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Chapter 1

Introduction to Particle Physics

1.1 Standard Model

The Standard Model is the most comprehensive theory of particle physics currently
known. It classifies all known elementary particles and describes three of the four
fundamental interactions (strong, weak and electromagnetic).

It is a mathematically self-consistent theoretical framework based on quantum field
theory and fundamental symmetries that is able to describe a wide range of physics
phenomena. Since its conception, the Standard Model has been extensively exper-
imentally tested for more than half a century. Despite its excellent success, it is
known that it is not a complete theory as it does not include other phenomena such
as gravity and the explanation of dark matter.

In this section, a brief description of the basic constituents of the Standard Model
is given and phenomena which are important for this thesis are discussed.

1.1.1 Elementary Particles

According to the Standard Model, elementary particles are particles considered to
have no substructure. They can be divided into two groups based on their spin.
Fermions, which have half-integer spin, and bosons, which have integer spin.

Quarks and Leptons

Quarks and leptons are both types of fermions meaning that they obey the Pauli
exclusion principle and are governed by the Fermi-Dirac statistics. They can be
classified according to how they interact with matter. Quarks carry a color charge,
therefore, they are the only fermions interacting via strong interaction, leptons on the
other hand carry an electric charge and thus interact via electromagnetic interaction.
Furthermore, quarks also carry an electric charge but unlike any other particles, the
values are only fractions of the elementary electron charge (2

3 or −1
3).

Another way of dividing these fermions would be into doublets which then form three
generations, each with a quark doublet and a lepton doublet. The first generation

1



Figure 1.1: Elementary particles of the standard model [1].

consists of the up quark (𝑢) and the down quark (𝑑), the electron (𝑒) and the electron
neutrino (𝜈𝑒). The second generation is formed by the charm quark (𝑐), the strange
quark (𝑠), the muon (𝜇) and the muon neutrino(𝜈𝜇), and the third by the top quark
(𝑡), the bottom quark (𝑏), the tau lepton (𝜏) and the tau neutrino (𝜈𝜏 ).
A confined state of quarks is called a hadron. Hadrons are always color-neutral and
consist of either two quarks (mesons) or three quarks (baryons).

Gauge Bosons

In the Standard Model, gauge bosons are particles that mediate the interactions
between particles. As bosons, they have integer spin, therefore they do not obey the
Pauli exclusion principle and are described by the Bose-Einstein statistics. Gauge
bosons are classified into three groups:

• photons (𝛾) mediate the electromagnetic interaction,

• gluons (𝑔) mediate the strong interaction between quarks. They also carry a
color charge so they can, unlike photons, interact between themselves,

• 𝑊+,𝑊− and 𝑍0 bosons mediate the weak interaction.

Apart from gauge bosons, another boson has been discovered, called the Higgs boson.
Gluons and photons are massless while the 𝑊± and 𝑍0 bosons have mass in the order
of 100 GeV/𝑐 [2]. The discovery of 𝑊± and 𝑍0 bosons [3] as well as Higgs boson[4]
were milestone achievements in the evolution of particle physics.
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1.1.2 Fundamental Interactions

The standard model describes three of the four fundamental forces of nature, the
strong interaction, the weak interaction and the electromagnetic interaction. These
interactions are described as an exchange of a gauge boson between the affected
particles.

Interaction Mediator Relative strength Range [m]
Strong Gluon 1 10−15

Weak 𝑊 and 𝑍 bosons 10−6 10−18

Electromagnetic Photon 10−2 ∞

Table 1.1: Basic characteristics of fundamental interactions, relative strength is given
with respect to the strong interaction.

Strong interaction

The strong interaction binds together quarks to form a hadron but is also responsible
for binding baryons, such as protons or neutrons, into atomic nuclei. It is mediated
by massless gluons which carry a color-anticolor charge. The theory describing the
strong interaction, called Quantum Chromodynamics (QCD), is further discussed
in the following section.

Weak interaction

The weak interaction is responsible for a variety of particle decays, such as beta
decay. It is mediated by the 𝑊± and 𝑍0 bosons. Its characteristic short range and
relative weakness is due to the large masses of mediators. 𝑊± bosons have an electric
charge and mediate interactions that change the particle type (or flavor) and charge.
Also, the weak interaction is the only one in which neutrinos participate.

Electromagnetic interaction

The electromagnetic force is mediated by massless photons. It is the only long-range
interaction within the Standard Model. On macroscopic scale, classical electrody-
namics can describe such phenomena as electromagnetic waves. On a microscopic
scale, the quantum nature of the interaction must be taken into account which is
explained by Quantum Electrodynamics (QED). It affects all electrically charged
particles. This results in a wide range of phenomena including atomic electron shell
structure or chemical bonds.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a theory describing the strong interaction
which, similarly to the electromagnetic interaction, is mediated by a massless boson

3



and affects only particles with a certain charge. However, in QCD, the charge is
referred to as color and appears in three forms - red, green and blue (and their
corresponding anticolor). Each quark carries a color charge, while gluons always
carry a color-anticolor charge and therefore they can exist in eight possible states.
This also means that gluons can interact with each other unlike photons which do not
carry any charge and thus cannot interact with each other. This fact has a significant
impact on the coupling constants of strong and electromagnetic interaction, which
determine their relative strength, respectively. Figure 1.2 offers a comparison of
said coupling constants’ dependence on transferred momentum, and consequently
on the distance of the interacting particles. It shows that whereas the strength of
the electromagnetic force rises with decreasing distance, the strength of the strong
interaction decreases for short distances. This is an important property of the QCD
which is called asymptotic freedom. It means that at short distance (at high
transferred momenta) the quarks behave as almost free particles.

Figure 1.2: Running of the QCD and QED coupling constants [5].

Another crucial consequence of how QCD describes strong interaction is the so-
called color confinement. This means that bare color-charged particles cannot
be isolated and always must form a bound state with no overall color charge. To
imagine such phenomena it is instructive to look at an effective potential 𝑉 , known
as the Cornell potential [6], between a quark and an antiquark in a bound state as
a function of their distance 𝑟. It can be expressed as follows:

𝑉 (𝑟) = −𝑎

𝑟
+ 𝑘𝑟, (1.1)

where 𝑎 and 𝑘 are constant parameters. With increasing distance 𝑟, the first (Coulom-
bic) term vanishes but the second (elastic) term increases. Consequently, the connec-
tion between the quark and the antiquark can be described as an elastic string. When
the quark-antiquark pair is being separated, the magnitude of its potential energy
grows. When it eventually exceeds the mass of two quarks, another quark-antiquark
pair is created from the vacuum. This again assures that one cannot observe free
quarks but only bound states with no color charge.
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1.3 Nuclear Matter Under Extreme Conditions

Under "normal" conditions (low temperature and density), quarks are bound in
hadrons (baryons and mesons) and some of the baryons (mainly protons and neu-
trons) can bind into nuclei forming the matter as we know it from daily experience.
However in the Universe, there were (and still possibly are) times and places where
nuclear matter is subjected to extraordinarily extreme conditions, high tempera-
tures and pressures. These can include cores of massive neutron stars or collisions
of large stellar objects where we can expect the matter to be extremely heated and
compressed. Even more extreme conditions are speculated to have existed at the be-
ginning of the Universe shortly after the Big Bang. Studying nuclear matter under
extreme conditions is one of the goals of modern nuclear physics.

Shortly after the discovery of the asymptotic freedom, it was predicted that at
high enough density and/or temperature nuclear matter may, as a consequence of
the QCD asymptotic freedom, undergo a transition into a deconfined phase [7] (as
illustrated in Figure 1.3). In this phase, the quarks and gluons are also no longer
confined inside of hadrons, but can propagate throughout the whole medium. Even
though the whole medium has overall zero color charge, the quarks behave as single
free particles carrying the color charge. This new state of matter is analogous to the
plasma phase of ordinary atomic matter and was therefore named the quark gluon
plasma (QGP). Moreover similarly to regular matter, for nuclear matter, there are
also predictions of existence of numerous phase states which were not confirmed so
far.

Figure 1.3: Formation of quark-gluon plasma [8].

The effect of the high temperature on the QCD confining potential can be demon-
strated by QCD lattice calculations such as [9]. The Cornell potential (1.1) is a valid
approximation for the strong force in a vacuum or at zero temperature. Figure 1.4
shows the Cornell potential (solid line) and the potential between heavy quarks at
various non-zero temperatures obtained from lattice QCD calculations. Based on
this figure, one can assess that at high temperatures the Cornell potential, which
normally exceeds every limit, is effectively limited and therefore the quarks, if given
enough energy, can effectively behave as free particles.
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Figure 1.4: The QCD potential at zero (solid line) and non-zero temperatures [9].

Figure 1.5 shows the phase diagram of strongly interacting nuclear matter in terms
of temperature 𝑇 and baryon chemical potential 𝜇𝐵 which corresponds to baryon
density. The solid curve represents the first-order phase transition from hadronic
matter into QGP, which can thus be reached either by increasing the temperature or
by increasing the baryon chemical potential. A particular point on this curve, called
the critical point, has been of great interest to current research as it separates the
first-order transition region and the so-called crossover region where the second-order
transition occurs. It is the scan of QGP with 𝑇 and 𝜇𝐵 that could provide crucial
new information [10]. The figure also shows which regions of the phase diagram are
of interest to different research facilities. The high-temperature, low-density region
has been the focus of LHC and RHIC whereas future FAIR research will focus on
exploring the phase diagram at higher baryon densities.

The QGP state at high baryon chemical potential and low temperatures is expected
to exist in neutron stars. Meanwhile, the QGP state at high temperatures and low
baryon chemical potential is predicted to have existed a few milliseconds after the
Big Bang, before expanding and transitioning into hadrons through a process called
hadronization.
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Figure 1.5: The phase diagram of nuclear matter [11].
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Chapter 2

Heavy Ion Collisions

As it is impossible for nuclear matter in such extreme states mentioned before to
form naturally on earth, the best way to examine them is by performing heavy
ion experiments. This chapter focuses on introducing the properties of heavy ion
collisions and the most common methods used for studying them.

2.1 Collision Geometry

In high-energy particle physics, collisions can be classified according to the size
of the overlap region of the colliding nuclei. In order to achieve this, the impact
parameter 𝑏 is used. It is defined as the perpendicular distance of the centers of the
nuclei. Figure 2.1 shows how collisions can be divided into central (𝑏 ≈ 0), peripheral
(0 < 𝑏 < 2𝑅) and ultra-peripheral (𝑏 > 2𝑅). Along with centrality, the multiplicity is
directly related to the impact parameter of the collision and it provides information
about the number of created particles.

Figure 2.1: Classification of collisions into central, peripheral and ultra-peripheral [12].
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This classification implies that not all of the nucleons participate directly in the
collision. Nucleons located in the overlap region are called participants. The non-
interacting nucleons are called spectators. Participants and spectators are illustrated
in Figure 2.2.

Figure 2.2: Participants and spectators in a nucleus-nucleus collision [13].

2.2 Evolution of the Collision

Although nucleus-nucleus collisions have been the focus of research for many years,
it is still not exactly known how the collision occurs and how the system evolves after
the collision. This section briefly describes the possible scenario of the evolution of
heavy-ion collision.

Figure 2.3 illustrates the space-time evolution of the collision with and without
reaching the QGP phase. The point (𝑧, 𝑡) = (0, 0) represents the space-time position
of the collision. Then the system undergoes several stages that are divided with
respect to the proper time 𝜏 =

√
𝑡2 − 𝑧2 [14].

At the moment of the collision, the system enters the pre-equilibrium phase where
the nucleons located in the overlap region form the so-called fireball. Assuming
that the energy density is high enough, deconfined partons (quarks and gluons) are
produced in inelastic collisions and interact with one another.

At 𝜏0 thermal equilibrium is reached and, if the conditions are suitable, QGP is
expected to exist at this stage. Due to the high energy and pressure inside the
fireball, the system starts to expand rapidly. As a consequence of this expansion,
the system cools down until the critical temperature 𝑇𝑐 is reached at 𝜏𝑐.

At this point, the QGP undergoes a phase transition into the hadronic matter of
bound states. This phase transition can be either of first order or smooth crossover
depending on the conditions (place in the phase diagram). During the subsequent
stage of the hadronic gas the system continues to evolve and new particles are
created in high energy collisions of hadrons. Once the temperature decreases to the
point(𝑇𝑐ℎ, 𝜏𝑐ℎ) when inelastic collisions among hadrons cease, the particle abundance
ratios are fixed. This point is called chemical freeze-out. The expansion and cool-
down continue further and hadrons interact elastically with each other until the
distance between hadrons exceeds the range of the strong interaction. At 𝜏𝑓𝑜 elastic
scattering is no longer possible, kinetic freeze-out occurs and the products of the
collision move away from the collision region.
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Figure 2.3: Space-time evolution of a collision with and without reaching of QGP phase
[15].

