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Abstract

According to the Standard Model of particle physics, the most fundamental constituents of
matter are quarks and leptons. In nature, quarks are always found confined inside hadrons,
like protons and neutrons. It’s believed that after a few microseconds of the Big Bang, the
universe existed in a state where quarks and gluons were no longer bound inside hadrons.
Heavy-ion collision experiments are tools to recreate such a free state of quarks and gluons
in the laboratory, which is known as quark-gluon plasma (QGP).

The STAR experiment at the Relativistic Heavy Ion Collider (RHIC) is one of these ex-
periments where we can create and study the properties of the medium produced from
the collision. The lifetime of the QGP state is on the order of 10−23 seconds, and its size
is on the order of 10−15 meters. Therefore, it’s not possible to directly observe QGP. There
are many signatures or indirect pieces of evidence of the QGP medium in the initial stage
of a heavy-ion collision, which can be studied by detecting the final state particles in the
STAR detectors. One such signature of QGP is the collective flow of the produced medium
where the medium will expand collectively exhibiting a long range correlation among the
constituents of the system. Specifically, the number of constituent quark (NCQ) scaling in
the collective flow of the final state hadrons from the produced medium is an important
signature of the collectivity developed in the partonic phase of the medium.

At top RHIC energy, that is, at a center-of-mass energy
p

sN N = 200 GeV, the presence of
NCQ scaling in the collective flow of the final state identified hadrons indicates the forma-
tion of QGP in the initial stage. If we continue decreasing the collision energy, the signature
of QGP might disappear, indicating a hadronic dominance in the produced medium. One
of the primary goals of the STAR experiment is to search for the threshold energy below
which QGP signatures will disappear.

In this dissertation work, we will present the measurement of various orders of anisotropies
present in the collective flow, such as elliptic (v2) and triangular (v3) flow of various iden-
tified particle species at

p
sN N , starting from 54.4 GeV down to 7.7 GeV. These anisotropic

flow observables are sensitive to the initial state and transport properties of the medium
and reveal the nature of the medium created in the collision.

We also present a phenomenological study of longitudinal flow decorrelation using the
A Multi-Phase Transport (AMPT) model. This study reveals the longitudinal dynamics in
heavy-ion collisions and provides a comprehensive three-dimensional structure of the fire-
ball produced in such collisions.

ix





Table of Contents

List of Publications vii

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Figures xv

List of Tables xxvii

1 Introduction 1

1.1 The standard model of particle physics . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 The Quark Gluon Plasma (QGP) . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Relativistic heavy-ion collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Signatures of the QGP medium . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4.1 Enhanced production of strange hadrons . . . . . . . . . . . . . . . . . 6

1.4.2 Jet quenching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4.3 J/ψ suppression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4.4 Collective flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Literature review of anisotropic flow . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5.1 Elliptic flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5.2 Triangular flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5.3 Number of constituent quark (NCQ) scaling: Test of partonic collec-

tivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.6 Thesis motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 The STAR experiment at RHIC 17

2.1 Relativistic Heavy Ion Collider (RHIC) . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 STAR Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Time Projection Chamber (TPC) . . . . . . . . . . . . . . . . . . . . . . 19

2.2.2 Time of Flight (ToF) System . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.3 STAR triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

xi



TABLE OF CONTENTS

3 Azimuthal anisotropic flow measurements of strange and multi-strange hadrons

in Au+Au collisions at
p

sN N = 54.4 GeV 27

3.1 Chapter introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Bad run and pile-up rejection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4 Event and track selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Centrality determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.6 Particle identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.6.1 Reconstruction of short lived hadrons . . . . . . . . . . . . . . . . . . . 31

3.6.2 Mixed event techniques for background estimation . . . . . . . . . . 34

3.6.3 Like-sign method for background estimation . . . . . . . . . . . . . . 34

3.6.4 Rotational method for background estimation . . . . . . . . . . . . . . 35

3.7 Flow measurement methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.7.1 Event plane determination and corrections . . . . . . . . . . . . . . . 36

3.7.2 Flow measurement methods for (multi)strange hadrons . . . . . . . . 39

3.8 Systematic uncertainty estimation . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.9 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.9.1 Transverse momentum dependence of the flow coefficients . . . . . . 44

3.9.2 Centrality dependence of the flow coefficient . . . . . . . . . . . . . . 45

3.9.3 Collision energy dependence of flow coefficients . . . . . . . . . . . . 46

3.9.4 Particle and anti-particle vn difference . . . . . . . . . . . . . . . . . . 48

3.9.5 v3/v3/2
2 ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.9.6 Number of constituent quark (NCQ) scaling . . . . . . . . . . . . . . . 51

3.9.7 Ratio of v2(φ)/v2(p̄) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Elliptic and triangular flow measurement in the second phase of Beam Energy

Scan (BES-II) program 55

4.1 Motivation for collective flow measurements from BES-II . . . . . . . . . . . . 55

4.2 Datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.3 Analysis cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.4 Particle identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.4.1 Identification of pions, kaons, and protons . . . . . . . . . . . . . . . . 57

4.4.2 Reconstruction of strange hadrons . . . . . . . . . . . . . . . . . . . . . 59

4.5 Event plane construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

xii



TABLE OF CONTENTS

4.5.1 Event plane resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.6 v2 and v3 measurement methods . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.7 Systematic uncertainty estimation . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.8 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8.1 v2 of φ mesons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8.2 mT −m0 scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8.3 Test of the NCQ scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.9 Difference between particles and anti-particles vn . . . . . . . . . . . . . . . . 66

4.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Insight from the anisotropic flow of identified hadrons measured in relativistic

heavy-ion collisions 73

5.1 Chapter introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Method of calculation for v2 of quarks . . . . . . . . . . . . . . . . . . . . . . . 73

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.3.1 Transverse momentum dependence . . . . . . . . . . . . . . . . . . . . 74

5.3.2 An empirical scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.3.3 Test of the scaling at smaller RHIC energies . . . . . . . . . . . . . . . 77

5.3.4 Test of the scaling at LHC energy . . . . . . . . . . . . . . . . . . . . . . 77

5.3.5 Test of the scaling for higher order flow harmonics . . . . . . . . . . . 77

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6 Longitudinal flow decorrelation in heavy-ion collisions using AMPT model 83

6.1 Chapter introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2 Second (r2) and third order (r3) factorization ratio . . . . . . . . . . . . . . . . 84

6.3 Model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.4.1 Centrality dependence of r2 and r3 . . . . . . . . . . . . . . . . . . . . 86

6.5 Collision energy dependence of r2 and r3 . . . . . . . . . . . . . . . . . . . . . 87

6.6 Parton cross section dependence of r2 and r3 . . . . . . . . . . . . . . . . . . . 88

6.7 Contribution from flow angle and flow magnitude decorrelation . . . . . . . 90

6.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7 Summary and outlook 93

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

xiii



TABLE OF CONTENTS

A Appendix A - List of bad runs in BES-II 97

B Appendix B - Derivation of the shift correction formula 101

C Appendix C - Analysis plots 103

C.1 Analysis plots for π, K , and p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

C.2 Analysis plot for multi-strange hadrons . . . . . . . . . . . . . . . . . . . . . . 103

Bibliography 127

xiv



List of Figures

FIGURE Page

1.1 Classification of fundamental particle according to the standard model. The fig-

ure is taken from Ref. [1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 The dependence of the strong coupling constant (αs) as a function of four mo-

mentum transferred(Q). The figure is taken from Ref. [16]. . . . . . . . . . . . . . 4

1.3 The conjectured QCD phase diagram. The picture is taken from Ref. [17]. . . . . 4

1.4 Schematic diagram of various stages of heavy-ion collisions. The picture is taken

from Ref. [18]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5 The upper panel shows the ratio of the yield of the strange hadrons such as K −,

φ, Λ̄, and Ξ−+ Ξ̄+ normalized with Npar t in Au+Au and Cu+Cu collisions to the

corresponding yield in p+p collision as a function of Npar t at 200 and 62.4 GeV.

The lower panel shows the same for only for φ mesons. The figure is taken from

the Ref. [24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.6 STAR measurement of dihadron azimuthal correlation is shown in Au+Au, d+Au

and p+p collisions at high pT . The figure is taken from Ref. [29]. . . . . . . . . . . 7

1.7 The nuclear modification factor RA A for J/ψ is shown as a function of Npar t in

Au+Au collisions at
p

sN N = 200 GeV. The result is compared with RA A in Pb+Pb

collision from LHC experiment [39]. The figure is taken from Ref. [38]. . . . . . . 9

1.8 Schematic diagram of heavy-ion collision system . . . . . . . . . . . . . . . . . . 11

1.9 Schematic diagram of non-central collision of two heavy-nuclei. The spatial anisotropy

will give rise to momentum anisotropy. . . . . . . . . . . . . . . . . . . . . . . . . 11

1.10 v2(pT ) measured from hydro-dynamics models with different value of η/s is

compared with STAR data at 200 GeV. The figure is taken from the Ref. [43]. . . . 12

1.11 Time evolution of eccentricity in spatial and momentum space is shown for two

different choice of initial state model. The figure is taken from the Ref. [44]. . . . 13

xv



LIST OF FIGURES

1.12 The ratio of flow coefficients in viscous to ideal hydro is plotted as function of

order of the harmonic in mid-central (20-30% centrality) collisions. The figure is

taken from the Ref. [50]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.13 Left panel shows the NCQ scaled v2 from various hadron species is plotted as

a function of NCQ scaled transverse kinetic energy (K ET ) for Au+Au collisions

at
p

sN N = 200 GeV in 0-80% centrality. Right Panel shows the modified NCQ

scaled v3 as a function of K ET . The figure is taken from the Ref. [54]. . . . . . . . 15

1.14 BES-I results for NCQ scaling of v2 in Au+Au collision at
p

sN N = 7.7 - 200 GeV.

