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SYNOPSIS

Our fundamental quest about the creation and evolution of the present universe ignites
the research in relativistic heavy ion collisions. It is believed that a hot de-confined
state of quarks and gluons, known as Quark-Gluon Plasma (QGP), was created at the
beginning of the universe. Experiments at the Relativistic Heavy lon Collider (RHIC) at
Brookhaven National Laboratory (BNL), USA, and the Large Hadron Collider (LHC) at
CERN are unique facilities to create such exotic states in the laboratory by relativistic
heavy ion collisions. They already revealed a lot about the hot Quantum Chromody-
namic (QCD) state. According to Lattice QCD prediction [1], a baryon-rich cold QGP
state that may exist in neutron stars can also be produced in the laboratory at high baryon
density and moderate temperature. However, experimentally the baryon-rich QGP state
is not much explored compared to the hot one. The experiments at the Nuclotron-based
Ion Collider fAcility (NICA) at Dubna, Russia, and the Compressed Baryonic Matter
(CBM) experiment at the Facility for Antiproton and Ion Research (FAIR) accelerator
at GSI, Darmstadt, are the upcoming efforts that aim to explore the high baryon density

and moderate temperature region of the QCD phase diagram.

Motivation

FAIR will provide different nuclear beams in the energy range of 2A to 35A GeV to
strike a fixed target in the CBM experiment. Due to the expected high heavy-ion beam
intensities (=~ 10?/sec), the CBM experiment will have the opportunity of getting a
high interaction rate (10 MHz), which enables the detection of low-mass vector mesons
(p,w, ¢) and rare probes like charmonium (J/1)) via their di-leptonic decay channel.
This will enable CBM to address some fundamental questions of Quantum Chromo-
dynamics, like the phase transition from a confined hadronic to a partonic de-confined

state, the chiral symmetry restoration, and in-medium mass modification of different
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vector mesons.

In CBM experimental setup, the Micro Vertex Detector (MVD) for precise ver-
texing and the Silicon Tracking System (STS) detector for the track reconstruction for
a wide range of momentum (100 MeV/c to 10 GeV/c) are placed near the target inside
the dipole magnet. Ring Imaging Cherenkov (RICH) detector to detect electrons or
Muon Chamber (MuCh) system to detect muons will be placed just outside the dipole
magnet. It is a unique feature of CBM experiment, which enables us to compare the
physics results from both the leptonic (electron or muon) channels from the same setup
by only exchanging RICH or MuCh detector. Transition Radiation Detector (TRD) is
placed after RICH detector to detect electrons of momentum greater than 1.5 GeV/c.
The next detector in the line is the time-of-flight (TOF) detector which will detect the
charged hadrons. Finally, a Projectile Spectator Detector (PSD) is placed to detect the

centrality of the collision and orientation of the reaction plane.

This thesis includes our contribution to the development of a cooling system for
the Muon Chamber (MuCh) detector and simulation study of the CBM [2] experiment at
FAIR, situated at GSI, Darmstadt, Germany. In addition, we see the effect of different
nuclear equations of state and beam energy on anisotropic flow and particle produc-
tion in simulated low-energy heavy-ion collisions. This study covers the energy range
from the existing GSI-SIS energy of the High Acceptance Di-Electron Spectrometer
(HADES) experiment to top Super Proton Synchrotron (SPS) energy. The effect of
various particlization scenarios of the Ultra-relativistic Quantum Molecular Dynamics
(UrQMD) model on variables like anisotropic flow, proton rapidity spectra, and particle
production has also been analyzed to predict the available experimental results more
accurately. The results and conclusions from these studies will be useful for a better
understanding of the underlying physics of the model and to compare the outcome with

the results from future experiments at FAIR and NICA.

CBM MuCh Cooling System

A muon detection system MuCh is under construction in India, mainly at VECC,

Kolkata, with the collaboration of other Indian institutes. The MuCh detector [3] con-
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sists of triplets of tracking detectors placed between the hadron absorber layers. The
final design of MuCh detector consists of six hadron absorbers of different thicknesses
and eighteen gaseous detector layers in the set of triplets, making six tracking stations.
There is a requirement for a cooling system that could extract the heat from the con-
fined area of the MuCh detector, generated due to Front End electronic Boards (FEBs)
placed at the detector plates. We investigate a solution to the above requirement by
developing a cooling system using de-mineralized water as a coolant [4]. To check the
concept of the cooling system, two plates of real-size prototypes are tested in a test
beam experiment at the CERN SPS beam line facility. Two different arrangements of
the water distribution have been studied using three sample prototypes to check the suit-
able configuration of the cooling system for a single detector layer. Based on this study,
a realistic model for water distribution has been proposed for the first layer of the MuCh

detector station.

Estimation of MuCh Data Rate Handling Capacity

We have contributed to simulation studies as well to increase the performance and for
better tuning of the detectors. Different changes have been studied in the simulated
geometry of the CBM detector using the GEANT?3 transport engine to check the effect
of newly added devices and material layers. It is helpful for reducing the R&D cost
and saving time. In one such simulation study, the MuCh detector data rate has been
estimated using a coherent source which is mainly from ion-ion collision events, using
GEANT3 and GEANTH4 transport engines. A comparison has been made for point
density per event for each detector station. More contribution of secondary particles has
been observed using the GEANTH4 transport engine. The occupancy, i.e., the fraction of
fired pads per event for each detector station, has been studied, and the maximum pad
hit rate has been estimated for each station of the MuCh detector. It helps to estimate
the minimum requirement of data rate handling capacity of a detector that will be used

in the CBM experimental setup.



Hadron Identification using PID framework

The CBM experiment offers flexibility in the detection of both leptons as well as
hadrons. While tracking the reconstruction of hadrons, it is hard to distinguish pions,
kaons, and protons beyond some particular transverse momentum range. A Particle
Identification Framework (PID) has been used for detecting hadrons more efficiently
beyond that transverse momentum range. This PID framework uses graphical cuts on
charge xmomentum (q x p) versus invariant mass (m?) distribution to identify particles
initially. Then the invariant mass distribution of identified particles is fitted with Gaus-
sian for signal and second order polynomial for background in different momentum
ranges. The stabilized fitting parameters for individual particles in different momentum

ranges are used to calculate the Bayesian probability (purity) by using the formula:

Purity; = 0.1

YP+ Py,
P; and Py, represent the probability of a track being a hadron or a background particle
respectively. This purity is used to identify proton, pion and kaon. It has been observed
that, by using this framework, we are able to increase the efficiency and decrease false

particle detection to a large extent.

Phenomenological Study on Anisotropic Flow

The main aim of CBM experiment at FAIR is to explore the baryon-rich region of
the QCD phase diagram. Before the availability of data from CBM experiment, it is
necessary to do model-based studies of different observables sensitive to the production
of QCD medium in the same energy region and validate it with available experimental
results. The anisotropic flow of particles is one such observable that could be studied
as it is directly affected due to pressure gradient from multiple scatterings between
constituents of the medium, which depends directly on the underlying nuclear equation

of state.
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Dependence on Nuclear Equations of State

We investigate the dependence of anisotropic flow coefficients and particle production
on nuclear equations-of-state (EoS) in non-central (10-40% centrality) Au—Au colli-
sions for a wide range of beam energy from 1A GeV to 158A GeV [5]. A publicly
available version (v3.4) of the UrQMD [6] model is employed for this study. UrQMD
provides three different configurations of a hybrid model for an intermediate hydro-
dynamical stage which are hadron gas (HG), chiral, and bag model EoS along with
a pure transport approach. In the hybrid mode, the transport approach to explain the
non-equilibrium dynamics is joined with a hydrodynamical description to describe the
expansion of locally thermalized fireball. To extract QCD medium properties, such
kind of combined approach could be very helpful. We qualitatively aim to understand
the effect of various nuclear equations of state on the flow harmonics and hence gain
some insights about dynamics leading to their development at various beam energies
ranging from 1A to 158A GeV. Apart from anisotropic flow, we check the effect of EoS
on particle production in noncentral collisions. To do so, particle ratios are examined
for different species. Net-proton rapidity distributions have been examined, as it is ex-
pected to be sensitive to the underlying EoS of the nuclear fireball. Although, some
studies have been done in this region for central collision. We extend this study to the

noncentral collision events.

Initially, directed flow (v1) is estimated for charged hadrons for pure transport
and hybrid versions of UrQMD model. Elliptic flow (v3) for pions and protons for
transverse momentum (pr) < 2 GeV/c at 40A and 158A GeV as a function of rapidity
are measured and compared with the available experimental results. For protons pure
transport approach works better in explaining the NA49 data. While looking at the
slope of the directed flow of pion and net protons, for pions, the slope remains negative
for cascade mode during all investigated energies and shows a change from negative
to positive for hydrodynamics modes between 30A to 80A GeV. In the case of net
protons, a slight hint of sensitivity is seen for chiral and hadron gas EoS beyond 25A
GeV. A strong increase in slope for the bag model could be due to inbuilt first-order
phase transition and hence a possible hint towards the onset of deconfinement. A more

detailed investigation is done on net protons by looking at their pr-integrated directed
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flow and elliptic flow at midrapidity (—0.5 < y.m. < 0.5). The same kind of splitting
is observed for bag model while observing directed flow. In the case of vs, a similar
splitting could be seen between the bag model and the other two EoS. To observe the
effect of EoS on particle production, various particle ratios, namely, strange to non-
strange and antiparticle to particle, are compared with the available data. In the case
of K~ /7~ and K* /7 ratio, chiral and hadron gas EoS can reproduce the trend set by
data in both cases, but the magnitude is overestimated. For bag model EoS, K~ /7~
ratio gets saturated after 20A GeV, which creates splitting for bag model and other
two EoS. For K* /K™~ and 7t /7~ ratios, data seems to favor hybrid mode, with slight
underestimation by hybrid in the case of Kt /K™ ratio. In this study, it is observed that

none of the available EoS can reproduce the experimental measurements quantitatively.

Dependence on Particlization Scenarios

In a further study [7], various particlization scenarios available in the hybrid UrQMD
model are involved with the available EoS. Here, particlization represents the switching
from fluid dynamic description to the transport description using various hypersurface
criteria. We study which particlization scenario among gradual freeze-out (GF, default),
isochronous freeze-out (ICF), and iso-energy density freeze-out (IEF) hypersurface is
better in predicting the available experimental results. There is no such kind of phys-
ical particlization that takes place in the actual evolution of QCD matter. Hence, it is
essential to optimize it to describe experimental results. This study aims to find the
best possible combination of the particlization model and EoS, which can explain the
experimental data. In different particlization scenarios, the choice of hypersurface and
switching criteria allows the fluid dynamic evolution to cease at different times. So it
must affect the flow of the species as it will spend more or less time in evolution. Ini-
tially, we look at the directed flow of pions and protons as a function of rapidity for
various particlization scenarios and equation of states and found out that directed flow
is quite sensitive to particlization scenarios. The slope of directed flow at mid-rapidity
is an interesting observable and contains insights into medium properties. From the
slope of the directed flow of protons with pr < 2 GeV /¢, it is observed that the IEF

scenario shows better agreement with the experimental results for all three EoS at beam
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energies greater than 20 — 25A GeV. The same kind of agreement was observed when
we studied the elliptic flow for net protons. Particle ratios should also be sensitive to the
underlying particlization modes as this fluid-to-particle transition can alter the chemical
composition of the system. Starting with strange to non-strange ratio such as K= /7~
and K* /7", we look at particle to anti-particle ratio of K~ /K™, 7= /7", and p/p as
well as baryon to meson ratio of p/7" and p/7~ as a function of beam energy and
are compared with the available experimental results. In all the cases, the ratios have
shown excellent agreement with the experimental measurements in the IEF scenario for
all three cases of EoS. These ratios seem more sensitive to the particlization scenar-
ios than the equation of state because of the possible change in the particle chemistry.
From all these investigations, it seems clear that IEF scenario brings more clarity in

understanding and interpreting the experimental results.

Conclusions and outlook

In this thesis, an attempt has been made to study the detector and the physics perfor-
mance of the CBM MuCh setup, along with a feasibility study of particle production
in heavy-ion collisions at low beam energies using the UrQMD model. In the former
case, detailed research has been done for the concept, design, fabrication, and test per-
formance of a water-based cooling system of CBM MuCh detector. A prototype for the
cooling system of the CBM MuCh detector system has been developed for the first two
stations at Bose Institute, Kolkata. Two different configurations using three prototypes
have been studied. The same principle and technique could be used for any other sys-
tem by customizing various parameters like shape, size, material type, and thickness
of the cooling plate. This type of cooling system could be used for any system where
large heat is generated in a very confined space. In a simulation study, the pad hit rate
has been estimated for each station of the CBM MuCh detector using GEANT3 and
GEANT4 transport engines. It predicts how much data rate each station has to handle
while in operation. Besides that, a PID framework has been used to identify the hadrons

with greater efficiency than the traditional cut-based method.

In the latter part of the thesis, we performed a feasibility study of particle pro-

duction in heavy-ion collisions. As the CBM experiment will take some time to gather
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actual data, there is not so much exploration in the CBM experiment energy range. We
do a simulation study using the UrQMD event generator in this energy region and look
at the possible modes of that model to predict the experimental results. Such a study
has been done to check the effect of the equation of state and energy dependence and to
check the impact of various particlization scenarios by looking at the anisotropic flow,
particle production, and other variables for low-energy heavy ion collisions. Initially,
none of the EoS was able to predict the experimental results thoroughly. Although
different variables show sensitivity to different EoS in a hybrid model. By looking at
different particlization scenarios for all EoS, we are able to predict that the choice of
IEF particlization scenario is more beneficial and provides good agreement with the

experimental results.
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Chapter 1

Introduction

In this chapter, some details about the standard model, QCD phase diagram, and
Quark-Gluon Plasma have been discussed. The motivation for this thesis is mentioned

in the overall structure of the thesis.

1.1 Standard Model

In this universe, every object around us, known as "Matter,” is made up of a few fun-
damental particles. The standard model of particle physics very well explains these
fundamental particles and their interactions. The standard model is a quantum field
theory that describes three out of the four known fundamental forces of our Universe,
which are the strong force, electromagnetic force, and weak nuclear force. This theory
is developed after many discoveries in experimental and theoretical studies. According
to the Standard Model, elementary particles shown in Figure 1.1 can be classified into
quarks, leptons, and bosons. There are six flavors of quarks: up (u), down (d), strange
(s), charm (c), top (¢), and bottom (b), and six leptons: electron (e), electron neutrino
(), muon (u), muon neutrino (v,), tau (7), and tau neutrino (). Each quark and
lepton have its own corresponding anti-particle. These quarks and leptons are further
categorized into three generations depending on their mass and decay time. All stable
matter in the world is made up of first-generation particles. Another category of ele-
mentary particles in the Standard Model are bosons, which are classified as gauge and
scalar bosons. Gauge bosons (g, v, Z, W¥) act as force carriers for three fundamental
forces other than the gravitational force. Gluons act as force carriers of the strong force,
W=, and Z bosons are responsible for weak interaction, whereas photons are force car-

riers for the electromagnetic force. Recently, one scalar boson called Higgs boson was
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Figure 1.1: The classification of elementary particles included in the Standard Model.
Ref. [8]

discovered by CERN [9, 10], which is responsible for giving masses to the quarks and
leptons because of interaction with them. At the very early stage of the evolution of the

universe, the strong force dominates among quarks and gluons.

1.2 Quantum Chromodynamics (QCD)

The QCD is the theory [11] that explains the strong interaction of the standard model
among quarks and gluons. The formulation of QCD calls for local gauge invariance
under SU(3) gauge transformations in the quark color space [12, 13]. In QCD, color
charge serves as the equivalent of electric charge in Quantum Electrodynamics (QED).
According to QCD, all combinations of quarks in hadrons, either baryon (made up of
three quarks) or meson (made up of a quark and an anti-quark), will contain a mixture of
three color charges to produce colorless hadrons. In any hadron, strong force binds the

quarks by the exchange of gluons. In QCD, the potential among two quarks separated
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by a distance ‘r’ is approximated by using the formula:

4
Vi(r) = —=—+k 1.1
(1) 5 Tk (1.1)

where o represents the strong coupling constant, and £ is the QCD string con-
stant of magnitude ~ 1 GeV/fm. For r greater than 1 fm, the second linear term domi-
nates in equation 1.1, for  tends to infinity, potential becomes infinite. If a huge amount
of energy is provided to separate two quarks from each other, that energy will be suf-
ficient to produce a ¢ pair from the QCD vacuum, which combines with the initial
quarks to produce either baryon or meson. That is why an isolated quark can never be

found in nature. This phenomenon is known as quark confinement. For r smaller than
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Figure 1.2: The strong coupling constant o as a function of () measured from different
experimental and theoretical calculations. Ref. [14]

1 fm, the first term in equation 1.1 dominates. In that case, deconfinement may occur if
a, tends to zero faster compared to r. a, strongly depends on the square of the momen-

tum transfer (Q?) between two interacting quarks at small distance. This dependence of



s on Q% [15] is represented by the equation 1.2 as follows:

127
(33 —2ny) - ln(Qz/AZ)CD)

as(Q?) = (1.2)

where Agcp represents QCD scale parameter and n; represents the number of quark
flavors. Figure 1.2 shows how o depends on (). «; tends to zero for asymptotically
large (), and hence quarks become free within a certain range of r; this is known as

asymptotic freedom [16, 17].

1.3 QCD Phase Diagram
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Figure 1.3: Schematic view of QCD phase diagram. Ref. [18]

The QCD predicts the behavior of the particles at different temperatures and net-
baryon densities by using the QCD phase diagram. Different models like lattice QCD
or effective field theories predict QCD phase diagram. The QCD phase diagram, as
shown in figure 1.3, represents the three different possible states of matter for different
temperatures and net-baryon density regions: the hadronic state at low temperature and
baryon density region, the QGP state at high temperature, and the color superconductor

at low temperature and high baryon density region.

When the number of particles and antiparticles is almost equal for very low net
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baryon densities, QCD predicts that hadrons will break down into quarks and gluons
above a temperature of about 160 MeV [19, 20]. During the first few microseconds fol-
lowing the big bang, the opposite process occurred in the universe: quarks and gluons
were constrained into hadrons. It is anticipated that the transition from partonic to the
hadronic matter will occur smoothly in this area of the phase diagram [1]. At relatively
high levels of the baryon density, calculations indicate a critical endpoint [21]. Be-
yond this critical endpoint, one anticipates a first-order phase transition from hadronic
to partonic matter with a phase coexistence area in between for higher values of net
baryon densities (and for lower temperatures). Another form of transition could happen
if the baryonic matter is compressed at a low temperature. This would occur if col-
ored bosonic diquark pairs, the analog to Cooper pairs in QCD, formed as a result of
an attractive interaction among quarks in the deconfined baryon-rich phase. These di-
quarks can then accumulate to form a color superconductor at a quite low temperature.
Currently, it appears to be impossible to obtain a great degree of compression without
heating needed for the production of color superconductor in a laboratory setting. A few
seconds after the neutron star is born in the supernova explosion, it is anticipated that
such high-density, highly interacting cold matter will exist in the neutron star’s core.
The diquark couples will be broken up by heating, converting the color superconductor
into a regular color conductor. Modern heavy ion experiments at intermediate ener-
gies like CBM at FAIR and NICA at JINR are primarily focused on gaining additional

insight into the extremely intriguing area of high net baryon densities.

