%, p(p)/7*) for the identified particles are also obtained.
The measurements are compared with expectations from pQCD inspired models like
PYTHIA and PHOJET. The data are also compared with the measurements from
the PHENIX experiment at the same center of mass energy. The results for invariant
yield per unit rapidity (dN/dy) and the average transverse momentum ((pr)) are also

presented in this Chapter.
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Figure 6.1: Identified transverse momentum spectra for 7=, K*, p and p (positive
particles: filled symbols in left panel and negative particles: open symbols in right
panel) measured at mid-rapidity (| y |< 0.1) for \/s = 62.4 GeV in p+ p collisions.
Errors are both statistical and systematic added in quadrature. The size of the error
bars are smaller than the symbol size.

6.2 Transverse Momentum Spectra

1 d’N
27pr NEvts dydpr

The invariant differential yields ( ) are constructed for various charged
particles in the minimum bias p + p collisions at mid-rapidity (] ¥ |< 0.1) for /s =
62.4 GeV. The results are presented for 7, K+, p and p after being corrected for
detector acceptance, tracking efficiency, feed-down from the weak decays, background
contamination as well as vertex and trigger efficiency. The final spectra so obtained
after implementing all the corrections is given by the eq 6.1 as:

d*N

d*N 1 »
x CUf8 x O X Clreea —— (6.1)

FE =
dp3 27rpTJVEvts eff dyde ’

where, C’z?fg, C’ZJ}’} and Cfeeq are the correction factors for the trigger efficiency,
tracking efficiency and the feed-down correction respectively. These correction factors

have already been discussed in Chapter 5. The corrected pr spectra (as per the eq. 6.1)

132



1°E pep62.4 GeV ¥ = (Data) 1°E p+p 624 GeV ¥ = (Data)
= F * (PHOJET) s E ™ (PHOJET)
S+ @ 1 (PYTHIA) S F @ © (PYTHIA)
S 1ok G 1o

- F - F
o [ o
2 b g S g
kel | “':':_¥__¥_ ke) | f‘;‘i ¥
Z 1E & % ¥ Z 1E Fs ¥ ¥
& = L L% & = o0 'y
T F o % T F P S
-~ L % ~ & ¥
z g ¥ b *2 %

- - ¥ - L%
e e tx 53 e TR
S 0E vy ¥ SWE v ¥
= A = Yo,

| STAR Preliminary | STAR Preliminary
p PR I T T AN T T TR N T T TR N T T . P I T [ T TR TR NN SO T T N T
10? 02 0.4 06 08 10? 02 04 06 08
P, (GeVic) P, (GeVlc)

Figure 6.2: Identified transverse momentum spectra for © (positive particles: are
shown in the left panel and negative particles: are shown in the right panel) measured
at mid-rapidity (| y |< 0.1) for /s = 62.4 GeV in p+ p collisions. Statistical errors
are shown with bars whereas the systematic errors are shown with the shaded band.

for particles and antiparticles are shown in Fig. 6.1.

In p+p collisions, the particle production models describe a static, thermal source
that leads to exponential behavior of the particle spectra at low momentum. The
spectral shapes observed in Fig. 6.1 follow a nice exponential form for both particles
and their antiparticles. The slopes of the spectra for the 7+ are steeper than K=,
which in turn are steeper than protons and antiprotons. Such observations have also
been reported in the low energy heavy ion collisions, wherein the pressure generated
during the collision process boosts the produced particle away from the center of the
collision. This mechanism leads to an expanding source, which might be thermalized.
This pressure generated boost manifests itself in the change of the shapes of particle

spectra, depending on the mass of the measured particle [97].
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Figure 6.3: Identified transverse momentum spectra for K* (positive particles: are
shown in the left panel and negative particles: are shown in the right panel) measured
at mid-rapidity (| y |< 0.1) at /s = 62.4 GeV in p+ p collisions. Statistical errors
are shown with bars whereas the systematic errors are shown with the shaded band.

6.2.1 Comparison with the models

In this section, we compared the pr spectra of various charged particles with the ex-
pectations from PYTHIA and PHOJET models. The stable version of the PYTHIA
(6.4) and the PHOJET (1.12) are used for model calculations. The spectra results
from the STAR measurements and the model calculations are further studied indi-
vidually for different charged particles. Figure 6.2 shows the results for the pion
spectra along with their comparison with the model calculations. The results for the
pr spectra for the K+, p and p are also presented in Figures 6.3 and 6.4 respectively.
In all the plots as shown in Fig. 6.2 to 6.4, the star symbols represent the STAR data

whereas the solid circle symbols represent the model calculations.

From Figures 6.2 to 6.4, it can be inferred that, the models reproduce the shape
of the spectra, though the effect gets less significant with the increase in pr, but they
clearly underpredict the data. Hence, the data measurement presented in this thesis

work can be very useful in constraining these QCD inspired models.
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Figure 6.4: Identified transverse momentum spectra for p and p (positive particles: are
shown in the left panel and negative particles: are shown in the right panel) measured
at mid-rapidity (| y |< 0.1) for \/s = 62.4 GeV in p+ p collisions. Statistical errors
are shown with bars whereas the systematic errors are shown with the shaded band.

6.2.2 Comparison with the PHENIX experiment

Here, we compared the pr spectra of various charged particles with the similar mea-
surements from the PHENIX experiment [98]. Figure 6.5 shows the comparison of
the pion pr spectra, whereas Fig. 6.6 compares the py spectra for K*, p and p. In
all the plots as shown in Figures 6.5 and 6.6, the blue colored solid star symbols rep-
resent the STAR measurements whereas the red colored solid plus symbols represent

the PHENIX measurements.