The plot is taken from the Ref. [57]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 A bird-eye view of Relativistic Heavy Ion Collider (RHIC) at Brookhaven National

Laboratory (BNL). The picture is taken from [67]. . . . . . . . . . . . . . . . . . . 18

2.2 A 3D graphical image of the STAR detectors system. The picture is taken from

Ref. [70]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 A schematic diagram of TPC. The picture is taken from Ref. [71]. . . . . . . . . . 20

2.4 A schematic diagram of anode plane. The picture is taken from Ref. [71]. . . . . 20

2.5 Specific energy loss of particle tracks is plotted as function of rigidity (p/q). The

dashed lines are the theoretical predication. . . . . . . . . . . . . . . . . . . . . . 22

2.6 A schematic diagram of the side view of the VPD detector. The diagram is taken

from the Ref. [77]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.7 A schematic diagram of side and end view of MRPC modules developed for STAR

ToF. The figure is taken from the Ref. [78]. . . . . . . . . . . . . . . . . . . . . . . . 24

2.8 m2 calculated from ToF is plotted as a function of rigidity. The dotted lines indi-

cate the Particle Data Group (PDG) value of the m2 of π, K , and p. . . . . . . . . 25

3.1 Panel(a) shows the RefMult vs. Tofmatched correlation plot before pile-up rejec-

tion. Panel(b) shows the same after pile-up rejection. . . . . . . . . . . . . . . . . 29

3.2 Panel(a) shows the distribution of collision vertex position along Z-axis from the

center of the TPC. Panel(b) shows the 2D distribution of vertex position along X

and Y respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3 The uncorrected multiplicity distribution of reconstructed charged particles in

Au+Au collisions at
p

sN N = 54.4 GeV. Glauber Monte Carlo simulation is shown

as the solid red curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 The upper figure shows the schematic diagram for decay of K 0
S andΛ. The lower

figure shows the same for Ξ andΩ. . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

xvi



LIST OF FIGURES

3.5 Invariant mass distribution of various particle and their antiparticles through

their respective decay channel. The gray shaded area shows the distribution of

the combinatorial background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.6 Panel(a), (b) and (c) show the distribution of Ψ2 in three different rapidity win-

dow, -1.0 < η < 1.0, 0.05 < η < 1.0, and -1.0 < η < -0.05 respectively. The red solid

line is the distribution of the uncorrected Ψ2 and the black solid line is the dis-

tribution of φ-weight correctedΨ2. Panel(d), (e), and (f) show the same forΨ3. . 37

3.7 The second order event plane resolution (R2) and the third order event plane

resolution (R3) is plotted as a function of centrality in Au+Au collisions at
p

sN N

= 54.4 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.8 Upper panel shows the invariant mass distribution of K + and K − for φ meson

signal + combinatorial background, normalized mixed event background, and

background subtracted signal ofφmeson in 0-80% centrality class events. Lower

panel shows the v2 of K + and K − pair as a function of their invariant mass. The

solid red line is the fitting function mentioned in Eq. 3.13. . . . . . . . . . . . . . 40

3.9 Panels (a) and (b) show the raw yield distributions of φ mesons in different φ−
Ψ2 andφ−Ψ3 bins, respectively, for the transverse momentum range pT = 1.5−
1.7 GeV/c and 0-80% centrality. The solid blue line represents the fitting function

shown in Eq. 3.15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.10 A comparison between the results obtained from invariant mass method and

φ−ψ binning method (event plane method) for φ mesons in 0-80% centrality

for Au+Au collisions at
p

sN N = 54.4 GeV is shown. . . . . . . . . . . . . . . . . . 43

3.11 Panel (a) shows v2 of particles as a function of pT for 0-80% centrality in Au+Au

collisions at
p

sN N = 54.4 GeV in mid-rapidity. Panel (b) shows the same for anti-

particles. The vertical lines on the data points shows that statistical errors and

the shaded box represents the systematic uncertainty. The data points are taken

from our published work [91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.12 Panel (a) shows v3 of particles as a function of pT for 0-80% centrality in Au+Au

collisions at
p

sN N = 54.4 GeV in mid-rapidity. Panel (b) shows the same for anti-

particles. The vertical lines on the data points show that statistical errors and

the shaded box represents the systematic uncertainty. The data points are taken

from our published work [91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

xvii



LIST OF FIGURES

3.13 The plot of v2 as a function of pT is shown for centrality classes of 0-10%, 10-

40%, and 40-80%. The vertical lines indicate the statistical error bars, while the

shaded bands represent the systematic uncertainties. The figure is taken from

our published work [91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.14 The plot of v3 as a function of pT is shown for centrality classes of 0-10%, 10-

40%, and 40-80%. The vertical lines represent the statistical error bars, and the

shaded bands indicate the systematic uncertainties. For the Ξ and Ω particles,

data points for the 40-80% centrality class are not shown due to limited statistics.

The figure is taken from our published work [91]. . . . . . . . . . . . . . . . . . . 47

3.15 The upper panels show the v2 as a function of pT is shown for 0-80% centrality

at three different collision energies,
p

sN N = 200, 54.4, and 39 GeV for K 0
S , Λ̄, φ,

Ξ̄+, and Ω−. The 200 and 39 GeV data points are from the Ref. The dotted line

represents the polynomial fit function to 200 GeV data. The lower panels show

the ratio of v2 data points at 54.4 and 39 GeV to 200 GeV fit function. The shaded

band shows the ratio of 200 GeV data points to the 200 GeV fit function. The

figure is taken from our published work [91]. . . . . . . . . . . . . . . . . . . . . . 48

3.16 The upper panels show the v3 as a function of pT is shown for 0-80% centrality

at
p

sN N = 200, and 54.4 for K 0
S , Λ̄, and φ. The dotted line represents the poly-

nomial fit function to 200 GeV data. The lower panels show the ratio of v3 data

points at 54.4 GeV to 200 GeV fit function. The shaded band shows the ratio of

200 GeV data points to the 200 GeV fit function. The 200 GeV data points are

from the Ref. [53]. The figure is taken from our published work [91]. . . . . . . . . 49

3.17 Integrated v2 and v3 difference between particles and anti-particles in 10-40%

centrality is plotted as a function of mass at
p

sN N = 54.4 and 62.4 GeV. The

figure is taken from our published work [91]. . . . . . . . . . . . . . . . . . . . . . 50

3.18 Ratio between v3 and v3/2
2 is plotted as a function of pT for strange and multi-

strange hadrons in 10-40% centrality for Au+Au collisions at
p

sN N = 54.4 GeV.

The figure is taken from our published work [91]. . . . . . . . . . . . . . . . . . . . 50

3.19 Panel (a) and (b) show the NCQ scaled v2 of (multi)strange hadrons as a function

of NCQ scaled transverse kinetic energy for particles and anti-particles respec-

tively. The solid red line is the fit function to the K 0
S data points. Panel (c) and

(d) show the ratio of all the data points to the K 0
S fit function. The two dotted

red lines show the 10% deviation from the unity. The figure is taken from our

published work [91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

xviii



LIST OF FIGURES

3.20 Panel (a) and (b) show v3/n3/2
q of (multi)strange hadrons as a function of NCQ

scaled transverse kinetic energy for particles and anti-particles respectively. The

solid red line is the fit function to the K 0
S data points. Panel (c) and (d) show the

ratio of all the data points to the K 0
S fit function. The two dotted red lines show

the 10% deviation from the unity. The figure is taken from our published work [91]. 53

3.21 Panel (a) shows the ratio of v2 of φ to that of anti-proton as a function of pT in

10-40% and 40-80% centrality classes. Panel (b) shows the ratio of v2 of φ to that

of anti-proton as a function of pT in 0-80% central collisions at
p

sN N = 54.4 and

200 GeV. The 200 GeV data points are from the Ref. [53]. The figure is taken from

our published work [91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.1 The required parameters for the transformation Eq. 4.1, 4.2, 4.3 are plotted as a

function of pT at
p

sN N = 11.5 GeV. The parameters are fitted with a polynomial

function (solid red line) for interpolation purpose. . . . . . . . . . . . . . . . . . . 58

4.2 Panel (a) shows the 2D distribution of nσπ vs. m2 of particle tracks. Panel (b)

shows the 2D distribution of the transformed variables x(nσπ,m2) and y(nσπ.