1.4 Relativistic Heavy Ion Collisions and Quark-Gluon

Plasma

To study the behavior of strongly interacting nuclear matter for various temperature
and baryon density ranges, it is required to create hot and dense nuclear matter in the
laboratory, which could be done either by increasing temperature or by compressing
the nuclear matter. This can be done by colliding two heavy nuclei with each other at
a speed comparable to the speed of light so that a large amount of kinetic energy will

convert into thermal energy and hence creating a high-temperature or a dense baryonic
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region. When two ions collide at relativistic high energy, the dense hadronic matter is
expected to be produced. The energy density goes above 1 GeV/fm? in a such colli-
sion, and the corresponding relativistic matter pressure attained in a such collision is
approximately 0.52 x 10% Pascal [22]. According to available experimental results,
these collisions result in the creation of a dense hadronic fireball with a well-localized
space with an energy density of € = 1 GeV/fm?. Due to the quite high internal pressure
of the fireball and lifetime depending on the size of the system, 7 ~ 2R /¢, where R is
the radius of the system and c is the speed of light, it explodes rapidly, creating a large
number of new hadrons which share the collision energy, and hence expected to create
a high baryon density region for certain beam energy. The overall formation of different
stages during the relativistic collision of two nuclei could be understood from the time

evolution diagram in the next section.

1.4.1 Space-Time evolution

Figure 1.4 shows the space-time evolution plot of the high-energy heavy-ion collision.
It can be studied in terms of the Bjorken model [23]. Here, two Lorentz contracted
nuclei traveling at relativistic speed are colliding with each other. Based on the collision
energy, two possibilities are conceivable following the initial collision phase. The left-
hand side corresponds to the case where the energy density is not high enough for the
formation of QGP, hence a purely hadronic scenario is formed, whereas the right-hand
side displays the anticipated collision evolution above the threshold energy density for
the generation of QGP [23, 24]. The following stages represent the time evolution of the
fireball in a scenario involving QGP formation: Att = 0, two highly energetic length
contracted nuclei strike with each other with impact parameter b at the origin (z = 0).
Most part of their kinetic energy is dumped into a small volume in the central part of
the collision area. Due to this energy, in the pre-equilibrium stage, a large number of
quark-antiquark pairs and gluons are produced just after the collision. These produced
partons interact with each other for 0.5-1 fm/c to reach an equilibrium state called
QGP. The QGP expands and cools due to pressure gradient for 3—5 fm/c. These partons
hadronize when energy density falls below the critical value (¢, = 1 GeV/fm?). Further

expansion occurs until chemical freeze-out, where inelastic interaction stops, and then
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Figure 1.4: Plot to show the evolution of a fireball produced in relativistic heavy ion
collisions in the light cone picture. Ref. [25]

up to kinetic freeze-out, where momentum transfer stops between the hadrons. Particles
at this stage reach the detector. It takes around 10—15 fm/c time from the initial collision

to reach this point, depending on the beam energy.

1.4.2 Relativistic heavy-ion experiments in different energy

regions

If we talk about the experiments that are trying to explore the QCD phase diagram in
the different energy ranges, the experiments at facilities like Relativistic Heavy-Ion Col-
lider (RHIC), at Brookhaven National Laboratory (BNL), and Large Hadron Collider
(LHC) has been extensively studied the region of high temperature and approx zero net
baryon density region of the QCD phase diagram. Such dense nuclear matter is be-
lieved to exist in the early universe within a few microseconds after the big bang. The
experiments provide conclusive results related to the formation of QGP. Although not
so many studies have been done in the high baryon density region compared to the low
net baryon density region, some facilities like the STAR collaboration at RHIC [26] and
NA49 detector at the CERN-SPS [27] are trying to search the QCD critical endpoint in

the high baryon density and intermediate temperature region.
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The upcoming experiments like the Nuclotron-based Ion Collider fAcility
(NICA) [28] at the Joint Institute for Nuclear Research (Dubna) and the Compressed
Baryonic Matter (CBM) experiment [29, 30] at the Facility for Antiproton and Ion Re-
search (FAIR, Germany) and ongoing Beam Energy Scan (BES) program at RHIC [31]
aim to probe the high baryon density and moderate temperature region of the QCD
phase diagram. These experiments will provide insights into the highly compressed

baryonic matter which exist in the core of neutron stars.

1.4.3 Signatures of QGP

In high-energy heavy-ion collision experiments, QGP exist for a very short time period
(~ 10% s), which is why it is not possible to detect QGP formation directly. We have to
detect those particles which are produced in a fireball so that we can get indirect infor-
mation about the formation of QGP. Different signatures like strangeness enhancement,
photons and dileptons, jet quenching, quarkonium suppression, heavy-flavor produc-
tion, and collective flow could help us in this regard. A few of them which are relevant

to our study are discussed as follows:

Photons and dileptons

Nearly all stages of relativistic heavy-ion collisions are predicted to produce photons
(real or virtual), which thereafter decay into dileptons (i.e., e"e™, u™ 7). These elec-
tromagnetic radiations are the ideal probe to study the produced strongly interacting
medium because they don’t interact strongly any interact only electromagnetically.
Even at the fireball stage, the mean free path of these probes (~ 10?2 — 10* fm) is
quite large compared to the system size (~ 10 fm). Hence they come out of the fireball
and reach the detectors without losing any information about the interior of the fireball.
Photons are categorized depending on their production stage. Such as prompt photons
are produced during the very initial stage of the collision via initial hard scattering in
processes like quark-gluon Compton scattering (¢ + g — ¢ + ), quark anti-quark an-
nihilation (¢ + ¢ — g + 7), etc. Photons that are produced before the thermalization
stage are known as pre-equilibrium photons. Thermal photons are produced from the

QGP stage and via hadronic interaction in the hadronic phase.
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Dileptons are way much heavier than photons and hence could be a more reliable
source to gather knowledge about QGP compared to photons. The dileptons could be

categorized into three following groups depending on their pair invariant mass:

* Low mass region ()M < My): Dileptons produced from the decay of low mass
vector mesons like 7, ¢, and w, whose mass is less than mass of ¢ mesoni.e. M,

lies in the low mass region.

¢ Intermediate mass region (M, < M < Mj,): This region covers the dileptons
produced due to the thermal radiation of the fireball. Hence, it is very crucial to

study about the QGP.

* High mass region (A/ > M;,;): The dileptons produced from the decay of
heavy quarkonia like J/1) and Y, and from the radiation coming from the primor-

dial stage lies in this region.

Other than the temperature of the fireball, photons and dileptons help us to inves-
tigate the formation time of QGP [32]. Photons can help in studying the system size
evolution using intensity interferometry [33—-35]. Detection of dileptons could help to
study the medium modifications of the vector mesons [36, 37] and to characterize the

QGP phase using dilepton interferometry [38].

Quarkonium Suppression

Heavy quarks (Q) and anti-quarks (Q) produce Quarkonium which is a stable bound
state. Q can be either charm or bottom quark. cc, bb are known as charmonium and
bottomonium respectively. The masses of quarkonia are largely derived from the bare
masses of their quark content, which are determined via the Higgs mechanism from the
electroweak sector of the standard model, as opposed to the masses of light hadrons,
whose masses come from the interactions between their nearly massless constituents.
In addition, a unique characteristic of these quarkonia is their modest size, which ranges
from 0.1 to 0.3 fm, as opposed to light hadrons, which have a radius of around 1 fm.
This shows that they have higher binding energy than light hadrons. The production of
DD/BB pairs from c¢ and bb is not permitted since their masses are less than two times

those of the corresponding open heavy-flavor hadrons, i.e., M.z < 2Mp (D = cu) and
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My < 2Mp (B = bu). J/1 and T productions are responsive to the characteristics
of the generated medium, claim by Matsui and Satz [39]. Quarkonia states would melt
through color screening in the partonic medium at a specific temperature 7" > 7., where
T is the critical deconfinement temperature. They would be suppressed in heavy-ion
collisions, which would point to the QGP’s creation. .J/1) suppression was initially dis-
covered experimentally at the SPS [40], and then further confirmed by the experiments

like PHENIX, STAR and ALICE [26, 41-43].

Anisotropic flow

The anisotropic flow of the particles emitted in noncentral relativistic heavy-ion colli-
sions is considered a promising observable to investigate the collective effects of the

produced medium. In proton-proton collisions, particles are created isotropically in
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Figure 1.5: Anisotropical behavior in noncentral heavy-ion collision [44].

the transverse plane. But in noncentral heavy-ion collisions, the interaction volume
is anisotropic, which causes multiple scattering of the colliding particles and changes
the azimuthal distribution of their transverse momentum. Because of the numerous re-
scattering that occurred early on, as shown in the figure 1.5, the initial spatial anisotropy
turns into momentum anisotropy. Additionally, the medium will enter into thermal equi-
librium due to these rescatterings, which will expand collectively further. This collec-
tivity might be reflected in the particle distributions that is created. The azimuthal dis-
tribution of the final state particles could be represented by the Fourier expansion [45]

as follows:
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where the azimuthal angle of the particle and reaction plane angle are indicated by ¢
and 1),., respectively. v,, is the ny, Fourier coefficient of the azimuthal distribution, and

it could be obtained from:

v, = (cos[n(¢ — 1)) (1.4)

where v, is defined as directed flow (v;), elliptic flow (v;), triangular flow (v3), quadran-
gular flow (v4) forn =1, 2, 3, 4 and so on, respectively. Figure 1.6 gives more clarifica-
tion about the azimuthal angle of the particle, the reaction plane angle, and the directed

and elliptic flow in the momentum space. These coefficients are believed to provide
® i
Out of plane

\ _In plane

/f£ /
SuBZSw

vo<0,vi=0

Directed and elliptic flow

Figure 1.6: Representation of harmonic coefficients of azimuthal distribution of final
state particles.

insight into the dynamics of the fireball. For instance, the significant magnitude of the
v9 has shed light on the possibility that the bulk of the produced matter achieves close
to local thermal equilibrium conditions. The pressure gradient developed due to re-
scatterings in the early stage of the collisions converts the initial state spatial anisotropy
to final state momentum anisotropy and elliptic flow. Several experiments [46, 47] at
different energies have examined v, for the possible signature of thermalization of the
produced medium. Substantial amount of study has been performed to inspect v, in low
energy collisions at various beam energy ranges [48—50] availing variety of microscopic

transport models [6, 51-53]. At low beam energies, change of sign, i.e., transition from
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out-of-plane to in-plane flow, has been observed [54, 55].

1.5 Thesis Motivation

The main motive of the relativistic heavy ion collision experiments is to explore dif-
ferent regimes of the QCD phase diagram and identify the production of quark-gluon
plasma in the laboratory. With the same motive, the CBM experiment at FAIR likes
to explore the QCD phase diagram’s high net baryon density region at moderate tem-
perature. The CBM experiment will measure diagnostic probes of the dense stage of
the fireball in the beam energy range of 2A GeV to 40A GeV for the first time, in-
cluding multi-strange baryons, dilepton pairs, and charmed particles. Charm quarks
are predicted to be created at the very initial stage of a heavy-ion collision. So the
detection of D mesons and J/v could be used as probes to obtain information about
the dense fireball and its degrees of freedom. Similarly, vector mesons like p and w
get produced at the initial stages and then decay either into mesons or dileptons. Their
study is helpful in probing the hot and dense nuclear matter. Multi-strange hyperons
and ¢ mesons, due to their small hadronic cross sections, can give information about
the dense fireball region by looking at their collective flow. As a result, the CBM experi-
ment offers a special potential for discovery at both SIS100 and SIS300 energies. CBM
experiment is a fixed target experiment, where the incoming proton or ion beam will
fall on a fixed target. Micro Vertex detector (MVD) is the detector placed closest to the
target. The primary task of MVD is the reconstruction of D mesons through vertex de-
tection. The Silicon Tracking System (STS), placed after MVD, will provide the track
reconstruction facility for a wide range of momentum from 100 MeV to 10 GeV with a
momentum resolution of around 1%. MVD and STS detectors will be placed inside the
magnetic field region. After that, Ring Imaging Cherenkov (RICH) detector or Muon
Chamber (MuCh) system will be placed depending on whether we detect electrons or
muons. A Transition Radiation Detector (TRD) is placed after the RICH detector to
detect electrons with a momentum of more than 1.5 GeV/c. Further, a time-of-flight
(TOF) detector made up of layers of Resistive Plate Chambers (RPCs) will be used to
detect charged hadron particles. A Projectile Spectator Detector (PSD) will be placed

at the end of the setup to determine the centrality of the collision and orientation of the
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reaction plane. As a contribution to the CBM experiment, India is developing the MuCh
detector for the CBM. The MuCh detector is made up of slices of the hadron absorbers
and detector layers. The detector layers in triplets are placed in between these hadron
absorbers for track reconstruction. The whole MuCh detector setup could be modified
during the data-taking process. The number of detector layers and hadron absorbers
could be modified depending on the beam energy. Due to the compact design of the
MuCh detector, the heat produced due to the electronics of the detectors could be an
issue. This motivates us to investigate this issue and develop a cooling system to extract
the excess heat caused by the electronics of the MuCh detector using demineralized
water as a coolant. A prototype has been created using three prototype cooling modules

to investigate the working and configuration of the cooling system.

While constructing an experimental setup, it is necessary to do the simulation
study as well for the better performance of the detectors. We have contributed to the
simulation study in terms of data rate study where we predict the maximum pad hit
rate for each station of the CBM MuCh detector to get an estimate about the minimum
requirement of data rate handling capacity of a detector that is used in the CBM MuCh
detector. In another simulation study, we used the Particle Identification (PID) frame-
work to detect hadrons more efficiently at a higher transverse momentum range where

traditional methods fail to work.

As we know, relativistic collisions of heavy ions allow inspection of the phase
structure of the strongly interacting matter produced in the laboratory over various tem-
peratures and densities. One of the many objectives of these collisions is to locate the
QCD critical point and the phase transition to the deconfined matter as per the various
QCD predictions. The high temperature and vanishing baryon chemical potential (15)
region of the QCD phase diagram are pretty well explored in the experiments operating
at the Large Hadron Collider (LHC) [56-58] at CERN, Geneva and Relativistic Heavy
Ion Collider (RHIC) [59, 60] at BNL, USA. On the contrary, the realization of the QCD
matter produced at high pp is somewhat limited. Such investigation will be carried
out in the upcoming CBM experiment at the FAIR facility at GSI, Germany, and a few
other future facilities like NICA at JINR, Dubna and BES program at RHIC. Due to
technical limitations at these energies, previous experiments like HADES [61] at GSI,

Kaon Spectrometer (KaoS) [62] at GSI, Alternating Gradient Focusing (AGS) [63, 64]
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experiments at BNL, NA49 [65] experiment at CERN SPS could not address problems
associated with the rare probes. Thus, in addition to this, as well as for the optimal
utilization of the new upcoming facilities, it is essential to investigate the data available
from previous experiments at similar beam energy regimes via model-based studies and
provide predictions for future experimental measurements. This motivates us to pursue
phenomenological study on the effect of different equations of state and beam energy
and the effect of different particlization scenarios provided by the model on variables
like anisotropic flow, and particle production by looking at particle ratios and net-proton

rapidity spectra for low-energy heavy ion collisions.

1.6 Thesis layout

The thesis is organized in the following manner:

In chapter 1, we have introduced high-energy physics by discussing the early
stage of the Universe, the Standard Model, and QCD. A description of the QCD phase
diagram and quark-gluon plasma has also been provided. Finally, we talked about the

motivation of the thesis.

In chapter 2, a brief description of the FAIR facility has been provided. CBM

experiment and its detectors are explained in detail.

In chapter 3, we present a detailed study of the cooling system of the MuCh
detector in the CBM experiment. The working principle and the design of the cooling
system have been discussed. Different configurations for the modules of the MuCh

cooling system have been compared.

In chapter 4, first, the CBMROOT framework for the MuCh detector has been
discussed in detail. The simulation study of the CBM experiment in terms of data rate
handling capacity of the MuCh detector and hadron study using a PID framework are

explained further.

Chapter 5 explains the phenomenology work related to the study of anisotropic
flow and particle production for low-energy heavy-ion collision. We look at the effect of
different equations of state, particlization scenarios, and beam energy for better tuning

of the UrQMD model.
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In chapter 6, finally, the results and outcomes of the thesis have been summarized.
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Chapter 2

CBM experimental facility at FAIR

This chapter provides a detailed explanation of the FAIR facility. More information
is provided on the CBM experiment and the detectors used in it. The functioning and
construction of the GEM detector employed in the MuCh detector system are described

in detail.

2.1 FAIR facility

The Facility for Antiproton and Ion Research (FAIR) is an idea proposed by the inter-
national science community and the GSI Laboratory. FAIR will provide world-class
accelerator and experimental facilities for a wide range of groundbreaking research in
nuclear, hadron, atomic, and plasma physics. The main focus of FAIR research is on the
formation and dynamics of matter at both the microscopic and cosmic levels, allowing
us to gain a better understanding of fundamental topics such as the source of the ele-
ments in this world, evaluation of matter and its compositions in the early time period
of the universe, the internal structure of the matter at extremely high temperature and
baryon densities that we observe in large astrophysical objects, and understanding the
complex structure of matter at all scales by looking at the underlying components and

interactions.

The FAIR offers four scientific projects that aim to investigate several physical
regions: APPA, PANDA, NuSTAR, and CBM. The Atomic, Plasma Physics and Ap-
plications (APPA) facility provides shared installation and experimental techniques for
studies in quite diverse research fields of atomic physics, plasma physics, and applied
science. APPA covers four different collaborations of different fields under one roof,

which are the High-Energy Irradiation Facility for Biophysics and Material Research
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(BIOMAT), Facility for Low-Energy Antiproton and Heavy Ion Research (FLAIR),
High Energy Density Science at FAIR (HED@FAIR), and Stored Particles Atomic
Physics Research Collaboration (SPARC).

Proton ANtiproton Detector Array (PANDA) tries to study every aspect of
antiproton-proton collision related to various topics around weak and strong forces,

exotic states of matter, and the structure of hadrons.

Nuclear Structure, Astrophysics, and Reactions (NuSTAR) collaboration will use
the new accelerator facilities at FAIR for basic science with a focus on the structure
of atomic nuclei, nuclear astrophysics, and nuclear reactions. The Superconducting
Fragment Separator (Super-FRS) is the central device of the NuSTAR collaboration.
It will be able to produce rare isotopes of all elements up to uranium at relativistic
energies and separate them within a few nanoseconds, enabling the study of very short-

lived nuclei.

The CBM experiment aims to explore the QCD phase diagram in high net baryon
density and moderate temperature regions. We have discussed the CBM experiment in

more detail in the further part of this chapter.
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Figure 2.1: Layout of the Facility for Anti-proton and Ion Research (FAIR) [66].

The primary goal of FAIR is to provide stable and unstable nuclei, as well as an-

tiprotons, in a wide range of intensities and energy for the scientific projects mentioned
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above. Figure 2.1 depicts the proposed FAIR layout as well as the present GSI facilities.
SIS100 and SIS300 are two heavy-ion synchrotrons (SIS)! which will be used by the
FAIR. UNILAC and SIS18 are the existing GSI accelerators that will act as injectors

for the new synchrotrons. p-LINAC is the proposed extension to the GSI facility.
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Figure 2.2: Layout of UNILAC, Image Source: [67].