It is also noteworthy to mention here that, the PHENIX measured the inelastic
multiplicity while the results presented in this thesis (STAR) quotes the non-single
diffractive (NSD) multiplicity. So, the PHENIX results (invariant cross sections) have
been properly scaled with ogpc (13.7£1.5 mb) cross section factor in p + p collisions
at /s= 62.4 GeV [98] to match with the STAR’s invariant yields. The STAR and
PHENIX results are consistent with each other, as is evident from the results in

Figures 6.5 and 6.6. The STAR data extends the measurements towards the low pr;
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Figure 6.5: Identified transverse momentum spectra for m* (positive particles: are
shown in the left panel and negative particles: are shown in the right panel) measured
at mid-rapidity (| y |< 0.1) for /s = 62.4 GeV in p+ p collisions. Statistical errors
are shown with bars whereas the systematic errors are shown with the shaded band.

ie. pr < 0.35 GeV for pions, pr < 0.45 GeV for kaons, pr < 0.65 GeV for protons
as well as antiprotons.

The pion spectra presented for the STAR data are feed-down corrected (as shown
in Fig. 6.5), while it is not done for PHENIX measurements. The little discrepancy
observed in pion spectra for STAR and PHENIX results, at the low pr region could
be due to the fact that, the PHENIX measurements are not feed-down corrected for
weak decays which has a significant contribution at the low pr region. The little dis-
crepancy in case of proton and antiproton spectra is also observed in the STAR and
the PHENIX comparison as is evident from Fig. 6.6, which is due to the fact that, the
proton and the antiproton spectra are feed-down corrected in the PHENIX measure-
ments, while for STAR data it is not done. Because weak decay protons (antiprotons)
carry most of the parent momentum, their tracks behave as those originating from the
primary vertex, resulting in the same reconstruction efficiency for the weak decay and
the primary protons (antiprotons) over the measured py range. The inclusive protons

(antiprotons) closely reflect the total baryon (antibaryon) production [99]. Therefore,
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Figure 6.6: Identified transverse momentum spectra for K=, p and p (positive parti-
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measured at mid-rapidity (| y |< 0.1) for /s = 62.4 GeV in p+ p collisions. Sta-
tistical errors are shown with bars whereas the systematic errors are shown with the
shaded band.
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inclusive proton and antiproton invariant yields are presented in this thesis that are

not corrected for weak decays.

6.3 Particle ratios and comparison with models

In this section, various antiparticle to particle as well as unlike particle ratios are
presented, these are obtained from their invariant yields and are plotted as a function
of their transverse momentum distributions. The comparative study is also presented
with the similar results derived from the model calculations. Figure 6.7 shows the
antiparticle to particle ratio for the pions along with its comparison with the PYTHIA
and PHOJET calculations, whereas Fig. 6.8 shows the similar kind of comparison for
antiparticle to particle ratios in case of kaons and protons. The 7~ /7t and K~ /K™
ratios show a flat pr dependence, while the p/p ratio shows a weak pr dependence.

The results from the model calculations also follow the similar trend for these like
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Figure 6.8: Mid-rapidity K~ /K™ and p/p ratios in p + p collision as a function of
pr. Statistical errors are shown with the bars whereas the systematic uncertainties
are shown with the vertical bozes. K~ /K™ ratio is shown in the left panel and p/p
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particle ratios. The 7~ /7™ ratio is almost unity, the K~ /K™ ratio is in the range ~
0.85 - 0.90, and the p/p ratio is in the range ~ 0.65 - 0.80, within the measured pr

range.

The strange to non-strange particle production is studied with the help of K /7
ratios as a function of pr. Figure 6.9 shows the unlike particle ratios for the K*/z ™
and K~ /7~ along with their comparison with the model calculations for the similar
results. Baryon to meson particle production is also studied with the p(p)/#x" (7 7)
ratios as function of pr. The p/7" and p/7~ ratios are presented as a function of pr

along with their comparison with the model calculations as shown in Fig. 6.10.

Within the limit of measurements in py for the present thesis work, all the results
for the unlike particle ratios show an increase with the increasing pr. The model

calculations also seem to exhibit the similar behavior within the same range of p.

139



0.35

0.35

T T T T T T T T
¥ DATA p+p 624 GeV E ¥ DATA p+p 624 GeV
“F & PHOJET ] “F PHOJET ]
F @ PYTHIA ] [ @ PYTHIA 7
0.25[— - 0.25[— -
L 02F %@«H» - .02k ]
B F E B} ]
T % ] o F e ]
o150 ?% . X .15 ?% =
o qu?? ] of Xfﬁf{ ]
005 ] 005 3
r STAR Preliminary [ STAR Preliminary
O b b b b b b b T O v b b b b b e )
0.2 03 0.4 05 0.6 07 0.8 09 0.2 0.3 0.4 05 0.6 07 0.8 09

P, (GeVlc) P, (GeVlc)

Figure 6.9: Mid-rapidity K* /7" and K~ /7~ ratios in p + p collision as a function
of pr. Statistical errors are shown with the bars whereas the systematic uncertainties
are shown with the vertical bozes. K /7" ratio is shown in the left panel and K~ /7~
ratio is shown in the right panel.