2.3 Kinematic Variables

In order to study the properties of the particles created in nucleus-nucleus collisions,
it is useful to define several variables. The variables listed hereinafter are used to
describe the kinematics of relativistic particles.
Let 𝑝 = (𝑝𝑥, 𝑝𝑦, 𝑝𝑧) be the momentum of a particle where 𝑝𝑧 = 𝑝𝐿 is the longitudinal
momentum, i.e. the component along the beam axis. Components 𝑝𝑥 and 𝑝𝑦 are
therefore perpendicular to the beam axis and are incorporated into the transverse
momentum 𝑝𝑇 as follows [16]:

𝑝𝑇 =
√︁
𝑝2

𝑥 + 𝑝2
𝑦. (2.1)

Transverse momentum is of great importance as it is only associated with particles
produced in the collision, whereas longitudinal momentum can be influenced by the
beam particles.
Another useful variable is rapidity 𝑦, which in non-relativistic limit corresponds to
the velocity of a particle, and is defined as [16]:

𝑦 = 1
2 ln

(︃
𝐸 + 𝑝𝐿

𝐸 − 𝑝𝐿

)︃
, (2.2)

where 𝐸 is the energy of the particle. To determine the energy of a particle, it is
necessary to know its mass and thus to identify the particle. To remove this need
for particle identification, a new variable called pseudorapidity 𝜂 is defined as [16]

𝜂 = − ln
[︃
tan

(︃
𝜃

2

)︃]︃
, (2.3)
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which depends only on the so-called polar angle 𝜃, i.e. the angle between the particle
momentum vector and the beam axis.
The transverse momentum 𝑝𝑇 and pseudorapidity 𝜂 along with azimuthal angle 𝜑,
which is defined as the angle between the 𝑥-axis and the projection of the momentum
into the plane transverse to the beam axis, are the variables most commonly used
to measure the momenta of particles in heavy ion collisions. A conversion between
these variables and cartesian momenta (𝑝𝑥, 𝑝𝑦, 𝑝𝑧) can be expressed as follows [16]

𝑝𝑥 = 𝑝𝑇 cos𝜑,
𝑝𝑦 = 𝑝𝑇 sin𝜑,
𝑝𝑧 = 𝑝𝑇 sinh 𝜂.

(2.4)

The last variable to be mentioned here is the center-of-mass energy
√
𝑠 which is

defined as [17]
√
𝑠 =

√︁
(𝐸1 + 𝐸2)2 − (𝑝1 + 𝑝2)2, (2.5)

where 𝐸1, 𝐸2 and 𝑝1, 𝑝2 are energies and momenta of the colliding nuclei respectively.
For this variable, a useful formula, which expresses the relation between energies in
collider and fixed-target experiments, yields

√
𝑠 =

√︁
𝑚2

1 +𝑚2
2 + 2𝐸𝑙𝑎𝑏

1 𝑚2
𝐸𝑙𝑎𝑏

1 ≫𝑚1,𝑚2
≈

√︁
2𝐸𝑙𝑎𝑏

1 𝑚2, (2.6)

where 𝐸𝑙𝑎𝑏
1 is the total energy (kinetic + rest mass) of the projectile in the rest frame

and 𝑚1, 𝑚2 are rest masses of the projectile and the target respectively.
Also, √

𝑠𝑁𝑁 is the center-of-mass energy per nucleon. For a collision of two symmetric
nuclei with nucleon number 𝐴, the relation between these energies is [16]

√
𝑠𝑁𝑁 =

√
𝑠

𝐴
. (2.7)

2.4 Particle Production

As heavy ion collisions cannot be observed directly, due to their extremely short
duration and small scale, the best way to study them is by examining the properties
of the particles produced during these collisions. This section focuses on exploring
the methods to describe the formation of these products and what they tell us about
the processes happening during the collision.

There are several different theoretical approaches which can be used to describe
heavy ion collisions and predict different final state observables. These models rely
on different assumptions. This section gives a brief description first of thermal models
that assume global thermodynamic equilibrium and predict abundances of produced
particles.

Secondly, hydrodynamic models which assume local thermal equilibrium and sim-
ulate the collective behavior of the matter. These are used to predict abundances,
spectra as well as various flow related observables. These will be discussed in more
detail later in this chapter.
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Lastly, there are transport models which do not require the condition of equilibrium,
but are based on microscopic simulations following the kinetic theory. They are hence
especially useful at lower collision energies where the thermal equilibrium is hard to
reach.

Statistical Models

Statistical models offer a great way to describe a system in thermal equilibrium at
the point of chemical freeze-out where inelastic collisions cease and particle ratios are
fixed. Hence the main aim of a statistical model is to compare theoretical predictions
with experimental data in order to explore certain parameters of the model, e. g.
temperature or chemical potential, and determine the values of such parameters at
which the chemical freeze-out occurs, thus allowing further understanding of the
QCD phase diagram.
Statistical physics describes the partition function and consequently the density of
the particles of species 𝑖:

𝑛𝑖 = 𝑔𝑖

2𝜋2

∞∫︁
0

𝑝2d𝑝
exp [(𝐸𝑖(𝑝) − 𝜇𝑖)/𝑇 ] ± 1 , (2.8)

with particle density 𝑛𝑖, spin degeneracy 𝑔𝑖, ℏ = 𝑐 = 1, momentum 𝑝, total energy
𝐸 and chemical potential 𝜇𝑖 = 𝜇𝐵𝐵𝑖 − 𝜇𝑆𝑆𝑖 − 𝜇𝐼3𝐼

3
𝑖 [18]. The quantities 𝐵𝑖, 𝑆𝑖 and

𝐼3
𝑖 are the baryon, strangeness and third component of the isospin quantum number

of the particle species 𝑖. The temperature 𝑇 and the baryochemical potential 𝜇𝐵 are
independent parameters while the volume of the system 𝑉 , the strangeness chemical
potential 𝜇𝑆 and the isospin chemical potential 𝜇𝐼3 are fixed by three conservation
laws for baryon number, strangeness and charge respectively [18]:

𝑉
∑︁

𝑖

𝑛𝑖𝐵𝑖 = 𝑍 +𝑁, (2.9)

𝑉
∑︁

𝑖

𝑛𝑖𝑆𝑖 = 0, (2.10)

𝑉
∑︁

𝑖

𝑛𝑖𝐼
3
𝑖 = 𝑍 −𝑁

2 , (2.11)

where 𝑍 and 𝑁 are the proton and neutron numbers of the colliding nuclei.
To extract model parameters, the experimental data are fitted with model calcu-
lations. The most common way to do this is to fit hadron yield ratios so that the
number of model parameters is minimized. The usual way to achieve this is by min-
imizing the distribution of 𝜒2. Additionally, the quadratic deviation 𝛿2 is used to
obtain the estimate of the systematic error. These quantities are defined as follows
[19]

𝜒2 =
∑︁

𝑖

(𝑅𝑒𝑥𝑝
𝑖 −𝑅𝑡ℎ𝑒𝑟𝑚

𝑖 )2

𝜎2 , (2.12)

𝛿2 =
∑︁

𝑖

(𝑅𝑒𝑥𝑝
𝑖 −𝑅𝑡ℎ𝑒𝑟𝑚

𝑖 )2

(𝑅𝑡ℎ𝑒𝑟𝑚
𝑖 )2 , (2.13)
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where 𝑅𝑒𝑥𝑝
𝑖 is the measured value of the ratio of hadron yields, 𝜎𝑖 is its uncertainty

and 𝑅𝑡ℎ𝑒𝑟𝑚
𝑖 is the value from model calculations. An important correction must be

taken into account and that is the feed-down from weak decays affecting mainly the
yields of pions and protons/antiprotons.
Figure 2.4 (left) shows an example of the statistical model fitted to experimental
data.

Figure 2.4: Left: Particle yield ratios from RHIC fitted with statistical model calculations
[20] Right: Phenomenological phase diagram of strongly interacting matter constructed
from chemical freeze-out points for central collisions at different energies [19].

As was mentioned before, these comparisons of experimental measurements with
model calculations are performed to determine the values of temperature and bary-
ochemical potential at the point of chemical freeze-out. Figure 2.4 (right) shows how
this process is utilized to explore the phase diagram of nuclear matter.

Relativistic Hydrodynamic Models

Proposed initially by Landau, ideal hydrodynamics has recently been utilized to
describe strongly interacting hadronic matter. The merits of this method include its
generality and simplicity while also maintaining the ability to predict experimental
observables quantitatively. It also offers the possibility to include various fluctuations
in the initial conditions, equation of state or hadronization. However, similarly to
statistical models, the presence of local thermal equilibrium is required. Another
strength of these models is the possibility to compare the quark-gluon plasma phase
and the experimental data from heavy ion collisions.
The evolution of an ideal fluid can be described by the following equations [21]:

𝜕𝜇𝑇
𝜇𝜈 = 0, 𝜕𝜇𝑁

𝜇 = 0, (2.14)

which can be interpreted as conservation of the energy-momentum tensor 𝑇 𝜇𝜈 and
the particle number 𝑁𝜇. These equations can be rewritten in the following form [21]:
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𝑇 𝜇𝜈 = (𝜀+ 𝑃 )𝑢𝜇𝑢𝜈 − 𝑃𝑔𝜇𝜈 , 𝑁𝜇 = 𝑛𝑢𝜇 (2.15)
with the energy density 𝜀, pressure 𝑃 , collective velocity four-vector 𝑢𝜇, particle den-
sity 𝑛 and 𝑔𝜇𝜈 = diag(1,−1,−1,−1) is a metric tensor. However, the conservation
laws only provide five equations of motion. In order to fully describe the hydrody-
namic system (which has six degrees of freedom), the equation of state 𝑃 = 𝑃 (𝜀, 𝑛),
relating pressure with other thermodynamic variables, needs to be defined.

Transport Models

Transport models offer another way of calculating particle yields and study dynamics
of heavy ion collisions. Their biggest advantage is that they can be implemented
even without reaching thermal equilibrium. In principle, transport models treat a
collision as a superposition of single NN collisions with products that are then ejected
through space-time with the possibility of further interactions. There are two families
of transport models, cascade models or Boltzmann-Uehling-Uhlenbeck (BUU) and
Quantum Molecular Dynamics (QMD) type models.
In cascade models, the particles are assumed to be classical, point objects which
obey the time evolution determined by the following equation [22]

(︃
𝜕

𝜕𝑡
+ ∇⃗𝑝𝜖 · ∇⃗𝑟 − ∇⃗𝑟𝜖 · ∇⃗𝑝

)︃
𝑓𝑎(�⃗�, 𝑝; 𝑡) = 𝐼𝑐𝑜𝑙𝑙[𝑓𝑎(�⃗�, 𝑝; 𝑡)], (2.16)

where 𝑓𝑎 is the one-body particle distribution function of particle species 𝑎, 𝜖 is
the single particle energy and 𝐼𝑐𝑜𝑙𝑙 is the two-body collision integral which includes
decay, scattering or quantum effects. The advantage of this approach is that the
model treats the system as a one-body problem. However, it is also necessary to
solve equation (2.16) for every relevant particle species separately.

Complex many-body systems like heavy ion collisions can be simulated using Quan-
tum Molecular Dynamics. Contrary to BUU-like models, QMD models consider the
many-body system as a product wave function of single-particle Gaussian distribu-
tions. As a result, calculations of heavy ion collisions on event-to-event basis are
possible.

Recently, models that combine the qualities of the methods mentioned above have
been put to use. One of these models is the SMASH (Simulating Many Accelerated
Strongly-Interacting Hadrons) model [23]. In this model, methods of ideal hydrody-
namics models are used to describe the thermal equilibrium phase of the evolution
while the hadron gas phase reached after the chemical freeze-out is described by the
UrQMD transport model.
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Figure 2.5: The evolution of kinetic transport models [24].

2.5 Nuclear Modification Factor

The yield of large 𝑝𝑇 particles created in heavy ion collisions should scale with the
quantity of basic binary collisions in the absence of medium effects (p+p collisions).
However, this scale can be altered by the collision-produced medium. Nuclear mod-
ification factor 𝑅𝐴𝐵 is considered to be a useful observable which can measure this
scaling. It can be defined as

𝑅𝐴𝐵(𝑦, 𝑝𝑇 ) = 1
⟨𝑇𝐴𝐵⟩

d2𝑁𝐴𝐵/d𝑝𝑇 d𝑦
d2𝑁𝑝𝑝/d𝑝𝑇 d𝑦 . (2.17)

It is the ratio of the number of particles produced in A+B collisions to the number of
particles produced in p+p collisions scaled to the nuclear overlapping function which
is defined ⟨𝑇𝐴𝐵⟩ = ⟨𝑁𝑐𝑜𝑙⟩/𝜎𝑖𝑛𝑒𝑙

𝑁𝑁 , ratio of average number of binary collisions divided
by nucleon-nucleon inelastic cross section. For collisions of identical nuclei, A = B. If
there are no effects of the medium, 𝑅𝐴𝐵 = 1, if 𝑅𝐴𝐵 < 1, it denotes the suppression
effect and if 𝑅𝐴𝐵 > 1, it is the enhancement of the particle production. To determine
the 𝑅𝐴𝐵 factor it is needed to measure the p+p reference. The comparison of p+p
and Pb+Pb measurements from ALICE experiment [25] is shown in Figure 2.6.