Ion acceleration begins with the UNILAC (UNIversal Linear ACcelerator) shown
in Figure 2.2. It is of length 120 meters. Three different ion sources provide charged
ions to UNILAC as per requirement: Electron Cyclotron Resonance (ECR) source pro-
vides a low-intensity beam of highly charged ions. If a low-intensity beam of low to
intermediate-charged ions is required, then Penning lonization Gauge (PIG) source de-
livers it. High-intensity beams of low to intermediate-charged ions are delivered by
MEtal Vapor Vacuum Arc (MEVVA) source, MUIti-Cusp Ion Source(MUCIS), or Cold
or HOt Reflex Discharge lon Source (CHORDIS). It has the ability to accelerate all ion
species, from protons to uranium (2.2A keV to 120A keV), to 16% of the speed of light.
UNILAC is capable of running at a 50 Hz repetition rate. Between two continuous beam
pulses, the beam parameters such as ion species, energy, intensity, and beam target area
can be changed. As a result, numerous different experiments requiring various sorts of

beams can be provided in a quasi-simultaneous manner.
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Figure 2.3: Layout of p-LINAC, Image Source: [68].

The antiproton physics program of FAIR is based on a rate of 7 x 10 cooled
antiprotons per hour. Initially, it requires the primary proton intensities which will be

provided by a proton LINAC (p-LINAC) shown in Figure 2.3. It will run independently

'SchwerlonenSynchrotron in German
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from the existing UNILAC for heavy ions. p-LINAC is 30 meters in length and has
the ability to accelerate protons up to 70 MeV. Its repetition rate is 4 Hz. Protons
are supplied to p-LINAC using Radio-Frequency Quadrupole (RFQ) LINAC and Drift-
Tube Linac (DTL) at the starting point. Ions from the UNILAC or protons from p-
LINAC will be employed in the experiments, or they are injected into the SIS18 ring

accelerator for further acceleration.

To create antiprotons, the accelerated protons from LINAC are injected into the
existing synchrotron SIS18 and accelerated to 2 GeV. After the subsequent transfers
to the SIS100 synchrotron, the protons will be accelerated to 29 GeV. Up to 2 x 103
protons will be compressed into a single short bunch of fewer than 50 ns in length to
minimize the heating in the antiproton production target. The proton bunch will be
directed onto a nickel target of about 60 mm in length followed by a magnetic horn.
The cycle of proton acceleration will be repeated every 10 s. This scheme is expected
to produce a bunch of at least 1 x 10® antiprotons in the phase space volume which can
be accepted by the magnetic separator and the Collector Ring (CR). The CR will be
used for pre-cooling of the antiprotons. Thereafter, the antiprotons will be moderately

compressed to a single bunch and transferred to the RESR storage ring.

Moving back to SIS18, it has a circumference of 216 meters and its maximum
magnetic rigidity (Magnetic field intensity (B) x Radius of curvature (r)) is 18 Tm.
The SIS18 ring shown in Figure 2.4 includes 12 double dipole magnets with magnetic
quadrupole triplet or doublet focusing in each of the 12 sections. Two rf-cavities with a
frequency range of 800kHz up to 5.6 MHz apply 32 kV acceleration voltage each. Ions
circulate in SIS18 while passing through these 12 acceleration structures (sections).
Magnets keep ions on their circular path. The kinetic beam energy per nucleon for
any particular beam depends on the maximum magnetic rigidity of the accelerator as

follows:

E A
Z:\/(O.BXB.TXZ)Qer?—m (2.1)

where % represents the kinetic beam energy per nucleon. B.r is the maximum magnetic
rigidity of the accelerator. Z, A, and m represent the atomic number, atomic mass, and

mass of the particle respectively.
The ions from UNILAC can be accelerated up to 90% of the speed of light by
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SIS18 (proton up to 5 GeV, U up to 1A GeV, Ne up to 2A GeV). It directs ions to the
experimental storage ring (ESR) for storage and further analysis or injects them into the

FAIR synchrotrons SIS100 and SIS300.

Circumference 216 m
Maximum Bending Power 18 T* m

Magnets 24 Dipoles, 1.8 Tesla
12 Triplettlenses
12 Sextupolelenses

Dipoles 3.6 kA at 12 kV

Magnet Power
Field Ramp 10 T/s

2 Cavities at 16 kV
Fraquency Span 0.8 - 5.6 MHz

RF Acceleration

Vacuum operational 10°'9 Torr
bakable to 300° C

12 Position Monitors

2 Phase Probes

1 DC Transformer

1 fast, 1 slow
Pulse Transformer

1 Faraday Cup

1 Beamn Scraper

Beam Diagnosis

Figure 2.4: Layout of SIS18 synchrotron, Image Source [69].

The SIS100 and SIS300 ring accelerators will work in an underground tunnel at
17 m depth under the earth’s surface. SIS100 and SIS300 have a circumference of 1100
meters providing around 7 km of distance in one rotation. SIS100 accelerates the ions
up to a speed equal to 99% of the speed of light. It can accelerate all ions from Protons
to Uranium (Protons up to 29 GeV, Au up to 11A GeV, nuclei with Z/A=0.5 up to 45A
GeV). The magnets used here to keep the ions on tracks are superconducting and cooled
by using liquid helium to a temperature of —269°C'. The accelerated particles are used
for the experiment directly or get further accelerated by SIS300. Figure 2.5 shows the
layout of SIS100 and SIS300 accelerators.

SIS300 accelerates the ions up to the maximum extent possible by FAIR facility
(protons up to 90 GeV, Au up to 35A GeV, nuclei with Z/A=0.5 up to 45A GeV). The

two-stage acceleration idea, which will be implemented with the SIS100 and SIS300

21



SIS100

SIS300

ko
R > “Om

Figure 2.5: Layout of SIS100 and SIS300 accelerators.

synchrotrons, provides a real-time parallel experiment supply with beams of varying
qualities. SIS100 and SIS300 synchrotrons feed ions to all four scientific projects which

will function under the FAIR facility.

2.2 Compressed Baryonic Matter (CBM) experiment

CBM experiment is one of the major scientific projects at FAIR. CBM experiment is a
fixed target experiment that will explore the QCD phase diagram in the region of high
net baryon density and moderate temperature in heavy ion collisions. CBM experiment
will have a high interaction rate of 10 MHz in the beam energy range of 2—45A GeV.
At such a high interaction rate, luminosity will be high, which makes the detection
of rare probes like charmonium (J/2/) and low mass vector mesons (p, w, ¢) possible
via dileptonic decay channel. The CBM experimental program will overall study the
physics cases like the study of equations of state of baryonic matter at neutrons star

densities, in-medium properties of hadrons, the phase transition from hadronic matter
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to the partonic matter at high net-baryon density, hypernuclei, strange dibaryons and
massive strange objects, charm production mechanisms, charm propagation, and in-

medium properties of charmed particles in dense nuclear matter.

For these studies, the final CBM experimental setup should be capable of iden-
tifying hadrons as well as leptons. The CBM experimental setup is prepared in such a
way that it could be modified for the detection of electrons or muons coming from the
decay of rare probes. It will be beneficial to match the output result from both ends to

give a reliable conclusion. The layout of the CBM experiment can be seen in Figure 2.6.

Figure 2.6: Systematic layout of CBM experimental setup.

More detailed explanations of detectors used in CBM experiment are as follows:

2.2.1 Dipole Magnet

In the CBM experiment, target, MVD, and STS detectors are placed within a magnetic
field region generated by an H-type superconducting dipole magnet, as shown in Fig-

ure 2.7. This dipole magnet has a magnetic gap of 1.4 m where MVD and STS detectors
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are placed. Its total length is 1.5 m with a magnetic field region of 1 m along the beam
axis with an average value of 1 T. Here, the angular acceptance of the dipole magnet
1s £25° in the vertical direction and £+30° in the horizontal direction, measured from
the target. In this dipole magnet, superconducting coils are used to reduce operational
costs. The indirect cooling is provided to the coils using liquid helium at 4.5° K. More

details about dipole magnet could be found in its technical design report [70].

.

Cryostat

Iron Yoke

SC Coil

—» Support

Figure 2.7: The layout of superconducting dipole magnet used in CBM experiment.
Ref. [71]

2.2.2 Micro Vertex Detector (MVD)

Micro Vertex Detector measures the secondary vertex of D-mesons with a resolution
of 50-100 pm along the beam axis. As MVD will be placed near the interaction point,
it will experience a high particle rate, up to 10'° particles per second. While deter-
mining the decay vertices of charmed mesons (c7 = 122.9 ym for D° mesons and c7
= 311.8 um for D* mesons), the detectors should have high position resolution and
low material budget to suppress the multiple scattering. The Monolithic Active Pixel
Sensors (MAPS) can fulfill these criteria. MAPS are based on the silicon detector tech-
nique, which allows the integration of detector elements and processing electronics on
the same substrate. It’s pixel size is in between (18 x 18) xm? and (20 x 40) um?. It
provides (3.5 - 6) um of position resolution depending on the pixel size. The MVD will

have four layers of detector stations made up of MAPS as shown in Figure 2.8. More
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details about MVD could be found in its technical design report [72].

Figure 2.8: Visual layout of Micro Vertex Detector of CBM experiment. The third layer
is shown briefly.

2.2.3 Silicon Tracking System (STS)

The STS detector is one of the most important components of the CBM experiment.
The STS detector consists of 8 tracking layers of detectors based on silicon micro-strip
sensors. As shown in Figure 2.9, these layers cover the aperture between 2.5° to 25°
polar angle. These are placed 30 to 100 cm away from the interaction point in the di-
rection of the beam axis. The number of layers of the STS detector is decided based on
the precision required in the track fitting as well as material budget, cost, space, etc. It
provides us with the momentum of the charged particles produced during the collision
based on the bending of all charged particles. In this case, momentum resolution should
be of the order of Ap/p = 1%, and the efficiency of hit reconstruction should be greater
than or equal to 95%. This can be achieved with an ultra-low material budget of range
1% X per tracking station where X, is the radiation length of silicon. It will help min-
imize the multiple Coulomb scattering and achieve the required momentum resolution.
In STS, double-sided micro-strip sensors are used of the thickness of 300 pm of sili-
con (approx 0.3% X,). These sensors send the signal through multi-line micro-cables
made up of sandwiched polyimide-Aluminum layers of a few 10 um thickness which

is approximately 0.17% X,. More details about the STS detector could be found in its

25



technical design report [73].

target

Figure 2.9: Conceptual design of the Silicon Tracking System, (left). The ensemble of
eight tracking stations is to be mounted on the detector’s main support frame (right).

2.2.4 Ring Imaging Cherenkov Detector (RICH)

The primary objective of the RICH detector is to identify electrons and suppress pions
in the momentum range below 10 GeV/c. A gaseous RICH detector with focusing mir-
ror components, a photodetector, and a conventional geometric design will be used to
accomplish this. The RICH detector will be placed at 1.6 m distance from the target
along the beam axis. The gas radiator will be of size 1.7 m, along with two sets of
mirrors and photodetector planes as shown in Figure 2.10; the overall length will be
around 2 m. The mirror plane is divided lengthwise into two arrays of spherical re-
flectors made up of glass mirrors, each measuring (4 x 1.5) m2. The 80 mirror panels
have Al+MgF; reflecting coating and of 6 mm thickness with a curvature of 3 m radius.
Cherenkov radiation rings will be forecasted onto two photodetector planes (2 x 0.6)
m?, which are placed after the dipole magnet and protected by magnet yokes. CO, will
be used as the radiator gas, which has a Cherenkov threshold for pions of momentum
4.65 GeV/c. Above the threshold value, pions could be distinguished from electrons
up to 10 GeV/c based on Cherenkov opening angle. To deliver high precision, high
geometrical acceptability, and high detection efficiency of photons, Hamamatsu H8500
Multi-Anode Photo Multiplier Tubes (MAPMTs) [74] are used. More detail about the

working of the RICH detector could be studied in its technical design report [75].
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Figure 2.10: Technical design of RICH detector.

2.2.5 Muon Chamber System (MuCh)

The CBM aims to track the particles using a hadron absorber setup and identify muons
based on their momentum. The hadron absorber is divided into many layers, and triplets
of tracking detector planes are inserted into the spaces between the layers of the ab-
sorber as shown in Figure 2.11. The final design consists of 6 hadron absorber layers
and 18 gaseous detector layers arranged in triplets after every hadron absorber. This
muon detector system is located after the Silicon Tracking System (STS), which calcu-
lates the particle momentum. The momentum of the muon, which varies with the mass
of vector mesons and beam energy, plays an important role in its identification. At a
reaction rate of 10 MHz, the first detector layer after the first absorber will face a max-
imum hit rate of 3 MHz/cm? (0.3 hits/cm? per central event). Due to absorber layers,
the particle multiplicity will be low at the last tracking station. The trigger concept can
be used by measuring small track segments from the last triplet and extrapolating tracks
to the target. By selecting good tracks with detected vertices, the event rate is reduced
by a factor of about 600 in a simulation study. Further details of the MuCh detector are

explained in its technical design report [3].

Finding low-momentum muons in a scenario with high particle density is a prob-
lem for experimental muon observations in heavy-ion collisions at FAIR energy. If

a single thick absorber is used in the detector, it will absorb hadrons as well as low-
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Figure 2.11: Simulated layout of MuCh detector in SIS100 setup.

momentum muons. To study low-mass vector mesons, it is necessary to detect these
low-momentum muons with higher efficiency. A lot of simulation study has been done
to optimize the size of absorbers, number of absorbers, number of tracking stations, etc.
GEANTS3 transport engine is used for these simulation studies. Figure 2.12 shows the
effect of the thickness of the iron absorber on different particles when a central Au-
Au collision takes place at 25A GeV. The number of particles is normalized for a better
comparison. Based on this figure, we could estimate the required thickness of absorbers
to detect low-mass vector mesons. Muons coming from the decay of J/¢) mesons are
not absorbed even after 250 cm of thickness. After around 250 cm of thickness, muons
from w mesons get absorbed by 10 factors more compared to the muons coming from
J/1) mesons. If we compare muons from w mesons with pions and protons, the signal-
to-background ratio (S/B) will not increase after 150 cm of absorber thickness. So to
detect low-mass vector mesons, up to 150 cm of the thickness of the absorber is quite
favorable. To detect muons from charmonia, an additional absorber of thickness 100 cm
is required to be added with additional detector layers. The thickness and material of
individual absorber layers have been optimized as well based on their ability of hadron

absorption and multiple scattering, which are explained in more detail in [3].
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Figure 2.12: Number of different particles as a function of distance traveled in the
iron absorber in case of central Au-Au collision at 25A GeV beam energy. Number of
different particles has been normalized. Ref. [3]

CBM experiment will cover a wide range of beam energy provided by the accel-
erators SIS100 and SIS300. The FAIR facility is decided to build in different phases.
In the first phase, only SIS100 will be able to accelerate the particles. SIS100 could
provide beam energy for Au ions up to 11A GeV. In the second phase, SIS300 will be
functional and could provide a beam of up to 45A GeV. The MuCh detector is planned
to be built in such a way that it can be easily upgraded depending on the incoming beam
energy. Different designs are planned for the MuCh detector depending on the follow-
ing requirements: a) The thickness of absorbers will be fixed after their construction,
and their position will also be fixed. The first absorber will always be 60 cm carbon
slice, b) tracking stations will have three layers each, and the number of tracking sta-
tions will depend on the physics requirement strictly; for example, for charmonium
detection, an additional 1 m of the absorber and one tracking station will be added to
increase the number of tracking points, c) different detector layers will be constructed
based on their required rate handling capability, size, and cost. Table 2.1 shows the evo-
lution of MuCh detector configurations. The first absorber layer will be the same for
all configurations. In addition, a few layers of iron absorbers will be added depending

on the beam energy and particle study. Different technology could be used according
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to the requirement at different stations of the MuCh detector. The initial few stations
will face heavy radiation and interaction rate, so special technology is required to build
initial stations. After that, later stations could use the conventional detector technology
that could be useful to create large-area detectors. Different technologies could be used
at different radial distances for the same station. Still, due to the complexity in it, it is
decided to use the same technology to create three layers of a single detector station.
The track-detecting layers in the first two tracking stations will be made up of Gas Elec-
tron Multiplier (GEM) detectors. Further next two tracking stations are decided to be
made of Resistive Plate Chambers (RPC).

MuCh Con- | Number Total Number of | Physics Case
figurations of iron | thickness Tracking
absorbers | of iron | Stations
absorbers
SIS100-A 2 40 cm 3 LMVM A + A
4-6A GeV
SIS100-B 3 70 cm 4 LMVM A + A
8-10A GeV
SIS100-C 4 170 cm 5 p + A (J/Y)
29A GeV
SIS300-A 5 105 cm 5 LMVM A + A
15-25A GeV
SIS300-B 6 205 cm 6 (J/) A + A
10-35A GeV

Table 2.1: Different setups of MuCh detector for SIS100 and SIS300.

Gas Electron Multiplier (GEM) Detector

Gas Electron Multiplier, as the name suggests, is a gaseous detector that has a unique
structure of GEM foil as an advantage compared to other gaseous detectors. It is first
developed at CERN [76, 77]. Each GEM foil consists of a 50 pm thick polyimide foil
which is metalized on both sides by 5 um thick copper layers. This GEM foil has a
large density of holes (~ 50/m?), each hole of diameter 70 ym at 140 pm distance
from each other. These GEM foils act as an amplifier of electrons which produce a

very high electric field (100 kV/cm) inside the holes even when relatively low voltage
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(~ 400V) 1s applied across the foil, placed inside a suitable gas volume. There is a
remarkable growth in the technology for producing GEM foil. Initially, these foils were
developed by using double mask technology in which two masks are used at the top
and bottom layers of the foil before etching. This technology is nice to produce foils
of sizes (10 x 10) cm to (30 x 30) cm of good quality. But the production cost was
very high, and this technology could not be used to develop large-size foils which are
required in the MuCh detector. As technology improves, RD51 collaboration at CERN
produces foils using single-mask (SM) [78] technology where only one mask is used at
the top of the foil for etching holes. The yield of the large-size foil increases the use of
single mask technology, and it reduces the production cost. The copper-clad polyimide
sheets, which are the raw materials for GEM production, are available as sheets of 50
pm thickness and of width 0.5 m. So by using single mask technology, GEM foils of

width 0.5 m could be produced with lengths of 1m and more.
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Figure 2.13: The layout of triple layer GEM detector.

In most of the practical applications, a sequence of GEM foils is used due to low
gain and electron multiplication from a single GEM foil. To build a detector, these
GEM foils are placed at a fixed distance from each other by using spacers. These are
placed in a gas-tight chamber that is filled with a suitable gas mixture. These chambers
consist of two Printed Circuit Boards (PCBs) at the top and bottom. The space between
the top PCB layer and the first GEM foil acts as a drift gap. Primary ionization due to
incoming radiation takes place in this drift gap region. Further GEM foils will amplify

the signal by the drifting of electrons through the GEM holes. The gap between the
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FR4 frames
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Figure 2.14: The assembling parts of triple GEM detector. Ref. [3]

last GEM foil and the bottom PCB layer act as an induction or collection gap. Suitable
voltages are provided for all the gaps. These provided voltages could be the same for
all the gaps or could be different, depending on the requirement of the application.
These voltages lie in the range of 300-400 V. The gas mixture used in the detector
chamber is mainly a mixture of Ar and CO, in the ratio of 70/30. This gas mixture
makes the detector inactive for neutrons. In CBM MuCh detector, triple-layer GEM
detectors are used. Using a triple GEM setup with an applied voltage of 400 V across
all gaps and gas mixture of Ar/CO, of ratio 70/30, a gain of > 10* is attained with
very low discharge probability of 107!, To prepare a triple GEM detector for any
experiment, the components shown in figure 2.14 need to be assembled in the same
order. The setup will be placed in an air-tight closed chamber where the top lid consists
of a PCB for the drift plane. A gas-tight enclosure with a groove for O-ring seals is
located on the bottom portion. On the sides, connectors are used to provide voltage to
all segments from HV resistors. A set of multipin connectors at the bottom connect
the Front-End electronic Boards (FEBs) and SHV connectors for HV input on the side.