035 ——— T T 0.3 T T
[ ¥ DATA 624GeV ] [ ¥ DATA 54GeV ]
031" ® PHOJET prpoedet 03F @ PHOJET p+p624GeV
L @ PYTHIA 1 L @ PYTHIA ]
0.25[— H - 0.25[— ]
02 E 0.2i E
o+ L m ' L 4
B I H H ] e ]
~ C - ] = C ]
0O 015 H H & ] IS o150 H H 3
o 4 " £ o = &
- ¥R z e B z
0.05— o - oos- ¥ 3
. STAR Preliminary - E STAR Preliminary 7
o 1. A R R R o 1]
0.4 05 06 07 08 09 04 05 06 07 08 09

P, (GeVie) P, (GeVie)

Figure 6.10: Mid-rapidity p/nt and p/m~ ratios in p + p collision as a function of
pr. Statistical errors are shown with the bars whereas the systematic uncertainties are
shown with the vertical bozes. p/m™ ratio is shown in the left panel and p/7~ ratio is
shown n the right panel.

140



1.67|I | L L) | LI | T T LI L L IIII|IIII|IIII|IIII7

[ p+p 62.4 GeV ¥ STAR ]

14— + PHENIX —

1.2:— —:

. B ]

s 'H -H .H -H R
— 1

: HHH Mt

0.8:— —:

0.6 _

[ STAR Preliminary ]

_II | L1 1 1 | 11 1 | | | ] | L1 1 1 | 11 1 | | 11 1 | | L1 1 1 | 111 1 | 11 | I_

0.4 0.1

P, (GeV/c)

Figure 6.11: Mid-rapidity 7~ /7" ratio in p+p collision as a function of py. Statistical
errors are shown with the bars whereas the systematic uncertainties are shown with
the vertical boxes.

6.4 Particle ratios and comparison with PHENIX

In this section, the comparative study for the antiparticle to particle as well as unlike
particle ratios as a function of pr is presented with the similar measurements from the
PHENIX experiment. Figure 6.11 shows the antiparticle to particle ratio for the pions
along with its comparison with the similar result from the PHENIX measurements,
whereas Fig. 6.12 shows the similar kind of comparison for antiparticle to particle
ratios in case of kaons and protons. The STAR data is represented by the solid star
symbols whereas the PHENIX data points are shown with the solid plus symbols.
The 7~ /7t and K~ /K™ ratios show a flat pr dependence, while the p/p ratio
shows a weak pr dependence. Inside the limits of measured pr region, the results
are consistent with the PHENIX experiment. The comparative study focussing on
the strange to non-strange as well as baryon to meson particle production is also
carried out with the PHENIX data. Figure 6.13 shows the unlike particle ratios for

the K /7" and K~ /7~ along with the PHENIX data for similar unlike ratios. The
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p/nt and p/n~ ratios are also presented as a function of pr along with the PHENIX
data as shown in Fig. 6.14. From these results, it is clear that, the different particle
ratios as a function of pr measured in STAR are in agreement with the previous

measurements with PHENIX.

6.5 Particle yield per unit rapidity

The particle yield per unit rapidity (dN/dy) and the average transverse momentum
({pr)) are extracted from the measured spectra and also extrapolated outside the
measured pr region. The extrapolation is based on the different functional forms
which are presented in detail in the Appendix C. The dN/dy is calculated for 7+,
K*, p and p by integrating their corresponding spectra in the measured range and by
taking the integral of the fit function in the extrapolated region. Different fit functions
are used to obtain the dN/dy values which depends directly on the spectral shapes of

individual particle. The low-pr as well as high-py extrapolation region are different
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for individual particles. The low-pr extrapolation contribution to the dN/dy value is
~ 25-40%, whereas the high-pr contribution is low and is found to be ~ 1-5%. The

value obtained for the dN/dy for various particles is as per the following equation:

dN/dy - Ilow + Ihist + [higha (62)

where,

e [ denotes the integral obtained from the histogram in the measured pr region,

o For pions: Lipw(pr)=[12" f(pr)dpr, and Tyg(pr)=fo ey f(pr)dpr,

O F(pr)dpr, and Lgn(pr)=fy e f(or)dpr,

For kaons: I, (pr)=

0%399 f(pr)dpr, and Inign(pr)= 11,(1)501 f(pr)dpr,

For protons: [}, (pr)=

the functional form f(pr) used is different for different particles. For 7=, the

Bose-Einstein function is used, for K*, the mp exponential function is used,
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Figure 6.16: The dN/dy measurements from the STAR experiment at /s = 62.4
GeV in p+p collisions. The results are also shown for dN/dy calculated in the model
calculations.

and the Tsalis (Levy) function is used for p and p. The various fit functions

used to obtain dN/dy are given in the Appendix C and are shown in Fig. 6.15.

The statistical errors in the extrapolated regions are assumed to be fully correlated
with the statistical error in the measured region and therefore, the total statistical

error in the dN/dy are calculated using the equation given below:

UdN/dy = aIlow + O-Ihist + UIhigh’ (63)

where, oy, o1,,,,, are calculated by using mathematical function defined in the
TMath class of ROOT package [100], whereas oy, ., is the error associated with the
histogram yield.

The dN/dy is also obtained by integrating their value using different fit functions

for a given particle type. The default (best) fit functions are shown in Fig. 6.15.
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Figure 6.17: The dN/dy measurements from the STAR experiment at /s = 62.4
GeVin p+ p collisions. The results are also shown for dN/dy measurements in the
PHENIX experiment.