Panel (c) shows the projection of 2D scatter plot (b) along x axis. The red solid

line is student-t fit to the peaks of π, K , and p. Panel(d) shows the same as (c)

after subtracting proton’s peak. The solid blue and green lines are the student-t

functions for π and K respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Reconstructed signals of strange and multi-strange hadrons in Au+Au collision

at
p

sN N = 11.5 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.4 Panel (a) shows the distribution of Ψ2 before correction, after φ-weight correc-

tion, and after φ-weight + shift correction. Panel (b) shows the same forΨ3 . . . 61

4.5 Panel (a) shows theΨ2 resolution as a function of centrality for collision energy
p

sN N = 7.7 to 19.6 GeV. Panel (b) shows the same forΨ3. . . . . . . . . . . . . . 62

4.6 Azimuthal distribution of the raw yield of π+ and K + is shown in Au+Au col-

lisions at
p

sN N =11.5 GeV in 10-40% centrality for pT bin 1.4-1.6 GeV/c. The

distribution is fitted with the Eq. 4.5 to get vobs
n . . . . . . . . . . . . . . . . . . . . 62

4.7 v2 of φ mesons is plotted as a function of pT in 0-80% centrality class events for

|y | < 1.0 from
p

sN N = 7.7 to 19.6 GeV. The result is compared to BES-I results

for φ mesons. Only statistical error bars are shown. . . . . . . . . . . . . . . . . . 64

4.8 v2 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality

at |y | <1.0 for collision energies
p

sN N = 7.7 to 19.6 GeV for particles. The solid

black and red lines show the simultaneous fitting to baryons and mesons data

points by Eq. 4.6 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

xix



LIST OF FIGURES

4.9 v2 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality

at |y | <1.0 for collision energies
p

sN N = 7.7 to 19.6 GeV for anti-particles. The

solid black and red lines show the simultaneous fitting to baryons and mesons

data points by Eq. 4.6 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.10 v3 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality

at |y | <1.0 for collision energies
p

sN N = 7.7 to 19.6 GeV for particles. All the

results in the figure are not yet published or STAR preliminary accepted. These

are under collaboration review. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.11 v3 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality

at |y | <1.0 for collision energies
p

sN N = 7.7 to 19.6 GeV for anti-particles. All the

results in the figure are not yet published or STAR preliminary accepted. These

are under collaboration review. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.12 NCQ scaled v2 is plotted as a function of NCQ scaled mT −m0 for particles at
p

sN N = 7.7 to 19.6 GeV. All the results in the figure are not yet published or

STAR preliminary accepted. These are under collaboration review. . . . . . . . . 68

4.13 NCQ scaled v2 is plotted as a function of NCQ scaled mT −m0 for anti-particles

at
p

sN N = 7.7 to 19.6 GeV. All the results in the figure are not yet published or

STAR preliminary accepted. These are under collaboration review. . . . . . . . . 68

4.14 ratio of v2(B)/v2(M) is shown as a function of collision energies. The blue shaded

band and the green shaded bands are 10% and 20% deviations from 1.5. The plot

is not yet published or STAR preliminary accepted. This is under review. . . . . . 69

4.15 The modified NCQ scaling in v3, v3/n3/2
q , for particles is plotted as a function

of NCQ scaled transverse kinetic energy, (mT −m0)/nq . The plot is not yet pub-

lished or STAR preliminary accepted. This is under review. . . . . . . . . . . . . . 69

4.16 The modified NCQ scaling in v3, v3/n3/2
q , for antiparticles is plotted as a func-

tion of NCQ scaled transverse kinetic energy, (mT −m0)/nq . The plot is not yet

published or STAR preliminary accepted. This is under review. . . . . . . . . . . 70

4.17 Particle to anti-particle v2 ratio at
p

sN N = 7.7 to 19.6 GeV is plotted as a function

of pT for π, K , proton and Λ at 10-40% centrality. The plot is not yet published

or STAR preliminary accepted. This is under review. . . . . . . . . . . . . . . . . . 71

4.18 The relative difference between particle to anti-particle integrated vn is plotted

as a function of
p

sN N for π, K , and proton at 10-40% centrality. The plot is not

yet published or STAR preliminary accepted. This is under review. . . . . . . . . 72

xx



LIST OF FIGURES

5.1 v2 of u and s quarks are plotted as a function of transverse momentum pq
T in

Au+Au collisions at
p

sN N = 200 GeV in 0-80% centrality. The data points for
p

sN N = 200 GeV are taken from Ref. [53]. . . . . . . . . . . . . . . . . . . . . . . . 75

5.2 Panel (a) shows the v q
2 as a function of pT /nq . Panel (b) shows the v q

2 as a func-

tion of K E q
T taking mu = 4 MeV/c2 and ms = 100 MeV/c2. Panel (c) shows the

same as panel (b) but with ms = 140 MeV/c2. The blue dashed line in all the

panels is the fitting to light quark v2 obtained from protons with Eq. Panel (d),

(e) and (f) shows the ratio of the strange quark v2 to the fitting function. The

dashed red line in all the lower panel is a zeroth order polynomial fitting to the

ratios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.3 The χ2/nd f values for different s-quark masses represent the best match be-

tween the v2 of strange and light quarks as a function of transverse kinetic en-

ergy. This analysis is for Au+Au collisions at
p

sN N = 200 GeV. Panel (a) shows the

results where the v2 of s quarks is derived from the Ω, while Panel (b) presents

the results where the v2 of s quarks is derived from the φ. . . . . . . . . . . . . . 76

5.4 The v2 values of light and strange quarks, obtained from p̄ and φ (and from Ω,

Λ̄, and Ξ̄ for 39 and 11.5 GeV only), are shown as a function of pT /nq in 0–80%

central Au+Au collisions at
p

sN N = 39, 19.6, and 11.5 GeV. The middle panel

presents the v2 of quarks as a function of K E q
T =

√
(pT /nq )2 +m2

q −mq , where

pT is the transverse momentum of the hadron. For this calculation, the quark

masses are assumed to be mq = 4 MeV/c2 for light quarks and mq = 100 MeV/c2

for strange quarks. The right panel shows the same analysis as the middle panel

but assumes mq = 140 MeV/c2 for strange quarks. The blue dashed curves rep-

resent the fits to the v2 of light quarks using Eq. 5.5, while the red dashed lines

correspond to the constant polynomial fits applied to the ratios shown in the re-

spective bottom panels. The data points for 39 GeV are taken from Ref. [45]. 11.5

and 19.6 GeV data are from BES-II analysis. . . . . . . . . . . . . . . . . . . . . . . 79

xxi



LIST OF FIGURES

5.5 Panel (a) shows the v2 of light and strange quarks obtained from protons and φ

mesons as a function of pT /nq in 20–30% central Pb+Pb collisions at
p

sN N =
5.02 TeV [141]. Panel (b) presents the v2 of quarks as a function of K E q

T =
√

(pT /nq )2 +m2
q −

mq , where pT is the transverse momentum of the hadron. Here, the quark masses

are taken as mq = 4 MeV/c2 for light quarks and mq = 100 MeV/c2 for strange

quarks. Panel (c) depicts the same as panel (b), but with the mass of strange

quarks set to mq = 140 MeV/c2. The blue dashed curves represent the fit to the

v2 of light quarks using Eq. 5.5, while the red dashed lines indicate the constant

polynomial fit to the ratios shown in the corresponding bottom panels. . . . . . 80

5.6 Panel (a): The v3/n3/2
q of protons and φmesons as a function of pT /nq in Au+Au

collisions at
p

sN N = 200 GeV [54]. Panel (b): The v3/n3/2
q of protons and φ

mesons as a function of K E q
T =

√
(pT /nq )2 +m2

q − mq , where pT represents

the transverse momentum of the hadron. Here, the quark masses are taken as

mq = 4 MeV/c2 for light quarks and mq = 100 MeV/c2 for strange quarks. Panel

(c): Same as panel (b), but with mq = 140 MeV/c2 for strange quarks. The blue

dashed curves represent the fits to the v3 of light quarks using Eq. 5.5, while the

red dashed lines correspond to a constant polynomial fit to the ratios shown in

the respective bottom panels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.1 Illustration of the flow magnitude and flow angle fluctuation at different pseu-

dorapidty window. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.2 Illustration of η acceptance windows used in the analysis. . . . . . . . . . . . . . 85

6.3 Panel (a) and (b) show the transverse momentum dependent v2 and v3 in Au+Au

collisions from AMPT model and its comparison with the data. Panel (c) and (d)

show the pseudorapidty dependence of v2 and v3 compared with data. . . . . . 86

6.4 r2 is plotted as a function of ηa/ybeam for Au+Au collisions in three centrality

classes, 0-10%, 10-40%, and 40-80% at six energies ranging from 11.5 to 200 GeV.