The three GEM foils of size 10 x 10 cm made by using single mask technology are
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placed in a gas-tight housing separated by suitable spacers for required gaps between
foils. GEM detector technology has improved a lot in past years, and a number of
high-energy experiments are using GEM detectors as tracking and readout devices. A
few examples of experiments which are using GEM detector are TOTEM (TOTal cross
section, Elastic scattering and diffraction dissociation Measurement) at the LHC [79],
STAR (for Solenoidal Tracker at RHIC) experiment, PHENIX (for Pioneering High
Energy Nuclear Interaction eXperiment) at RHIC [80], COMPASS (Common Muon
and Proton Apparatus for Structure and Spectroscopy) at CERN, LHCb (Large Hadron
Collider beauty) at CERN, LEGS (Laser Electron Gamma-ray Source) at BNL, and
BONuS (Barely Offshell Nucleon Structure) at JLAB.
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Figure 2.15: Front and rear view one TRD station consisting of four layers showing
readout panels.

2.2.6 Transition Radiation Detector (TRD)

To monitor particles and identify electrons with momentum > 1 GeV/c (v > 1000),
Transition Radiation Detector will be used which will be placed in between the RICH
and TOF detectors. The basic design of TRD consists of one station containing four
detector layers for the SIS100 setup as shown in Figure 2.15 and ten layers in three
stations for the SIS300 setup. These detectors will be placed at approximately 4.1
m to 5.9 m along the beam axis from the target. The TRD detector readout will be

implemented as rectangular pads with 90-degree rotation at every second TR layer.
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These readouts will provide a resolution of 300-500 pzm across and 3-30 mm along the
pad. The performance of prototype gas detectors based on MWPC and GEM technology
has been evaluated at particle rates as high as 400 kHz/cm? without any loss. More

details about these studies are explained in the technical design report of TRD [81].

2.2.7 Time-of-Flight Detector (TOF)

A series of resistive plate chambers will be employed for hadron identification using
TOF measurements. The TOF wall covers a total of 120 m? active area for particle
detection and is placed at a 6 m of distance from the target in the SIS100 setup and at a
10 m distance from the target in the case of the SIS300 setup. 80 ps of time resolution
will be required to use it in CBM experimental setup. Prototype Multi-gap Resistive
Plate Chambers (MRPCs) are manufactured with low-resistivity glass and have been
successfully tested with a time resolution of 40 ps at 20 kHz/cm?. Figure 2.16 shows
the different types of detectors used in the production of the TOF wall. These detectors

are explained in detail in the technical design report of TOF [82].

Figure 2.16: Side view and stretched view of TOF detector.
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2.2.8 Electromagnetic Calorimeter (ECAL)

The ECAL will be used in the CBM experimental setup [83] to detect direct photons
as well as decay photons coming from the decay of 7° and 7. A systematic layout of
ECAL used in the CBM experiment is shown in Figure 2.17. This ECAL will be made
up of modules that include 140 layers of 1 mm lead and 1 mm scintillator, having cells

of sizes (3 x 3) cm?, (6 x 6) cm?, and (12 x 12) cm?.

Figure 2.17: Simulated layout of Electromagnetic Calorimeter used in CBM experi-
ment.

2.2.9 Projectile Spectator Detector (PSD)

The collision centrality and the reaction plane’s orientation will be evaluated using the
Projectile Spectator Detector (PSD). A clear description of the event is required to study
event-by-event data sets. An accurate reaction plane must be determined to study collec-
tive flow using a method that does not include any of the collision’s constituent particles.
The detector’s purpose is to count the non-interacting nucleons that are launched from
a projectile nucleus during collisions between nuclei. This modular lead-scintillator
hadron calorimeter will measure the energy of the projectile spectators and will also
determine the transverse spectator coordinate for determining the reaction plane in ev-

ery nucleus-nucleus collision. The PSD contains nine individual modules as shown in
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figure 2.18 of (20 x 20) cm? size in a set of (3 x 3). Each module has 60 layers of lead
plates and scintillator tiles of thickness 16 mm and 4 mm, respectively. WLS fibers are
placed in grooves of scintillator plates for a light readout setup. Further details are very

well explained in the technical design report of PSD [84].
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Figure 2.18: Systematic layout of one module of Projectile Spectator Detector.

2.2.10 Online event selection and data acquisition

High reaction rates are required for high statistics of particles which produced through
a tiny production cross-section. The highest event rate for the CBM experiment will be
10 MHz which is 1% of the interaction target of beam intensity of 10° ions/s. So the
CBM detector, data acquisition, and online event selection system should be capable
of handling such a high rate. For example, if an archiving rate of 1 GByte/s and event
volume is 10 kByte for minimum bias Au-Au collisions; then, the data acquisition could
accept up to 100 kHz of event rate. So in case of an event rate of 10 MHz, the online
event selection algorithms should be able to reject the background portion by a factor
of 100 or more. The online event selection system is a fast online event reconstruction
system running on a high-performance computer containing required cores and graphic

cards (GSI GreenlT Cube).
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Chapter 3

CBM MuCh detector cooling system

In this chapter, we go through our work on the design, construction, and test outcomes
of the CBM MuCh detector cooling system as well as the research of its operating

principle.

3.1 Requirement of cooling system

As we already know, detecting muons is highly challenging, particularly in low momen-
tum range and in a high particle density environment. CBM overcame this challenge
by instrumenting hadron absorbers segmented in several layers and installing a triplet
of tracking detector planes in the gaps between each absorber pair so that even low-
momentum muons could be detected. Besides the segmented design, the MuCh detector
system (absorbers and detector stations) needs to be very compact as well to reduce the
background muons from the weak decays of mesons (pions and kaons) which implies
a minimum gap for tracking stations between the absorbers [3]. Each tracking station
has three layers (triplets) of detector chambers divided into trapezoidal sector-shaped
modules. The curvature of a station determines the number of sectors (or modules) per
plane, and the particle flux determines the detector technology employed in different
stations. The first and second stations of MuCh detector system will house GEM based

detector modules.

The Front End electronic Boards (FEB) connected on modules of the MuCh de-
tector system use a custom-built self-triggered Application-Specific Integrated Circuit
(ASIC), which provides both timing and ADC information of each incoming signal
to its channel. These FEBs dissipate heat while in operation. The FEBs used for the

MucCh detector system are sensitive to the surrounding temperature and have a favor-
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able temperature range of 20°C — 25°C for their operation. The detectors for the first
two stations of the MuCh detector system are GEM-based, as discussed earlier, and the
detector’s gain is found to depend on the ambient temperature [85, 86]. Therefore, the
stable running of the detector and FEBs requires a steady ambient temperature within
the acceptable range, which in turn demands the necessity of continuous draining out
of the generated heat. To meet the above requirement, a cooling system using dem-
ineralized water as a coolant is under investigation. The use of an air-based cooling
system is ruled out because the interconnections of the FEBs are made using the wire
bonding technique, which has the disadvantage of connections loosened or broken due

to vibrations because of airflow.

In this chapter, we report on the working principle of the cooling system, me-
chanical design, fabrication, test performances of the prototypes, and the details of the
control unit. This particular system is developed keeping the MuCh detector system
of the CBM experiment in mind. However, the basic principle and technique studied
here can be used elsewhere with proper customization of various parameters such as
shape, size, thickness, and material type of the cooling plate. In general, this type of
cooling system can be a good solution for places where large heat is generated in a very

confined space.

3.2 Working principle and design considerations

As discussed earlier, the MuCh detector system in the CBM experiment consists of a
combination of absorbers and detector layers. Due to its compact geometry, the gaps for
MuCh tracking stations between the absorbers are kept as small as possible (~ 10 cm
gap is available between two layers of a station). The FEBs of one MuCh module (sec-
tor) dissipates ~90 W of heat while in operation, which implies on an average ~4.3 kW
and ~5.4 kW of heat generation by the first (consisting of 16 x 3 = 48 modules) and
the second (composed of 20 x 3 = 60 modules) MuCh stations respectively. This large
amount of dissipated heat within a confined space results in a rise in temperature at the
surface of the FEBs and their vicinity. A compact cooling system is required to meet the
constraint. It is accomplished by pursuing a novel concept of using a single metal plate

(with water channels grooved within) which can serve both as a mounting structure for
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the detector as well as a heat sink. The cooling system consists of several components,
i.e., a cooling plate, microcontroller board, temperature sensors, water chiller, and suc-
tion pump. An aluminum plate with water channels inside serves the purpose of the
heat sink. Considering the heat load, availability, and cost-effectiveness, demineralized

water is preferred over other coolants such as methane, liquid nitrogen, CO,, etc.

The FEBs of the detector module with metallic contact on the bottom side of PCB
as shown in Figure 3.1 have been installed on one side of the cooling plate just above
the water channels, using thermal glue for effective heat transmission. The heat gen-
erated from the FEBs is transmitted to the aluminum plate via this metallic contact. A
continuous flow of chilled demineralized water is circulated through the water channels
within the plate to drain the heat dissipated by the FEBs. Analog LM35 temperature
sensors [87] are mounted on the surface of the cooling plate to measure the temperature

of the heat sink (cooling plate).
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Figure 3.1: Back side of a FEB with metallic contact on it.

It is also essential that the cooling system does not bring down the temperature at
the surface of the FEB below the dew point, which might result in the formation of water
droplets from the condensation of vapor which is detrimental to the electronics. An
automated mechanism is therefore required to control the coolant flow, thereby keeping
the temperature around a fixed value. To achieve this, a microcontroller [88] based unit
(see section 3.5) is used to keep the temperature of the heat sink at a constant value. By
comparing the data from the temperature sensors to a reference temperature value, the
microcontroller regulates the pump speed and water flow. A reference temperature is
established as an external parameter in the microcontroller using a computer interface.

Figure 3.2 shows the flow chart of the working principle.
When the temperature of plate rises above the reference temperature, the micro-
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Figure 3.2: Flow Chart: Working principle of the cooling system.

controller turns on the re-circulation of chilled water through the plate and when the
temperature of the plate falls below the reference temperature, it turns the flow off. The
cycle is automated, and the temperature of the cooling plate is maintained at a predeter-

mined reference point.

As discussed, the use of the cooling plate is twofold: as a supporting structure
for mounting the detector modules and FEBs, and as a heat sink for cooling. The di-
mension, design, and the type of material of the cooling plate are therefore determined
considering the factors like mechanical strength, planarity, ease in building water chan-
nels inside it, and property of good heat transfer. During the experiment, the system
will be operated in a high-radiation zone, hence the material for the plate should have

features like low radiation activity.

3.3 Copper-based small size prototype

A small-size prototype test is conducted in the laboratory to validate the proof-of-
principle of the conceptual design of the cooling system [89, 90]. As shown in Fig-
ure 3.3 (left), a copper plate of thickness 1 mm and size 300 mm x 600 mm with

copper tubes (6 mm in diameter) brazed on its top surface is used as heat sink.
Seven heating elements (coil resistors of 4 W dissipative power each) are also
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Figure 3.3: Small prototype: 1 mm thick copper cooling plate with copper tubes and
heating elements brazed on it (left), the setup of the cooling system (right).

brazed on top surface of the copper plate (Figure 3.3 (left)) to emulate 28 W of heat-
ing load and powered by an external regulated power supply. A test setup is prepared
as shown in Figure 3.3 (right) by appropriately connecting various components of the
cooling system such as water tubes, suction pump, microcontroller, and temperature

sensor etc.

The heating elements were turned ON to test the performance of the cooling sys-
tem. The temperature of the copper plate and the water flow rate are observed for a
few hours. The temperature of the copper plate went up in the beginning. As soon as
it exceeded the reference temperature, re-circulation of chilled water through the cop-
per tubes began and continued till the temperature dropped down below the reference

temperature.
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Figure 3.4: Surface temperature of the copper plate and water flow rate as a function of
time at a reference temperature of 27°C.
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Figure 3.4 shows the variation of temperature and water flow rate as a function of
time for a selected period. The reference temperature is set at 27°C for this observation.
The system is clearly able to maintain the temperature of the plate at a specified value
by draining off the dissipated heat. In the actual experiment, we need the required
temperature in the range of 20°-25°C. As the self-triggered electronics are used for the
current design, small fluctuations in the biases of the ASIC will lead to huge noise, and
more usable bandwidth will be consumed by noise data. It was observed that within 5°
of temperature rise, there is a nominal increment in noise data, however with an increase
of 10°, there is approximately 20-30% more noise is detected while comparing with 20°
temperature. That is why, the range of 20°-25°C is selected. Beyond 35°C temperature,
there are other noise effects that affect the working of the ASIC. By keeping 23°C as
a reference, £2°C change will be acceptable. The experiment is performed for various
values of the set temperature. A variation of around £0.7°C in the temperature about

the reference value is observed, which is well within the acceptable range of +2°C.

3.4 Mechanical design of real-size cooling plate

Considering several factors like radiation hardness, availability, and cost-effectiveness,
an aluminum plate of thickness 10 — 12 mm (based on the fabrication technique) is
suitable for building the cooling plate. The size of the plates of the first station modules
is kept as 850 mm x 550 mm which is slightly bigger than the size of a MuCh module
in the first station. One of the main challenging tasks in the mechanical design of the
cooling plate is the fabrication of the water channels of 5 mm (6 mm) diameter inside a
10 mm (12 mm) thick aluminum plate without compromising the mechanical strength
and planarity of the plate. The application of the drilling technique is also ruled out due

to the larger size of the plate.

Two different techniques are therefore adopted for making water channels inside

the plate as discussed below:

(I) Technique—I: In the first technique, on a 10 mm thick aluminium plate, T-
shaped grooves are made from the top side. First, an 11 mm wide and 3 mm thick

portion is removed along the length of the plate, then a 5 mm thick and 5 mm wide
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Figure 3.5: Building of 5 mm X 5 mm water channels inside 10 mm thick aluminium
plate. Preparation of T-shaped grooves (A), sealed top portion of the T-shaped groove
using a 3 mm aluminium sheet (B).

groove is made, realizing a T-shaped groove as shown in Figure 3.5 (A). The top portion
(11 mm x 3 mm) of the groove is then sealed by welding a separate aluminium sheet
of same dimension using a V-groove junction along the length of the plate as shown
in Figure 3.5 (B). This approach generates a 5 mm x 5 mm water channel inside the

cooling plate, keeping planarity of the surface of the plate intact.

(II) Technique-II: In the second technique, two identical aluminium plates each
of 6 mm thickness are taken, and grooves are made in both in mirror image as shown
in Figure 3.6 (A). An aluminium pipe of 6 mm diameter is then press-fitted inside the
groove in one of the plates and both plates are then welded together as schematically
shown in Figure 3.6 (B) resulting in a 12 mm thick cooling plate with water channels

of 6 mm diameter inside.

The inlet and outlet connectors are welded from top side of the plate for connect-
ing water tubes. Water channels are drawn in such a way that they lie precisely below
the surface where FEBs are mounted to maximize the heat transfer. Figure 3.7 shows

one such cooling plate after the completion of the fabrication.

Cutouts are made on the plate, as shown in Figure 3.7 to allow connection be-

tween the detector module and FEBs using flexible cables. Both techniques have their
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Figure 3.6: Building of water channels of diameter 6 mm inside 12 mm thick aluminium
plate. Preparation of grooves on plates in mirror image (A), welding two plates together
such that they house water pipes of diameter 6 mm inside (B).

Figure 3.7: Sample cooling plate after fabrication using technique II.
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advantages and disadvantages. Technique-I is more efficient in terms of heat transfer as
the water channels are in direct contact with the cooling plate, while the Technique-II
has the advantage of leak protection as it uses aluminium pipes. Cooling plates are built

using both technique-I and technique-II and their performances are studied.

3.5 Control unit

The control unit is one of the essential features of the cooling system because it allows
keeping the surface temperature of the plate at a fixed value by regulating the coolant
flow rate. The reference temperature is an external parameter and can be set or changed
anytime using a computer. It also enables a facility to monitor and record temperature

and coolant flow rates.

A microcontroller board ATMEGA328P [88] sits at the heart of the control unit.
The board runs at 5 V external power. The controller is interfaced with a computer
for monitoring and setting up reference temperature and other parameters. A negative
feedback Proportional Integral Derivative (PID) algorithm runs inside the microcon-
troller. The input to the algorithm is the value of the temperature as measured by the
temperature sensor (LM35) mounted on the surface of the cooling plate. The output
of the algorithm is an 8-bit Pulse Width Modulation (PWM) signal (ranging from 0O to
255) which is used to regulate the motor speed of the suction pump. The pump is a large
load; therefore, the output signal is fed to the base of a power transistor which drives the
suction pump. A suitable capacitor and diode in reverse bias are also connected along
the terminal of the suction pump to prevent the kickback voltage, which may damage

the electronics.

3.6 Test setup and performances for real-size

prototypes

To test and validate the concept, design, and integration of the cooling system with the
detector modules, studies have been performed on a real-size prototype in the test beam

experiment at the CERN SPS beam line facility in November 2016. Two GEM modules
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of the MuCh detector system were tested at the CERN SPS beamline facility using lead
beam on lead target at various beam energies [91-93]. This experiment provided a
unique opportunity to test the real size cooling prototype with an actual detector and

electronics mounted on it.

Two aluminium cooling plates were built, one following the technique—I while
the other using the technique-II as discussed in section 3.4. After preliminary tests for
the water leakage, the detector chamber was mounted (see Figure 3.8 (left)) on one side
of the cooling plate while FEBs are mounted (see Figure 3.8 (right)) on the other side

of the cooling plate using fixing screws.

Figure 3.8: The mounting of the detector chamber on one side of the cooling plate (left)
and FEBs on the other side of the same cooling plate (right).

A number of LM35 temperature sensors were installed at various locations on the
cooling plate toward the FEB side. Figure 3.9 shows the integration of the cooling plate

in the test beam experiment from the detector (left) and FEB (right) sides.

Figure 3.9: Integration of the cooling plate in the test beam experimental setup. Left:
Detector side, Right: FEB side.

Two independent water re-circulation systems were made using two submersible

suction pumps and water tubes. However, a common chilled water source was used.
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Two separate microcontrollers were installed to regulate the speed of two pumps inde-
pendently interfaced to a shared computer. The microcontrollers were kept outside the
radiation zone, as they were not tested for radiation hardness. A reference temperature

of 22°C was set for both the systems. The chilled water was kept at a temperature of

12°C.