The difference obtained in the value of the dN/dy obtained in comparison to the
default value of dN/dy is included in the systematic uncertainties on the value of
dN/dy. The dN/dy for particles and antiparticles as a function of particle’s mass are
shown in Fig. 6.16. From Fig. 6.16, it is evident that dN/dy decreases as a function
of particle mass. The results are compared with the dN/dy obtained in the model
calculations which clearly underpredict the data. The data points are shown by the
solid markers whereas the model calculations are represented by the open markers
as shown in Fig. 6.16. We have also compared our dN/dy measurements at STAR
with those at PHENIX as shown in Fig. 6.17 and they are in good agreement. The
PHENIX data obtained from their paper [98] are scaled with total inelastic cross

section at /s = 62.4 GeV to compare with the STAR’s NSD data.
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6.6 Mean transverse momentum (pr)

The mean transverse momentum (pr) is extracted from the different fit functions
which were discussed in the previous section. The formula employed for evaluating

the (pr) is as given below:

o 1 dN 00
fO 2wpr dydpr 277'])%de o fo pbr (27TpT) f(pT)de

<pT> - 0 - 3 )
fo 27r1pT d;g)T 27 prdpr fo (27pr) f(pr)dpr

(6.4)

where, f(pr) is the fit function used to fit the pr distribution and is dependent on the
type of the particle whose (pr) is to be calculated. The (pr) is also measured by using
different fit functions and the difference emerging in their values is expressed as the
systematic uncertainties. The (pr) for both particles and antiparticles as a function
of particle’s mass are shown in Fig. 6.18. The results are also compared with the
(pr) obtained in the model calculations (as shown in Fig. 6.18) as well as with those
obtained from the PHENIX experiment (as shown in Fig. 6.19). The data points are
shown by the solid symbols whereas the model calculations are represented by the
open symbols as shown in Fig. 6.18. It is observed from Figures 6.18 and 6.19 that,
the (pr) increases as a function of increasing particle mass. Our (pr) measurements
are found to be consistent with those of the PHENIX, whereas the model calculations
underpredict the data. The error bars in each data points in both dN/dy and (pr)

calculations are the quadratic sum of the statistical and systematic errors.
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Figure 6.18: The (pr) measurements from the STAR experiment at \/s = 62.4 GeV
in p+p collisions. The results are also shown for (pr) calculated in the model calcu-
lations.
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Figure 6.19: The (pr) measurements from the STAR experiment at \/s = 62.4 GeV
in p+ p collisions. The results are also shown for (pr) obtained in the PHENIX
experiment.
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Chapter 7

Summary and Conclusions

7.1 Summary

In this thesis work, identified particle production for 7%, K*, p and p are presented
at mid-rapidity for p + p collisions in /s = 62.4 GeV. The data analysed for present
work is from the STAR experiment at RHIC. The main sub-detector used for the given
measurements is the TPC. The charged particles are identified using the specific ion-
ization energy loss (dE/dx) method in STAR’s TPC detector. The raw particle yields
are obtained for all the charged particles using this method. Different corrections are
done to the raw yields to obtain the corrected invariant yields. The correction factors
are obtained from the embedding and Monte Carlo simulation. The final corrected
spectra at mid-rapidity (| ¥ | < 0.1) are then presented for 7%, K= p and p for
minimum bias events.

The inclusive particle yield (dN/dy) and the mean pr measured at mid-rapidity
are also calculated for each identified particle spectrum using data in the measured pp
region and extrapolated in the unmeasured pr region. For the extrapolation different
parameterizations are used, Bose-Einstein function for pions, my exponential function

for kaons and Levy function for protons/antiprotons. Various particle ratios are
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calculated from the invariant yields of the identified particles. The various antiparticle
to particle ratios (7~ /7", K~ /K & p/p) and unlike particle ratios (K* /7%, p(p)/n*)
are presented as a function of transverse momentum of the identified charged particles.
The similar results are obtained for transverse momentum spectra, particle ratios,
dN/dy and mean pr for the pions, kaons, protons/antiprotons from model calculations
at same center of mass energy. The experimental data are compared with PYTHIA
and PHOJET model calculations [29, 30]. The results are also compared with the

published PHENIX measurements [98].

7.2 Conclusions

This thesis work presents the first measurement of identified charged hadrons (7%,

K%, p and p) at \/s = 62.4 GeV in STAR experiment to investigate the pr spec-
tra and the particle ratios at mid-rapidity in p + p collisions. Charged hadrons are
identified by the ionization energy loss method and their raw yields are obtained
from multi-gaussian fits to the Z — distributions. These raw yields are further cor-
rected for tracking efficiency, detector acceptance, feed-down from the weak decays
and background particles from the beam-pipe interactions. These corrections are
obtained from embedding and simulation techniques involving GEANT software for
reproducing the STAR detector response.

The corrected invariant differential yields are studied as a function of the trans-
verse momentum spectra of the various identified charged particles at the low pr
region. The spectral shapes observed provides a nice exponential behavior for both
particles and anti-particles. The slopes of the spectra for the 7* are steeper than K+,
which in turn are steeper than protons and antiprotons. The results for pr spectra
have been compared with the calculations from models. The models underestimate

the data but they fairly reproduce the shapes of the spectra, though the effect gets
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less significant with the increase in pp. These results can be used for a better un-
derstanding of the hadron production mechanism in p + p interactions at /s = 62.4

GeV and could further be useful in constraining the parameters of these models.

The similar measurements of py spectra for identified charged particles at /s =
62.4 GeV in p+p collisions for STAR experiment are also compared with those for the
PHENIX experiment and they are in good agreement. Thus, the results presented in
this thesis extends the spectra measurement of 7, K*, p and p towards the low pp

region.

The comparison is also presented for antiparticle to particle ratios and unlike
particle ratios with the similar results derived from the model calculations and also
with those from the PHENIX experiment. The 7~ /7" and K~ /K™ ratios show a flat
pr dependence, while the p/p ratio shows a weak pr dependence. Within the limits of
measured pr region, the results are consistent with the model calculations and with
those of the PHENIX experiment. The 7~ /7™ ratio is almost unity, the K~ /K™ ratio
is in the range ~ 0.85 - 0.90, and the p/p ratio is in the range ~ 0.65 - 0.80, within
the measured pr region. The strange to non-strange as well as the baryon to meson
particle production is also investigated with the K*/7* and p(p)/7* respectively.
These unlike particle ratios show an increasing trend with the increase in pp. Within
the errors, the results for these unlike particle ratios are again consistent with both

model calculations and PHENIX measurements.