The distributions in Figure 2.6 for peripheral collision show similar shapes for p+p
and Pb+Pb collisions, whereas central collisions depict different 𝑝𝑇 -dependence for
p+p for intermediate and large 𝑝𝑇 . The downward shift of the A+A distribution
compared to the p+p collisions is caused by the absorption process causing sup-
pression of particles at high-𝑝𝑇 . The shift to the left is caused by the energy loss of
particles showing that more energetic particles are redistributed to lower energies in
case of heavy-ion collisions.

The 𝑝𝑇 distribution can be described by a power law that depends on the energy
of colliding particles. The measurements from RHIC (with lower collision energy
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Figure 2.6: The 𝑝𝑇 distributions of primary charged particles at mid-rapidity (|𝜂| < 0.8)
in central (0 - 5%) and peripheral (70 - 80%) Pb+Pb collisions at √

𝑠𝑁𝑁 = 2.76 TeV. The
scaled pp references are shown as the two curves, the upper for 0 - 5% centrality and the
lower for 70 - 80% [25].

than LHC), show a steeper decline in the 𝑝𝑇 distribution. The steeper shape causes
the distribution to end at lower 𝑝𝑇 . It is also expected to observe more extensive
suppression due to the spectral shape.

Figure 2.7 shows results for 𝑅𝐴𝐴 𝑝𝑇 -distribution for central and peripheral collisions.
Central collisions show suppression of more than factor 5 in comparison with pe-
ripheral collisions and clear 𝑝𝑇 dependence. The peak observed at intermediate 𝑝𝑇

can be explained by a radial flow. At high 𝑝𝑇 the particles are expected to have high
enough energy to escape the medium without losing a large amount of energy, thus
causing a rise in the distribution. At low 𝑝𝑇 the distribution is not scaled with the
number of collisions due to the effects of soft production. The peripheral collisions
show no significant 𝑝𝑇 dependence with no or small suppression of hadrons.

A comparison of measurements from experiments at RHIC and LHC is shown in
Figure 2.8. The comparison shows a larger 𝑝𝑇 range for LHC measurement, as ex-
pected due to the flatter 𝑝𝑇 distribution described above. The 𝑅𝐴𝐴 is smaller at
LHC than at RHIC for intermediate 𝑝𝑇 suggesting greater energy loss at LHC and
therefore a medium with large temperature and density.

On the other hand, Figure 2.8 (right) shows that particles which do not interact
strongly with the medium ( e.g. photons or 𝑊± and 𝑍 bosons) have 𝑅𝐴𝐴 approxi-
mately 1 and thus do not lose energy in the medium.
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2.6 Dilepton Production

A quark and an antiquark can interact in the quark-gluon plasma to create a virtual
photon, which then decays into a lepton and its antiparticle. The created lepton-
antilepton pair’s system is known as a dilepton. The lepton and the antilepton must
travel through the collision area and arrive at the detectors in order to be observed.
Only through electromagnetic force can leptons interact with other particles. Since
leptons interact weakly and are unlikely to experience more collisions once they
are created, their free paths are predicted to be rather long. One may be able to
ascertain the temperature of the plasma by extracting the dilepton spectrum from
the quark-gluon plasma. Other dilepton sources must be eliminated in order to do
this. Dileptons produced by the decay of heavy flavor hadrons might be one of these
sources.
Dilepton pairs provide a great opportunity to study the medium created in colli-
sions. They are referred to as electroweak probes, meaning they interact solely via
electroweak force, thus not being affected by the strongly interacting medium. A
great advantage of the dilepton pairs is that they can be created in any stage of
the collision and thus their mass spectrum provides crucial information about the
evolution of the collision. However, they suffer from large background.
The earliest created (in the initial stage) dileptons are created mostly by hard pro-
cesses such as the Drell-Yan process where colliding nuclei emit a quark that an-
nihilates with a sea quark from the other nucleus creating a virtual photon that
further transforms into a dilepton pair. As these dileptons are created in the initial
stage, they populate large invariant masses, 𝑚𝑙𝑙 ∼ 3 GeV and their overall mass
contribution is very small.
Dileptons coming from the pre-equilibrium stage are created by the semileptonic de-
cay of heavy flavor hadrons and decays of quarkonia. These measurements are used
to probe the 𝑝𝑇 range of the collision and are sensitive to the production mechanism
(initial correlation of heavy quarks).
To probe the temperature of the system, dileptons originating from decays of direct
virtual thermal photons are used. These are observed in the expansion stage. In the
hadronization phase, light flavor meson decays and Dalitz decays play a significant
role in the contribution to the dilepton channel. Dalitz decays are the ones that
dominate after thermal freeze-out while resonance decays dominate after the phase
transition. Additional information can be inferred from measuring dileptons coming
from light vector mesons. It is expected that simultaneously with the deconfinement
from hadronic matter to QGP, chiral symmetry could be restored (symmetry be-
tween left and right-handed components of the wave function). This in turn would
have an effect on the mass and widths of light vector mesons. Out of these, the 𝜌
meson is the most important because it has a very short lifetime and large dilepton
decay width. The observation of the 𝜌 spectral function can provide information
about the creation of hot hadronic matter due to its mass shift and/or broadening.
An example of the dilepton spectrum is shown in Figure 2.9. The figure shows
the comparison of a simulation of several hadron decays and dielectron invariant
mass spectra from STAR. The bottom figure shows the ratios of measured data to
hadronic cocktail simulations. The comparison shows good agreement of measured
values and cocktail in 0.76 − 0.80 GeV/𝑐2 and 0.98 − 1.05 GeV/𝑐2 mass regions
corresponding to 𝜔 and 𝜑, respectively. Similarly, the cocktail successfully describes
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dielectron yields in the higher mass region for the signal coming from decay leptons
and charm pairs. However in the lower mass region, 0.20 − 0.76 GeV/𝑐2, there is
a clear abundance over the simulated cocktail. The data fit reasonably well with
models utilizing broadened 𝜌 as opposed to models incorporating solely 𝜌 from a
vacuum, thus hinting at the presence of hot hadronic matter as discussed above.
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Figure 2.9: (a) 𝑒+𝑒− invariant mass spectrum from 𝑠𝑁𝑁 = 200 GeV Au+Au minimum
bias (0 - 80%) collisions compared to a hadronic cocktail simulation. (b) Ratios to cocktail
for data and model calculations [27].

2.7 Strangeness Enhancement

The production of the strange quarks was expected to have a great significance
in the high energy measurements and observation of QGP [28]. Unlike the up and
down quarks, strange quarks are not present in the colliding nuclei and therefore all
strange quarks and antiquarks which are detected must be created from the kinetic
energy of the incoming nuclei. Thus in the collisions where the quark-gluon plasma
phase is not reached the strange production is suppressed due to the large mass
of 𝑠 quark compared with 𝑢 and 𝑑 quark. Furthermore, due to the increased gluon
density in heavy ion collisions (with the QGP), gluon fusion becomes a dominant
production channel for the formation of 𝑠𝑠 pairs in the QGP. Also because of the
high temperature of the QGP phase, the thermal production of 𝑠𝑠 pairs becomes
possible. Therefore, the strangeness production could be enhanced compared with
p+p collisions.
The strangeness enhancement is expected to be observed as a consequence of par-
tonic processes that saturate the strange quarks in QGP within the lifetime of
the created fireball. Afterwards, the hadronization process preserves the number
of strange quarks resulting in larger strangeness production in A+A collisions with
respect to p+p due to the strangeness conservation. The conservation shows a de-
pendence on the volume of the system, which is larger for A+A collisions.
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The measurements at the higher LHC energies[29] (Figure 2.10) confirm the strangeness
enhancement. It was observed that the yield ratio decreases with the collision en-
ergy. This indicates a saturation of strange particles (per pion pair) in heavy ion
collisions at the top SPS energy, whereas in p+p the amount increases. Yet the yield
in A+A collisions is higher hinting at different strangeness production mechanisms
in large collision systems.
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Figure 2.10: (a,b) Enhancements in the rapidity range |𝑦| < 0.5 as a function of the
mean number of participants ⟨𝑁𝑝𝑎𝑟𝑡⟩, showing LHC (ALICE, full symbols), RHIC and
SPS (open symbols) data. (c) Hyperon-to-pion ratios as a function of ⟨𝑁𝑝𝑎𝑟𝑡⟩, for A-A and
pp collisions at LHC and RHIC energies. The lines mark the thermal model predictions.
Figure from [29].
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Chapter 3

Collectivity in Heavy Ion
Collisions

3.1 Radial Flow

The bulk matter created after a collision is very dense and hot and it can be, when
conditions are suitable, described by the aforementioned hydrodynamical models.
After the creation and quick realization of thermalization, the medium will expand
due to initial pressure gradients leading to global hydrodynamic flow. The expansion
and cool-down is ongoing until the system undergoes a transition to a hadron gas
phase. The dynamics of the system created in heavy-ion collisions is accurately
described by the hydrodynamic models for a large range of collision energies.

The transverse expansion (radial flow) causes a blueshift of the measured transverse
momenta spectra of the particles when compared to p+p collisions. At low 𝑝𝑇 ,
where bulk of the particles are produced, one can express (using non-relativistic
kinematics) the observed 𝑝𝑇 ≈ 𝑝𝑡ℎ

𝑇 + 𝑚 ⟨𝑣𝑇 ⟩ as the sum of thermal contribution 𝑝𝑡ℎ
𝑇

(independent of the hadron mass) and a part coming from collective expansion -
average flow velocity ⟨𝑣𝑇 ⟩ times hadron mass.

This effect can be well observed in Figure 3.1 which shows a comparison of 𝑝𝑇 spectra
of 𝜋±, 𝐾±, 𝑝 from the LHC of p+p and Pb-Pb collisions. Due to the collective flow,
the heavy-ion collision spectra are flatter compared to the p+p case. Since the effect
is mass dependent, for heavy hadrons such as protons, the radial flow even generates
a so called “shoulder” in the spectrum at low 𝑝𝑇 as can be clearly seen in Figure
3.1.

To extract the information about the created system at the point of kinetic freezout
so called Blast-wave model fits [31] of the hadron spectra are performed. These fits
use parametrization of hadron spectra shapes which are deduced from combination
of thermal models and radial flow. Two parameters which these fits allow extracting
are the decoupling temperature 𝑇𝑘𝑖𝑛 and the average transverse velocity (radial flow)
⟨𝑣𝑇 ⟩. The results for p+p, p+Pb and Pb+Pb systems are shown in Figure 3.2. These
results are presented in several multiplicity intervals decreasing from right to left.
The figure allows for a comparison of the three systems’ spectral shapes and shows
larger average velocities for pp than for the denser Pb+Pb system.
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Figure 3.1: Invariant yields in Pb+Pb and p+p collisions of 𝜋±,𝐾±, 𝑝 [30].
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Figure 3.3: Time evolution of the spatial eccentricity 𝜀𝑥 and the momentum anisotropy
𝜀𝑝 for Au+Au collisions at RHIC with b = 7 fm [33].

3.2 Anisotropic Flow

The anisotropic flow is created during non-central collisions. During the evolution of
the produced medium, the spatial anisotropy of the energy density transforms into
pressure gradients which then drive the expansion of the system and cause anisotropy
of the produced particles. Experimentally, the measurement of anisotropic flow is
the most direct evidence of hydrodynamic behavior. Due to its sensitivity to the
system properties in the earliest stages of the collision and the system evolution,
it is a valuable observable to study properties of the QGP. This behavior can be
supported by EoS calculations shown in Figure 3.3.

The figure shows momentum anisotropy 𝜀𝑝 and spatial anisotropy 𝜀𝑥 quantifying the
deformation of the overlap zone. The solid line depicts results for EoS with RHIC
initial conditions, whereas the dashed line depicts the EoS with high energy density
in the initial stage with a massless ideal gas. These eccentricities are compared with
respect to their time evolution. The spatial eccentricity goes to 0 with the time of the
freeze-out showing that in the ideal case, the medium becomes in-plane-elongated,
while for RHIC the 𝜀𝑥 disappears later. This affects the evolution of 𝜀𝑝 that for the
ideal case reaches a maximum at the time of 𝜀𝑥 disappearance. The RHIC behavior
is more complicated. In the early stages, the rise of 𝜀𝑝 stops demonstrating the radial
expansion of the system which is increasing its isotropy. After the fireball exits the
mixed phase and finishes the phase transition, the system reacts to the remaining
𝜀𝑥 and 𝜀𝑝 grows further. This evolution depicts hard QGP EoS for RHIC energies
and shows how studies of system anisotropy may provide information about the
evolution of the system.