There was a feedback loop attached in this cooling system where the temperature
of the cooling plate was used as an input, and the difference of the cooling tempera-
ture from the desired reference temperature was feedback to the motor control unit as
shown in figure 3.10. The lower temperature of the chill water help in maintaining the
desired temperature even on the lower side of modules for testing purposes. The data-
taking continued for more than two weeks during the test beam, and FEBs remained
powered-ON during this period. We observed that the cooling system for both modules
ran continuously during the entire data-taking period in an automated way without any
intervention. The temperatures of the cooling plates were monitored remotely using
a monitoring PC, and data points were recorded with a time stamp. The cooling per-
formances for both the modules were quite remarkable, ensuring a stable temperature

with +0.5°C variation on the surface of both plates. Figure 3.10 top panel shows the
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Figure 3.10: Surface temperature of the plate (top) and pump speed (bottom) as a func-
tion of time.

temperature variation, whereas the bottom panel shows motor speed in PWM units as
a function of time for one of the plates with 15 FEBs. It is observed that the tempera-

ture remains constant at 22°C (reference temperature) with a variation of £0.5°C. It is
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also noticed that depending on the temperature of the plate, the pump speed varies with
time. The motor speed increases when the plate temperature is higher than the refer-
ence temperature, attaining the maximum value. As soon as the plate temperature falls
below the reference temperature, the motor speed slowly drops to zero, stopping the
coolant flow through the plate. The cycle continues with time, keeping the temperature
of the plate constant. The results are shown for a selected period; however the same
behavior is obtained for more than two weeks of data taking. Similar performances are

also observed for the second plate with 9 FEBs (not shown here).

3.7 Feasibility study of water distribution with
multiple prototypes

In the actual experiment, sixteen modules will be connected to each layer of the first
tracking station of the MuCh detector system. A test frame made of aluminium extru-
sion and plywood [94, 95] is developed at Bose Institute, Kolkata, to check how these
sixteen modules should be assembled on each layer. Three modules are attached to this

frame to test different arrangements or configurations, as shown in Figure 3.12.

In absence of FEBs, the 10 ) resistors (as shown in figure 3.11a) are used as
heating elements to produce uniform heating around 72 W over the whole aluminium
module, which is comparable to the actual experimental setup. In each module, eighteen
such resistors are embedded. The flat surface of each resistor is attached to the plate
using thermal tape to transfer the heat to the modules easily. Heat to be dissipated is
generated by passing a current through the resistors, this mechanism is called joule heat-
ing. A variable DC power supply of 30 V (Scientific DC power supply PSD3210 3.11b)
with a maximum current of 10 A was used to produce the joule heating. Different con-
figurations of resistors are used to select an optimized arrangement that can generate
the amount of heat expected to be produced using FEB board in the actual experimen-
tal situation. The LM35 temperature sensors 3.11c are used to measure temperature
at different positions of the cooling plate. The study was carried out for two different

configurations of water distribution which are as follows:

1) Flow of water in series through three modules: In this configuration, modules
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Figure 3.11: Components used in testing process

are connected in series. Water from the source goes to the inlet of the first module, then
the outlet of the first module is connected to the inlet of the second module, and so on.
Finally, water comes out of the outlet of the third module to the sink. In this case, the
water temperature will be different for the inlet of each module due to the absorption of

heat in the previous module.

2) Flow of water in parallel through three modules: In this configuration, water
comes directly from the source to the inlet of each module, and it flows back from each
outlet to the sink. In this case, the initial temperature of the distilled water will be the
same for each module. Push-in pneumatic connectors [96] shown in figure 3.11d and

pneumatic polyurethane (PPU) tubes [97] shown in figure 3.11e of 10 mm and 6 mm
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Figure 3.12: Water cooling system and test setup of three modules build at Bose Insti-
tute.

are used in these configurations.

Six temperature sensors are attached to each module to check the temperature
of the module at different points on the surface. Flow rate sensors [98] as shown in
figure 3.111 are used at the inlet and outlet of each module. A water cooler 3.12 pro-
vides the cool distilled water of temperature between 16°-19°C, a submersible suction
pump 3.11g is used to circulate this water through the channels inside the cooling plates.
The room temperature was maintained at 25°C. First, the heating starts by input voltage
to the heating elements. This is done to check the maximum steady temperature that
will be attained by the modules in case of the absence of cooling. The temperature of
the modules keeps rising. Within around one hour, modules attain the maximum steady
temperature, and that temperature is measured by temperature sensors. Then after some
time, the water flow is switched on through the modules, due to which the temperature
drops down, and it comes to a stable value. Out of the six temperature sensors, one is
selected based on its location near the heating elements on the surface to compare the

results. The same procedure is followed for both configurations, and results are shown
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in Table 3.1 and Table 3.2.

Temp. attained (£1°C)
Heat after after
Module | produced( W) | heating (°C) | cooling (°C)
1 72.5 30 21
2 78.2 30 24
3 82.2 35 26

Table 3.1: Performance of modules when connected in series.

Temp. attained (£1°C)
Heat after after
Module | produced( W) | heating (°C) | cooling (°C)
1 72.5 31 21
2 78.2 30 24
3 82.2 35 22

Table 3.2: Performance of modules when connected in parallel.

In both configurations, the minimum temperature attained by the modules shows
that the cooling effect was similar for the first two modules, but it is improved for the
third module. It is observed that both configurations can keep the temperature of the
modules in the required range of 20°-25°C. However, the temperatures of the three
modules are more uniform in parallel configurations than in the series configuration. In
the actual experiment, the simultaneous start of heating and cooling can avoid an initial

rise in temperature.
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Chapter 4

Simulation study with CBMROOT

In this chapter, we outline the procedures used during the MuCh detector simulation
investigation. In-depth explanations are provided for the MuCh detector’s digitization
and clustering algorithms. Using a coherent source, primarily from ion-ion collision
events, the MuCh detector data rate has been calculated using GEANT3 and GEANT4
transport engines. A Particle Identification Framework (PID) has been utilized to detect

hadrons more effectively beyond a specific transverse momentum range.

The simulation study is an essential part of developing an experiment in high-
energy physics. For the simulation study of the CBM experiment, CBMROQOT [99]
framework is specially designed, which relies on the object-oriented C++ ROOT soft-
ware environment [100]. CBMROOT incorporates a variety of external particle gen-
erators and transport systems, like GEANT3 [101], GEANT4 [102], or FLUKA [103]
without requiring changes to the user code. It thoroughly explains the geometries and
behaviors of the CBM sub-detectors, enabling a realistic analysis of the CBM experi-

ment performance for various physics observables.

To improve the performance and better tune the detectors, we have participated in
simulation studies. In one simulation study, we calculate MuCh detector data rate using
the coherent source that primarily comes from ion-ion collision events, employing the
GEANT3 and GEANT4 transport engines. Estimating the MuCh detector’s required
minimum data rate handling capacity is helpful for the CBM experimental setup. In
another simulation study, we identify the hadrons using a Particle Identification Frame-
work (PID) at a higher transverse momentum range where traditional methods fail.
These two studies are discussed in detail in the later part of this chapter. First, we

would like to explain the working of the CBMROOT for the MuCh detector.
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4.1 CBMROOT simulation chain for MuCh detector

Figure 4.1 shows the block diagram of the steps used in the simulation study of the
CBM MuCh detector. The simulation chain is divided into the following parts: (a.)
Implementation of geometry and transport, (b.) segmentation of readout pads and dig-
itization, (c.) local hits reconstruction, (d.) track reconstruction and propagation, and

(e.) selection of required tracks. Further, each step is discussed in detail.
o
Event GeneraD‘ Particles
(UrQMD) | (pid, px, py, pz)
Transport ~ q
(GEANT) MC points, MC tracks
[ Pads )
segmentation
s . Digi objects
‘ (Fired pads)
C‘lustering a.lnd ‘[ Hits ]
hit production
Tracking and Analysis ‘ Tracks, Histograms

Figure 4.1: Block diagram of the simulation steps used in CBM MuCh detector study.

* Implementation of geometry and transport: The CBM MuCh detector iden-
tifies the tracks of the particles passing through its detector stations. To do so,
first, we need to create the realistic geometry of MuCh detector (for every con-
figuration), which include the absorbers and detector stations, by implementing
an actual material budget. It is done by using the GEANT3 transport engine.
GEANTS3 includes the physics performance of particles as well. Then the par-
ticles from the UrQMD event generator are transported through these absorbers
and detector layers. The detector contains active and passive volumes. These par-
ticles will generate the signals which pass through the active volume. Continuous

improvement is made in the geometry part to make it more realistic.
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* Segmentation and digitization: GEANT3 transport engine provides the posi-
tion coordinates of the energy deposition by particles in the active volume. The
energy deposited and its position coordinates are together called MUCH points.
To make the simulated geometry more realistic, the readout plane is segmented
into pads for detecting the final detector response. Digitization is the procedure
in which MUCH points are distributed into pads depending on the response of
the gas detector to the energy deposition inside the chamber. The segmentation
of the pads is done by keeping in mind the high hit density and variation of hit
density with respect to the radial distance from the beam pipe (density oc 1/r).
In simple digitization, the points falling in a given pad area are combined to-
gether to form a digit. In advanced digitization scheme, which is implemented
here, MUCH points are treated as primary ionization, multiplication, and signal

generation points inside the gas volume.

* Clustering and local hit finder: Digits are grouped to make clusters using two
different clustering algorithms. One is advanced hit finder algorithm, and another
is simple hit finder algorithm. In simple hit finder, one cluster is directly treated
as a hit. In advanced hit finder, the clusters are divided into sub-clusters, and each
sub-cluster is treated as a hit. The selection of the clustering algorithm depends
on particle multiplicity and cluster overlapping. The centroids of multiple sub-
clusters or a single main cluster are the assigned location of a MUCH hit for track

propagation.

* Track propagation: The tracks reconstructed at the STS detector are passed
through the MuCh detector propagated using Kalman Filter technique. The
MUCH hits found near the propagation points are considered for the propagated
tracks. For final consideration, y? of the track fitting, the number of STS and
MuCh detector layers connected to the propagated tracks are taken as track vali-

dation parameters.
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4.2 MuCh detector segmentation, digitization, cluster

finding, and hit formation

As we know, MuCh detector is placed just after the dipole magnet, and it will handle a
high hit density and large event rates (10 MHz). The segmentation study is necessary
for realistic and optimized detector layout production and physics measurements. The
muon chamber readout planes are split into several circular sections with pads of the
suitable shapes and sizes necessary to obtain the desired pad occupancy to account for
the variation of hit density with the distance r from the beam pipe (density declines
roughly as 1/r). In addition to the hit occupancy, the maximum pad size is also con-
strained by spatial resolution. The angular spacing on the transverse plane determines
the dimensions of the pads. In the interest of our current system, pads are predicated on
a 1° azimuthal angle separation. If necessary, we can divide the pads at greater radii into
smaller than 1° intervals as part of future segmentation optimization. The premise that
a GEM active gas volume can be divided into the drift and avalanche zones is the basis
for the simulation of the GEM detector response (digitization), schematically depicted

in Figure 4.2.

Figure 4.2: Schematic diagram to show signal processing in GEM detector

In reality, triple-layered GEM will be used for MuCh detector. However, the
triple-GEM structure is currently not been considered in the simulation. A single GEM
layer with a detector gain equal to triple-layered GEM is considered. The following

steps are used in digitization:
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* The Landau distribution for an argon-based gas mixture, track length in the drift
volume, particle type, and energy are used to determine the number of primary
electrons generated in the drift volume for each Monte-Carlo point. Throughout
the track, primary electrons are produced at random. The HEED [104] package

calculates Landau distribution parameter values.

* To estimate the number of secondary electrons that each primary electron con-
tributes to the avalanche zone, exponential gas gain distribution is used with a

default mean gas gain of 10%.

* The spot radius is taken to be 0.6 mm, measured through a beam test, to overlap
the secondary electron spots with the pad structure of the module and to determine
the charge at every pad. To calculate the arrival time, the Monte-Carlo point time

is added to the primary electron drift time.

* To determine the timing responsiveness of the anticipated MUCH readout elec-
tronics, a time-dependent sum for charges from all Monte-Carlo points pad-by-

pad has been carried out, as well as conversion of the charge-vs-time distribution.

* The following formula converts the signal charge information into Analog-to-

Digital Converter (ADC) channels using the threshold charge of the readout:

Qsignal - ch

ADC =
Qmax - ch

x nADC 4.1

where ()ggnq represents the charge of signal, (0,4, maximum capacity of a pad
to collect charge, ()4, is threshold charge, and nADC represents the number of

ADC channel (32 channels in this case) for the pads.

* The ADC information and the time stamp of each signal are decoded into 32-
bit words and stored in the array of CbmMuchDigi objects along with a 32-bit

channel ID for further processing.

Figure 4.3 shows the outcome of such digitization algorithm in terms of recon-
structed charge on pads known as digits from the Monte-Carlo track projections. These

formed digits are combined together to form clusters, which are further simplified to
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Figure 4.3: Outcome of digitization process for station 1

create hits. For the hit detection and cluster deconvolution, the following approaches

have been used:

* One hit per pad: The algorithm becomes simple when a hit is generated for each
fired pad. The hit positions match the pad centers, and the hit uncertainties are
calculated by dividing the pad lengths by v/12. This algorithm’s main benefits
are its ease of implementation and minimal CPU usage. The biggest drawback
is that there are too many hits produced, and many of them seem to be far from
the actual track places. Increased combinatorial backdrop and inefficiency at the

track-finding level are also caused by more additional hits.

* One hit per cluster: When one hit per cluster is taken, Center-of-gravity av-
eraging using weights corresponding to charges induced on pads yields the hit
coordinates. Additionally, this algorithm is quick and easy to use. This approach
enables a more exact definition of track location while dealing with small pads
than in the prior scenario. The reconstructed hit positions and actual track coor-

dinates may diverge too much in the event of big clusters due to this technique.

¢ Search for local maxima: Local maxima is searched for each cluster. Centers of

pads are given hit locations that correlate to local maxima. One hit per cluster ap-
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proach is used to more accurately calculate the hit coordinates for small clusters
when the cluster dimensions are less than (2 x 2) pads. However, in the event of
long clusters (often generated by a single, extremely angled low-energy electron),
local maxima may result from unpredictable charge fluctuations on pads. There-
fore, looking for local maxima may produce bogus hits that don’t match actual
tracks. Additionally, one should be aware that this technique might not be able to

resolve all tracks.

The MUCH simulations employ the search for local maxima as their default algorithm.
The established cluster and hit-finding methods can be applied to the reconstruction of

actual data and the simulated one.

Now we come to our contribution to the simulation studies for the CBM exper-
iment. As discussed earlier as well, the CBM detector will have an interaction rate of
107 Hz, which is very high to handle by any detector. As the MuCh detector is one of
the initial detectors of the CBM experiment, the first few layers of MuCh detector will
face a very high data rate. So, it is crucial to study the data rate handling capability of

the MuCh detector.

4.3 Data rate estimation for MuCh detector

In CBMROQOT framework, particles generated via an event generator like UrQMD
are made to pass through the absorbers and detector layers of MuCh detector using
GEANTS3 transport engine. But GEANT3 underestimates particle rate, particularly
those produced due to nuclear interaction. So we use GEANT4 instead of GEANT3
because GEANT4 includes some additional process that represents the interaction more
reasonably compared to GEANT3. These phenomena inside the most recent version of
GEANT4 provide the good agreement of energy response and resolution of pions and

protons.

Two types of sources contribute to the data rate- one is the coherent source, and
another is the incoherent source. The coherent source contains mainly the data from
ion-ion collision events, named target data rate. We generate coherent sources by using

the UrQMD event generator. The incoherent source contains the data from the noise
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in the electronics, which is called “Thermal Background” and depends on the system’s
temperature. Another contributor to the incoherent source is the background data cre-
ated by the beam passing through the setup. Most of these backgrounds are delta elec-
trons produced in the target, but they can also be produced in, e.g., the beam pipe if it is
not well designed. Here we are considering only event-coherent sources. In this study,
we estimate the MuCh data rate by using event coherent sources from GEANT3 and
GEANTH4. First, to see the difference in the effect of GEANT3 and GEANT#4 transport
models, we analyze 10° minimum bias Au-Au events from UrQMD at beam energy
12A GeV. The produced particles are passed through the SIS-100 muon setup, which
includes five hadron absorbers and four tracking stations. Each station consists of three

GEM layers.

We compare point density per event for each station of MuCh for GEANT3 and
GEANTH4. It is observed that the contribution of secondary particles has been increased
with GEANT4 compared to GEANT3. As is expected, there is hardly any change in
the contribution of primary particles. It can be easily seen from Table 4.1. Table 4.1
represents the rough estimation of the average number of particles per event from a

single sample of 10° events. Standard errors are not mentioned in the table.

Average number of particles/event
All particles | Primary | Secondary
Station 1 (with GEANT3) 225.23 11.19 214.03
Station 1 (with GEANT4) 276.90 10.96 265.94
Station 2 (with GEANT?3) 43.62 2.88 40.73
Station 2 (with GEANT4) 77.67 2.70 74.96
Station 3 (with GEANT3) 12.85 0.79 12.06
Station 3 (with GEANT4) 28.45 0.66 27.78
Station 4 (with GEANT?3) 3.45 0.13 3.31
Station 4 (with GEANT4) 8.36 0.08 8.27

Table 4.1: Average number of primary and secondary particle production per event
for 12A GeV minimum bias Au-Au collisions using GEANT3 and GEANT4 transport
models.

Next, we study the occupancy of radial segments of each detector, where occu-
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pancy is the fraction of fired pads per event. For this purpose, the detector planes are
segmented radially into square pads of 1° azimuthal angle. Radial distribution of occu-

pancy for each station using GEANT3 and GEANT4 are shown in Figure 4.4.
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Figure 4.4: Occupancy for different MuCh stations for 12A GeV minimum bias Au-Au
collision using GEANT3 and GEANT#4 transport models.

For the first station, there is hardly any change in occupancy. But for the second
station, due to a quite large increment in secondary particles with GEANTH4, a signif-
icant increment in occupancy is observed. The maximum pad hit rate is estimated by
multiplying the maximum occupancy for each station with peak collision rate (10 MHz).
The estimated pad hit rate for each station using GEANT3 and GEANT4 is shown in
Table 4.2.

There will be a direct effect of beam energy on the occupancy and the estimated
data rate. In Figure 4.5, it is shown that if we take beam energy 35A GeV, the occupancy
will reach up to twice as large compared to beam energy 12A GeV. So it is suggested to
use detector layers that can handle such a high data rate according to the required beam

energy.
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Maximum pad hit rate
Station 1 (with GEANT?3) 97 kHz
Station 1 (with GEANT4) 99 kHz
Station 2 (with GEANT3) 19.2 kHz
Station 2 (with GEANT4) 25 kHz
Station 3 (with GEANT3) 5.5kHz
Station 3 (with GEANT4) 8 kHz
Station 4 (with GEANT3) 1.7 kHz
Station 4 (with GEANT4) 2.3kHz

Table 4.2: Maximum foreseen pad hit rate at collision rate of 10 MHz due to event
coherent background source, for 12A GeV minimum bias Au-Au collision for each
station using GEANT3 and GEANT4 transport models.
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Figure 4.5: Comparison of occupancy for 1st station at different beam energies.