The particle yield per unit rapidity (dN/dy) and the average transverse momen-
tum ((pr)) are also obtained. These observables are compared with the results from
the similar calculations using models and also with the PHENIX measurements. The
dN/dy shows a decreasing trend with the increasing mass of the particles whereas
the mean pr reveals the opposite trend. The similar trend is observed in the model

calculations, though it underestimate the data. While the STAR data are in good
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agreement with the results from PHENIX within the error bars. In p+p and d + Au
collisions, the increase in (pr) as a function of dN,/dn, is expected to reflect the
contribution from the semi-hard scatterings and multi-parton interactions [101].

In gist, the measurements presented in this thesis work provide an important
baseline for the heavy ion collisions measurement at RHIC. The measurements of
the transverse momentum spectra of the identified particles would be very crucial
in investigating the partonic energy loss in the medium by constructing the Nuclear
Modification Factor (Ra4) [52]. With the results presented at low py for the vari-
ous particle ratios together with the dN/dy measurements, when extended towards
high pr could give insight into the important production mechanism at mid-rapidity.
The high-precision measurements of identified charged hadron pr spectra and particle
ratios reported here, covering the low pr measurements in the mid-rapidity region,
give useful information for the fine tuning of the QCD inspired models and better
understanding of the soft particle production mechanisms at /s = 62.4 GeV. The
STAR data are consistent with the PHENIX measurements and furthermore it ex-
tends towards low pr. Finally, the results presented for the various particle ratios
when investigated from the perspective of thermal models [102, 103] could provide
important parameters like kinetic and chemical freeze-out temperatures, which could

further help in understanding the process of hadronization.
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Appendix A

Relativistic Kinematics

In relativistic heavy-ion collisions and many other high energy reaction processes, it
is convenient to use kinematic variables which are Lorentz invariant under Lorentz
boost. Throughout this thesis, the standard high energy physics notations and natural

units are used.

A.1 Mandelstam Variables

A particle with energy (E), the rest mass (mg), and the momentum (p), is described

by its four-momentum (P) which is given by,

P = (E,p) = (E,pz;py; p2), (A1)

The Mandelstam variables which are relativistic invariants are used to describe the
reactions:

14+2—3+4, (A.2)
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Such reactions of the highly energetic particles can be defined by different Mandelstam

variables signifying the kind of interaction they belong to. They are given as follows:

s=(P+ P)* = (P + Py)?, (A.3)
t= (P — P)*= (P, — Py)?, (A.4)
u= (P, — P)*= (P, — P)? (A.5)

here Py, P, are the four-momenta of the incomming particles, whereas P; ,P, are
those of the outgoing particles. While high energy p + p collisions are not simple
two-particle process such as this, the Mandelstam variable (s) is generalised to refer
to the momenta of the incoming protons. Thus, /s is equal to the collision energy in
the p + p center of mass frame. When describing the heavy ion collisions, the energy
is typically quantified by the nucleon-nucleon center of mass energy /syy. Thus, in
the above equations, the variable s represents the square of the total energy in the
center of mass frame. The variable ¢ is the square of the momentum transfer in its
reaction between 1 to 3 and 2 to 4, whereas the u is the square of the momentum

transfer in its reaction between 1 to 4 and 2 to 3.

A.2 Rapidity

The momentum of a particle is divided into its longitudinal part (p.) and the trans-
verse part (pr). In terms of energy (F) and longitudinal momentum (p.), we can
also define another kinematic variable commonly used to charaterize the motion of a

particle and is known as rapidity, which is given as :

1 E+p,
S A.
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However, at ultra-relativistic limits, the rapidity variable is replaced by the pseudo-
rapidity which does not depend on the particle’s mass rather it depends on its total
momentum (p) and also on its emmision angle 6 with the beam axis. It is represented

by the letter n and is given as:

1 p+pz)
=—In , A7
7 2 (p_pz ( )

and, in terms of 6, it is given by:

) s
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Appendix B

Lund string fragmentation model

The Lund string fragmentation model (which forms a base of PYTHIA) is briefly
discussed here. The main idea of this model is, the creation of a color field between a
quark and an antiquark when particles move in opposite directions. This field can be
approximated by a field with a linear potential (color string). Three different aspects

of this model are discussed below:

B.1 Meson production

Quarks from the vacuum state can tunnel via the linear potential creating quark-
antiquark pairs (¢;G;) at vertices as shown in Fig. B.1. The tunneling probability is
given by exp(-mm3/k) where x ~ 1 GeV/fm and mq (y/p3 +m?) is the tranverse
mass of the quarks. The generation of pr (here momentum perpendicular to the axis
of the initial pair) of the produced partons is done using a Gaussian distribution. The
tunnelling mechanism suppresses the production of heavy quarks due to dependence of
the probability on the mass (ratio of the probabilities to produce quarks is u:d:s:c ~ 1
: 1:0.3: 107!). The pair masses are not precisely known, so that the suppression of

the strange quark production is a model parameter (set to 0.3 by default in PYTHIA).
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Figure B.1: Quark and antiquark space-time trajectories in the Lund string fragmen-
tation model. The two wvertices (Vo and Vy), where new quark-antiquark pairs are
produced are also shown.