To study anisotropic flow one may take a look at the azimuthal particle distribution
which is expected to be anisotropic with respect to the reaction plane (illustrated
in Figure 3.4 left). The reaction plane is determined by the vector of the impact
parameter and the beam direction. The azimuth of the reaction plane is called the
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reaction plane angle, which acts as a symmetry plane of the collision. As the reaction
plane cannot be observed directly, one can use the following symmetry planes: the
participant plane defined by the symmetry plane of participating nucleons or the
event plane which can be estimated using anisotropic flow measurements.
Instead of studying directly the azimuthal distribution it is more advantageous to
look into its Fourier decomposition

𝐸
d3𝑁

d3𝑝
= d2𝑁

2𝜋𝑝𝑇 d𝑝𝑇 d𝑦

(︃
1 +

∞∑︁
𝑛=1

2𝑣𝑛 cos[𝑛(𝜑− Ψ𝑅𝑃 )]
)︃
, (3.1)

where 𝑣𝑛 are coefficients describing the event anisotropy [34]. The magnitude of 𝑣𝑛

is dependent on the system size, energy, centrality and other event properties. The
coefficients 𝑣1 and 𝑣2 are commonly referred to as the directed flow and the elliptic
flow respectively (see Figure 3.4 right). Directed flow corresponds to the deflection
of the particles transverse to the beam axis. Elliptic flow and higher harmonic co-
efficients are related to ellipticity, triangularity, etc., which are illustrated in Figure
3.5.

Figure 3.4: Left: The definitions of the Reaction Plane and the Participant Plane coor-
dinate systems. Right: Diagrams of elliptic and directed flow [34].

3.2.1 Elliptic flow

The most interesting of the harmonic coefficients of the Fourier expansion (3.1) is
the elliptic flow 𝑣2, as it can be related to collective expansion in nuclear collisions,
according to hydrodynamic calculations [36]. Since the spatial anisotropy generally
reduces with system expansion, elliptic flow is particularly susceptible to the early
stages of the system evolution. Also, elliptic flow is sensitive to the degree of ther-
malization of the system at the early stages of the system evolution. AGS and SPS
accelerators have been used to study elliptic flow in ultra-relativistic nuclear colli-
sions, demonstrating that, at their energy range, elliptic flow is "in-plane" (𝑣2 > 0).

However, the first measurements showed very little agreement between ideal hydro-
dynamics predictions and experimental data. Figure 3.6 shows the comparison of the
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Figure 3.5: A visualization of directed and elliptic flow and higher harmonic coefficients
[35].

𝑝𝑇 dependence of the elliptic flow with hydrodynamical calculations and measured
data from NA49 experiment for Pb+Pb collisions at

√
𝑠 = 17 AGeV [37].

Figure 3.6: A comparison of ideal hydrodynamics calculations with first 𝑣2 measurements
[38].

With the advancement of accelerator technologies, researchers have been able to
execute 𝑣2 measurements for a variety of collision energies up to LHC energy domain.
Figure 3.7 shows the collision energy dependence of the elliptic flow for 20%-30%
centrality. A continuous increase in the magnitude of 𝑣2 for this centrality region
from RHIC to LHC energies is clear. The overall shape of the energy dependence can
be explained by various multiple domains of characteristic dynamics of the colliding
system. Very high values of 𝑣2 for energies under 2 GeV are caused by a rotation of
the collision system that leads to fragments being emitted in-plane. The steep decline
into negative values for energies between 2 and 4 GeV is caused by the small velocity
of the incoming nuclei and spectators. The presence of the spectator matter causes
”squeeze-out” (inhibition of in-plane particle emission). For energy values higher
than 4 GeV, the elliptic flow reaches positive values as the initial eccentricity leads
to pressure gradients causing the elliptic flow. Comparing RHIC results to LHC
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results, a 30% increase can be observed, as predicted by the ideal hydrodynamic
models and models combining hydrodynamics and hadron cascade afterburner.

Figure 3.7: The collision energy dependence of elliptic flow in the 20%-30% centrality
class [39].

Another collision property that affects the formation of the elliptic flow is the cen-
trality of the collision. In Figure 3.8, an example of the dependence of the elliptic
flow on centrality is presented. The results show strong centrality dependence with
a rise of 𝑣2 to maximum for event of 50% centrality (mid-peripheral events). This
shows the initial spatial anisotropy effects of the medium on 𝑣2. The most central
collisions have a circle-like overlap shape thus having low 𝑣2 values, whereas, for pe-
ripheral collisions, a rise in 𝑣2 due to the almond-like overlap shape can be observed.
The small drop for very peripheral collisions is caused by the fact, that the system is
not big enough and long-lived enough to transfer the initial shape to the final flow.
The centrality dependence is essential for examining the thermodynamic equilib-
rium. Ideal hydrodynamics predictions suggest that at a given energy, the 𝑣2 scales
with the eccentricity of the almond-like overlap shape. In case the system does not
reach thermal equilibrium the system does not behave as an ideal fluid and the
scaling is broken.

Figure 3.9 shows elliptic flow divided by the spatial anisotropy of the participant
zone (𝜖). The bands in the upper part display the hydrodynamic limits for various
beam energy (blue for STAR). A relative measure of centrality is displayed on the
horizontal axis (the most central collisions correspond to the rightmost point). As
can be seen, the STAR data follow a smooth trend and at RHIC energies the most
head-on collisions reach the hydrodynamic limit. The strong elliptic flow discovered
in central Au+Au collisions at RHIC which agrees with ideal hydrodynamics es-
tablished the concept of strongly coupled quark-gluon plasma, sQGP. It was soon
realized that in order to fully describe data the hydrodynamics needs to account also
for a viscosity of the produced matter (𝜂). It was discovered that relatively small
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viscosity effects can result in a considerable drop in the resulting elliptic flow com-
pared to the ideal hydrodynamics scenario, along with various indirect indicators
that thermal equilibrium is not fully achieved in central Au+Au collisions. If other
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effects responsible for an increase in elliptic flow were not identified, lower values
of elliptic flow would dispute experimental measurements. Among these effects, the
following have been described:

• Ideal hydro calculations, if adjusted to describe spectra, yield larger elliptic
flow than thought previously. This means it is key to describe the spectra and
elliptic flow simultaneously,

• In some models, the initial eccentricity can take notably larger values than
in the optical Glauber model that is usually used to set initial conditions in
hydro calculations (larger eccentricities inevitably lead to larger elliptic flow),

• The final values of elliptic flow may be increased by the gradients in the initial
velocity.
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Figure 3.10: The 𝑝𝑇 dependence of elliptic flow of protons and pions with hydrodynamic
calculations for a hadron gas [34].

The study of elliptic flow with respect to 𝑝𝑇 shows a clear dependence on the mass
of the particle. Figure 3.10 shows a comparison of the 𝑝𝑇 dependence of elliptic
flow for protons and pions. From this figure, it is clear that the dependence of the
elliptic flow on the mass of the particle with 𝑣2 at a fixed 𝑝𝑇 decreases with increas-
ing mass. The solid lines show hydrodynamic predictions for the equation of state
with a phase transition from QGP to hadron gas. These predictions better describe
measured data for both types of particles. It is obvious that the effect of a phase
transition is less significant for the protons than the pions, as the lighter particles are
more affected by the temperature, and therefore less sensitive to the collective flow
velocity and vice versa for the heavier protons. Measurements also show that the
elliptic flow of the different mass particles at low 𝑝𝑇 can be described quite well by
a set of four freeze-out parameters: the temperature, the mean radial flow velocity,
the azimuthal dependence of the radial flow velocity and the source deformation.
The detected mass ordering holds up to large 𝑝𝑇 , although less notable because the
𝑣2 of the different particles start to approach one another.

30



At intermediate 𝑝𝑇 , baryon-meson grouping was observed, showing that partons are
those that flow and are just grouped together at the point of freeze-out, this is
known as the coalescence model. The coalescence model is used to describe the un-
expected particle type dependence and magnitude of 𝑣2 at large 𝑝𝑇 . This so called
constituent quarks(NCQ) scaling has been observed both at RHIC top energies (
Figure 3.11) and LHC ( Figure 3.12). This observation is of remarkable importance
as it indicates that the system was in a deconfined phase since the collectivity was
achieved already on the quark level. A consequence of this phenomenon is the en-
hanced relative production of baryons in this transverse momentum region leading
to the constituent quark scaling of elliptic flow 𝑣2(𝑝𝑇 ) ≈ 𝑛𝑣2(𝑝𝑇/𝑛), where n is the
number of constituent quarks. A crucial test of constituent quark scaling was the 𝜑
meson that has the mass of a proton but contains only two quarks and scales with
the other mesons, proving that the scaling is indeed dependent on the number of
constituent quarks and not just an effect of mass of the particles.

Figure 3.11: 𝑣2 for √
𝑠𝑁𝑁 = 200 GeV Au+Au as a function of 𝑝𝑇 [34].

Since NCQ scaling is taken as a signature of QGP creation at the top RHIC and LHC
collision energies, it is of interest to search for a point where the NCQ scaling breaks
down. The Beam Energy Scan project at RHIC [41] focused on lowering the collision
energy in order to broaden the understanding of the phase transition to QGP. Figure
3.13 shows the scaled elliptic flow dependence on scaled transverse kinetic energy
from collisions at √

𝑠𝑁𝑁 = 3, 27, and 54.4 GeV. It is clear that at 3 GeV the NCQ
scaling disappears. This could imply that the partonic interactions, that dominate
in the QGP phase, are replaced by baryonic interactions, and therefore, the QGP
phase is not reached. It makes this region of collision energies particularly interesting
for further explorations.

The measurements of 𝑣2(𝑝𝑇 ) also show other interesting phenomena such as the fact,
that heavy quarks participate in the collective expansion, even though their mass is
200 times larger than the mass of light quarks.
The measurements of heavy quarks at the LHC in Figure 3.14 show that 𝑣2 can
provide information about the strength of the interaction of heavy quarks with the
medium. The figure shows high values of 𝑣2 for D meson which is almost on the
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𝑠𝑁𝑁 = 3, 27, and 54.4 GeV for positively charged particles (left
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level of light hadrons. This implies that the interaction between the deconfined
medium and c quark is so strong that it makes even the heavy quark participate
in the collective expansion (flow). On the other hand the value of 𝑣2 J/𝜓 is much
smaller. This is caused by the fact, that the D meson is made by coupling via the
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Figure 3.14: Average prompt D0, D+, and D*+ 𝑣2 in Pb-Pb collision at √
𝑠𝑁𝑁 = 5.02 TeV

in the 30%-50% centrality class, compared to that of charged pions for 𝑝𝑡 < 15 GeV/𝑐,
charged particles 𝑝𝑡 > 15 Gev/𝑐 at mid-rapidity, and inclusive J/𝜓 mesons at forward
rapidity [43].

coalescence of a charm and light quark both of which flow. The J/𝜓 is composed
of two bound charm quarks and hence has zero color charge. The observed non-
zero value of 𝑣2 can be attributed to flow of non-directly produced fraction of J/𝜓
mesons. These non-direct particles come from coalescence (regeneration) of initialy
dissociated quarks and hence obtained flow on the quark level. However, this can
happen only at LHC where number of 𝑐 quarks created in single collision is high
enough so that the coalescence is possible. At RHIC energies the possibility of J/𝜓
creation via coalescence is negligible and indeed the observed 𝑣2 inclusive J/𝜓 mesons
is consistent with non-flow.

3.2.2 Higher-order Flow Coefficients

For smooth matter distribution of the colliding nuclei, the odd flow coefficients
are expected to be zero. Due to the fluctuations in the positions of the partici-
pating nucleons and in the matter distributions, the plane of symmetry fluctuates
event-by-event around the reaction plane giving rise to the odd Fourier coefficients.
The centrality dependence for the triangular (𝑣3) and the quadrangular (𝑣4) flow of
charged particles have been measured.
Figure 3.15 shows results for anisotropic flow coefficients in different centrality classes
together with the prediction from hydrodynamic calculations. For the most central
collisions, the 𝑣2, 𝑣3, 𝑣4 coefficients have similar magnitudes with significant growth
for more peripheral collisions. Smaller centrality dependence for higher-order flow
coefficients can also be observed. In the most central collision area, similar mag-
nitudes due to the dominance of nucleon fluctuations in the overlap region can be
observed, whereas in semi-peripheral collisions there is a dominance of the almond
shape of the overlap region.
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Figure 3.15: Higher-order flow coefficients centrality dependence [44].

From the point of event-event fluctuations it is therefore of interest to look at very
central collisions. As shown in Figure 3.16 by the measurement of CMS collaboration
[45] the results show a dominance of higher-order harmonics as the eccentricities are
mostly driven by event-by-event participant fluctuations (see Figure 3.16).
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Figure 3.16: Higher-order flow coefficients 𝑝𝑇 dependence in ultra central collisions [45].

