CONTENTS

ABSTRACT IN THAI .
ABSTRACT IN ENGLISH
ACKNOWLEDGEMENTS

CONTENTS .

LIST OF TABLES .
LIST OF FIGURES
LIST OF ABBREVIATIONS

CHAPTER
I INTRODUCTION . . . . . e e e e e e e e e e
Il PROSPECTS OF HEAVY-ION COLLISIONS . . . . . . . . . . . ..
2.1  Exploring the QCD Phase Diagram
2.1.1 The Development of Models and Equation of State
2.1.2 Beam Energy Scan and Low Energy Regime
2.2 Space-Time Evolution
1 MODELLING HEAVY-ION COLLISIONS . . . . . . . . .
3.1  Transport models
3.2 Boltzmann(Vlasov)-Uehling-Uhlenbeck (B(V)UU) approach
3.3 Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model .
3.3.1 Initialization
332 Propagation and Collision .
3.3.3 (Hyper)nuclei Formation Routine .
3.4  Hydrodynamics Models . .
3.5  Hybrid Models . .
\Y) EXPLORING THE SPACE-TIME STRUCTURE OF THE FIREBALL . . . . .
4.1  (Anti)deuteron formation rate and source geometry .
4.1.1 Mrowcyrizski Density Function .
4.2  Energy Dependence of Formation Geometry .
4.3 Validation with UrQMD
4.4 HBT Correlation

Page

VI

AN O O -

13
15
18
19
19
24
24
26
29
30
32
36
37
38
40
43
a7



Vi

\i

4.5
4.6
a.7
4.8

REVIEWS ON (HYPER) (LIGHT) NUCLEI

51

52

CONTENTS (Continued)

4.4.1 Two-Particle Correlations .
Simulation set-ups and EoS

Two-Pion HBT Analysis

Effect of the EoS with Phase Transition

Space-time Structure from HBT radii

Role of (Hyper)Nuclei Formation

5.1.1 Hypernuclei

Cluster Formation Mechanisms .

521 Thermal productions .

522 Coalescence Model
Simple Momentum Coalescence .
Analytic Coalescence Models
Wigner’s Function

523 Dynamical Model

5.24 Multifragmentation

CORRECTING B, COALESCENCE FACTOR

6.1
6.2

Problems with B,

Reconstructing Primordial Protons and Neutrons
6.2.1 Rapidity Distribution

6.2.2 pr Distribution

6.2.3 Estimating B, and B; .

INVESTIGATING CLUSTER PRODUCTION MECHANISMS

7.1
7.2

7.3

7.4

Thermal vs Coalescence

Isospin triggering .

7.2.1 Simple estimates

Qualitative Estimates .

7.3.1 Freeze-out time distributions

Light cluster yields versus isospin fluctuation .

.« e . .

......

VIl

Page
a8
52
54
57
58
64
64
68
69
69
72
73
76
78
79
82
85
86
87
87
90
93
99
99

100
101
103
104
105



CONTENTS (Continued)

VIIIL RESULTS IN PION INDUCED REACTIONS . . .

8.1  The needs and potential of small collision systems .
8.2  Model Setup
8.3  Proton and A Baryon Production .
8.4 (Light) Nuclei distributions .
8.5  (Hyper) Nuclei distribution .
8.6  Fragments of larger mass numbers
IX SUMMARY . . . . . .. e e e e e e e e
REFERENCES
CURRICULUM VITAE



LIST OF TABLES

Table Page
3.1 Table of Baryons. . . . . . . . . ... 28
3.2 Table of Mesons. . . . . . . . . . oL 28
33 The numerical coalescence parameters of UrQMD v3.5. . . . . 30
6.1 The B, values calculated final state protons and both primor-

dial protons and neutrons at p;/A = 0.0 GeV at midrapidity

ly| < 0.5. The calculatation is extracted from 0 — 10% central

Au+Au collisions at kinetic beam energies from Ey..,, = 0.3A to

A0AGeV. . . . . 96
6.2 The B; values calculated final state protons and both primor-