The black solid line represents the fitting function: e−2F2η/ybeam . The vertical lines

on the points represent the statistical uncertainty. . . . . . . . . . . . . . . . . . . 87

6.5 r3 is plotted as a function of ηa/ybeam for Au+Au collisions in two centrality

classes, 0-10% and 10-40% at six energies ranging from 11.5 to 200 GeV. The

black solid line represents the fitting function: e−2F3η/ybeam . The vertical lines on

the points represent the statistical uncertainty. . . . . . . . . . . . . . . . . . . . . 88

xxii



LIST OF FIGURES

6.6 Left panel shows F2 as a function of
p

sN N in 10-40% centrality events. The right

panel shows the same for F3. The shaded band represents the statistical uncer-

tainty in the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.7 Panel (a) and (b) show r2 and r3 as a function of η at
p

sN N = 200 GeV. with

parton-parton cross section 3 mb and 10 mb. Panel (c) and (d) show the same at
p

sN N = 19.6 GeV with parton-parton cross section 3 mb, and 10 mb. . . . . . . 89

6.8 The flow magnitude decorrelation (r v
2 ), flow angle decorrelation (rψ2 ) and the to-

tal decorrelation (r2) is plotted as a function of ηa for 10-40% centrality in Au+Au

collisions at 11.5 to 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.9 The flow magnitude decorrelation (r v
3 ), flow angle decorrelation (rψ3 ) and the to-

tal decorrelation (r3) is plotted as a function of ηa for 10-40% centrality in Au+Au

collisions at 11.5 to 200 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

B.1 Illustration of the shift correction method. . . . . . . . . . . . . . . . . . . . . . . . 101

C.1 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various φ−
Ψ2 bins for pT = 0.2-0.4 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in

10-40% centrality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

C.2 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various φ−
Ψ2 bins for pT = 0.4-0.6 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in

10-40% centrality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

C.3 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various φ−
Ψ2 bins for pT = 1.6-1.8 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c. The

solid lines represent the student-t function for each peak in 10-40% centrality. . 105

C.4 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various φ−
Ψ2 bins for pT = 1.8-2.0 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in

10-40% centrality.. The solid lines represent the student-t function for each peak. 105

C.5 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various φ−
Ψ2 bins for pT = 2.6-2.8 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in

10-40% centrality.. The solid lines represent the student-t function for each peak. 106

C.6 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various φ−
Ψ2 bins for pT = 2.8-3.0 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in

10-40% centrality.. The solid lines represent the student-t function for each peak. 106

C.7 The raw yield ofπ− is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

xxiii



LIST OF FIGURES

C.8 The raw yield ofπ+ is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

C.9 The raw yield of K − is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

C.10 The raw yield of K + is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

C.11 The raw yield ofπ− is plotted as a function ofφ−Ψ3 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

C.12 The raw yield ofπ+ is plotted as a function ofφ−Ψ3 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

C.13 The raw yield of K − is plotted as a function ofφ−Ψ3 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. The red line represents the fitting function with Eq. 3.15

to calculate v3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

C.14 The raw yield of K + is plotted as a function ofφ−Ψ3 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

C.15 vS+B
2 is plotted as a function of invariant mass of decay daughters of K 0

S in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

C.16 vS+B
3 is plotted as a function of invariant mass of decay daughters of K 0

S in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

C.17 Distribution of the raw yield of K 0
S in φ−Ψ2 bin are plotted in Au+Au collisions

at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15

to get v2 of K 0
S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

C.18 Distribution of the raw yield of K 0
S in φ−Ψ3 bin are plotted in Au+Au collisions

at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15

to get v3 of K 0
S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

xxiv



LIST OF FIGURES

C.19 vS+B
2 is plotted as a function of invariant mass of decay daughters ofΛ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

C.20 vS+B
3 is plotted as a function of invariant mass of decay daughters ofΛ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

C.21 Distribution of the raw yield ofΛ in φ−Ψ2 bin are plotted in Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to

get v2 ofΛ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

C.22 Distribution of the raw yield ofΛ in φ−Ψ3 bin are plotted in Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to

get v3 ofΛ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

C.23 vS+B
2 is plotted as a function of invariant mass of decay daughters of Λ̄ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

C.24 vS+B
3 is plotted as a function of invariant mass of decay daughters of Λ̄ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

C.25 Distribution of the raw yield of Λ̄ in φ−Ψ2 bin are plotted in Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to

get v2 of Λ̄. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

C.26 Distribution of the raw yield of Λ̄ in φ−Ψ3 bin are plotted in Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to

get v3 ofΛ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

C.27 vS+B
2 is plotted as a function of invariant mass of decay daughters ofΞ− in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

C.28 vS+B
3 is plotted as a function of invariant mass of decay daughters ofΞ− in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

C.29 vS+B
2 is plotted as a function of invariant mass of decay daughters of Ξ̄+ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

xxv



LIST OF FIGURES

C.30 vS+B
3 is plotted as a function of invariant mass of decay daughters of Ξ̄+ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

C.31 vS+B
2 is plotted as a function of invariant mass of decay daughters of φ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

C.32 vS+B
3 is plotted as a function of invariant mass of decay daughters of φ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

C.33 Distribution of the raw yield of φ in φ−Ψ2 bin are plotted in Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to

get v2 of φ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

C.34 Distribution of the raw yield of φ in φ−Ψ3 bin are plotted in Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to

get v3 of φ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

C.35 vS+B
2 is plotted as a function of invariant mass of decay daughters ofΩ− in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

C.36 vS+B
3 is plotted as a function of invariant mass of decay daughters ofΩ− in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

xxvi



List of Tables

TABLE Page

3.1 Track selection cuts used in the analysis of Au+Au collisions at
p

sN N = 54.4 GeV

data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Quark content, lifetime, and major decay mode of the strange and multi-strange

hadrons used in this analysis are listed. . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3 Summary of V0 topology cuts used for selection of daughter and/or grand daugh-

ters of weak decay V0 particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4 Details of the analysis cuts variations for systematic uncertainty estimation. . . 44

3.5 Average systematic uncertainties on v2 of K 0
S , φ,Λ, Ξ andΩ in different central-

ity bins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6 Average systematic uncertainties on v3 of K 0
S , φ,Λ, Ξ andΩ in different central-

ity bins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1 Details of the BES-II datasets information used in the analysis. . . . . . . . . . . . 56

4.2 Track selection cuts used in the analysis of Au+Au collisions BES-II energies. . . 57

4.3 Cuts used for the reconstruction of short lived hadrons using KF particle pack-

age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.4 Details of the analysis cuts variations for systematic uncertainty estimation in

BES-II measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.1 Values of σpp and ηs/s for different values of α and µ in Au+Au collisions at
p

sN N = 200 and 19.6 GeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

xxvii





List of Acronyms used in this thesis

QGP: Quark Gluon Plasma

QCD: Quantum Chromodynamics

BNL: Brookhaven National Laboratory

RHIC: Relativistic Heavy Ion Collider

STAR: Solenoidal Tracker at RHIC

LHC: Large Hadron Collider

PHENIX: Pioneering High Energy Nuclear Interaction eXperiment

BRAHMS: Broad RAnge Hadron Magnetic Spectrometer

ALICE: A Large Ion Collider Experiment

TPC: Time Projection Chamber

ToF: Time of Flight

VPD: Vertex Position Detector

EBIS: Electron Beam Ion Source

AGS: Alternating Gradient Synchrotron

MRPC: Multi-gap Resistive Plate Chamber

ZDC: Zero Degree Calorimeter

BBC: Beam-Beam Counter

EEMC: End Cap Electromagnetic Calorimeter

BEMC: Barrel Electromagnetic Calorimeter

BES-I: Beam Energy Scan-I

BES-II: Beam Energy Scan-II

DCA: Distance of Closest Approach

KF-Algorithm: Kalman-Filter Algorithm

NCQ: Number of Constituent Quarks

CMW: Chiral Magnetic Waves

AMPT: A Multi-Phase Transport Model

xxix





C
H

A
P

T
E

R

1
Introduction

1.1 The standard model of particle physics

What are the fundamental building block of matter? This has been a long-standing ques-

tion in physics, sparking curiosity for centuries. To date the most successful model describ-

ing fundamental particles and their interaction is known as the standard model of parti-

cle physics. According to this model everything around us is made of quarks and leptons.

There are 3 generation of leptons, electron(e), electron-neutrino (νe ), muon(µ), muon-

neutrino(νµ), tau(τ), and tau-neutrino(ντ). Similarly there are 3 generation of quarks (up(u),

down(d)), (charm(c), strange(s)) and (top(t ),bottom(b)). The generations are decided based

on the mass and stability of the particles. Lighter and more stable particles belong to the

first generation where as heavier and lesser stable particles belong to the second and third

generation. These fundamental particles interact with each other by fundamental forces.

There are four fundamental force namely strong force, electromagnetic force, weak force

and gravitational force. The comparison of the relative strength of these fundamental in-

teraction are given by Eq. 1.1.

Gravitational : Weak : Electromagnetic : Strong = 1 : 1033 : 1036 : 1038 (1.1)

The standard model of particle physics included only weak, electromagnetic and strong

force where as gravity is not a part of the standard model. There are four force carriers,

or exchange particles, responsible for mediating these three types of interactions. Gluons

are the carriers of the strong interaction, photons mediate the electromagnetic interaction,
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and the W ± and Z bosons are responsible for the weak interaction. In the end there is

Higgs boson which is responsible for the mass of these fundamental particle. An overview

of classification of these fundamental particles are shown in Fig. 1.1.

Figure 1.1: Classification of fundamental particle according to the standard model. The fig-
ure is taken from Ref. [1].

1.2 The Quark Gluon Plasma (QGP)

In nature, quarks are always found confined within hadrons due to the strong interaction.

The strength of this interaction, which binds quarks inside hadrons, is characterized by the

coupling constant of the strong force, as expressed in Eq. 1.2.