4.4 Identification of Hadrons using PID framework

The MuCh detector in CBM experiment can be replaced with RICH detector for elec-
tron identification. It is critical to measure leptons and hadrons simultaneously to obtain
a complete picture of the reaction [105]. This could be accomplished with the RICH
detector, which has a low material budget and has little influence on hadron trajectories
on their way to the Time-of-Flight (TOF) detector. In this part of the study, Particle
Identification (PID) Framework [106] is used to identify hadrons. This framework is
based on graphical cuts and fitting parameters to predict a particle track of a particular

hadron species. In this study, high accuracy is achieved by calibrating the framework.
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One million events of 12A GeV Au-Au minimum biased collision are taken, which are
generated using Dubna Cascade—Statistical Multifragmentation Model (DCM-SMM)
event generator [107] with transport engine GEANT4. The SIS100 electron setup of

the CBM experiment is used for this study.

qxp vs. m? distributions are plotted for pure samples of protons, kaons, and pions
and for all particles. Here q and p represent the charge and momentum of each track, re-
spectively and m represents the mass calculated from the Time of Flight (TOF) detector.
Projections of qxp on m? are taken into slices and fitted with proper distribution func-
tions (Gaussian for signal, second-order polynomial for background). Stabilized fitting
parameters for each particle are used to calculate the Bayesian probability (purity) by

using the formula:

Purity; = “4.2)

(EPZ‘ + bg)
P; and P, are the probabilities of a track being associated with a hadron species and a

background particle, respectively. Here:

_ (ug—m?)?
P, = Ae i (4.3)
and
Py =a(m?®)’ +bm>+c, a#0 (4.4)

A, u, o are the fitting parameters for the signal, and a, b, and ¢ are the fitting parame-
ters for the background. This Bayesian probability or purity is further used to identify

hadrons (proton, pion, kaon, etc.).

As we are interested in hadrons produced in the early stages, only primary par-
ticles are considered here by using their PDG values. Figure 4.6(a) shows the hadrons
based on their PDG values, and Figure 4.6(b) shows the particles detected as hadrons

using purity greater than or equal to 90%.

The definition of recall and precision for each hadron species are as follows:

True particles using PID

Recall = % 4.5)

Total particles using PDG
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Figure 4.6: m? vs. qxp distribution for (a) hadrons detected using PDG, (b) particles
detected as hadrons using purity > 90%.
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Figure 4.8: Comparison of recall and precision for each hadron species for different
event generators and GEANT transport engine setups using purity > 90% and DCA.

True particles using PID

% (4.6)

Precision =
Detected as particle using P1D

Further, we use the distance of closest approach (DCA) to minimize the false
particle detection using cuts DC'A,,p10n, < 0.36, DCA+ < 0.58, DCA,- < 0.52,
DCAk+ <0.84, and DCAg- < 0.75. Figure 4.7 compares recall and precision for
each hadron species before and after using DCA cut. In the case of recall, we are
compromising some true particles by employing DCA cut. However, there is a large

gain in precision for all hadron species.

PID framework can predict protons and pions more accurately compared to kaons.
It is because of the low statistics of kaons compared to pions and due to the merging of

kaons with pions.

Using the same predicted purity values for the UrQMD event generator and for
different GEANT3 and GEANT#4 transport engine setups, we are able to detect hadrons

to a similar extent with a negligible difference, which are compared in Figure 4.8.
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Chapter 5

Model-dependent study of anisotropic
flow and particle production in

low-energy heavy-ion collisions

In this chapter, we briefly discuss our phenomenological study related to the effect of
equations of state, particlization scenarios, and beam energy on anisotropic flow, par-

ticle production, and other variables using the UrQMD model.

5.1 Introduction

In recent times, hybrid models have been found beneficial for describing the evolution
of strongly interacting matter in heavy-ion collisions. In the hybrid models, the trans-
port approach to explain the non-equilibrium dynamics is connected with a hydrody-
namical description to describe the expansion of the locally thermalized fireball. Such
a combination of approaches can be advantageous in investigating various observables
to extract QCD medium properties. To contribute to this region, we study different
variables like various flow coefficients of the anisotropic momentum distribution of fi-
nal state particles, different features of particle production such as particle ratios and
net-proton rapidity distribution in mid-central (b = 5-9 fm) Au + Au collisions in the
beam energy range Ej,, = 1A — 158 A GeV. For the initial study, different variants of
the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model, namely the pure
transport (cascade) mode and the hybrid mode, are employed. In the hybrid UrQMD
model, the ideal hydrodynamical evolution is integrated with the pure transport calcula-

tion for the description of the evolution of the fireball. We opt for the different available
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equations of state (EoS) replicating the hadronic as well as partonic degrees of free-
dom together with possible phase transitions, viz. hadron gas, chiral + deconfinement
EoS, and Bag Model EoS, to investigate their effect on the properties of the final state
particles. In addition to this, the effect of various particlization models available in the
hybrid mode of the UrQMD event generator is also discussed. Particlization models are
used to switch fluid dynamic description to the transport description using various hy-
persurface criteria. We also attempt to gain insights into the dynamics of the medium by
studying different features of particle production, such as particle ratios and net-proton

rapidity distribution.

5.2 UrQMD Model

The purpose of the UrQMD model [6, 51, 108] is to simulate high-energy nucleus-
nucleus collisions. The initialization of the target and projectile nuclei in coordinate
and momentum space is done with the help of the Woods-Saxon profile and the Fermi
gas model, respectively. Together with the various experimental inputs such as cross-
sections, and decay widths, the collisions in the model are narrated in terms of interac-
tions among resonances, hadrons, and their excited states at low energies and in terms
of excitation of color strings with their subsequent fragmentation into hadrons at higher
energies [51]. The propagation of hadrons occurs on straight-line trajectories amid sub-

sequent collisions.

In the hybrid version of the UrQMD, the ideal (3+1)d relativistic fluid dynami-
cal evolution using SHASTA [109, 110] algorithm is combined with a pure transport
approach for better modeling of the intermediate hot and dense stages of the collision.
Calculating the initial state of the hydrodynamical evolution is crucial to account for
the non-equilibrium nature of the early stage; moreover, this also incorporates event-
by-event fluctuations of the initial states. The hydrodynamical evolution commenced
upon crossing the two Lorentz-contracted nuclei [108]. As soon as the two Lorentz-
contracted nuclei cross each other, which corresponds to the starting time that ensures
all baryon scatterings and energy deposition have taken place, the hydrodynamics is

switched on. The starting time ¢+ for hydrodynamic evolution is of the order of a few
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fm/c (see figure 8 of [108]) and is calculated through equation (5.1):

2R

Lstart = —
B \/7 — Elab

where R represents the radius of nucleus, [ represents the velocity of nuclei in center of

(5.1)

mass frame, m y represents the nucleon mass, and Ej,;, corresponds to the kinetic beam
energy. This time acts as a lower bound for the thermalization time. Right after this, the
spectators are sent into the cascade, and participant particles, which are “point-like” in

nature, are mapped onto a hydrodynamical grid.

Next stage is the hydrodynamical evolution, where the equation-of-state (EoS) is
an essential input. There are three EoS available in the public version of the UrQMD
hybrid model. The first one is the hadron gas (HG) EoS [111] which is non-interacting
gas of hadrons expressed by grand canonical ensemble and does not have any phase
transition. As the underlying degrees of freedom are the same, the hydrodynamical and
pure transport approaches can be compared on equal footing. The next EoS is chiral
+ deconfinement EoS [112] which incorporates both chiral and deconfinement phase
transitions. The latter is of cross-over type in nature for all finite net baryon densities.
In addition to this, this EoS has partonic degrees of freedom. Moreover, deconfinement
transition occurs through quarks and Polyakov potential, whereas hadronic interaction
administers chiral phase transition. Note that the partonic degrees of freedom only show
up when the temperature is high enough. It has been seen that this EoS agrees well with
the lattice QCD simulations at vanishing baryon chemical potential. The final available
EoS is the bag model (BG) [110] which is a combination of the standard MIT bag model
and an improved version of the 0 —w model. The former is utilized for the QGP phase,
whereas the latter is employed in case of the hadronic phase. This EoS is available with
an inbuilt first-order phase transition, during which Gibbs’ conditions are used to match

both hadronic and partonic phases for equilibrium.

As time evolves, the system starts to become diluted due to expansion, and fluid
dynamical description would no longer be applicable. Therefore, the fluid description
can be changed to particle description using Cooper-Frye formalism, the procedure is
known as “Particlization”. One of the crucial steps here is the determination of transi-

tion hypersurface. In the hybrid UrQMD model, depending on the type of hypersurface
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and switching criteria, three different particlization scenarios are available for fluid to
particle transition. The default scenario is known as the gradual particlization sce-
nario (GF), in which the fluid slices of thickness 0.2 fm undergo particlization when
the energy density in all cells of that slice falls below five times the ground state en-
ergy density €. So, the particlization is performed slice by slice. The other possible
scenario is isochronous particlization (ICF), where the particlization takes place at the
same time as soon as the energy density in all cells falls below the critical value (5¢p).
In these two cases, the hypersurface is isochronous in nature. In the latter case, it is
possible that the parts of the system may have become dilute as the transition can only
be done once all cells have energy density below a specific critical value. Therefore,
the application of fluid dynamics would be questionable in this case. The last one is the
iso-energy density particlization scenario (IEF), where the iso-energy density hypersur-
face is constructed numerically with the help of Cornelius routine [113]. After that, the
hydrodynamical fields are mapped to particles on this hypersurface using Cooper-Frye
formalism once the energy density in all cells reaches below the critical value. As dis-
cussed in Ref. [113], this scenario is suitable for dealing with event-by-event heavy-ion
collisions analysis. The sampling algorithm described there is very flexible in event-by-

event calculations where the initial states of hydrodynamics change widely.

5.3 Dependence on beam energy and nuclear equation

of state

In an initial study, we make some efforts to address the nuclear equations of state de-
pendence of the anisotropic flow coefficients and particle production in noncentral (b =
5-9 fm) Au-Au collisions in wide ranges of the beam energies, Ey,, = 1A — 1584
GeV which span over existing GSI-SIS energy of HADES experiment up to top SPS
energy. It is found that the corresponding < N, > values in the chosen impact pa-
rameter range b = 5-9 fm, covers approximately 10 — 40% centrality class [114]. For
our study, we employ the publicly available version 3.4 of the UrQMD model with dif-
ferent configurations of a hybrid model for the intermediate hydrodynamical stage viz.,

Hadron Gas (HG), Chiral + deconfinement EoS, and Bag Model EoS along with pure
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transport approach. The last two hybrid versions mimic the partonic degrees of freedom
and phase transition in the medium; however, the first one includes hadronic degrees of
freedom only. The reaction plane angle (W) is taken to be zero within this model. It
is important to note that the present study is not a pioneering attempt to apply hybrid
UrQMD model to study collective flow excitation at these beam energies. In [115], the
authors have calculated the transverse momentum and rapidity dependence of v; and
v9 at 40A and 160A GeV in Pb + Pb collisions using standard UrQMD model at vari-
ous centralities which showed disagreement with experimental measurements by NA49
collaboration. In addition, v; and v, were also studied as a function of beam energy in
the range of Er.;, = 90A MeV to E., = 200A GeV and also, showed disagreement
with the available data. In Ref [116], the excitation function of v, was examined in the
range of GSI-SIS to CERN-SPS energies using UrQMD with HG EoS within hybrid
approach and other harmonics such as, v; and vz are studied with Chiral EoS in Au—Au
systems between /syy = 5-200 GeV [50]. The collision energy dependence of v; is
tested using the hybrid model for nuclear reactions between /sy y = 3—20 GeV [117].
In a work [118], study on nuclear equations of state dependence of anisotropic flow was
performed using hybrid UrQMD model within 6A-25A GeV with HG and chiral EoS.
All these results seem to suggest the quantitative applicability of this model to real sce-
nario has some limitations. However, in this part, we qualitatively aim to understand
the effect of various nuclear equations of state and various particlization scenarios us-
ing multiple particlization models on the flow harmonics and hence gain some insights
about the dynamics leading to their development at various beam energies ranging from

1A-158A GeV.

Besides anisotropic flow, we also attempt to study the EoS dependence of particle
production in noncentral collisions. The particle ratios of various species are examined
for this purpose. We also look at the net-proton rapidity distributions. The structure
of the net-proton rapidity spectra at the mid rapidity is expected to be sensitive to the
underlying EoS of the nuclear fireball as well as to the various particlization scenar-
i0s. In central collisions, adequate studies have been performed in this direction. In
Refs. [141-145], the authors have quantified the structure of net-proton rapidity distri-
bution at mid rapidity in central collisions, in terms of reduced curvature. It was studied

as a function of beam energy and compared with predictions incorporating various pos-
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sible scenarios of fireball expansion. In the present study, we extend these studies to the

mid-central collisions.

5.3.1 Results and Discussion

In this section, we present the results of our investigations on various anisotropic flow
coefficients at different beam energies for charged and identified hadrons. All three EoS
mentioned above are employed for this purpose. Then we move on to investigate the
sensitivity of underlying EoS to the different particle production mechanisms such as
strange to non-strange ratio, baryon to meson ratio, and so on. Finally, we also look
at the net-proton rapidity spectra for different EoS to look for possible insights into the

longitudinal dynamics of the medium.

Anisotropic flow coefficients

Among various harmonic coefficients, v; is believed to hold sensitivity against the lon-
gitudinal dynamics of the QCD medium. Therefore, we start by estimating the v; of
charged hadrons as a function of rapidity at different beam energies and for pure trans-
port and hybrid versions of the UrQMD model. The results are shown in Figure 5.1. In
presence of hydrodynamic expansion, the slope at mid-rapidity remains positive at all
investigated energies. For a pure transport approach, the slope initially remains positive

and eventually becomes negative.

Directed flow of pions and protons for pr < 2 GeV/c at 40A and 158A GeV are
compared with the existing measurement by NA49 experiment [121] at SPS in 10-40%
central Au + Au collisions as shown in Figure 5.2. Hybrid mode fails to explain the v,
except for pions at 40A GeV. The pure transport approach is seen to do a better job of
explaining the proton v; reasonably well at both energies at midrapidity, an observation

in line with previous studies [115, 147].

Slopes of directed flow of charged hadrons, pions, protons and net-protons as a
function of beam energy are quantified in Figure 5.3. The slope is obtained by fitting
differential directed flow (v;(y)) using first order polynomial at mid-rapidity. Similar

values of slopes are noticed in all three cases of hydro mode up to 10A GeV for all
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Figure 5.1: Directed flow of charged hadrons as a function of rapidity at different beam
energies for different configurations of UrQMD for noncentral (b = 5-9 fm corresponds
to approximately 10-40% central) Au-Au collisions.
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Figure 5.2: Comparison of directed flow of pions and protons as a function of rapidity
for different configurations of UrQMD with measured directed flow for pr < 2 GeV/c
for noncentral (b = 5-9 fm corresponds to approximately 10-40% central) Au-Au col-
lisions with NA49 experimental measurements [121] at 40A and 158A GeV in Pb-Pb
collisions.
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Figure 5.3: Slope of the directed flow of charged hadrons, pions, protons and net-
protons as a function of beam energy at midrapidity for different configurations of
UrQMD for noncentral (b = 5-9 fm corresponds to approximately 10-40% central) Au-
Au collisions with E895 [122] and STAR [123] experimental measurements in Au-Au
collisions and with NA49 [121] experimental measurements in Pb-Pb collisions.

species. The slope using cascade mode is smaller compared to hydro mode. For pions,
the slope obtained in cascade model always remain negative at all investigated energies
and show transition from negative to positive value between 30A to 80A GeV once
hydrodynamic expansion is switched on. The slope does not show any sensitivity to
underlying dofs brought by HG and chiral EoS in charged hadrons case which was also
observed in our previous study between beam energies 6A-25A GeV [118]. Moreover,
we tend to see a slight hint of sensitivity in protons and net-protons case beyond 25A

GeV, however, we cannot make any strong claim at the moment.

In all three EoS cases of hybrid mode, the minimum in slope is observed between
10A-80A GeV. However, in case of Bag Model EoS, the minimum occurs near 10A—
25A GeV while for case of other two EoS, the minimum is slightly shifted to higher

energy and lies between 25A—80A GeV. This shift in minimum leads to a splitting of
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Figure 5.4: pr integrated directed (v;) (left) and elliptic (vy) (right) flow of net-protons
as a function of beam energy at midrapidity (0 < y..,,. < 0.5) for different configurations
of UrQMD for noncentral (b = 5-9 fm corresponds to approximately 10-40% central)
Au-Au collisions. In the right plot, vy of protons for pr < 2 GeV/c is compared with
available E895 and NA49 experimental measurements [55, 121] in investigated beam
energy range in Au-Au and Pb-Pb collisions, respectively.

slope parameters of v (y) between Bag Model and other two EoS which lie around 25—
30A GeV. A strong increase of slope in case of Bag Model is observed which could
possibly be a result of the in built first order phase transition and perhaps, hint towards
the possible onset of deconfinement. In the past, similar interesting feature around sim-
ilar beam energy has been observed for strange to non-strange ratio [138]. Moreover,
the slope of directed flow of protons is compared with the available experimental mea-
surements of E§95 [122], NA49 [121] and STAR [123] collaborations as depicted in
Figure 5.3. It reveals that the results with hybrid mode overestimate the data beyond
2A GeV. Moreover, the slope of v; of pions and net-protons is compared with STAR
experiment measurements and it is observed that the inclusion of hydrodynamic expan-
sion overestimates the measurements. According to the fluid dynamical calculations,
the slope of v; of the baryons is expected to change sign attributed to softening of EoS
in the presence of first order phase transition. This was tested with various freeze-out
scenarios using hydrodynamical simulations in Ref. [117]. On the other hand, the re-
sults with cascade mode underestimate the measurements below 6A GeV and thereafter,

show similar trend with slight overestimation above 30A GeV.

Moving forward, we attempt to look at the net-protons for pr < 2 GeV/c in more

detail by inspecting their pr-integrated directed and elliptic flow at midrapidity (-0.5 <
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Figure 5.5: pr integrated elliptic flow of kaons and pions as a function of beam energy at
midrapidity (-0.5 < y.,,. < 0.5) for different configurations of UrQMD for noncentral
(b = 5-9 fm corresponds to approximately 10-40% central) Au-Au collisions. In the
right plot, v, of pions for pr < 2 GeV/c is compared with available NA49 experimental
measurements [121] in investigated beam energy range in Pb-Pb collisions.

Yem. < 0.5) as a function of beam energies as shown in Figure 5.4. In the left plot, we
observe alike trend for v, as its slope in all four cases studied here. Moreover, feature
of splitting at 20-30A GeV in presence of hydrodynamical evolution is also observed.
While in case of v, in the right plot, we witness a similar splitting between Bag Model
EoS and other two EoS. Furthermore, at beam energies around 10-25A GeV a broad
peak for vy in case of Bag Model can be seen and for v; as well as its slope, it is
appeared as a dip at similar beam energies. We repeat this exercise for v, of kaons and
pions for pr < 2 GeV/c as shown in Figure 5.5 and here also, kaons and pions confirm
the EoS dependent splitting in hydro case, however, the splitting is not prominent in
case of pions. Furthermore, the v, of pions and net-protons is also compared with the
experimental measurements from E895 and NA49 collaborations [55, 121] and we saw

overestimation of the data by hybrid mode here as well.