3.2.3 Flow in Small Systems

The azimuthal anisotropies have also been observed at the RHIC [46, 47, 48, 49,
50, 51] and the LHC [52, 53, 54, 55, 56, 57] in small-sized systems such as p+A,
d+A, and 3He+A collisions. This topic is of great importance to current research
and has such complexity that for the purposes of this thesis, it is discussed in a
rather simplified manner. Many of the collective behavior characteristics seen in
collisions of heavy nuclei and ascribed to the perfect liquid nature of QGP were
seen in these smaller systems. According to numerical simulations, hydrodynamics
is still relevant even for systems with sizes on the order of the inverse temperature
[46]. It is unknown how sub-nucleonic fluctuations, which are insignificant for larger-
sized systems, affect the initial geometry in small-sized systems, where they may be
caused by an unevenly distributed gluon field inside the nucleon. Models indicate
that sub-nucleonic fluctuations have a significant impact on the system’s dependence
on eccentricity. This implies that measurements of the system dependence of 𝑣2,3(𝑝𝑇 )
can shed light on the structure of the nucleon and offer a unique limit on the role
of such fluctuation in small-scale systems. Due to the brief lifetime of the generated
medium, the anisotropy may also result from non-hydrodynamic modes and/or large
hydrodynamic gradient expansion correction. In central He+Au, d+Au, and p+Au
collisions, measurements of the elliptic and triangular azimuthal anisotropies reveal
the effect of sub-nucleonic fluctuations in the small-sized systems.

To discuss a concrete example, in Figure 3.18 the latest results from STAR on
flow in small systems [46] are compared to two hydrodynamic model simulations,
SONIC and IP-Glasma+MUSIC. The SONIC model uses initial eccentricity from
the nucleon Glauber model without sub-nucleonic fluctuations, and it exhibits rea-
sonable agreement with the most recent measurements for 𝑣2(𝑝𝑇 ) in He+Au and
d+Au and for 𝑣3(𝑝𝑇 ) in He+Au, but it significantly underestimates 𝑣3(𝑝𝑇 ) in d+Au
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and p+Au. The substantially lower eccentricity values used in the calculations may
be the cause for the underprediction. The IP-Glasma+MUSIC model contains sub-
nucleonic fluctuating initial states, three-dimensional hydrodynamic evolution, and
a model for evolution in the hadronic phase. After being tuned to explain the data
for large-sized systems, it automatically extrapolates to small-sized systems. These
estimates, in contrast to the SONIC model, overestimate the 𝑣2(𝑝𝑇 ) but exhibit
strong agreement with the 𝑣3(𝑝𝑇 ) data for all three systems. An overestimation of
the system-dependent eccentricity 𝜀2 values used in the calculations may be the cause
of this overprediction. Both models are unable to describe 𝑣2(𝑝𝑇 ) and 𝑣3(𝑝𝑇 ) simul-
taneously. The observations reveal that, in contrast to d+Au and He+Au collisions,
where the size of 𝑣3 is system-independent, the magnitude of 𝑣2 in p+Au collisions
is smaller. The data support the idea that sub-nucleonic eccentricity variations have
a major impact. It shows that further model developments are needed for in-depth
descriptions of azimuthal anisotropy in small-sized systems, particularly for the the-
oretical parameters that control the sub-nucleonic fluctuations.

There are also detailed studies of collectivity of small systems on the LHC, such as
in Figure 3.17. The figure shows a comparison of elliptic, triangular and quadran-
gular flow in small and large collision systems with respect to multiplicity 𝑁𝑐ℎ. As
expected, large systems demonstrate dependence on the multiplicity for large and
intermediate multiplicities and they appear independent in low multiplicities. On
the other hand, small systems show no or only small change throughout the whole
multiplicity range. However, no matter the system size, the flow coefficient ordering
remains the same.

Figure 3.17: Multiplicity dependence of 𝑣2, 𝑣3 and 𝑣4 measured using the two-particle
cumulant method with a |𝜂| gap in small and large collision systems [58].

Moreover, measurements in small systems are more prone to contamination from
non-flow effects. Their understanding and analysis methods for suppressing their
effect are important for drawing correct physics conclusions. These will be discussed
in the following text.

36



0.00

0.05

0.10

0.15

0.20

)
T

(p nv

He+Au3a) 0-10%   

2v
3v

0.00

0.05

0.10

0.15

0.20

)
T

(p nv

+Audb) 0-10%   

0.0 0.5 1.0 1.5 2.0
 (GeV/c)

T
p

0.00

0.05

0.10

0.15

0.20

)
T

(p nv

+Aupc) UC    STAR Collaboration

2v

2v

 IP-Glasma+MUSIC3v

 Sonic3v

Figure 3.18: Flow coefficient measurements in smaller systems with hydrodynamic pre-
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3.2.4 Non-flow Effects

Non-flow effects are correlations which increas magnitude of the observed anisotropy
in the particle production, but do not originate from collective. These correlations are
caused effects like jets, resonance decays or the fact that particles are not correlated
to the common symmetry plane. These non-flow effects affect every measurement
and have to be accounted for. In Figure 3.19 is shown an example from measurement
done by PHENIX collaboration [59]. The figure shows flow results obtained from two
particle correlations. In one case (𝑣2{2}) there is no restriction on proximity of the
two particles used for the calculation while in the second case (𝑣2{2, |Δ𝜂| > 2|}) it
is required that there is a gap in between them of at least 2 in pseudorapidity. It
clearly demonstrates that there is a large difference of up to 40% for large centralities
caused by the non-flow effects. The methods of dealing with non-flow effects, such as
pseudorapidity gap are useful, especially for peripheral collisions or for small systems
where the non-flow is not as suppressed as in the central collisions of large nuclei.
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Figure 3.19: The difference in the elliptic flow with non-flow effects (red) and without
non-flow effects (magenta) [59].

3.2.5 Experimental Methods

Event plane method

This method is useful for measurements at high energies. To estimate the 𝑣𝑛 coeffi-
cients, by definition, one would need to measure the reaction plane, but this plane
cannot be directly measured. However it is possible to determine the event plane
angle Ψ𝑛 for each harmonic coefficient of the flow distribution. This is called the
event-plane method. It uses the so called event flow vector 𝑄𝑛 which is a vector in
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the transverse plane defined as follows [34]:

𝑄𝑛,𝑥 =
∑︁

𝑖

𝑤𝑖 cos(𝑛𝜑𝑖) = Q𝑛 cos(𝑛Ψ𝑛),

𝑄𝑛,𝑦 =
∑︁

𝑖

𝑤𝑖 sin(𝑛𝜑𝑖) = Q𝑛 sin(𝑛Ψ𝑛), (3.2)

where the sum goes over all particles. 𝜑𝑖 and 𝑤𝑖 are the laboratory azimuthal angle
and weight of the 𝑖-th particle. The weight is chosen to approximate 𝑣𝑛(𝑝𝑇 , 𝑦) and
optimize the resolution of the reaction plane and is different for odd and even har-
monics. The reflection symmetry of symmetric collisions causes the difference. The
particles in the backward hemisphere of the CMS should be the same as in the for-
ward hemisphere for the azimuthal angles shifted by 𝜋 [60], thus for odd harmonics,
we get 𝑤𝑖(−𝑦) = −𝑤𝑖(𝑦). The weight is often chosen as the transverse momentum
of the particles, as the 𝑣𝑛 grows linearly with 𝑝𝑇 . The event plane angle is calculated
as [60]

Ψ𝑛 =
(︃

tan−1
∑︀

𝑖 𝑤𝑖 sin(𝑛𝜑𝑖)∑︀
𝑖 𝑤𝑖 cos(𝑛𝜑𝑖)

)︃
/𝑛 = tan−1

(︃
𝑄𝑛,𝑦

𝑄𝑛,𝑥

)︃
/𝑛. (3.3)

The measured angle is sensitive to the finite multiplicity (finite number of detected
particles) and this needs to be accounted for by event plane resolution. This resolu-
tion is given for each harmonic by [34]

ℛ𝑛 = ⟨cos[𝑛(Ψ𝑛 − Ψ RP)]⟩, (3.4)

averaging over a large event sample. The flow coefficients are defined by the observed
flow coefficient divided by the resolution. Because the correction is always less than
one (due to cosine in the definition), it will increase the final coefficient. Even though
the determination of the resolution for the full event may seem more straightforward,
it is often not preferred. It is convenient to divide the event into sub-events, that
are naturally correlated as they are both correlated with the reaction plane, with
the same number of particles. The division is done randomly, by pseudorapidity, by
charge, or by an arbitrary combination of these. To calculate the resolution, one uses
the resolution parameter 𝜒 defined as a flow coefficient multiplied by

√
𝑁 , where 𝑁

is the number of particles [34]. The reaction plane resolution is then defined as

ℛ𝑘(𝜒) =
√
𝜋/2 𝜒 exp(−𝜒2/2) (𝐼(𝑘−1)/2(𝜒2/2) + 𝐼(𝑘+1)/2(𝜒2/2)), (3.5)

where 𝐼 is the modified Bessel function. The dependence of ℛ𝑘 on 𝜒 is shown in
Figure 3.20.

To determine the resolution of subevents 𝐴 and 𝐵 one can use their correlation and
take simply the square root of that [34]:

ℛ𝑛,sub =
√︁

⟨cos[𝑛(Ψ𝐴
𝑛 − Ψ𝐵

𝑛 )]⟩ (3.6)

The resolution of the full event can be obtained from the resolution parameters of
the subevents by ℛfull = ℛ(

√
2𝜒sub) [34].
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Figure 3.20: The event plane resolution as a function of 𝜒. The harmonic number of the
correlation 𝑛 is an integer 𝑘 times the harmonic number 𝑚 of the event plane [34].

It is also important to note that the resolution drops when the event plane is deter-
mined from the same harmonic as 𝑣𝑛. Another correction is crucial due to the imper-
fection of the detector. Unfortunately, the particles are not detected with azimuthally
isotropic efficiency due to either limited acceptance of the detector or/and detector
non-uniformity of detector response. There are several methods used to remove this
effect, such as recentering, phi weighting or shifting. The recentering method uti-
lizes the Q-vectors of each event that are subtracted from the averaged Q-vector.
This method is not useful for higher harmonics. The phi weighting method, which
is very common, uses the particle distribution to determine the acceptance, this
method uses the inverse of the azimuthal distribution of the particles for all events
as weights in the calculation of the event planes. The advantage of this method is a
zero average Q-vector and the possibility to account for areas of dead parts in the
detector. [60].

Two and many-particle correlations

The many-particle correlation method’s essence is the comparison of the two-particle
azimuthal distribution to that expected from the anisotropic flow [34]:

𝑑𝑁𝑝𝑎𝑖𝑟𝑠

𝑑Δ𝜑 ∝ (1 +
∞∑︁

𝑛=1
2𝑣2

𝑛 cos(𝑛Δ𝜑)) (3.7)

where all pairs of particles in a given momentum region are correlated, no event
plane is used.

The two-particle cumulant method differs from the many-particle approach only in
the fact that instead of the fit to the two-particle distributions, it calculates the
coefficient directly as [34]
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𝑣𝑛{2}2 = ⟨cos[𝑛(𝜑1 − 𝜑2)]⟩ = ⟨𝑢𝑛,1𝑢
*
𝑛,2⟩ (3.8)

for all pairs of particles, where 𝑢𝑛 is the particles’ unit flow vector. The difference in
the differential flow obtained from the two-particle cumulant method and the event
plane method lies in using the length of the flow vector as weight, the resulting
statistical errors are slightly smaller in the cumulant method. The estimates of flow
coefficients have a sizable advantage of reducing non-flow correlations (see Figure
3.19), which are mostly created by few-particle correlations. Higher order cumulants
are multi-particle correlations where the contributions of lower order multiplets have
been subtracted, however, the statistical errors for this method are larger than with
the event plane method. Another disadvantage is that 𝑣4

𝑛 can sometimes be nega-
tive, depending on the nature of flow fluctuations [34]. Amongst the advantages of
the multi-particle cumulant technique is a possibility of a consistent treatment of
acceptance effects and the inclusion of mixed harmonics. An important example of
the latter is the three-particle correlation, which was successfully used at RHIC to
suppress non-flow in the study of 𝑣1 [61] and 𝑣4 [62].

𝜂-subevent method

Another way of reducing non-flow contributions from non-flow effects is the 𝜂-
subevent method. This is achieved by splitting the pseudorapidity acceptance of the
detector into two or more regions separated by some space (𝜂-gap). This method is
similar to the event plane method, except for the fact that the event flow vector is
defined for each particle based on particles measured in the opposite hemisphere in
pseudorapidity [63].

Figure 3.21: Pseudorapidity dependence of elliptic flow for √
𝑠𝑁𝑁 = 200 GeV Au+Au

from the event plane method (STAR), the LYZ method (STAR), and using an 𝜂 gap
(PHOBOS) [63].

q-distributions, Lee-Yang Zeros, Bessel and Fourier Transforms

As mentioned above, the Q-vector measurements are useful for high-energy studies,
where the multiplicity 𝑀 plays a great role and affects the magnitude of the Q-
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vector. This dependence is not favorable and can be removed by defining the reduced
flow vector 𝑞𝑛 defined as [34]

𝑞𝑛 = 𝑄𝑛/
√
𝑀. (3.9)

This method is called the q-distributions method and, as opposed to the Q-vector
method, it focuses on the length distribution of the q-vector. As expected, the length
distribution is influenced by the multiplicity that shifts it by 𝑣2

𝑛𝑀 and it is widened
by fluctuations and non-flow correlations.