αs = 12π

(33−2N f ) ln(Q2

Λ2 )
(1.2)

Where N f is the number of flavors of partons, Q2 is the four-momentum transferred,

and Λ is a scale parameter known as Quantum Chromo Dynamics (QCD) scale parameter.
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1.3. RELATIVISTIC HEAVY-ION COLLISIONS

Figure 1.2 shows the dependence of αs as a function of Q. For large value of Q (Q ≫ Λ ),

the coupling constant approaches to zero. This phenomenon is known as asymptotic free-

dom [2–4]. At this limit the partons are no more bound inside the hadrons instead they be-

have as free particles. Such free state of quarks and gluons at thermal equilibrium is known

as Quark-Gluon-Plasma (QGP). Such an exotic state of matter is believed to be exist dur-

ing the first few micro seconds of the early universe created in Big-bang. There are also

evidences which suggests the presence of such a deconfined state of matter in the core of

massive neutron stars [5].

The transition from the ordinary hadron gas phase to QGP phase is represented by con-

jectured QCD phase diagram as shown in Fig 1.3. The X-axis of the diagram is the baryon

chemical potential (µB ). The baryon chemical potential is defined as the energy required

to add or remove one baryon from the system. The baryon chemical potential increases by

increasing the net baryon in the system. The Y-axis is the temperature of the system. Ac-

cording to lattice QCD, at very small baryon chemical potential, a transition from hadronic

to QGP phase is expected to takes place at temperature about T = 155 MeV [6–9]. The tran-

sition is a smooth cross over where the fluctuation are smaller than the length scale of QCD.

According to QCD based model calculations at high baryon chemical potential the transi-

tion from hadronic to QGP phase is expected to be a first order phase transition [10–15].

Under this picture of phase transition from hadronic matter to QGP, there must be a point

where the first order phase transition stops and the cross-over transition takes place. That

point is known as critical point. The existence of critical point and first order phase transi-

tion is still a hypothesis and there are ongoing efforts for its confirmation.

1.3 Relativistic heavy-ion collisions

Heavy-ion collision experiments provide an excellent tool to create and study the QGP

medium on a laboratory scale. In these experiments, two heavy nuclei are accelerated to

nearly the speed of light in opposite directions and then collided with each other. A schematic

diagram illustrating the various stages of a heavy-ion collision is shown in Fig. 1.4. Due to

Lorentz contraction, the two heavy nuclei appear as flat disks as they approach each other.

During the collision, a large amount of energy is deposited in a small volume. At the top

RHIC energy, the temperature of the medium created is approximately 300 MeV, which is

sufficient to induce the transition from hadronic matter to the QGP phase. The collision

produces a strongly interacting QGP medium that behaves as a nearly perfect fluid. This

medium expands over time due to its internal pressure. As the system expands, its tempera-
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Figure 1.2: The dependence of the strong coupling constant (αs) as a function of four mo-
mentum transferred(Q). The figure is taken from Ref. [16].

Figure 1.3: The conjectured QCD phase diagram. The picture is taken from Ref. [17].
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1.4. SIGNATURES OF THE QGP MEDIUM

ture decreases, and the partons begin to confine into various hadronic species. This process

of hadron formation is called hadronization. Initially, the hadrons scatter off one another

through both elastic and inelastic interactions. As the volume of the system increases, the

mean free path between the hadrons grows, causing inelastic scattering to cease first. The

surface at which inelastic scattering ends is referred to as the chemical freeze-out surface.

After chemical freeze-out, the chemical composition of the medium remains unchanged,

although elastic scattering continues. With further expansion, elastic scattering also stops,

marking the kinetic freeze-out. At this point, the final-state particles can stream freely out-

ward and are detected in the experimental detectors. The time interval between hadroniza-

tion and kinetic freeze-out is known as the hadronic phase lifetime..

Figure 1.4: Schematic diagram of various stages of heavy-ion collisions. The picture is taken
from Ref. [18].

1.4 Signatures of the QGP medium

The produced medium from heavy-ion collision experiment has a life-time of the order of

10−23 seconds. Therefore, it’s not possible to detect the produced medium directly. There

are various experimental evidences or signatures that indicates the presence of such an

exotic state of produced matter from the collision. In the following sections we will discuss

few of them.
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1.4.1 Enhanced production of strange hadrons

The enhanced formation of strange hadrons in heavy-ion collision in comparision with

non-QGP medium is proposed as a signature of QGP [19, 20]. The production of strange

quark is more favored in QGP medium, the dominant mechanism of formation of s quarks

is g g → ss̄. The other mechanism is qq → ss̄ although it contributes less than 20% of the

total strange quarks [21]. Also it has been studied that the threshold energy needed to pro-

duce the strange quark is much smaller in QGP phase compared to hadronic phase. In a

study [22], it was pointed out that the production of strange quarks has a smaller charac-

teristic time constant in non-QGP system compared to QGP phase suggesting a high rate

of production of strange quark is favorable in QGP compared to hadronic gas phase. All of

the above arguments suggest the presence of a QGP medium in the early stage of collision

could increase the strange hadron production.

Experimentally, such enhanced production of strange hadron is observed at both Large

Hadron Collider (LHC) and RHIC energy. Figure 1.5 shows the ratio of yield (normalized

with Npar t ) of strange hadrons in Au+Au and Cu+Cu collisions at 200 GeV to the yield in

p+p collision. The ratio shows a clear enhancement in strange hadrons yield in Au+Au and

Cu+Cu collisions compared to p+p with increasing Npar t . The observation aligns with the

expectation of the formation of QGP medium at these energies. Interestingly, A Large Ion

Collider Experiment (ALICE) collaboration at LHC has reported the strangeness enhance-

ment in high multiplicity p+p collisions which could be the indication of formation of QGP

in small collision systems [23].

1.4.2 Jet quenching

Initial hard scattering between partons of colliding nuclei, where the momentum trans-

fer is large could produce a parton with large transverse momentum (pT ). This high pT

parton latter fragments into highly collimated hadrons, known as Jets [25]. Dominant jet

production are back to back means each jet has a partner jet moving in opposite direction

to conserve momentum. Since jets are produced during the very initial stage of the colli-

sion they will sense the whole stage of the system evolution making them good probe for

studying the medium. When a jet produced near the edge of the QGP medium one of its

partner has to propagate through the QGP medium suffering energy loss and traverse mo-

mentum broadening by medium-induced gluon radiation. This phenomena is known as

jet quenching [25–28].

Figure 1.6 shows the azimuthal distribution of hadrons with pT (pT > 2.0 GeV/c) with a
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trigger hadron with p tr i g
T > 4.0 GeV/c. An enhanced correlation is observed at∆φ= 0 for the

two hadrons drawn from a single jet. The correlation is present in all three systems, Au+Au,

d+Au and p+p. At ∆φ = π dihadron correlation is present for both d+Au and p+p where as

the correlation is absent for Au+Au collisions indicating the attenuation or quenching of

the away side jet. This observation suggest the formation of a medium with colour degree

of freedom in Au+Au collisions which is absent in smaller collision system such as in p+p

or d+Au.

1.4.3 J/ψ suppression

The J/ψ particle is a bound state of c and c̄ quarks. It was simultaneously discovered by

two experiments in 1974 [30, 31]. The primary mechanism responsible for J/ψ production

involves hard scattering between partons during the initial stages of heavy-ion collisions.

In the presence of a hot and dense medium such as the Quark-Gluon Plasma (QGP), the

production of the J/ψ state is expected to be suppressed compared to a non-QGP medium.

This suppression is attributed to color screening, also known as Debye screening, which

weakens the interaction potential between the c and c̄ quarks [32].

Various experiments, spanning from SPS to LHC, have reported both the production

and suppression of J/ψ [33–40]. Figure 1.7 presents the STAR collaboration’s measurement

of the nuclear modification factor (RA A) for J/ψ in Au+Au collisions at
p

sN N = 200GeV [38].

The RA A is defined in Eq. 1.3.

RA A =

(
d 2N

2πpT d pT d y

)
Au+Au

〈Ncol l 〉×
(

d 2N
2πpT d pT d y

)
p+p

(1.3)

The RA A denotes the ratio between the invariant yield of J/ψ in Au+Au collisions, nor-

malized by the number of binary collisions, 〈Ncoll〉, to the invariant yield of J/ψ in p+p col-

lisions. In the absence of a QGP medium, the heavy-ion collision system can be viewed as a

superposition of many proton-proton collisions. In such a scenario, the 〈Ncoll〉-normalized

yield of a particle produced in heavy-ion collisions should be equal to that of a single p+p

collision, resulting in RA A = 1.

However, the reported RA A in Au+Au collisions is found to be smaller than unity across

all centralities, and the ratio decreases with increasing centrality. This observation suggests

the suppression of J/ψ production due to the presence of the QGP medium in the initial

state.
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1.4.4 Collective flow

When two heavy nuclei collide, they deposit an immense amount of energy within a small

volume. The system formed in the collision undergoes rapid expansion over time. This

expanding medium exhibits the properties of a nearly perfect fluid, characterized by an

exceptionally low shear viscosity, rather than behaving like a gaseous medium. The con-

stituents of this expanding system do not move independently; instead, they exhibit long-

range correlations, resulting in collective behavior. This collective flow of the produced

medium is regarded as a key signature of partonic degrees of freedom. The overall flow

of the medium can have various orders of azimuthal anisotropy in the momentum space,

those anisotropies carry the sensitive information about the produced medium. In the fol-

lowing section, we will delve deeper into the concept of anisotropic flow, providing a com-

prehensive literature review on the topic.

1.5 Literature review of anisotropic flow

There are various orders of anisotropy present in the momentum distribution of the final

particles produced from the collision. The magnitudes of these anisotropies can be studied

using a Fourier series expansion of the azimuthal distribution of the final-state particles in

momentum space [41], as shown in Eq. 1.4.