A quark can join with an antiquark from the neighbouring vertex and form a meson.
The created meson will pick up fraction z of the available E + p.. The distribution
of z is given by the Lund symmetrical fragmentation function [104]:

F(2) o Lz (1_2)% exp (_bj%), (B.1)

z z

where a,, ag and b are the free parameters. This function is a consequence of the
assumption that there is no time ordering of the vertices. The produced mesons have
one out of six combinations of spin and internal orbital angular momentum. The

probabilities to obtain each of these are model parameters.

B.2 Baryon production

To produce baryons in the Lund string fragmentation model, two mechanisms are

used: a diquark production model and the popcorn model. The main assumption
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of the diquark production model is that instead of a quark (antiquark) a pair of an-
tiquarks (quarks) in a color triplet state is produced. This pair can connect with
the neighbouring parton and form a baryon. This mechanism is based on the ob-
servation that the color triplet states of two antiquarks (quarks) in the color field
can be considered as a quark (antiquark). The probabilities, to create a diquark pair
rather than an antiquark, the extra suppression factor for production of pairs with a
strange quark and the relative contributions of the spin states of the pairs are input
parameters of the diquark production model.

The popcorn model uses fluctuations of the color field to produce quark-antiquark
pairs with a different colour than the initial pair. For example if the initial pair is
red-antired the standard fragmentation produces red-antired pairs, but the fluctu-
ations can produce a green-antigreen pair. In this case both quarks (antiquarks)
move towards each other (they are in a color triplet state), producing a color field
with a blue-antiblue configuration. This string fragments as for a blue-antiblue ini-
tial pair, producing a baryon-meson to meson-antibaryon system. In most cases
baryon-antibaryon and baryon-meson-antibaryon systems are produced (the relative
contribution is a model parameter), since including the production of an additional
meson introduces an extra suppression due to the increase of the transverse mass of

the system. The strangeness production is also a model parameter [95, 96].

B.3 Multiparton interactions

In a full simulation of p + p collisions the situation is more complex because a mul-
tiparton system is produced. Strings are created by quark-gluon-antiquark systems.
The breakup of the string is done by a breakup of each quark-gluon piece according to
the standard procedure but additional kinematic conditions are introduced to ensure

that the produced hadrons are on mass shell. In general the whole event is divided
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into groups of partons which are in a color singlet state.
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Appendix C

Fitting Spectra

As the pr distributions are not measured over the full range (0 - 0o), the spectra
cannot be directly integrated in pr in order to obtain the total invariant yield in unit
rapidity. Rather, a fit must be made from a theoretically motivated function as per

the relation:
1 d?N
2mpr dydpr

Here, left side of the eq. C.1 represents the invariant yield evaluated for a given
rapidity interval and is considered equivalent to a theoretical function best describing
the invariant yield of a given particle type. This function can then be integrated in
order to deduce the actual yield in that rapidity interval as per the equation:

aN _ [ N
dy dydpr

dpr _/27TPpoT f(pr), (C.2)

Different particle species will fit better with different functions. An optimum fit
should be found by taking into account the x? of the fit, the nature of the particle
type, the pr coverage and the errors of the fit parameters. If the fit parameters
themselves are completely out of meaningful ranges, the fit should not be used. The

work presented in this thesis involve the use of different functions for different particle
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species. In addition, different fit fuctions are used for a single particle type to evaluate

the systematic error involved due to different functions used for the measurements.

C.1 Bose-Einstein function

The Bose-Einstein distribution is found to describe the pion spectra to a good ap-
proximation and is therefore used in the present thesis work to fit the pion spectra
to extrapolate the yield in the unmeasured region of the pr spectra. The functional

form used for this parametrization is:

1 &N 1
= A — , C.3
2mpr dydpr et — 1 (C3)

where, my (1/p% + m?) is the transverse mass of the pion and 7' is the inverse slope
parameter which gives the effective temperature of the system formed when elastic

scattering among the particles cease.

C.2 Exponential in py

A pr exponential is a simplest fit function derived from a thermal source. Exponential
spectra are seen even in the eTe™ collisions, which is believed to be “non-thermal” in
an ordinary sense. A possible explanation is that the exponential behavior is related
to the statistical nature of fragmentation. The proton spectra are fitted with this
exponential function in this thesis in order to obtain the systematic in case of dN/dy

and mean pr and the functional form used for this purpose is given as:

1 &N pp
=AeT | C.4
2mpr dydpr (C4)
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C.3 Exponential in my

An exponential in mr usually gives better fits than an exponential in pr, as it takes
into account different masses of charged hadrons into account and therefore behaves
more realistically at low pp. It will consistently fit the low pr region of most iden-
tified particle distributions with a low x2. In this thesis work, kaons are fit with an

exponential in my and the functional form used is as follows:

a (C.5)

C.4 Boltzmann function

The Boltzmann distribution is a classical thermal distribution that fits the proton
spectra to a fairly good approximation. The functional form used to obtain the
systematic in this thesis is given as:

1 &N o
=A T C.6
2mpr dydpr mre o (C-6)

C.5 Power law

The high pr region of the spectrum is dominated by the semi-hard and hard scattering
processes, which is believed to cause a power law tail. So, the high pr spectrum is
well explained by this statistical function. Though, this function is not exclusively
used in this thesis work for fitting any particle species, yet it plays an important role

being a part of the Tsallis function. The functional form of this fit function is:

2 —q
! dN—A(1+p—T> , (C.7)

2mpr dydpr qT
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C.6 Tsallis (Levy) function

This distribution function has been used in this thesis work to explain the proton,
antiproton spectra to obtain their integrated yields as well as for other particle species
to obtain the systematic for the dN/dy and mean pr. It nicely explain the low pr
part by including the exponential function and high pr part by including the power
law in its complete definition. The functional form for the Tsallis function used in

this thesis work is given as [98]:

1 &N dN —1)(g—2 —m\ ¢
Wl De-2) (1+—mT m) (R
2rprdydpr  dy — 27qT [qT + m(q — 2)] qT

where, unlike other distribution functions it has three free parameters, dN/dy, inverse

slope parameter (1) and the exponent (q).
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Appendix D

Tables

pr(GeV/c)

Tt

™

0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825

2.169 £ 0.015 £ 0.195
1.626 £ 0.008 £+ 0.146
1.331 £ 0.007 £ 0.119
1.072 £ 0.005 £+ 0.096
0.841 + 0.004 £ 0.075
0.650 £ 0.004 £+ 0.058
0.483 £ 0.003 £ 0.043
0.366 £+ 0.002 £ 0.032
0.274 £ 0.002 £ 0.024
0.211 = 0.001 = 0.019
0.161 £ 0.001 £ 0.014
0.126 £ 0.003 = 0.011
0.098 £ 0.004 £ 0.008

2.040 £ 0.014 £ 0.183
1.599 £ 0.008 + 0.143
1.322 £ 0.007 £ 0.118
1.059 £ 0.005 %= 0.095
0.815 £ 0.004 £ 0.073
0.626 £+ 0.004 £ 0.056
0.486 £ 0.003 £ 0.043
0.365 £ 0.002 £ 0.032
0.274 £ 0.002 £ 0.024
0.207 £ 0.003 £ 0.018
0.152 £ 0.002 £ 0.013
0.125 £ 0.003 £ 0.011
0.092 £ 0.004 £ 0.008

Table D.1: Invariant yields of 7= at mid-rapidity (| y | < 0.1) in p + p collisions at

Vs = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c) Kt K~
0.275 0.139 + 0.004 + 0.012 | 0.120 £ 0.003 £ 0.010
0.325 0.121 + 0.003 + 0.010 | 0.106 + 0.002 + 0.009
0.375 0.109 £ 0.002 £ 0.009 | 0.097 £ 0.002 £ 0.008
0.425 0.092 + 0.002 #+ 0.008 | 0.080 + 0.002 + 0.007
0.475 0.079 £ 0.003 £ 0.007 | 0.071 + 0.003 + 0.006
0.525 0.069 £ 0.003 £ 0.006 | 0.059 £ 0.003 £ 0.005
0.575 0.059 £ 0.003 £ 0.005 | 0.050 + 0.003 + 0.004
0.625 0.050 £ 0.003 £ 0.004 | 0.042 + 0.003 £ 0.003
0.675 0.041 + 0.002 + 0.003 | 0.036 + 0.001 + 0.003
0.725 0.033 + 0.002 + 0.003 | 0.029 + 0.002 + 0.002
0.775 0.027 £ 0.003 £ 0.002 | 0.022 = 0.003 £ 0.002

Table D.2: Invariant yields of K= at mid-rapidity (| y | < 0.1) in p+ p collisions at

Vs = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c)

p

p

0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.925
0.975
1.025
1.075

0.061 £ 0.0011 £ 0.0054
0.050 £ 0.0010 £ 0.0045
0.044 £ 0.0009 £ 0.0040
0.041 £ 0.0008 £ 0.0037
0.037 £ 0.0007 £ 0.0033
0.033 £ 0.0007 £ 0.0029
0.028 £ 0.0006 =+ 0.0025
0.024 £ 0.0006 £ 0.0022
0.022 £ 0.0005 £ 0.0019
0.019 £ 0.0005 £ 0.0017
0.015 £ 0.0004 £ 0.0013
0.012 + 0.0004 £+ 0.0011
0.010 £ 0.0004 £ 0.0009
0.008 £ 0.0003 £ 0.0008

0.043 £ 0.0012 £ 0.0039
0.040 £ 0.0010 £ 0.0036
0.037 £ 0.0010 £ 0.0033
0.032 £ 0.0008 £ 0.0028
0.028 + 0.0008 =+ 0.0026
0.024 £ 0.0007 £+ 0.0021
0.021 +£ 0.0006 + 0.0019
0.017 £ 0.0005 £ 0.0015
0.014 £ 0.0005 £ 0.0012
0.011 £ 0.0004 £ 0.0010
0.009 £ 0.0004 £ 0.0008
0.008 £ 0.0003 £ 0.0007
0.007 £ 0.0003 £ 0.0006
0.005 £ 0.0003 £ 0.0004

Table D.3: Invariant yields of p and p at mid-rapidity (| y | < 0.1) in p+ p collisions

at \/s = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c) 7 /7t

0.225 0.940 £ 0.0093 £ 0.1197
0.275 0.983 £ 0.0073 £+ 0.1251
0.325 0.992 + 0.0074 + 0.1263
0.375 0.987 £ 0.0077 £ 0.1257
0.425 0.969 £ 0.0081 £ 0.1234
0.475 0.962 + 0.0087 + 0.1225
0.525 1.006 £ 0.0100 £ 0.1280
0.575 0.998 + 0.0110 £+ 0.1271
0.625 1.000 £ 0.0139 £ 0.1272
0.675 0.978 £ 0.0202 £ 0.1245
0.725 0.940 + 0.0204 £+ 0.1197
0.775 0.989 £ 0.0380 £ 0.1259