To subtract the non-flow effects, the Fourier and Bessel transforms [64] or the Lee-
Young Zeros methods [63] can be used. The Fourier and Bessel transforms are useful
to demonstrate the separation of non-flow effects using the collectivity of flow. It is
only applicable in the limit of

√
𝑀 ≫ 1. Furthermore, in this limit, the distribution

of the flow vector is expected to be Gaussian (due to the Central Limit Theorem).
This means the fitting distributions are not sensitive to non-flow correlations [34].
The Lee-Yang Zeros method is more versatile and is able to subtract non-flow effects
to all orders [63]. It creates a generating function using the Q-vector that is calcu-
lated with designated weights to eliminate autocorrelations and non-flow effects.
Afterwards, it tries to determine the first minimum. Unfortunately, this method
requires much more computer time and a good signal-to-noise ratio.
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Chapter 4

CBM Experiment at FAIR

This chapter focuses on the Facility for Antiproton and Ion Research and in partic-
ular, one of its experiments, the CBM experiment.

4.1 The Facility for Antiproton and Ion Research

Currently, the Facility for Antiproton and Ion Research (FAIR) is under construction
at Darmstadt, Germany. Upon its completion, FAIR will be one of the world’s
most advanced accelerator facilities, having the unique ability to provide accelerated
beams of any chemical elements, as well as antiprotons, at unprecedented rate and
intensity.

Figure 4.1: The Facility for Antiproton and Ion Research [65].
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The layout of FAIR is shown in Figure 4.1. Its most crucial component is the SIS100
ring accelerator with a circumference of 1,100 meters. The SIS100 is connected to a
system of additional storage rings and experimental stations with the existing facility
of the GSI Helmholtzzentrum für Schwerionenforschung serving as the injector for
the FAIR facility. The accelerating process occurs as follows [65]:

1. At 0 s, atoms are torn from the material using a high-voltage discharge. More-
over, they are stripped from some of their electrons, making them ions. These
ions are then steered by an electric field towards the UNILAC linear acceler-
ator.

2. At 0.00001 s, the ions are accelerated in the UNILAC. After traversing an
array of copper cylinders, they can reach up to 47,000 km/s.

3. At 0.7 s, the ions have flown through the SIS18, the 216-meter long circular
accelerator, several hundred thousand times, at which point they reach about
270,000 km/s or 90 % of the speed of light.

4. At 6.7 s, the larger dimensions and stronger superconducting magnets of the
SIS100 allow the ions to be accelerated even further up to 285,000 km/s, or 95
% of the speed of light. After reaching this speed and traveling through over
one million kilometers of accelerator beamlines, the ions are steered towards
the designated experimental stations or stored in the storage rings.

There are four experimental projects to be operated at the FAIR facility, namely
CBM, NUSTAR, APPA and PANDA.

The NUSTAR Experiment

The NUSTAR (Nuclear Structure, Astrophysics and Reactions) collaboration [66] is
devoted to studying exotic nuclei which are typically produced in stars and stellar
explosions. At FAIR, these exotic nuclei will be created in a fixed target experiment,
enabling their further research thanks to the Super-FRS or the Superconducting
Fragment Separator. The Super-FRS uses several-ton superconducting magnets to
sort the exotic nuclei according to their mass and charge. This will allow scientists
to study the exact nuclei they want to study. The separated nuclei will be kept at
constant speed in storage rings, allowing high precision in measurements of such
properties as the lifetime, shape or internal structure of the exotic nuclei. These
properties are key to understanding the creation of elements inside stars.

The PANDA Experiment

The PANDA (Antiproton Annihilation at Darmstadt) experiment [67] will focus on
studying the products of proton-antiproton collisions. When a particle makes con-
tact with its antiparticle, a process called annihilation results in a massive release
of energy from which various other particles are created. These products might also
include some theorized combinations of quarks and gluons, such as tetraquarks (par-
ticles consisting of two quarks and two antiquarks) or glueballs (particles consisting
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solely of gluons). The aim of PANDA is to study these particles in order to improve
our understanding of the strong interaction.

4.2 The APPA Experiment

The APPA (Atomic Physics, Plasma and Applications) [68] is a collective name for
several projects with similar experimental setups and methods. Their research will
range from the effect of ion beams on living tissue and solid materials, applications of
plasma physics in engineering to further exploration of existing physical phenomena
such as Quantum Electrodynamics or the Special Theory of Relativity.

4.3 The CBM Experiment

The CBM (Compressed Baryonic Matter) experiment will focus on the exploration
of dense nuclear matter and its equation of state. In contrast with other collider
facilities such as CERN or RHIC, which collide nuclei at extremely high energies
and nearly zero baryon densities, CBM will be focused on intermediate temperatures
and high baryon densities in order to study different regions of the phase diagram
of nuclear matter and search for the critical point, and consequently, the first order
phase transition. All of the specifications of CBM and its subsystems stated here-
inafter are taken from [69, 70, 71, 72, 73, 74, 75, 76].
For this reason, the detector’s geometry has been optimized; unlike experiments at
RHIC and CERN, the CBM detector investigations will be of the fixed-target type
rather than the collider type. One of CBM’s distinctive qualities will be its high-rate
data acquisition system (DAQ) that can capture up to 107 interactions per second.
Because of this trait, CBM will be sensitive to extremely uncommon heavy-ion col-
lision probes (e.g. multistrange hyperons).
Continuous readout poses another difficult problem since, unlike earlier experiments,
there is no trigger system to initiate readout, and the data will be continuously read
out, preprocessed online, and then saved for offline analysis. The CBM detectors are
made to handle events at 10 MHz, which corresponds to 109 ions per second of beam
intensity and a target 1% total cross section (only 1% of beam particles interact in
the target). Assuming a 40 kB event size (corresponding to an Au+Au collision)
and an archiving rate of 1 GB/s, the maximum frequency that can be allowed by
data acquisition is 25 kHz. Therefore, a data-reducing algorithm that can reduce the
volume of the data stream by more than 400 times is required. This is achieved by
rapid online event reconstruction using CPU and GPU farms. On the basis of paral-
lel track-finding algorithms that implement, for instance, the Kalman Filter Method,
track reconstruction is done. Tracking will be employed in events with open charm
particles (such as D mesons) to detect secondary vertexes, and this data will sub-
sequently be used as an online trigger. The Green IT Cube computing center was
constructed with the intention of processing and storing data.

In Figure 4.2, the CBM experiment detector layout is shown. There are in fact two
different experimental setups planned for CBM, one including the RICH detector for
electron measurements and one with the MUCH detector for muon measurements.
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Figure 4.2: The CBM detector layout with (left) the particle identification detector
RICH, and (right) the muon identification detector MUCH [70].

The following subsections focus on describing the properties of each one of the CBM’s
detector subsystems.

Micro-Vertex Detector

The main goal of the micro-vertex detector (MVD) [71] is to detect dileptons and
determine whether or not they originate from the primary vertex. Another objective
is to reconstruct short-lived particles, such as D mesons, using decay topologies.
Because the D meson’s lifespan is very short, MVD must be precise in order to
identify secondary vertexes. High radiation tolerance and a small material budget
are also required in order to minimize rescatterings. Monolithic Active Pixel Sensors
(MAPS) with pixel sizes of around 18 - 20 𝜇m can be used to attain these conditions.
These MAPS are positioned in four layers 5, 10, 15 and 20 cm downstream of the
target. The pixel resolution ranges from 3.5 to 6 𝜇m, while the secondary vertex
resolution (on the beam axis) is 50 to 100 𝜇m. Depending on the stations’ size, the
detector’s overall thickness is between 300 and 500 𝜇m silicon equivalent for sensors
and support structures. The expected time resolution is less than 30 s.

Silicon Tracking System

The silicon tracking system (STS) [72] is designed to determine the momentum of
particles and provide track reconstruction. The STS comprises of up to 8 tracking
layers of silicon detectors which are located downstream of the target at 30 - 100
cm inside the magnetic dipole field. Momentum resolution is required to be at least
Δ𝑝/𝑝 = 1%. The STS tracking concept is based on silicon microstrip detectors
mounted on thin mechanical supports in the shape of ladders. The sensors will be
read out at the stations’ periphery, where cooling lines and other infrastructure may
be installed, using multi-line micro-cables with fast electronics. The double-sided
micro-strip sensors will feature a stereo angle of 0/7.5 degrees, a strip pitch of 60
𝜇m, strip lengths ranging from 20 to 60 mm, and a silicon thickness of 300 𝜇m. The
micro-cables will be constructed from numerous 10 𝜇m thick polyimide-aluminium
layers stacked together.
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Ring Imaging Cherenkov Radiation

The task of the RICH detector [73] is electron identification and suppression of pions
with momentum below 8-10 GeV/c. A gaseous RICH detector with focusing mirror
components and a photodetector will be used to accomplish this. The radiator gas
will be CO2, which has a pion threshold for Cherenkov radiation of 4.65 GeV/c.
The detector will be positioned 1.6 meters downstream of the target, behind the
dipole magnet. It will include two arrays of mirrors and photodetector planes, a 1.7
m long gas radiator, with an overall length of around 2 m. Two horizontal arrays
of spherical glass mirrors, each measuring 4 by 1.5 meters apiece, are placed on
the mirror plane. The 72 mirror tiles feature an Al+MgF2 reflecting coating, a 3
m radius of curvature, and a 6 mm thickness. Two 20.6 m2 photodetector planes
positioned behind the CBM dipole magnet and protected by the magnet yokes will
have rings projected upon them. In-beam testing with a RICH prototype of actual
length shows that 22 photons are on average recorded per electron ring. Due to the
substantial material budget in front of the RICH detector, central Au+Au collisions
at 25 AGeV beam energy indicate the order of 100 rings. However, models predict
that a pion suppression of the order of 500 will be accomplished because of the high
granularity (about 55000 channels) and high amount of photons per ring.

Muon Chamber System

Finding low-momentum muons in an environment with high particle density is a
challenge for experimental muon measurements in heavy-ion collisions at FAIR en-
ergy. The idea behind CBM is to track the particles using a hadron absorber device
and identify muons based on their momentum. To implement this idea, the hadron
absorber is divided into many layers, and triplets of tracking detector planes are in-
serted into the spaces between the layers of the absorber. The muon chamber system
(MUCH) [74] is positioned downstream of the Silicon Tracking System (STS) which
determines the particle momentum. The MUCH system must be as small as possible
in order to minimize meson decays into muons. The MUCH’s design comprises six
layers of hadron absorbers (iron plates with thicknesses of 20, 20, 20, 30, 35, and
100 cm), as well as 15 – 18 gaseous tracking chambers arranged in triplets behind
each iron slab.

Transition Radiation Detector

The TRD subsystem [75] consists of three stations each having three detector layers
for particle tracking and for the identification of electrons and positrons with mo-
mentum 𝑝 > 1.5 GeV/c (𝛾 > 1000). The detector stations are situated at 5, 7.2, and
9.5 m downstream of the target, with a total active detector area of approximately
600 m2. Particle rates in the order of 100 kHz/cm2 are anticipated for 10 MHz min-
imum bias Au+Au collisions at 25 AGeV at low forward angles and a distance of 5
m from the target. Particle densities of roughly 0.05/cm2 are expected in a central
collision. The minimal size of a single cell should then be roughly 1 cm2 in order to
keep occupancy below 5%. The rectangular pads used for the TRD detector read-
out will provide a resolution of 300–500 mm across and 3–30 mm along the pad. A
90-degree rotation of the transition radiation layer occurs in every other layer.
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Time of Flight Detector

The TOF detector’s [76] objective is to identify hadrons by velocity measurements.
It consists of an array of resistive plate chambers (RPC) which, in principle, are
gas chambers with two planar surfaces at high voltage. The TOF detector covers
an active area of approximately 120 m2 and is located about 6 m downstream of
the target. A time resolution of around 80 ps is needed. The innermost component
of the detector must operate at rates as high as 20 kHz/cm2 for 10 MHz minimum
bias Au+Au collisions. Low-resistivity glass-based prototype RPCs have been put
through testing with a time resolution of roughly 40 ps at 20 kHz/cm2. For central
Au+Au collisions at 25 AGeV, the pad size for minor deflection angles is around 5
cm2, which corresponds to an occupancy of under 5%.

Projectile Spectator Detector

The task of the PSD [70], a compensating lead-scintillator calorimeter-type detec-
tor[70], is to measure the energy distribution of the projectile nuclei fragments (spec-
tators) as well as forward-going particles produced close to the beam rapidity. The
specifics of the PSD are further described in detail in the following section.