9



CHAPTER 1. INTRODUCTION

E
d 3N

d p3
= d 2N

2πpT d pT d y

(
1+

∞∑
n=1

2vn cosn(φ−ΨR )

)
(1.4)

Here, ΨR represents the reaction plane of the system. The reaction plane is the plane

that spans the collision axis and the impact parameter between the colliding nuclei, as

illustrated in Fig. 1.8. Above and below the reaction plane, the system exhibits reflection

symmetry, which causes the sine terms in the Fourier series expansion to vanish. The co-

efficient vn quantifies the magnitude of the nth-order azimuthal anisotropy. The nth-order

flow coefficient can be determined using Eq. 1.5.

vn = 〈〈cosn(φ−ΨR )〉〉 (1.5)

In experiments, the impact parameter cannot be measured directly, making it impos-

sible to determine the reaction plane directly from experimental data. Instead, the event

plane,Ψn , is used as a proxy for the true reaction plane. The event plane can be determined

from the distribution of final-state particles in the transverse plane. Since the distribution

of final-state particles contains multiple harmonics, the event plane can be obtained in-

dependently for each harmonic. In experiments, the nth-order flow coefficient can be ex-

pressed as shown in Eq.1.6. The method for determining the event plane from final-state

particle distributions is discussed in Chapter 3.

vn = 〈〈cosn(φ−Ψn)〉〉 (1.6)

Here, the angular brackets represent an average over many particles produced in a sin-

gle event, followed by an average over many such events. The first-order flow coefficient,

v1, measures the directed flow, which corresponds to the left-right asymmetry in the pro-

duced medium. The second-order flow coefficient, v2, is known as elliptic flow and quan-

tifies the ellipticity present in the momentum distribution of the final-state particles. The

third-order flow coefficient, v3, is referred to as triangular flow, which measures the trian-

gularity in the system. This triangularity arises due to event-by-event fluctuations in the

positions of the colliding nucleons within the collision zone. In this thesis, we primarily

focus on the elliptic and triangular flow coefficients, which are discussed in detail in the

following sections.

1.5.1 Elliptic flow

In a non-central nucleus-nucleus collision the overlap region of the two colliding nuclei

looks like an almond as shown in Fig 1.9. In this overlap region the pressure gradient along

10
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Figure 1.8: Schematic diagram of heavy-ion collision system

x-direction is larger compared to the pressure gradient along y-direction. Due to differ-

ent magnitude of pressure gradient the system evolve more faster along x-direction com-

pared to y-direction. Such spatial anisotropy generate the momentum isotropy where con-

stituents of the system have large magnitude of momentum along x compared to y. This

type of anisotropic flow is call elliptic flow.

x

Y

Px

Py

Px > Py

Figure 1.9: Schematic diagram of non-central collision of two heavy-nuclei. The spatial
anisotropy will give rise to momentum anisotropy.

Elliptic flow is a widely studied observable in both experimental and phenomenolog-

ical fields. The first experimental measurement of elliptic flow at RHIC was performed in

Au+Au collisions at
p

sN N = 130 GeV for charged hadrons [42]. The measured v2 values

were found to be in remarkable agreement with hydrodynamic predictions, indicating a

high degree of thermalization in the initially produced medium [42]. Later, in Ref.[43], it
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was demonstrated that hydrodynamics with a finite shear viscosity-to-entropy ratio (η/s)

provided a better fit to the v2 data compared to ideal hydrodynamics with η/s = 0. Fig-

ure1.10 illustrates how the magnitude of v2 is sensitive to the η/s of the medium, making it

a crucial observable for constraining the η/s of the system. Not only different η/s but also

choice of different initial state models could change the magnitude of v2 dramatically as

shown in Fig 1.11, where two different model with different initial state produces different

magnitude of spatial and momentum anisotropy.
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Figure 1.10: v2(pT ) measured from hydro-dynamics models with different value of η/s is
compared with STAR data at 200 GeV. The figure is taken from the Ref. [43].

Therefore, the measurement of elliptic flow is important to constrain the initial state

model and transport property such as η/s. The STAR collaboration has also reported the

measurement of inclusive charged hadron elliptic flow in Au+Au collisions at lower col-

lision energies,
p

sN N = 7.7 to 200 GeV [45]. This measurement shows the magnitude of

v2 decreases with decreasing collision energy which could arise due to the change in the

medium property at lower collision energies and/or smaller collectivity at lower energies.

The explanation of lower collision energy v2 data demands a 3+1D hydrodynamic model

with proper longitudinal dynamics [46].

1.5.2 Triangular flow

The collision geometry fluctuation in the overlap region of the two colliding which could

arise due the fluctuation in the participant nucleons position [47]. Such fluctuation can

have different order of anisotropy in the spatial space as shown in Fig. 1.8. These type of

12
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Figure 1.11: Time evolution of eccentricity in spatial and momentum space is shown for
two different choice of initial state model. The figure is taken from the Ref. [44].

anisotropic distribution of the participant nucleons due to fluctuation can generate higher

order anisotropic flow in the momentum space such as triangular flow, quadrangle flow

and so on.

The PHENIX and STAR experiments have reported the presence of non-zero v3 in Au+Au

collision at
p

sN N = 200 GeV suggesting the presence of an initial geometry fluctuation in

the initial state [48, 49]. A hydrodynamical study shown in Fig. 1.12 suggests that the higher

order flow coefficients are more sensitive to the change in viscosity of the medium com-

pared to second order v2 [50]. Therefore, measurement of v3 is also important to constrain

the transport properties of the medium.

1.5.3 Number of constituent quark (NCQ) scaling: Test of partonic

collectivity

Assuming the quark coalescence model of hadronization, in which quarks those are close

in phase space combine with each other to form hadrons, the v2 of a hadron at a particular

pT is given by Eq.1.7 [51, 52].

v H
2 (pT ) = nq v q

2 (pT /nq ) (1.7)

Therefore, dividing the v H
2 with number of constituent quarks gives the magnitude of v2

per quark. Such a study at RHIC top energy that is at
p

sN N = 200 GeV in Au+Au collisions
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Figure 1.12: The ratio of flow coefficients in viscous to ideal hydro is plotted as function
of order of the harmonic in mid-central (20-30% centrality) collisions. The figure is taken
from the Ref. [50].

was carried out in Ref. [53]. Figure 1.13 shows the NCQ scaled v2 plotted as a function of

NCQ scaled transverse kinetic energy (K ET /nq = (
√

p2
T +m2

0 −m0)/nq ) in Au+Au collisions

at
p

sN N = 200 GeV at STAR. The purpose of studying v2/nq as a function of K ET /nq in-

stead of pT /nq is to eliminate the mass-dependent effects driven by hydrodynamics at low

pT . This approach improves the quality of the scaling behavior [54–56]. The NCQ scaled

v2 measured from various identified particles species show similar magnitude. It was ob-

served at 200 GeV that v3 follows a modified NCQ scaling as shown in the right panel of

Fig 1.13 [54, 55]. The observation of such NCQ scaling in v2 and v3 suggests the presence

of partonic collectivity in the produced medium at top RHIC energies as well as it supports

the quark coalescence model of hadronization.

The STAR collaboration has reported the measurement of v2 for identified hadrons in

Au+Au collisions at
p

sN N = 7.7–62.4 GeV using data from the first phase of the Beam En-

ergy Scan (BES-I) program [57]. Figure 1.14 shows, at center-of-mass energies
p

sN N < 19.6

GeV, φ-mesons exhibit a sudden decrease in v2, with their magnitude found to be smaller

compared to other hadrons, resulting in a breaking of the NCQ scaling. This behavior might

suggest that the produced medium at lower collision energies is predominantly hadronic.

Since the φ-meson has a smaller hadronic interaction cross section and freezes out early

from the medium [58–61], it may not interact significantly with the hadronic-dominant

medium at these lower energies. Consequently, its v2 is observed to be smaller than that of

other hadrons.
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Figure 1.13: Left panel shows the NCQ scaled v2 from various hadron species is plotted as a
function of NCQ scaled transverse kinetic energy (K ET ) for Au+Au collisions at

p
sN N = 200

GeV in 0-80% centrality. Right Panel shows the modified NCQ scaled v3 as a function of
K ET . The figure is taken from the Ref. [54].

However, definitive conclusions cannot be drawn due to the large statistical uncertain-

ties in the BES-I results. The observed deviation of the φ-meson from the NCQ scaling

trend could potentially be attributed to statistical fluctuations. Similarly, for other multi-

strange baryons and anti-baryons like Ξ−, Ξ̄+, Ω−, and Ω̄+, the measurements lack preci-

sion. Therefore, it is crucial to revisit the lower energy regimes with high-statistics data to

make any conclusive statements.

1.6 Thesis motivation

The primary goals of STAR collaboration are search for the evidences of first order phase

transition, critical point and turn-off signature of QGP. This thesis is mainly focused on the

last one that is search for the turn-off signature or disappearance of partonic signatures

in the produced medium at lower collision energies. We have scanned the QCD phase di-

agram by visiting to the high net baryon density region with decreasing collision energy.

At these region we have performed precise measurement of v2 and v3 and test the NCQ

scaling to shed light on the nature of the medium created in these lower energies.