0.825 0.933 £ 0.0574 £ 0.1187

Table D.4: Antiparticle to particle ratio of 7= /" at mid-rapidity (| y | < 0.1) in p+p

collisions at \/s = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c) K /KT

0.275 0.860 = 0.037 £ 0.1095
0.325 0.879 £ 0.033 £ 0.1119
0.375 0.897 £ 0.031 £ 0.1142
0.425 0.868 = 0.031 £ 0.1105
0.475 0.904 + 0.060 £ 0.1151
0.525 0.857 £ 0.061 £ 0.1091
0.575 0.856 = 0.078 £ 0.1089
0.625 0.849 £ 0.090 £ 0.1081
0.675 0.873 + 0.064 £+ 0.1111
0.725 0.890 £ 0.087 £ 0.1133
0.775 0.821 £+ 0.175 £ 0.1045

Table D.5: Antiparticle to particle ratio of K~ /K™ at mid-rapidity (| y | < 0.1) in

p+p collisions at /s = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c) p/p

0.425 0.712 £ 0.024 £+ 0.0907

0.475 0.803 £ 0.027 £ 0.1023
0.525 0.826 £ 0.028 £ 0.1052
0.575 0.775 £ 0.026 £ 0.0987
0.625 0.774 £ 0.027 £ 0.0985
0.675 0.730 £ 0.027 £ 0.0929
0.725 0.734 £ 0.028 £ 0.0934
0.775 0.698 £ 0.028 £ 0.0888
0.825 0.645 £ 0.028 £ 0.0821
0.875 0.628 £ 0.030 £ 0.0799
0.925 0.636 £ 0.033 £ 0.0810
0.975 0.644 £ 0.035 £ 0.0820
1.025 0.662 £ 0.041 £ 0.0843
1.075 0.595 £ 0.049 £ 0.0757

Table D.6: Antiparticle to particle ratio of p/p at mid-rapidity (|y| < 0.1) inp+p

collisions at \/s = 62.4 GeV. The errors given are both statistical and systematic.

169



pT(GeV/C) K+/7r+

0.275 0.086 £ 0.0026 £ 0.0109
0.325 0.091 £ 0.0024 £ 0.0115
0.375 0.101 £ 0.0024 £ 0.0129
0.425 0.110 £ 0.0027 £ 0.0140
0.475 0.122 £ 0.0061 =+ 0.0155
0.525 0.143 £ 0.0070 £ 0.0182
0.575 0.161 £ 0.0186 =+ 0.0205
0.625 0.184 £ 0.0130 £+ 0.0234
0.675 0.196 £ 0.0120 £ 0.0250
0.725 0.206 £ 0.0149 £ 0.0263
0.775 0.217 £ 0.0311 £ 0.0276

Table D.7: Unlike particle ratio of KT /x" at mid-rapidity (| y | < 0.1) in p+ p

collisions at \/s = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c) K~ /n~

0.275 0.0753 £ 0.0024 £ 0.0095
0.325 0.0806 £ 0.0022 £ 0.0102
0.375 0.0924 £+ 0.0023 £+ 0.0117
0.425 0.0984 £ 0.0026 £ 0.0125
0.475 0.1146 £+ 0.0050 £+ 0.0145
0.525 0.1218 £+ 0.0064 £+ 0.0155
0.575 0.1386 £ 0.0104 £ 0.0176
0.625 0.1564 £ 0.0126 £+ 0.0199
0.675 0.1758 £ 0.0080 £ 0.0223
0.725 0.1957 £+ 0.0136 + 0.0249

0.775 0.1802 £ 0.0293 £ 0.0229

Table D.8: Unlike particle ratio of K~ /m~ at mid-rapidity (| y | < 0.1) in p+p

collisions at \/s = 62.4 GeV. The errors given are both statistical and systematic.

pT(GeV/C) p/7rJr

0.425 0.0725 £ 0.0014 £ 0.0092

0.475 0.0771 £ 0.0016 £ 0.0098
0.525 0.0929 £ 0.0020 £ 0.0118
0.575 0.1129 £ 0.0025 £ 0.0143
0.625 0.1360 %= 0.0031 £ 0.0173
0.675 0.1562 £ 0.0037 £ 0.0198
0.725 0.1780 £ 0.0046 £ 0.0226
0.775 0.1954 4 0.0070 £ 0.0248
0.825 0.2230 £ 0.0111 +£ 0.0283

Table D.9: Unlike particle ratio of p/7" at mid-rapidity (| y | < 0.1) in p+p collisions

at \/s = 62.4 GeV. The errors given are both statistical and systematic.
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pr(GeV/c)

p/m

0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825

0.0533 £ 0.0015 £ 0.0067
0.0643 £ 0.0017 £+ 0.0081
0.0763 £ 0.0021 £ 0.0097
0.0877 £ 0.0025 + 0.0111
0.1052 £ 0.0031 £ 0.0134
0.1162 £ 0.0040 £ 0.0148
0.1390 £ 0.0049 £ 0.0176
0.1378 4 0.0059 £ 0.0175
0.1543 £ 0.0088 £ 0.0196

Table D.10: Unlike particle ratio of p/m~ at mid-rapidity (| y | < 0.1) in p +p

collisions at \/s = 62.4 GeV. The errors given are both statistical and systematic.

Hadron dN/dy (pr)
Tt 1.874 4+ 0.285 | 0.393 £+ 0.017
T 1.832 4+ 0.277 | 0.390 £+ 0.021
K+ 0.166 £ 0.035 | 0.576 £ 0.050
K~ 0.145 + 0.028 | 0.575 4+ 0.037
P 0.117 £ 0.026 | 0.696 + 0.038
P 0.088 £ 0.018 | 0.638 £ 0.035

Table D.11: Particle yield per unit rapidity (dN/dy) and average transverse momen-
tum ({pr)) for 7%, K=, p and p at mid-rapidity (| y | < 0.1) in p+p collisions at \/s

= 62.4 GeV. The errors given are both statistical and systematic added in quadrature.
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