4.4 Projectile Spectator Detector

With the exceptional accuracy made possible by the high luminosity beams of FAIR,
the CBM experiment intends to carry out a systematic assessment of production
yields, phase-space distributions, correlations, and fluctuation observables for nu-
merous particle species created in nuclear collisions. The primary goal of the PSD
is to obtain an experimental measurement of the centrality and orientation of the
symmetry plane of heavy ion collisions. For many physics processes, a precise event-
by-event estimation of these fundamental observables is essential. A crucial observ-
able that reveals details about the fireball’s composition and reaction dynamics is
the collective flow of particles created by a collision, which is defined with respect
to the reaction plane that is spanned by the collision’s impact parameter and the
beam direction. The orientation of the impact parameter is reflected by the specta-
tors, which are flying out in the impact parameter’s direction. Therefore, measuring
spectator location and energy at a specific distance downstream of the target is
the most straightforward way to determine the reaction plane. The PSD must thus
have an adequate energy resolution as well as a modular structure with sufficient
azimuthal segmentation in order to reliably determine the position of the specta-
tors. The PSD’s main design criteria include forward rapidity coverage, appropriate
energy resolution to allow for precise collision centrality estimation, in addition to
granularity in the plane transverse to the beam directions, which is required for
the reconstruction of the collision symmetry plane. These requirements can be sat-
isfied by a compensating hadron calorimeter. The calorimeter’s energy resolution
is enhanced by the compensation condition, which equalized the calorimeter’s re-
action to the electromagnetic and hadronic components. This removes one of the
major sources of energy fluctuations and hence improves precision. Amongst other
advantages of compensating calorimeters are linearity and Gaussian shape signal of
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the detector response. It was shown that the compensating condition depends on
the relative absorber/active thickness ratio. Compensating condition is fulfilled for
Pb/Scintillator sampling ratio equal to 4.

4.4.1 PSD Structure and Geometry

The PSD’s suggested design covers a sizable transverse region around the beam
point position, allowing the majority of projectile spectator fragments to discharge
the majority of their energy in the PSD. The fragments’ deflection by the CBM
dipole magnet’s magnetic field is taken into account by the PSD’s elongated trans-
verse geometry in the horizontal direction. The PSD is made up of 44 separate
modules, each with a transverse size of 20 × 20 cm2 (see Figure 4.3). Each module

Figure 4.3: The structure of the PSD and its segmentation into three concentric sections.
[70].

consists of 60 lead-scintillator sandwiches, each made up of lead and scintillator tiles
that are 16 mm thick and 4 mm thick respectively. The total interaction length is
about 6 𝜆𝑖. A single photon detector reads out every six successive layers of the
scintillator using the WLS fibers. The planned design of the PSD module and the
light readout is shown in Figure 4.4. The longitudinal segmentation of the PSD
modules is provided by the 10 sections with the individual light readout. Instead
of PMTs, Micro-Pixel Avalanche Photodiodes (MAPDs) read out the light from the
WLS fibers. The module’s uniform light collection is achieved by the longitudinal
segmentation. A possibility to enhance the energy resolution based on observations
of the longitudinal hadron shower profile with the off-line compensating method is
also allowed by the segmentation of the calorimeter. These photodiodes have ex-
ceptional properties, such as good photon detection efficiency, gain, low cost, com-
pactness and simplicity of operation. The radiation exposure has minimal impact
on the PSD calorimeter. Due to the modular construction and longitudinal segmen-
tation, the transverse and longitudinal uniformity of the PSD light collection is not
compromised.

The geometry of the CBM subsystems used for the PSD performance study is de-
picted in Figure 4.5. Each individual module must be positioned at the beam axis
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Figure 4.4: Design of the PSD module and light readout from scintillator tiles in PSD
module. Left-front view, right- top view (only half-length of the module is shown). Fibers
from each consecutive 6 tiles are collected together and read out by a single MAPD [70].

for the PSD calibration using beam particles (protons and muons). The calorime-
ter must thus be moved with millimeter-level precision in the transverse directions
using a movable platform. It is pleasant to note that such a platform has been al-
ready successfully delivered to GSI by Faculty of Mechanical Engineering of the
Czech Technical University in Prague. When moving the detector, the calibration
procedure calls for disconnecting the vacuum pipe from the beam pipe within the
calorimeter. The dipole magnet’s field, which runs along the vertical axis in the lab-
oratory frame and has a full magnetic field integral of around 1 Tm, deflects the ion
beam horizontally. For each collision energy, magnetic field strength, and detector
distance to the target, the PSD is moved by 𝑥shift so that the beam always passes the
PSD via its beam hole. According to the graphic, the PSD modules are divided into
three classes (subevents) for the performance studies. The subevents enable central-
ity and reaction plane determination using the PSD as a stand-alone detector. The
three segments are referred to as PSD1, PSD2, PSD3 (illustrated in 4.3 in red, blue
and yellow respectively), and PSD-full when all modules are employed.

Figure 4.5: CBM detector geometry used for the PSD performance study [70].

4.4.2 Centrality Determination

The PSD has an impact parameter resolution that, depending on the collision en-
ergy, is equivalent to the CBM silicon tracking system’s (STS). Thus, in the CBM
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experiment the PSD offers an independent method of centrality determination from
spectator multiplicity. The PSD provides for centrality determination in small cen-
trality classes with a width of at least 5% and contributes to improving the overall
centrality determination in the centrality range of 0 - 40% when used in combination
with the STS. The PSD uses an independent way of centrality determination using
the multiplicity of the spectators. The independent procedure is useful for studies of
event-by-event fluctuations at midrapidity. In the case of small energy deposition in
the PSD, the events are marked as the most central events. In comparison, a large
number of spectators depositing a large amount of energy in the PSD correspond to
peripheral events. The PSD has a hole in its structure which causes a loss of frag-
ments of about 40% most peripheral events. This causes a decorrelation between
the energy measured by the PSD and geometrical quantities. To account for these
events, a cut Mtrk/Mmax

trk > 0.6 − 0.8EPSD/E1,max
PSD was implemented [77]. Results for

the correlation before and after this cut are shown in Figure 4.6 with visible improve-
ment after the cut. In addition, the PSD can be used for centrality determination as
a standalone detector and with the STS detector, the PSD improves the centrality
determination in the 0-40% centrality range with the centrality classes with a width
of at least 5%.

Figure 4.6: Left: The correlation between the energy deposited in the central PSD mod-
ules (E1

PSD) and the track multiplicity Mtrk. Right: The correlation between the energy
deposited in the central modules of the PSD (PSD1) and track multiplicity with a cut
Mtrk/Mmax

trk > 0.6 − 0.8EPSD/E1,max
PSD [77].

4.4.3 Reaction Plane Reconstruction

The direction of the impact parameter is unknown experimentally, much like the
impact parameter’s magnitude. The azimuthal asymmetry of particle production in
the transverse plane to the beam direction is frequently used to assess the orien-
tation of the reaction plane. Spectators are deflected during the collision because
of the momentum transfer between participants and spectators. The spectator de-
flection direction is related to the direction of the impact parameter (or reaction
plane) for non-central collisions because the initial energy density’s asymmetry in
the transverse plane is aligned in that direction. An estimation of the orientation of
the reaction plane may be made using the plane that is spanned by the directions
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of the beam and spectator deflection (spectator plane). Experimental access to the
spectator deflection is possible. By applying the transverse segmentation and energy
deposition in each of the PSD modules, it may be computed in CBM event-by-event.
The PSD is a specialized CBM detector that offers data on spectator deflection in
the response plane in that regard. The event plane angle Ψ1,EP is the estimated
azimuthal angle of the spectator plane. The difference between the event plane and
the response plane orientation arises from the finite number of fragments and the
fluctuation of the particle multiplicity from one collision to another at fixed im-
pact parameter orientation. The event plane resolution (a Gaussian width of the
ΨRP − Ψ1,EP distribution) is typically used to quantify this difference.

The event plane angle Ψ1,EP is determined by generating a flow Q-vector, defined
in Equation (3.2), from the energy deposited in a particular PSD module or from
reconstituted particles in the STS. Here, the energy deposited in a given module
𝑖 is taken as the weight 𝑤𝑖. Also, the laboratory azimuthal angle 𝜑𝑖 can be either
the azimuthal angle of the 𝑖-th particle reconstructed by the STS or the azimuthal
angle of the center in the transverse plane of the 𝑖-th PSD module. The event plane
angle Ψ1,EP can then be obtained by using Equation (3.3). The PSD Q-vector has
off-centered values (mostly in the x direction) due to the dipole magnetic field’s dis-
tortion of the azimuthal distribution of the particles. The PSD energy distribution’s
azimuthal imbalance is corrected by applying a Q-vector recentering approach:

𝑄′
𝑥,𝑦 = 𝑄𝑥,𝑦 − ⟨𝑄𝑥,𝑦⟩

𝜎𝑄𝑥,𝑦

, (4.1)

where 𝜎𝑄𝑥,𝑦 and ⟨𝑄𝑥,𝑦⟩ are the Gaussian width and the event averaged mean of
the 𝑄𝑥,𝑦 distribution respectively. The ⟨𝑄𝑥⟩ dependence on the total energy for a
given subevent is shown in Figure 4.7. After applying the recentering process (open
symbols), ⟨𝑄𝑥,𝑦⟩ (solid symbols) loses its high energy dependence.

Figure 4.7: Event averaged 𝑥 component of the Q-vector, ⟨𝑄𝑥⟩, for different PSD
subevents versus the energy of the corresponding PSD subevents before (solid symbols)
and after (open symbols) the Q-vector recentering procedure is applied. The panels (from
left to right) show results using (a) full PSD information, (b) PSD1, (c) PSD2, and (d)
PSD3 subevents. Different colors show results for 𝐸𝑏 = 2, 10, and 35 AGeV [70].

For semi-central (20 - 50%) Au+Au collisions at beam energy 𝐸𝑏 = 2, 4, 6, 10, 15,
25, and 35 AGeV, the PSD event plane resolution, 𝜎(Ψ1,EP − ΨRP), as a function of
distance of the PSD from the target in the range between 8 m and 15 m is shown
in Figure 4.8 (left). With the exception of the lowest 𝐸𝑏 of 2 AGeV, for which the
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resolution is 40 - 60 degrees, the PSD event plane resolution ranges between 30
and 40 degrees depending on the proximity to the target and the impact energy.
According to the results in Figure 4.8 (left), the ideal PSD placement for SIS100

Figure 4.8: First order reaction plane resolution, 𝜎(Ψ1,EP − ΨRP), for semi-central (20
- 50%) Au+Au collisions. Left: Results for 𝐸𝑏 = 2, 4, 6, 10, 15, 25, and 35 AGeV as a
function of the PSD distance from the target in the range between 8 and 15 m. Right:
Effect of the magnetic field on the event plane resolution at the 𝐸𝑏 = 2 AGeV. The PSD
is located 8 m from the target [70].

energies (𝐸𝑏 = 210 AGeV) is 8 m from the target. The influence of the magnetic
field on the event plane resolution at the lowest beam energy 𝐸𝑏 = 2 AGeV, where
distortion is anticipated to be the largest, is shown in Figure 4.8 (right). After using
the recentering method, simulations reveal that the resolution has not significantly
altered.

For directed flow 𝑣1, Figure 4.9 shows the PSD performance as a function of colli-
sion centrality for (left) the event plane resolution 𝜎(Ψ1,EP − ΨRP) and (right) the
resolution correction factor, 𝑅1,EP = ⟨cos(Ψ1,EP − ΨRP)⟩. The STS multiplicity is
used to estimate the centrality. For mid-central collisions, the event plane resolution
is as excellent as 25 – 40 degrees. The weakening of 𝑣1 and the decrease in the frag-
ment multiplicity in the PSD acceptance have a combined effect on the resolution
deterioration observed for central and peripheral collisions.

As for the elliptic flow, the proton 𝑣2 in Au+Au collisions at 𝐸𝑏 = 10 AGeV for
𝑏 = 6−8 fm can be seen in Figure 4.10 using an UrQMD event generator simulation.
Calculations based on Monte-Carlo truth information and the findings determined in
the data-driven analysis employing PSD subevents for the event plane determination
are in good agreement. The limited event plane resolution of the PSD is the cause
of the fluctuation in statistical error bars. For a specific sample of Au+Au collisions,
the data in Figure 17 may be utilized to project the statistical error bars for a variety
of rarely generated particles.