In Chapter 2, we have discussed about the STAR’s detector system and the techniques

of particle identification. In Chapter 3, we have presented the high precise measurement

the strange and multi-strange hadron v2 and v3 at
p

sN N = 54.4 GeV. In Chapter 4, We have

presented the results for v2 and v3 results for identified hadrons using the high statistics

BES-II data. The test of NCQ scaling is performed from
p

sN N = 19.6 down to 7.7 GeV to

15



CHAPTER 1. INTRODUCTION

0 0.5 1 1.5 2

0

0.05

0.1

q
/n

2
v

a)
7.7 GeV
Au+Au,  080%

sub EPη

p
Λ


Ξ


Ω

+π
+

K

s
0

K
φ

0 0.5 1 1.5 2

0

0.05

0.1 11.5 GeV

0 0.5 1 1.5 2

0

0.05

0.1 19.6 GeV

0 0.5 1 1.5 2

0

0.05

0.1

0

27 GeV

)2 (GeV/c
q

)/n0m
T

(m

0 0.5 1 1.5 2

0

0.05

0.1

0

39 GeV

0 0.5 1 1.5 2

0

0.05

0.1 62.4 GeV

Figure 1.14: BES-I results for NCQ scaling of v2 in Au+Au collision at
p

sN N = 7.7 - 200 GeV.
The plot is taken from the Ref. [57].

look for the possible presence of hadronic dominance phase at these energies. In Chap-

ter 5, we have discussed about an empirical scaling behavior in v2 and v3 of quarks mea-

sured from available experimental data for identified hadrons. In Chapter 6, we have also

presented A Multi Phase Transport (AMPT) model study of longitudinal flow decorrelation

at BES energies which found to be a sensitive observable for η/s.
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The STAR experiment at RHIC

2.1 Relativistic Heavy Ion Collider (RHIC)

The Relativistic Heavy Ion Collider (RHIC) is a state-of-the-art particle accelerator located

at Brookhaven National Laboratory (BNL) on Long Island, United States. The accelerator

has a circumference of approximately 3.8 kilometers. It operates with a variety of key com-

ponents, as illustrated in Fig. 2.1. Two main ion beam injectors feed ions into the system

are the Tandem Van de Graaff (Tandem) and the Electron Beam Ion Source (EBIS). EBIS,

a newer and more advanced injector, is currently responsible for injecting ion beams. For

instance, gold ion beams injected by EBIS enter the Booster synchrotron with an initial en-

ergy of 2 MeV per nucleon and a charge state of Au32+. In the Booster, the ions are acceler-

ated further to 100 MeV per nucleon and their charge is increased to Au77+. The accelerated

ions are then fed into the Alternating Gradient Synchrotron (AGS), which is approximately

four times the size of the Booster. Within the AGS, the gold ions are accelerated to 8.86 GeV

per nucleon and fully stripped of electrons, achieving a charge state of Au79+. Finally, these

fully ionized gold ions are transferred to the RHIC storage ring via the AGS-to-RHIC Trans-

fer Line (AtR). RHIC has two rings as blue ring and yellow ring that can accelerate ions in

opposite directions with speed of 99.9999% of the speed of light. The highest center of mass

energy per nucleon pair (
p

sN N ) in a collision achieved in RHIC is 200 GeV. To date, RHIC

has accelerated and collided various types of nuclei, including p+p, Au+Au, Cu+Cu, Au+d,

Au+Cu, U+U, Zr+Zr, Ru+Ru, and O+O, at collider energies ranging from
p

sN N = 7.7 to 200

GeV [62].
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CHAPTER 2. THE STAR EXPERIMENT AT RHIC

In the past, RHIC hosted four experiments, each with distinct physics motivations. The

Broad RAnge Hadron Magnetic Spectrometers (BRAHMS) [63], located at the 2 o’clock po-

sition; the Solenoidal Tracker at RHIC (STAR) [64], located at 6 o’clock; the Pioneering High

Energy Nuclear Interaction eXperiment (PHENIX) [65], located at 8 o’clock; and PHOBOS [66],

located at 10 o’clock. The BRAHMS experiment began operation in 2000 and concluded in

2006. Similarly, the PHOBOS experiment ran from 1999 to 2005. The PHENIX experiment

started in 2000 and continued until 2016. Data-taking at STAR began in 2000, and the ex-

periment is scheduled to continue collecting data through 2025.

Figure 2.1: A bird-eye view of Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory (BNL). The picture is taken from [67].

2.2 STAR Experiment

The STAR detector is a cylindrical detector surrounding the beam pipe with full azimuthal

coverage and excellent particle identification capability [68]. The detector has many sub

components as shown in Fig. 2.2. The large STAR magnet can produce magnetic field of 0.5

T [69]. Some of the detectors and their function are discussed below.
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TPC EPD EEMCVPDToFMagnetBEMCMTD

Figure 2.2: A 3D graphical image of the STAR detectors system. The picture is taken from
Ref. [70].

2.2.1 Time Projection Chamber (TPC)

2.2.1.1 Construction of TPC

TPC is known as the "heart" of the STAR detector system [71]. It has a full azimuthal cov-

erage and pseudorapidty coverage of -1.5 to 1.5. The pseudorapidity coverage is recently

increased from |η| < 1.0 to |η| < 1.5 after inner TPC (iTPC) upgrade during Beam Energy

Scan Phase-II (BES-II) [72]. TPC is a cylindircal gaseous detector which has length 420 cm.

The inner diameter of the TPC is 100 cm. and the outer diameter is 400 cm. A schematic

diagram of the TPC is shown in Fig. 2.3. At the center of the TPC, a thin conductive Cen-

tral Membrane (CM) is kept at voltage 28 kV. The inner valume of the TPC is filled with P10

gas which is a mixture of 90% argon (Ar ) and 10% methane (C H4) [73]. There is a series of

equipotential rings that fills the space between the central membrane and the end-cap of

the TPC known as inner field cage. The purpose of the field cage is to maintain a constant

electric field inside the TPC. The end-cap of the TPC has read-out planes, Multi Wire Pro-

portional Chamber (MWPC) with pad read out mounted on a aluminum support wheel.

Each end-cap has 12 such read-out planes which as known as anode planes. A schematic

diagram of an anode plane is shown in Fig. 2.4. Each anode plane has two sub-sectors, inner
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sub-sector and outer sub-sector. The outer sector has 31 pad rows arranged continuously

without any space between rows. The inner sector had 13 pad rows earlier before BES-II

upgrade now it is changed to 40 [72]. This upgrade increased the η coverage of the TPC as

well as brings the low pT cut-off to 60 MeV. This also enhanced the dE/d x and momentum

resolution of the particle tracks.

Figure 2.3: A schematic diagram of TPC. The picture is taken from Ref. [71].

Figure 2.4: A schematic diagram of anode plane. The picture is taken from Ref. [71].
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2.2.1.2 Working of TPC

The main purpose of the TPC is track reconstruction and particle identification [74]. After

collision of two nuclei, the produced charged hadrons will move in a curve path due to the

magnetic field of the TPC. While traversing the length of the TPC, these particles will in-

teract with the gaseous medium of the TPC and ionize the atoms of the gas. The uniform

electric field of ≃ 135 V/cm makes the secondary electrons produced from ionization to

drift towards the end-cap of the TPC with a typical speed of 5.45 cm/µs. When a secondary

electrons hit the end cap of the TPC they will produce a signal in some particular pads, from

which the x and y coordinate of the point of ionization can be determined. The z coordi-

nate of a cluster of secondary electrons can be determined by measuring the time taken

by the cluster to arrive at the end-cap pad from the point of ionization. When a charged

hadron traverse through the volume of the TPC, it will produce secondary ionized elec-

trons from many points by collecting all these electrons from every ionization point one

can reconstruct the three dimensional picture of the charged particle.

From the ionization energy loss of a particular charged hadron, one can identify the

hadron species since the energy loss depends on the mass of the particle. The energy loss

per unit length, specific energy loss by a charged hadron is given by Bethe-Bloch formula 2.1.

−dE

d x
= K z2 Z

A

1

β2

(
0.5× ln

2me c2β2γ2Tmax

I 2
−β2 −δ(βγ)/2

)
(2.1)

Here, A is the atomic mass of the absorber, K /A = 0.307075 MeV g−1 cm2, z and Z are

the atomic number of incident particle and absorber respectively. Tmax is the maximum

kinetic energy transferred during ionization. δ(βγ) is the density effect correction to ion-

ization loss. Figure 2.5 shows the dE/d x of particle tracks while traversing the TPC gas

medium as a function of rigidity (momentum divided by charge of the track). At a given p,

different particle species have different dE/d x. We can select a particular particle species

by selecting the tracks close to their theoretical prediction line. The factor that decide close-

ness of a particular track to its theoretical prediction is defined in Eq. 2.2.

nσx = 1

R
l n

(
(dE/d x)measur ed

(dE/d x)theor y

)
(2.2)

Where R is the dE/d x resolution of TPC. For example, if one put a cut nσπ < 2.0, that

means selecting tracks that are 2 σ away from the theoretical predication for pion. The

dE/d x band of pions and kaons merge together at p ≈ 0.6 GeV/c and proton band merges

with kaons at p ≈ 1.1 GeV/c. Therefore, it’s not possible to identify them by using TPC only.
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To identify particles with higher momentum we use Time of Flight (ToF) which is described

in details in the next section.
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Figure 2.5: Specific energy loss of particle tracks is plotted as function of rigidity (p/q). The
dashed lines are the theoretical predication.