We now move our focus to look at the higher order flow harmonic coefficient
v, which has been argued to be generated under the influence of 4" order moment of
fluid flow and the intrinsic elliptic flow, vy [125-127]. Under the assumption of ideal
fluid dynamics and without any fluctuations, v, and v, are related to each other as, v,
= 0.5(v2)%. So one can expect to acquire some information about the transport prop-
erties of nuclear fireball by estimating the ratio v4/(v;)%. This ratio has been studied

in [118] within beam energy range 6A-25A GeV for different equations of state ex-
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Figure 5.6: V,/(V5)? of charged hadrons as a function of beam energy at midrapidity
(-0.5 < Yem. < 0.5) for different configurations of UrQMD for noncentral (b = 5-9 fm
corresponds to approximately 10-40% central) Au-Au collisions. The horizontal line at
0.5 denote the ideal fluid dynamic limit.

cept Bag model. Prior to this, some phenomenological study has been performed for
this observable. In particular, the observations using Parton-Hadron-String Dynamics
(PHSD) model [128] at different beam energies with Au—Au collisions, have shown the
ratio vy /(v2)? & 2. Moreover, the authors at Ref. [129] have attempted to investigate the
enhancement of v, in low energy nuclear collisions using JAM model. Experimentally,
the results at RHIC [130-133] indicated the ratio to be unity. Fig 5.6 depicts the ratio
as a function of beam energy (Ey ;) for different EoS and the values always remain
below 2 for all four cases. The ratio v,/(v2)? has been claimed to be in association
with the phenomenon of incomplete equilibration in the literature [134]. However, the
authors have studied this observable as a function of K ~!, number of collisions per
particle. With K being the Knudsen number, a dimensionless quantity and a measure
of degree of thermalization, it is a function of system size and beam energy. The local
equilibration is expected to be reached when K ! >> 1. Moreover, the deviations from
ideal hydrodynamics lead to incomplete thermal equilibrium. As the ratio shown in

Figure 5.6 deviates from 0.5, giving the impression that the system is not fully equili-
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brated, thus prevent the use of ideal hydrodynamics in these beam energy regimes. The
results here can be used to make some robust claims on the degree of thermalization of
the nuclear fireball after comparison with the data available from future experiments at

FAIR and NICA.

Last, we attempt to look at the number of constituent quark (NCQ) scaling in
the flow coefficients for beam energies examined in this investigation. For this, we
especially look at the slope of the directed flow of various species and their combination
under the assumption of coalescence sum rule [135, 136] for all four variants of UrQMD

and the results are shown in Fig 5.7.
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Figure 5.7: Comparison of slope of directed flow of net lambda and anti-lambda with
various combinations of hadrons under the assumption of coalescence sum rule as a
function of beam energies for different configurations of UrQMD for noncentral (b
= 5-9 fm corresponds to approximately 10-40% central) Au-Au collisions. Results
from all variants are compared with STAR experimental measurements [135] in 10-
40% central Au-Au collisions. Similar kinematic coverage as in data [135] are applied
to the simulations.

First, similar to Ref. [135], we compare the dv,/dy values of A (uds) (black
markers) with (K~ (us) + %]3 (uud)) (red markers) where, the same flow for s and

5 and similarly, for  and d is assumed. The same kinematic coverage as in experi-
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mental measurements is applied in our simulations for all species. Though our results
are quantitatively higher than the ones presented in Ref. [135], however qualitatively,
the sum rule seemed to be followed for these two cases at higher beam energies with
a slight hint of violation below 25A GeV which at the moment, can not be strongly
claimed due to large uncertainties in all four cases. For the same reason, we plot our
results above 8A GeV up to 158A GeV. Moreover, we also look at one more set which
is not as simple as the earlier one. As discussed in Ref. [135], different directed flow
for transported' and produced® quarks are expected which are not easy to distinguish
in practice. The comparison of dv; /dy of net A (uds) (blue triangular markers) with
the calculation comprising different combinations of net p (uud), p (uud) and K~ (as)
(pink circle and blue square markers) is shown in Figure 5.7. The combination of K~
and % p would give s quark which is assumed to replace produced u quark in net p in
the first coalescence calculation (pink circle markers). This calculation is expected to
hold true at relatively higher energies where most of the quarks are produced and may
not be valid at beam energies considered in this investigation, and it seems to be the
case from our observations as evident from Figure 5.7 for all four cases of UrQMD.
Contrary, in the second calculation where net p is added up with s quark, it is assumed
that the transported quarks have a dominant contribution in net p, which is quite suit-
able in the limit of low beam energies, and one of the quarks is replaced by s quark.
This calculation shows a nice agreement with net A between 25A—158A GeV which
then breaks down below 25A GeV in all four cases. This further may indicate towards
possible confinement to deconfinement transition above 25A GeV which has been pre-
dicted in prior studies and also in our investigations earlier in this section. The results
from our simulations are compared with the available experimental measurements from
STAR collaboration [135] and it is noticed that the measurements are overestimated. It
is interesting to see the agreement of these sum rule calculations with EoS cases where
the underlying degrees of freedom are not partonic and this needs to be understood.
However, the scaling behavior using pure transport UrQMD model has also been found
earlier [48]. This also brings up the question of whether the underlying assumption of
coalescence is indeed the source of this agreement. As mentioned earlier, the particle

production in UrQMD at higher energies is performed in terms of string excitation and

!quarks transported from the initial nuclei
%produced in the interactions
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subsequent fragmentations as narrated in Refs. [51, 137]. As per the string-excitation
scheme, the quark-antiquark or diquark-antidiquark pairs are spontaneously formed in
color flux tube between initial quarks and subsequently, mesons and baryons are pro-
duced. The produced hadrons undergo multiple scatterings, however, no string will be
involved after certain energy limit (1/s < 5 GeV). This mechanism could give such out-
comes shown in Figure 5.7. It is also worth to note that the additive quark model (AQM)
is implemented in UrQMD to estimate the unknown hadronic cross-sections [51]. This
model assumes the existence of very weakly interacting dressed valance quarks inside

the hadrons.

Particle ratios

In this subsection, we investigate and understand the effect of different degrees of free-
dom and phase transition on the yield of the final state particles. For this, we obtain vari-
ous particle ratios, namely, strange to non-strange, anti-particle to particle, and compare
them with the available data. For central collisions, the K* /7% ratio, has been studied
in literature as a unique measure of the onset of deconfinement [138]. It will be interest-
ing to see the behavior of this observable in case of noncentral collisions. We estimate
various particle ratios to procure insights about the medium properties by studying the
impact of different equations of state. In Figure 5.8, we show ratio of K~ /7~, Kt /7t

and (KT + K7)/(n" + 77) as a function of beam energy for different cases of EoS.

In the left plot, K~ /7~ shows a monotonic rise for all beam energies except for
Bag Model EoS which saturates after 20A GeV. In the middle plot, K™ /7" ratio shows
a similar increasing behavior up to 4A GeV and then start to decrease with hint of
stronger drop in case of Bag Model EoS between 20A-30A GeV. In the right most
plot, (K™ + K7)/(x" + n~) is obtained as a function of beam energy and similar
splitting seen earlier between 20-30A GeV in presence of first order phase transition
is observed. The ratio seems to saturate beyond this range in all other scenarios. Due
to the unavailability of the measurements in the desired centrality class, both K= /7~
and K™ /7" ratios are compared with the experimental data from NA49 [139] and STAR
experiment [ 140] at three different centralities as these seem to cover impact parameters

considered here. To demonstrate the centrality and beam energy dependence, we also
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Figure 5.8: K~ to 7—, K™ to 7" and (K* + K™)/(#" + 7 ~) ratio as a function of beam
energy for different configurations of UrQMD for noncentral (b = 5-9 fm corresponds to
approximately 10-40% central) Au-Au collisions and their comparison with AGS [64],
NA49 [139, 148] and STAR experimental measurements [140] in Au-Au, Pb-Pb and
Au-Au collisions for all available centralities, respectively. Vertical bars on the data
denote statistical uncertainties.

compare our predictions of various particle ratios with measurements at most central
as well as peripheral collisions. From Figure 5.8, it can be seen that the chiral and
hadron gas EoS are able to reproduce the trend set by data in both these ratios however
the magnitude is overestimated. Furthermore, we also look at the antiparticle to particle
ratio for different EoS. In Figure 5.9, K™ /K~, 7 /7~ and p/p ratios are depicted for all
four cases of fireball evolution. K /K~ ratio shows an increase for all beam energies
and EoS, however, no sensitivity to a specific EoS is detected. In the middle plot of
Fig 5.9, we see same magnitude of 7" /7~ ratio for all EoS at all energies beyond 4A
GeV with decreasing trend as a function of beam energy. Moreover, data seem to favor
hybrid mode for both ratios with slight underestimation by hybrid in the case of K™ /K~
ratio. The anti-proton to proton ratio is shown in the right most plot and compared with
experimental data. Measurements are relatively underestimated by the model in all

cases of EoS.

Finally, we study the p/7" and p/7~ ratios and compare them with the available
data as shown in Figure 5.10. In the former case, the ratio is inversely proportional
to beam energy and shows similar magnitude for all hybrid cases with slightly higher
magnitude in cascade case at all beam energies. The ratio using hybrid mode shows
good agreement with the experimental measurement as depicted in the left plot. In the
right plot of Figure 5.10, p/7~ ratio shows similar trend as data and sensitivity to first

order phase transition. The reader may take note of the fact that for protons the com-
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Figure 5.9: K~ to K*, 7" to 7~ and anti-proton to proton ratio as a function of beam
energy for different configurations of UrQMD for noncentral (b = 5-9 fm corresponds to
approximately 10-40% central) Au-Au collisions and their comparison with AGS [150],
NA49 [139] and STAR experimental measurements [140] in Au-Au, Pb-Pb and Au-Au
collisions for all available centralities, respectively. Vertical bars on the data denote
statistical uncertainties.

parison of the UrQMD model calculations with the experimentally measured data are
to be accepted with a caveat. In low energy collisions (£, < 10A GeV) the produc-
tion of light nuclei (d,t,He) has a non-negligible contribution. The model calculates
the so-called primordial nucleons which still contain the contribution of the nucleons
bound in the light nuclei. This concerns all observables involving protons. However for
anisotropic flow coefficients the effect of bound proton is considerably reduced because
of their independence of proton multiplicity. But it is important for the observables like
particle ratios presented in Figure 5.9 and Figure 5.10 involving proton yield, as well
net-proton rapidity distribution shown in Figure 5.11 (net subsection). A consistent
way to take the light nuclei into account is by coalescing the final state nucleons from
UrQMD. The basic philosophy behind coalescence approach is to check for clusters of
nucleons at freeze-out with a very small momentum difference that happens to be very

close to each other. However, this is beyond the scope of the present work.

Net-proton rapidity spectra

Understanding the in-medium properties of stopped protons by studying their rapidity
distributions have been a promising observable. In Refs. [141-145], multiple of studies
in this direction has been performed. It has been argued that the irregularities in the

distribution of stopped protons may well be the consequence of onset of deconfinement
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Figure 5.10: Proton to 7" and anti-proton to 7~ ratio as a function of beam energy for
different configurations of UrQMD for noncentral (b = 5-9 fm corresponds to approxi-
mately 10-40% central) Au-Au collisions and their comparison with STAR experimen-
tal measurements [140] in Au-Au collisions for all available centralities. Vertical bars
on the data denote statistical uncertainties.

transition. This occurs due to inherited softest point in the nuclear equations-of-state
in the vicinity of a phase transition. Such investigations are generally performed in
central collisions however, it is also worth to check this in noncentral collisions as
well. The shape of rapidity spectra at midrapidity may contain very crucial information
about medium and believed to be sensitive to the underlying nuclear equations of state.
Therefore, we look at the net-proton rapidity distribution at different beam energies
and equations of state. In Figure 5.11, we show rapidity distribution of net-protons at
mid rapidity for all energies and EoS considered in this work. Rapidity spectra remain
flat at high beam energies in case of cascade mode in contrast to hybrid mode where
it shows a very interesting feature. These results are compared with the measured ra-
pidity spectra at available energies from E917 [151] and NA49 [152] experiments in
the centrality regions covering investigated range. Our results overestimate the mea-
surements at all available beam energies. As the irregularities in the shape of rapidity
spectra at midrapidity can potentially help in explaining the dynamics of the medium,
we quantify the nature of simulated as well as the measured spectra at midrapidity by
calculating the double derivative of the rapidity spectra at midrapidity i.e. global min-
ima or maxima as shown in Figure 5.12. This quantity is identical to the one obtained in
the Refs. [141-145] and is referred as reduced curvature. For this, the rapidity distribu-

tions of net-protons are fitted with polynomial at the midrapidity for all beam energies
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Figure 5.11: Rapidity spectra of net-protons at various beam energies for different equa-
tions of state for noncentral (b = 5-9 fm corresponds to approximately 10-40% central)
Au-Au collisions and its comparison with the measured rapidity spectra of net-protons
in Au-Au and Pb-Pb collisions by E917 [151] and NA49 [152] collaborations, respec-
tively. Both simulation results and measurements are scaled for better visualization.
Vertical bars on the data denote statistical uncertainties.
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Figure 5.12: Reduced curvature of rapidity spectra of net-protons as a function of beam
energy for different configurations of UrQMD for noncentral (b = 5-9 fm corresponds
to approximately 10-40% central) Au-Au collisions at midrapidity (-0.5 < y..,. < 0.5)
and its comparison with the calculated reduced curvature of measured rapidity spectra
of net-protons in noncentral Au-Au and Pb-Pb collisions by E917 [151] and NA49 [152]
collaborations, respectively.

and EoS. As shown in Figure 5.12, the reduced curvature in the case of cascade re-
mains constant and zero for all energies. As soon as the hydrodynamical evolution is
introduced, the corresponding observable show some sensitivity as a function of beam
energy. Similar to simulations, the reduced curvatures of measured rapidity spectra
shown in Figure 5.11 are calculated and it is seen that it remains almost flat, however,
slightly higher than cascade case at all beam energies. It almost matches with hybrid
scenario at 6A, 8A and 40A GeV and is slightly lower in hybrid mode case at 158A
GeV. We do not notice the so-called “peak-dip-peak-dip” irregularity as seen in the

experimental observations and in the central collisions [141-145].

It may also be mentioned that in Ref. [141-145], the contribution of nucleons
bound in the light nuclei was subtracted from primordial nucleons by means of the
coalescence, whereas our results still suffer form the uncertainty due to inclusion of
contribution from bound protons, as detailed earlier. Still, it is interesting to note that
this observable has led to show the sensitivity between Chiral and Hadron gas EoS

beyond 25A GeV which is the same energy at which we have seen some interesting
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features for other observables investigated in this study. The magnitude and slope of
reduced curvature are highest for Bag Model and decreases for Chiral to Hadron gas
beyond 25A GeV. In the end, it is worth mentioning that the net-protons are the only
species for which any sensitivity to the underlying degrees of freedom has been noticed,
especially for the observables related to longitudinal dynamics such as directed flow and

rapidity.

5.4 Effect of various particlization scenarios

Back to the hybrid models, after completion of fluid dynamic evolution, the later stage
is described using the transport approach as the medium is expected to be away from
the equilibrium. The conversion of fluid-based description to the particle-based de-
scription is known as particlization, which is a technical terminology. The Cooper-Frye
procedure [146] is used to evaluate the particle distributions on the boundary where this
conversion is performed. It is essential here to note that this switching of description is
not freeze-out, as in principle, after freeze-out, there should not be any rescattering and,
therefore, no need to have transport description [113]. Various variants of freeze-out
hypersurfaces or particlization models are available in the UrQMD hybrid model. One
can aim to extract some insights about the medium by observing the response of differ-
ent observables to these variants. The choice of particlization model can further affect
the evolution of the particles after hadronization as well as freeze-out and hence ob-
servables, such as anisotropic flow, particle ratios, rapidity spectra, and so on. Since the
corresponding physical stage to particlization is not available in actual evolution of the

QCD matter, its optimization is necessary to describe the experimental measurements.

A large amount of investigations have been performed to describe the medium
properties using different equations-of-state and freeze-out scenarios. In [119],
Hanburt-Brown-Twiss (HBT) radii of pions has been studied for energy range Ej .,
= 20A — 160A GeV for different equations-of-state in the UrQMD model. Effect of
gradual particlization (GF) and isochronous particlization (ICF) scenarios in combi-
nation with hadron gas (HG) EoS are also observed. In [120], multiplicity and mean
transverse mass excitation function have been analyzed for available freeze-out (GF

and ICF) scenarios and equations-of-state in UrQMD model over energy range Er ., =
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20A — 160A GeV for central Au-Au/Pb-Pb collisions. In [117], directed flow has been
investigated for identified particles. It is found out that neither combination of EoS and

freeze-out scenario is able to predict the experimental measurements.

In the present study, we aim to investigate the effect of various particlization sce-
narios using multiple particlization modes in the UrQMD model for the available vari-
ety of the nuclear equations-of-state. As none of the previous works have examined the
effect of all possible combinations of EoS and freeze-out modes available in UrQMD
model, it will be useful to systematically investigate all results at a single place®. For
this, we are using same simulated mid-central (5 < b < 9 fm) Au—Au collision events
which we use in our previous study, using the UrQMD model for beam energies rang-
ing from 1A-158A GeV for different particlization models and EoS. Our objective is to
find the best possible combination among the various permutations of UrQMD variants

which describe the data best.

5.4.1 Results and Discussion

In this section, we present the outcomes of our investigation of the dependence of var-
ious experimental observables on the available particlization modes available in the
UrQMD hybrid model. To begin, we investigate various flow coefficients for a range of
beam energies using different particlization scenarios. Then we see the effect of parti-
clization prescriptions on particle production by looking at strange to non-strange ratio,
baryon to mason ratio, etc. Then we look at the net-proton rapidity spectra for different

particlization modes in combination with different EoS.

Anisotropic flow coefficients

In regards to our present investigations, the study of anisotropic flow coefficients for
different particlization models is essential. The reason being the choice of hypersur-
face and switching criteria allows the fluid dynamic evolution to cease at different

times. Particlization may affect the flow of the species as it will spend more or less

3There are some studies for EoS and freeze-out dependence available in the literature [113, 117].
But these studies do not cover all possible nine combinations and it will be nice to show all possible
combinations in the same place.
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Figure 5.13: Comparison of directed flow of protons (upper two panels) and pions
(bottom two panels) as a function of rapidity with experimental measurements at 40A
and 158A GeV [121] at SPS for different EoS and particlization modes of UrQMD with
measured directed flow for noncentral (b = 5-9 fm) Au-Au collisions.
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time in evolution. Directed flow is sensitive to longitudinal dynamics among various
anisotropic flow coefficients. So we estimate the directed flow of pions and protons
as a function of rapidity for various particlization scenarios and equations of state as
shown in Figure 5.13. The results are compared with the experimental data from NA49
experiment [121] at SPS for similar centrality regions (10-40%) at 40 and 158A GeV.
In the case of pions for 40A GeV, the results shown are closer to experimental data
compared to other studies. If we look at pions and protons for higher beam energy at
158A GeV, the iso-energy particlization shows more favorable results than the other
two particlization modes. One interesting point to note here is that the so-called “wig-
gle” structure is less pronounced in the cases where IEF is employed compared to the
other two scenarios. As discussed in Ref. [124], there may be some factors on which
the shape of the wiggle, i.e., magnitude of v; and rapidity range, depends and these
are space-momentum correlation, amount of stopping and initial beam-target rapidity.
Contributions of these factors may be different for different EoS and particlization sce-
narios, resulting in different shapes of the wiggle. However, more study is needed in

this direction to make any strong claims.