dial protons and neutrons at p;/A = 0.0 GeV at midrapidity

ly] < 0.5. The calculatation is extracted from 0 — 10% central

Au+Au collisions at kinetic beam energies from E.,,, = 0.3A to

A0AGeV. . . . L 96



Figure
2.1

2.2

2.3
4.1

4.2

4.3

4.4

LIST OF FIGURES
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sition line at ug = 0. The red circles denote the freeze-out
points for heavy ion collisions at corresponding center-of-mass
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QCD diagram with BES program and various facilities (Collabora-
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Space-Time Evolution (Braun-Munzinger and Donigus, 2019).

The schematic picture of the geometric coalescence model
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and target nucleons and X represents the particles that carry the
rest momenta of the system. (Left) The nucleon emission source
is a whole spherical with radius ry. (Right) the survived antinu-

cleons are emitted only on a spherical shell radius r, as the NN

annihilations destroy most of the antinucleon at the center radius ry.

The antideuteron formation according to the source bulk radius
ro with varying suppression radii ry. . .

The energy dependence coalescence parameters B, for
deuterons (left) and B, antideuterons (right) from various experi-
ments ranging from N = 4.7 — 200 GeV. The black lines
show the B, and B, fits using the extracted radii r, and r, according
to the formation rate in Eq. (4.7)

The emission source radius r, of deuteron (solid black lines) and
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The normalised (anti)nucleon distribution in transverse plane ry
at N = 11.5 GeV (left panel) and N = 200 GeV (right
panel). The black solid line represents the nucleon distribution
and antinucleon distribution is depicted with the dotted line.
The energy dependence of the fitted (anti)nucleon source radii is
illustrated. The solid circles represent the whole nucleon source
radius ry. The extracted source radii of antinucleons are depicted
with square symbols. The outer source radius of antinucleons r,
is represented by the full symbols, while the inner source radius
of the suppression region ry is indicated by the open symbols.
The energy dependence of the ry /r, ratio of antinucleon source
from Mrowcyrizski coalescence model (red star symbol) and
UrQMD simulation (blue square symbol) at central 0 — 10%
Au+Au collisions.

The diagram of particle detection. Particle 1 and particle 2 are
emitted, with a four-momentum p; and p,, at points a and b
respectively. Then they are detected by detectors A and B. If
the particles are identical, we also need to consider the cases
where the particles propagate indistinguishably into the detectors
as illustrated with the dashed lines.

The comparison of the density dependent potential V (a) and the
pressure p (b) from different the CMF EoS scenarios. CMF_PT2 EoS
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Comparison of k; dependence of pion HBT radii showing the ef-
fect of Coulomb interactions. Panels (a), (b), and (c) display the
Ro, Rs, and Ry radii, respectively, and panel (d) shows the ratio
RO/RS of the m-source from central (0 — 10%) Au+Au collisions at
N = 2.4 GeV. Red star symbols depict the results from the
HADES experiments (Adamczewski-Musch et al., 2019). Black dot-
ted lines indicate the UrQMD simulation results without Coulomb
potential (w.o. Coul.), blue dashed lines show the UrQMD simula-
tion results with Coulomb potential for baryons only (with Coul.
(B)), and pink solid lines depict the UrQMD simulation with the
full Coulomb potential for all hadrons (with Coul. (B+M)).

The transverse momentum (k;) dependence of the HBT radii, R,
(left panels), Rs (middle panels), and R, (right panels), for 0 — 10%
central Au+Au collisions at 4 /sy ranging from 2.4 GeV (top pan-
els) to 7.7 GeV (bottom panels). Experimental data are denoted
by star symbols from HADES, E895, E866, and STAR collabora-
tions (Lisa et al., 2000; Lisa et al., 2005; Adamczyk et al., 2015;
Adamczewski-Musch et al.,, 2019; Adamczewski-Musch et al,,
2020; Adam et al., 2021). The UrQMD simulations are represented
by lines: the cascade mode (black line with square), hard EoS

(blue line with circle), and soft EoS (pink line).
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