Figure 4.11 shows predictions for relative statistical errors of 𝑣2 for Ω− (proton and
Λ) for a sample of 1011 (1010) minimal bias Au+Au collisions at 𝐸𝑏 = 10 AGeV
which is similar to approximately two months of CBM experiment operation at 1
MHz (100 kHz) interaction rate. These findings show that, after a few months of
CBM experiment operation at 1 MHz (100 kHz) interaction rate, 𝑣2 of Ω− (Λ and
proton) particles can be detected with a precision of roughly 20 - 40% (0.3 - 1%) in
the transverse momentum region between 0.5 - 2 GeV/c.
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Figure 4.9: First order reaction plane resolution (left), 𝜎(Ψ1,EP − ΨRP), and (right) reso-
lution correction factor, 𝑅1,EP = ⟨cos(Ψ1,EP−ΨRP)⟩, plotted as a function of the centrality
estimated with the STS detector for Au+Au collisions at 𝐸𝑏=2, 4, 6, 10, 15, 25, and 35
AGeV [70].

Figure 4.10: Proton 𝑣2 versus 𝑝𝑇 reconstructed with the PSD event plane for one million
Au+Au collisions generated with the UrQMD model [70].

4.5 Effects of PSD Beamhole

It was found out from simulations that in order to avoid a hard radiation load on
the readout electronics in the center of the detector, a larger beam hole must be
present. Due to this, a small fraction of forward-moving particle fragments will not
be registered by the PSD. This phenomenon is most noticeable for large fragments
(𝐴 ≥ 4) and high energies (𝐸𝑏 = 35 AGeV) because their rigidity is near to that
of the beam ions. Several different geometries of a hole around the beam pipe were
considered, out of which a diamond shape of the hole showed to have the most
desirable effects. The diamond shape is shown in Figure 4.12.

The resolution of the PSD with the diamond-shaped beam hole is shown in Figure
4.13. The left panel shows the event plane resolution determined by the 3-subevent
method. The results for the three PSD modules are depicted. The results show
a significant difference between reconstructed and actual values of the resolution
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Figure 4.11: Relative statistical errors for 𝑣2 of Ω− (Λ and proton) in mid-central Au+Au
collisions (𝑏 = 6 - 8 fm) projected for 1011 (1010) minimum bias Au+Au collisions [70].

Figure 4.12: The layout of the PSD modules in the plane transverse to the beam direction
with the diamond-shaped hole [78].

due to the correlation between the submodules that is caused by their sharing of
the same hadronic shower. This effect can be accounted for by a mixed-harmonic
method (shown on the right panel) using the positively charged tracks from MVD
+ STS. This correction yields significant improvement in the obtained resolution
values. Most importantly one can see the effect of degradation of the resolution
when the central hole is introduced when comparing to Figure 4.9. This is very
important for future detector considerations as discussed in next chapters.

4.6 Current situation

As of 2022, due to the Russian aggression in Ukraine and the subsequent cancellation
of all collaborations with Russian research institutions, the PSD, along with numer-
ous other technologies, is no longer available for FAIR. However, the findings stated
in this chapter can be utilized for the design and construction of a new detector
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Figure 4.13: Resolution correction factors for PSD with larger central beam hole for
subevents calculated with (a) 3-subevent and (b) mixed-harmonic methods. The lines
show the true values obtained using the reaction plane angle from the event generator
[78].

which will take the PSD’s place.

4.7 New Forward Detector for CBM

Similarly to PSD, the goal of the new forward detector is to have a fast data readout
and good radiation hardness due to its position close to the beam pipe. It is desirable
to use as much knowledge gained from PSD studies as possible. Current propositions
consider a scintillator hodoscope (similar to the Forward Wall in HADES) i.e. a lay-
ered detector designed to track the paths of charged particles. Some of the proposed
specifications of this detector include an increased granularity closer to the beam
or using Silicon Photomultipliers (SiPMs) instead of the more expensive MAPMTs
for readout. In addition to knowledge from PSD, the technology from the STAR
Event Plane Detector (EPD) will be used. EPD allows carrying out both central-
ity determination and event plane determination reducing systematic uncertainties
due to autocorrelations for midrapidity analysis. The measurement of event plane
resolution of the EPD at STAR was done for 3, 27 and 54.4 GeV (see Figure 4.14).
The resolution is calculated in a similar fashion as in Figure 4.9 showing that at
low energies the resolution parameter 𝑅11 has similar values as for the PSD and at
higher energies, we see that the resolution has improved for all centrality classes.
Additionally, the resulting event plane measurement is not considerably impacted by
the magnetic field of 0.5 T that bends the detected charged particles. Therefore, the
EPD only requires recording one hit point for each particle. It should be emphasized,
though, that the effective 𝜂 coverage of the EPD differs noticeably for fixed-target
experiments than for collider experiments.

The mechanical design of the new detector has not yet been determined but one
of the proposed compositions uses individual replaceable tiles so that the parts
damaged by the beam particles (especially close to the beam) can be replaced. The
granularity will be determined accordingly based on the simulations but the most
likely scenario involves variable tiles size with smaller tiles close to the beam due
to the larger particle density. The design around the beam also heavily depends on
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Figure 4.14: Event plane resolution as a function of collision centrality from Au+Au
collisions at √

𝑠𝑁𝑁 = 3 (a), 27 and 54.4 GeV (b). In the case of the 3 GeV collisions, Ψ1 is
used to determine the event plane resolutions for the first and second harmonic coefficients
shown as R11 and R12 in the left panel. In the 27 and 54.4 GeV collisions, Ψ2 is used to
evaluate the second-order event plane resolution, see right panel [79].

the ongoing simulations as they will help to understand how close to the beam the
tiles can get. The support structure will be reused from PSD as it was constructed
to hold the massive detector and therefore should be sufficient.

To determine the physics performance of the new Forward Wall, similarly to PSD,
simulations need to be done. These simulations will be done using the HADES
geometry. There are several models that can be used such as Geant4 + DCM-QGSM
or the 𝑄𝑛-vector framework [80]. The first simulations have been already performed
for the first model, however, the results seemed to be better for PSD. To compare
to the PSD performance, there is a plan to use the 𝑄𝑛-vector framework.
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Chapter 5

CBM Beam Pipe Simulations

Within the CBM experiment the Czech Technical University and Nuclear Physics
Institute are responsible for design and delivery beam pipe and its positioning mech-
anism. The beam pipe for the CBM experiment is being designed using simulations
with the transport codes FLUKA and GEANT3. One of the design criteria is to
minimize secondary particle generation from the interaction of the beam with the
beam pipe to a level that is acceptable for the detectors. The multiple scattering
in the target dominates the high-intensity beam profile (up to 109 Au ions/s). The
field of the CBM dipole magnet also deflects the beam. The first part of the beam
pipe located inside the STS is divided into two parts: the first is a cylindrical seg-
ment with a diameter of 4 cm and a length of about 32 cm; the second is a conical
segment with an opening angle of ± 2.8 degrees up to a flange that is about 120
cm downstream of the target. After the flange, a conical beam pipe extends through
RICH/MUCH and TRD, and at 370 cm downstream of the target, a bellow is lo-
cated which allows the succeeding beam pipe to be rotated horizontally by an angle
of up to 2 degrees. This angle is adequate to track the beam’s deflection for various
energy and magnetic fields. The bellow is followed by a 14.25 meter-long pipe that
leads the beam particles through the PSD to the beam dump [81].

Figure 5.1 shows the deflection of a gold beam caused by the CBM dipole’s magnetic
field for beam kinetic energies ranging from 2 to 8 AGeV and a full magnetic field
integral of 1 Tm. The iron core of the beam dump is still impacted by the beam with
energies of more than 6 AGeV, but not at lower energies. For low Au beam energy,
this condition calls for reducing the magnetic field. Even smaller magnetic fields are
needed for low-energy beams that have a bigger Z/A ratio than Au, particularly
protons. The calculations demonstrate that the PSD location must be modified to
account for the beam energy [81] and this also means that the beam pipe must
be tilted accordingly. The tilting mechanism design for the downstream beam pipe
comprises a metal bellow, carbon fiber composite plates around the bellow for length
fixing purposes, and the deflection is achieved by a stepper motor [82]. This whole
mechanism together with beam pipe was designed at the Faculty of Mechanical
Engineering at the Czech Technical University in Prague.
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Figure 5.1: Deflection of Au beams with kinetic energies between 2 and 8 AGeV by the
magnetic field with an integral of 1 Tm [81].

5.1 Bellow Modeling

As stated above, the tilting mechanism is a crucial component of the CBM beam
pipe. This section focuses on the process of transforming the geometries of the tilting
mechanism model from an existing design to the GEANT simulation model and the
automation of this process for a continuous range of tilting angles. The first step was
creating a 3D model of the beam pipe which was done by a team from the Faculty
of Mechanical Engineering at the Czech Technical University in Prague. This was
done using the mechanical modeling software Autodesk Inventor. Figures 5.2 and
5.3 show the beam pipe model and the tilting assembly with the bellow created in
Autodesk Inventor respectively.

Figure 5.2: CBM beam pipe model made with Autodesk Inventor.
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Figure 5.3: Tilting joint assembly model made with Autodesk Inventor.

To allow the movement of the bellow, it was divided into five segments and its
parameters were all constrained so that they all adjust to a selected parameter called
the driving dimension. This parameter was chosen to be an angle that represents
the tilting of a segment at one of the ends of the bellow. Figure 5.4 (left) shows a
top view of the bellow with some of the parameters such as the coordinates of the
center of each segment, the tilt of each segment or the length of the middle segment.
The middle segment is the only one with variable length. In Figure 5.4 (right), a
2D sketch of the bellow is available, in which the segmentation into five segments
is shown. Figure 5.8 illustrates the top view of the bellow for different values of the
driving angle: 0, 0.7 and 1.5 degrees respectively.

Figure 5.4: Left: Top view of the bellow with model parameters. Right: A 2D sketch of
the bellow with the segmentation into five sections.

The next step was finding a continuous range of values for each of the driven param-
eters as a function of the driving angle in the range of 0 - 1.5 degrees. To achieve this,
the parameters were fitted with a fifth-degree polynomial. One of the fit functions
for the parameters, specifically, the length of the middle segment (parameter named
d145), is shown in Figure 5.5.
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Figure 5.5: The middle segment’s length values for different driving angles fitted with a
fifth-degree polynomial.

The parameter fit functions were then implemented in a ROOT macro which creates
the beam pipe model used in the simulations. This beam pipe model, along with
a detailed view of the tilting assembly, is depicted in Figures 5.6 and 5.7. In this
model, the fit functions allow continuous tilting of the bellow by changing only the
driving angle in the range of 0 - 1.5 degrees. Figure 5.9 shows the ROOT bellow
model for 0, 0.7 and 1.5 degrees respectively.

Figure 5.6: The CBM beam pipe model made with ROOT.

In order to determine the effect of the adjustable bellow presence and movement on
the PSD performance, a model describing the specific beam pipe has been success-
fully implemented in the GEANT simulator framework. The simulations have been
run with a realistic mass budget. After the collision takes place, further interactions
with the beam pipe may occur resulting in the production of secondary particles,
thus a realistic mass budget is of crucial importance to studying the performance of
PSD. Results from these studies are shown in Figure 5.10. In comparison with the
plot on the left, a clear decrease in the number and density of particles in the right
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Figure 5.7: Tilting joint assembly model made with ROOT.

Figure 5.8: Top view of the bellow for 0 degrees (left), 0.7 degrees (center), and 1.5
degrees (right).

Figure 5.9: Top view of the ROOT bellow model for 0 degrees (left), 0.7 degrees (center),
and 1.5 degrees (right).

Figure 5.10: The secondary particle generation simulations.
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plot is seen demonstrating the importance and effectiveness of the adjustable bellow
on background sources affecting the PSD measurement.
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Summary

In this thesis, I have learnt and summarized basics of physics of high-energy heavy
ion collisions. Study of collective behavior of the system created in such collisions is
of great interest since it provides information about important properties, such as
equation of state or viscosity, of strongly interacting matter under extreme condi-
tions. The collectivity of created system can be studied by measuring distribution of
emitted particles and its azimuthal anisotropy. I have shortly introduced the radial
flow and I focused on the anisotropic flow, which is crucial for understanding the
evolution of the collision system in non-central collisions.

Furthermore, I described the experiments on the FAIR collider, where I focused on
the CBM experiment and the PSD detector together with an outlook on future de-
velopment. The crucial detector for my work is the Projectile Spectator Detector
(PSD) designed to improve the studies of collectivity in nuclear collisions. The sim-
ulated PSD performance shows promising results in centrality determination and
reaction plane reconstruction for the high-intensity collisions that are to be mea-
sured by the CBM. In addition, I introduced a new proposed detector to replace the
PSD which will not be delivered because of terminated cooperation with Russian
institutions. Work on the performance studies of this new detector will be part of
my future work at CBM.

Lastly, I described the specific geometry of the CBM beampipe. This beampipe is
unique due to its tilting mechanism that is needed due to the high-intensity beam
and deflection of the beam by a CBM dipole magnet. I presented the modeling of
the beampipe in GEANT together with the tilting joint assembly and my work on
implementing the bellow movement in the simulations. The correct bellow model is
crucial for CBM measurements and correct simulations with an appropriate mass
budget. This is especially important for the new proposed forward detector. Simu-
lation and analysis of the effects of mass budget of the beampipe and bellow will be
another part of my future work.
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