We choose the slope of the directed flow of protons as our next observable for
investigation. The slope of directed flow at mid-rapidity is an interesting observable
and contains insights into the medium properties. In Figure 5.14, the results for proton
with pr < 2 GeV/c are compared with the measurements of E§95 [122], NA49 [121],
and STAR [123] experiments.

It can be seen that the slope of the directed flow of protons does not show any
sensitivity to the underlying degrees of freedom below 20A-30A GeV for all particliza-
tion scenarios. This observation agrees with the claims made in previous study in this
chapter [5] and is attributed to the short lifetime of hydrodynamical phase. In our pre-
vious study, we observed a splitting among the comparison of various EoS [5]; here,
similar splitting is exhibited around 20-30A GeV. This suggests that various particliza-
tion models and EoS behave differently above this energy range, perhaps indicating the
threshold for the possible onset of deconfinement. However, a detailed study in this

direction is needed to make any firm statement on this.

Moving on to elliptic flow (v5), which was estimated for protons and pions
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Figure 5.14: Comparison of slope of the directed flow of protons as a function of beam
energy at midrapidity for different EoS and particlization modes of UrQMD for non-
central (b = 5-9 fm corresponds to approximately 10-40% central) Au-Au collisions
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beam energy at midrapidity (-0.5 < y..,. < 0.5) for different EoS and particlization
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Figure 5.16: K~ to 7, and K* to 7" ratio as a function of beam energy for different
EoS and particlization modes of UrQMD for noncentral (b = 5-9 fm corresponds to
approximately 10-40% central) Au-Au collisions and their comparison with AGS [64],
NA49 [139, 148], and STAR experimental measurements [140] in Au-Au, Pb-Pb, and
Au-Au collisions respectively for all available centralities. Vertical bars on the data
denote statistical uncertainties.

and studied as a function of beam energies for different EoS and particlization mod-
els as shown in Figure 5.15. The observable is compared with measurements from
EOS/E895 [55] and NA49 [121] experiments. Similar to the previous two observables,
vo in the case of IEF scenario shows better agreement with experimental measurements
at high beam energies, whereas v, for ICF case diverges from the data even more than
default GF scenario. Neither particlization model agrees with measured v, at low beam
energies. One of the observations is that v, using the bag model shows non-monotonous
behavior irrespective of the particlization modes for both species. It seems that because
of the more realistic iso-energy density hypersurface in the IEF scenario, the results are

in agreement with the experimental data.
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Figure 5.17: K~ to K*, 7~ to 7" and anti-proton to proton ratio as a function of beam
energy for different EoS and particlization modes of UrQMD for noncentral (b = 5-9 fm
corresponds to approximately 10-40% central) Au-Au collisions and their comparison
with AGS [150], NA49 [139] and STAR experimental measurements [140] in Au-Au,
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Figure 5.18: 7" to proton and anti-proton to 7w~ ratio as a function of beam energy for
different EoS and particlization modes of UrQMD for noncentral (b = 5-9 fm corre-
sponds to approximately 10-40% central) Au-Au collisions and their comparison with
STAR experimental measurements [140] in Au-Au collisions for all available centrali-
ties. Vertical bars on the data denote statistical uncertainties.
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Figure 5.19: Rapidity spectra of net-protons at 40 and 158A GeV beam energies for dif-
ferent EoS and particlization modes of UrQMD for noncentral (b = 5-9 fm corresponds
to approximately 10-40% central) Au-Au collisions and their comparison with the mea-
sured rapidity spectra of net-protons in Au-Au and Pb-Pb collisions by E917 [151] and
NA49 [152] Collaborations, respectively. Both simulation results and measurements are
scaled for better visualization. Vertical bars on the data denote statistical uncertainties.
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Particle ratios

In this subsection, we study the effect of different particlization modes under different
EoS on particle production in the final state. Particle ratios might show sensitivity to
the underlying particlization mode as various criteria for switching from fluid-based to
particle-based description can alter the chemical composition of the system. Particle
ratios such as K /7 have been studied in the literature, especially in central heavy-
ion collisions, and are believed to be crucial to providing critical information about
the medium, such as the onset of deconfinement [138]. Investigation of such ratios in

noncentral collisions can be exciting and might infer the medium properties.

We start with the strange-to-non-strange particle ratios, such as K~ /7~ and
K* /7" which is shown in Figure 5.16 as a function of beam energies. The ratios
are obtained for various particlization scenarios as well as EoS and compared with ex-
perimental data. As expected, the ratios are sensitive to the underlying particlization
scenario. The unavailability of the data in the desired centrality classes mandates us
to compare in three different classes in NA49 [139, 148] and STAR experiments [140]
which covers the impact parameter region under study. Moreover, the ratio was also
compared with measurements in various centrality classes to understand the centrality
and beam energy dependence. When ICF scenario is used, there is a non-monotonous
trend in the ratio K~ /7~. Here, as our main focus is to see the difference between
available freeze-out scenarios, point to be noted is that the fireball region is considered
to be in equilibrium in this study. To make it more reasonable, core-corona separation
method [149] which is not implemented here, could be used to distinguish hot equi-
librated core from the outer dilute corona region. It will improve the description of
strange particle ratio. Although it will not affect the non-strange particle production

and hence particle to anti-particle ratio and baryon to meson ratio [149].

The particle to anti-particle ratios such as K= /K*, 7~ /7" and p/p are estimated
as a function of beam energy and shown in Figure 5.17. A monotonous trend is observed
in all three ratios for all variants of EoS and particlization modes. The ratios have shown
excellent agreement with experimental measurements in the IEF scenario for all three
cases of EoS. Moreover, both in GF as well as ICF modes, the ratios K~ /K", 7= /7t

have shown agreement with data, but the same cannot be said in the case of p/p. The
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ratios seem more sensitive to the particlization scenarios because of the possible change

in the particle chemistry.

We also estimate the baryon to meson ratio, namely, p/7" (shown as the inverse
for better visualization) and p/7~ which is shown in Figure 5.18. Agreement with the
data is also seen in the case of IEF scenario for all EoS as depicted in Figure 5.18.
In the case of 7t /p, the GF scenario is also able to reproduce the data compared to
ICF mode. From both Figs. 5.17 and 5.18, it is worth noting that there is negligible
anti-proton production in the ICF scenario, even at higher beam energies. From this
investigation, it seems evident that the IEF scenario brings more clarity to understanding

and interpreting the results.

We want to bring to the reader’s attention that the comparison of protons from the
UrQMD model with the experimental data should be accepted with caution. In the re-
gion of low beam energy, Ej,;, 5 10A GeV, there is a non-negligible contribution of light
nuclei production. Primordial nucleons calculated by the model still have a contribution
from bound nucleons. This involved all the proton observables in this article. The way
out in such a case is to coalesce final state nucleons in UrQMD into light nuclei. The
basic principle for coalescence is to find the nucleon clusters with small momentum
and position differences. Such study has its own importance; however, it is beyond the
reach of this present investigation. This may not be as significant for anisotropic flow as
for particle ratios since the flow coefficients are independent of proton multiplicity. As

for particle ratios, this contribution is important as well as for net-rapidity distributions

(see next subsection).

Net-proton rapidity spectra

From the rapidity distributions of the net-protons, the in-medium properties of stopped
protons can be understood. It has been argued that irregularities at the mid-rapidity
of the longitudinal spectra of net-protons can be the consequence of the possible onset
of the deconfinement. A possible reason behind this may well be the inherited softest
point in the nuclear equation-of-state near the phase transition. In the context of this
study, the particlization scenario also can play a crucial role since the production of

particles can be sensitive to the conversion from fluid to the particle-based description.
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Figure 5.20: Reduced curvature of rapidity spectra of net-protons as a function of beam
energy for different EoS and particlization modes of UrQMD for noncentral (b = 5-9
fm corresponds to approximately 10-40% central) Au-Au collisions at midrapidity (-0.5
< Yem. < 0.5) and its comparison with the calculated reduced curvature of measured
rapidity spectra of net-protons in noncentral Au-Au and Pb-Pb collisions by E917 [151]
and NA49 [152] Collaborations, respectively.

Since such investigations are primarily performed in the central collision, it is also
equally important to study in noncentral collisions. In this investigation, the rapidity
distribution of net-proton is estimated for beam energies 1A-158A GeV for various EoS
and particlization scenarios. However, the rapidity spectra of net-protons in selected
beam energies are shown in Figure 5.19. The simulated results are compared to the
experimental measurements from E917 [151] and NA49 [152] in centralities covering
the impact parameter region under investigation. Even at first glance, one can see that
rapidity spectra using ICF and GF scenarios are not seem to be in agreement with the

measurements. However, the IEF scenario seems to be performing exceptionally well.

The shape of the rapidity spectra is quantified as a reduced curvature, and its exci-
tation function is studied to gain more insights and have more differential comparisons.
In this analysis, the reduced curvature is estimated by fitting the rapidity spectra of net-
protons at mid-rapidity using sixth order polynomial, which is shown in Figure 5.20.
The reduced curvature of net-proton rapidity distributions for different particlization
models and EoS compared with experimental measurements [151, 152]. The reduced
curvature for measurements is also estimated in a similar way as for simulations. The
results with the IEF scenario for all three cases of EoS show nice agreement with the

data. In the ICF scenario, the reduced curvature underestimates the experimental mea-
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surements for hadron gas and bag model EoS. One interesting observation from the
above figure is that there is very high sensitivity to the particlization scenario in the
case of bag model EoS at high beam energies, so much so that we see large negative
values of reduced curvature in the case of ICF scenario and large positive values in case
GF scenario. We want to mention that the authors of Refs [141-145] have subtracted
the contribution of nucleons bound in nuclei from primordial nucleons, which we have
not done in our analysis. Therefore, our results suffer from uncertainties due to the

contribution of bound protons.
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Chapter 6

Summary and Outlook

The CBM experiment is one of the upcoming experiments which will explore the QCD
phase diagram in high net baryon density and moderate temperature regions. India is
participating in the CBM experiment by taking responsibility for developing the MuCh
detector system. We have contributed to the development of the CBM experiment by
investigating a cooling system for the first two stations of the MuCh detector. To sum-
marize, we presented details of the concept, design, fabrication, and test performances
of a water-based cooling prototype under investigation for the MuCh detector system
in the CBM experiment. One small-size and two real-size prototypes of the cooling
system were developed, and their performances were studied in detail. A setup of the
three prototype modules was developed at Bose Institute, Kolkata, where two different

configurations were studied.

Tests for the small-size prototype were conducted using a copper plate and an
emulated heat load in the laboratory while the real-size prototypes were tested during
the test beam experiment at the CERN SPS H4 beamline facility with the actual heat

load and under realistic experimental conditions.

The results obtained from the study of copper plate-based small-size prototype
validated the proof-of-principle of the concept and design of the cooling system. The
real-size prototypes were built with aluminum plates using two different mechanical
techniques. A novel concept of control mechanism is realized and tested by integrating
the ATMEGA328P microcontroller with the cooling system to monitor and control the

temperature of the cooling plate.

The experiences of operating the real-size prototypes during the test beam exper-
iment at CERN SPS and the test results confirmed that the system under investigation

is feasible in all aspects and efficient enough to meet the cooling requirement of the
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MucCh detector system in the CBM experiment. Three modules are also tested in both
series and parallel configurations to select the suitable configuration for each layer of
the tracking station. It was found that parallel configuration would be a better option

for the water distribution of modules in the final experiment.

Several other challenges are, however, to be further investigated and addressed
before realizing the full cooling setup for the integration in the experiment. The two
most important issues under consideration are the scalability of the system to meet the
experimental requirement and the development and integration of a leak detection and

protection unit or a leakless coolant flow mechanism to the existing system.

In the simulation, we have contributed to simulation studies as well to increase
the performance and for better tuning of the detectors. We have studied the data rate
handling capability of the MuCh detector through simulation. Using the GEANT3 and
GEANTH4 transport engines, the MuCh detector data rate has been calculated using
a coherent source primarily from ion-ion collision events. It has been observed that
the contribution of secondary particles is more using the GEANT4 transport engine
compared to GEANT3. The maximum pad hit rate for each station of the MuCh detector
has been estimated after studying the occupancy for each detector station. This study is
essential to see the minimum data rate handling capacity for the detectors that are used

for different stations of the MuCh detector.

Further, we investigate a PID framework working on the principle of Bayesian
probability to detect hadrons with more accuracy, mainly at a higher py range which is
not possible by the traditional cut-based methods. The PID framework has been tuned
to detect hadrons more efficiently at a higher pr range. DCA value is used to reduce
the contribution of the false signal. The same predicted purity values are checked on
combinations of different event generators and transport engine setups to assure the
ability of the used PID framework, and we get suitable outcomes for all configurations.
It is to be noted that by utilizing this framework, we can significantly improve efficiency

and reduce false particle detection for hadrons.

As a part of the phenomenological study, first, we have made dedicated efforts to
understand the impact of various nuclear equations of state on the several observables

to understand the nuclear matter produced in the low energy collisions of heavy ions in
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a wide range of beam energies, 1A-158A GeV. The UrQMD model with intermediate
hydrodynamical evolution was employed with different nuclear equations-of-state such
as Hadron gas, Chiral + deconfinement, and Bag model. We started by examining the
anisotropic flow coefficients of charged and identified hadrons in the above-mentioned
beam energy range. A unique feature at 25-30A GeV in the energy dependence of the
slope of the directed flow of charged hadrons, protons, and net-protons at mid-rapidity
was observed. The slope using Bag Model EoS, showed a splitting, leading to a sharp
rise compared to the other two equations of state. This may be attributed to the incorpo-
rated first-order phase transition in the former case. A similar feature was observed for
directed flow as well. Apart from the splitting, the dip within a certain energy range for
these equations-of-state hints towards the possible onset of deconfinement. Moreover,
we noticed that study of net-proton rapidity distribution certainly brings out the sensi-
tivity to underlying degrees of freedom in chiral and hadron gas EoS beyond 20-30A
GeV beam energy; however, more evidence in this direction is required to make any
robust claim. Along with this, efforts have been made to study the effect of different
EoS on elliptic flow (v3) of identified hadrons as a function of the beam energy (Ep.p).
As a quadrangular flow, v, is believed to be originated from v, and 4" order moment
of the fluid flow, the ratio v4/(v2)? was examined for a wide range of beam energies
and different EoS. The ratio is consistently below 2 for all four cases of EoS and can be

tested against the data from the future experiments at NICA [28] and FAIR [29, 30].

In addition, we have studied NCQ scaling in terms of the coalescence sum rule
for the slope of the directed flow of A and net A. For this purpose, we used different
calculations used in Ref. [135] and compared them with dv; /dy of A and net A. Results
qualitatively match the expectations for all four variants of UrQMD. This study may
also hint towards the possible onset of deconfinement at certain beam energy above 25A
GeV. Furthermore, it was interesting to notice similar results, even for pure transport and

hadrons gas EoS cases where quarks and gluons are not underlying degrees of freedom.

At this point, it appears from the results of collective flow excitation functions
that neither of the EoS is suitable enough to reproduce the experimental measurements
quantitatively. Moreover, the nature of the matter might be partonic; however, it does
not evolve as a non-viscous ideal fluid as implemented in the present version of the

model. Furthermore, higher values of calculated flow coefficients corresponding to data
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suggest a larger pressure gradient in an ideal hydrodynamic scenario. Therefore, one
possibility would be to use viscous hydrodynamics instead of the ideal one to account
for dissipative effects. Other reasons for the disagreement might be the inapplicability
of hydrodynamics at low beam energies where the transport approach seems to give the
better agreement and the fact that reaction plane angle, which leads to event-by-event

fluctuations, is not taken into account in UrQMD.

Various particle ratios are calculated for all EoS and studied as a function of
beam energy. The ratios were sensitive to first-order phase transition and exhibited dif-
ferent behavior than other cases. UrQMD, including fluid dynamic simulations with
Hadron Gas and Chiral EoS, can qualitatively explain the strange to non-strange ratio
and overestimate the measurements. However, the calculated strange to non-strange
ratio showed some interesting features in response to various EoS beyond 25A GeV.
Similarly, particle to anti-particle ratios is qualitatively described by hybrid mode with
underestimation to the data except for 7" to 7~ ratio, which is nicely explained. More-
over, the measured ratio of proton to 7w is also well described by the predictions. How-

ever, the calculated p to 7~ ratio underestimates the data.

Then we study the rapidity spectra of net-protons for different EoS at various
beam energies. The shape of these spectra at mid-rapidity, quantified as a reduced
curvature, is seen to be sensitive to underlying EoS and shows a larger value in the case
of Bag Model EoS beyond 25A GeV. It also revealed the sensitivity to the underlying
degrees of freedom beyond 25A GeV.

Continuing the previous study, we have investigated different observables in non-
central Au + Au collisions in beam energy range 1A-158A GeV for various particliza-
tion modes in combination with different EoS. We have employed above mentioned
three EoS, with particlization models such as gradual (GF), isochronous (ICF), and
iso-energy density (IEF) particlization scenarios. We started with an anisotropic flow
coefficient study for various particlization models coupled to various EoS. We observed
that irrespective of any EoS, IEF particlization scenario provides a compelling and qual-
itative description of the experimental measurements in contrast with the other two sce-
narios. In particular, experimental measurements of the elliptic flow of protons and

pions were explained well using the IEF scenario at beam energies above around 20A
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GeV. We also observed that directed flow using the IEF scenario has no “wiggle” struc-
ture compared to the other two cases. The slope of the directed flow was examined as
a function of beam energies for various particlization modes and EoS, and it was seen
that the IEF scenario is useful in reproducing the trend of the experimental data qual-
itatively. Moreover, while investigating the elliptic flow (v;), we found that similar to
vy analysis, the IEF scenario suits the data better at higher beam energies. We also note
that excitation of v, obtained using the bag model shows non-monotonous behavior

irrespective of the opted particlization scenario.

Then, we investigated the effect of particlization models on particle production by
estimating the particle ratios as the choice of particlization mode can alter the particle
chemistry of the system. We have observed that IEF and ICF scenarios for all EoS
cases qualitatively describe the strange to non-strange ratio. Moreover, in the case of
the particle to anti-particle and baryon-to-meson ratios, the IEF scenario describes the
data reasonably well compared to the other two scenarios. Surprisingly, we observed
negligible anti-proton production at high beam energies for the ICF scenario. Although,

more studies in this direction could be helpful.

We investigated the reduced curvature of net-protons, which quantifies the shape
of rapidity at mid-rapidity as a function of beam energy. The reduced curvature ob-
tained for the IEF scenario gives consistent results with experimental measurement,
even at high beam energies. The results here are essential and would be helpful once
more precise data become available in the near future from the upcoming accelerator

facilities.

From this investigation, the particlization model-dependent study has clarified the
suitability of the EoS in the UrQMD model to examine various experimental observ-
ables. We have seen that the choice IEF particlization scenario should be more useful
as it provides compelling agreement with experimental results without being too sensi-
tive to the underlying EoS. However, if one were to choose among the EoS, then both
hadron gas and chiral EoS with the IEF scenario would make a good choice for a more
realistic combination. Examining other various observables using these combinations

would be helpful to make any further distinctions.
Finally, we would like to draw the conclusion that these investigations are essen-
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tial for the better development of the CBM experiment. However, there is still more to
be done before the CBM experiment can deliver. This thesis represents the contributions
we made from our end, and more will be investigated in the future. The phenomeno-
logical research conducted for this thesis is essential in selecting the appropriate set of
variables to employ with the UrQMD event generator for any future research, and it will

be even more helpful once the CBM experimental results are available.
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