2.2.2 Time of Flight (ToF) System

2.2.2.1 Construction of ToF

The STAR Time of Flight (ToF) [75, 76] is a cylindrical detector that surrounds the TPC. It has

full azimuthal coverage and η acceptance from -1 to 1. It has two separate sub-detectors for

measuring start-time and stop-time of time of flight of a particle track. The detector used

for measuring start-time is known as Vertex Position Detector (VPD) [77]. The stop-time is

measured by Time of Flight tray. There are two VPDs on either side of the TPC at a distance

of 5.7 m from the center of the TPC, close to the beam line as shown in Fig. 2.2. The pseudo-

rapidity coverage of the VPDs are 4.24 < η< 5.1 and −5.1 < η<−4.24 A schematic diagram

of side view of a single component or a single detector unit of a VPD is shown in Fig. 2.6.

Each detector unit comprises several components: the front “cap” of a magnetic shield,

an air gap, a ∼0.25 inch thick layer of lead (equivalent to ∼1.13 radiation length), a 1 cm

thick scintillator, a Hamamatsu R-5946 of 1.5 inch diameter PMT (photomultiplier tube),

and a linear resistive base. The lead serves as a photon converter, producing electrons that

flood the scintillator layer, resulting in strong PMT signals and excellent start-timing perfor-

mance. High voltage for the VPD bases is supplied by a LeCroy 1440 HV mainframe located
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on the platform and delivered to the detectors through RG-59 coaxial cables. Each detec-

tor unit weighs approximately 10 lbs, with most of the weight attributed to the magnetic

shielding. There are 19 such detector units inside each VPD arranged in two concentric

rings like structure. The typical time resolution of the VPD in Au+Au collisions at
p

sN N =

200 GeV is about 20-30 ps. Where as in p+p collision the resolution degrades to 80 ps.

The STAR Time-of-Flight (ToF) detector is based on Multi-gap Resistive Plate Chamber

(MRPC) technology [78, 79]. Figure 2.7 presents both the side and end views of the MRPC

modules. The MRPC consists of a stack of 0.54 mm thick resistive float glass plates, sepa-

rated by uniform gas gaps of 220 µm. The gas mixture used in STAR is composed of 95%

R134a and 5% isobutane. Graphite electrodes are applied to the outer surfaces of the outer-

most glass plates, allowing a high voltage to be applied across them and generating a strong

electric field within each gap. When a charged particle traverses the glass stack, it ionizes

the gas along its path within the gaps. The strong electric field then amplifies this ioniza-

tion through avalanche multiplication. The resulting induced signal on the copper readout

pads is the cumulative sum of the avalanches generated in each gas gap. There are 32 MRPC

modules installed in a single ToF tray, and 120 such trays are placed surrounding the TPC.

The STAR ToF detector achieves a typical time resolution of 80–90 ps.

2.2.2.2 Working of ToF

In a collision event, the start-time of the track is provided by the VPD. When the track ar-

rived at the ToF one can get the stop-time. The velocity of the particle is calculated by using

the Eq. 2.3.

β= v

c
= L

c∆t
(2.3)

Figure 2.6: A schematic diagram of the side view of the VPD detector. The diagram is taken
from the Ref. [77].

Here∆t is time difference between start-time and stop-time. L is the track length of the

particle. Once we calculate the β of the track its mass can be calculated using Eq. 2.4.
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Figure 2.7: A schematic diagram of side and end view of MRPC modules developed for STAR
ToF. The figure is taken from the Ref. [78].

m2 = p2
(

1

β2
−1

)
(2.4)

A plot mass m2 calculated from ToF as a function of momentum is shown in Fig. 2.8.

In ToF, we can identify pions and kaons up to momentum 1.8 GeV/c and protons up to

3 GeV/c.

2.2.3 STAR triggers

In RHIC, collision of heavy-ions take place in form of bunches. Each bunch consists of

about 109 nuclei. The bunch crossing rate is 9.37 MHz but detectors like TPC operates at

much slower rate about 100 Hz. So it’s not possible to read all the events by TPC. STAR trig-

ger system consists of a set of fast detectors that read every bunch crossing and activate the

slower detectors to read only events of interest [80]. The trigger detectors at forward and

backward rapidity window are Zero Degree Calorimeters (ZDC) [81], Vertex Position De-

tectors (VPD), Beam-Beam Counter (BBC), End Cap Electromagnetic Calorimeter (EEMC).
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Au + Au @ 19.6 GeV

Figure 2.8: m2 calculated from ToF is plotted as a function of rigidity. The dotted lines indi-
cate the Particle Data Group (PDG) value of the m2 of π, K , and p.

The trigger detectors at mid rapidity are Barrel Electromagnetic Calorimeter (BEMC) and

Time of Flight (ToF).

The ZDCs are place closed to the beam pipe at 18 m away from the center of the TPC.

The ZDCs measure the total energy of the spectator neutrons moving along z direction.

Minimum biased events are triggered by simultaneous hit at two ZDCs [81]. ZDCs are also

used as luminosity monitors [82]. The function of VPDs are already discussed in the previ-

ous section. There are two BBC modules mounted on east and west side of TPC at distance

of 3.75 m from the center of the TPC [83] covering η acceptance of 3.4 < |η| < 5.0. BBCs

are used as minimum bias trigger in proton+proton collisions. The EEMC has η coverage

of 1.0 < η< 2.0 and full azimuthal acceptance. The main purpose of the EEMC is to detect

photons and particles that decay by electromagnetic interaction such as π0 and η. It serves

as a trigger while detecting high energy electrons and positrons [84]. The BEMC has η ac-

ceptance of −1.0 < η < 1.0 and full azimuthal angle coverage. It’s mainly used as a trigger

for rare high pT probes such as Jets, direct photons, heavy quarks etc [85].

2.3 Summary

In this chapter we briefly discussed about the STAR experiment and the detector used for

data taking during collision events. The main detectors used for reconstructing particle

track after collision and particle identification are TPC and ToF. In our analysis we have

used both these detectors.
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3
Azimuthal anisotropic flow measurements of strange and

multi-strange hadrons in Au+Au collisions at
p

sN N = 54.4

GeV

3.1 Chapter introduction

In this chapter, we discuss the measurement of second and third order azimuthal anisotropy

parameters (v2 and v3) in Au+Au collisions at
p

sN N = 54.4 GeV at STAR. The measurement

is performed for strange and multi-strange hadrons such as K 0
S , Λ, Λ̄, Ξ−, Ξ̄+, Ω−, Ω̄+, and

φ mesons. These multi-strange hadrons have smaller hadronic interaction cross-sections

and they freeze out earlier from the medium. As a result, the anisotropic flow parameters

measured for these particles are less affected by late-stage hadronic interactions, making

them valuable for constraining the initial state and transport properties of the medium

produced in the collisions [58–61].

3.2 Dataset

In this analysis, we utilized the high-statistics dataset from Au+Au collisions at a center-of-

mass energy of
p

sN N = 54.4 GeV, collected in 2017. We applied the minimum bias triggers,

resulting in a total of approximately 600 million events used for this analysis.
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MULTI-STRANGE HADRONS IN AU+AU COLLISIONS AT
p

sN N = 54.4 GEV

3.3 Bad run and pile-up rejection

In heavy-ion collision experiments, a "bad run" refers to a data collection session where

the quality of the recorded data is not suitable for analysis due to various issues such as

problem in detectors, detector calibration issues, power outages etc. Those runs need to be

rejected from the dataset before any analysis. Those bad runs are identified by run-by-run

Quality Assurance (QA) checks. In QA analysis, various observable such as event and run

average transverse momentum (〈pT 〉), pseuorapidity (〈η〉), azimuthal angle (〈φ〉), reference

multiplicity from TPC (〈Re f Mul t〉), ZDC coincidence rate (〈Z DCr ate〉) etc. are calculated.

Any run where one or more of these observables deviates by more than 5σ from the overall

average is flagged as a bad run and excluded from the analysis. The list of bad runs are given

below.

18154039, 18154038, 18154037, 18153063, 18153057, 18157003, 18157011, 18158020, 18158021,

18161005, 18161021, 18164044, 18165039, 18166033, 18166052, 18167014, 18167015, 18167016,

18167017, 18167018, 18167041, 18168015, 18169036, 18170021.

If two collision events happen simultaneously very close to each other then there could

be track mixing, where the tracks of one event counted as track of another. These events are

called pile-up events. These pileup events are rejected using correlation between Re f mul t

and number of track matched with ToF (To f M atched). A linear correlation between Re f Mul t

and To f M atched is expected any event with a deviation from this linear correlation is re-

jected. This task is also performed by using official "StRefMultCorr" class. The correlation

plot between "RefMult" and "TofMatched" before and after pile-up rejection is shown in

Fig. 3.1.

3.4 Event and track selection

For the analysis, we selected events with the z-coordinate of the collision vertex located

within |Vz | < 30 cm from the center of the TPC. Inside the beam-pipe, which has a radius

of 3.95 cm, collisions with the beam-pipe materials can occur, leading to unwanted events

that should be excluded. To reject these undesired collision events, we applied a radial po-

sition cut of Vr < 2.0 cm. The vertex position distributions are shown in Fig. 3.2.

To select quality tracks for the analysis following track selection criteria is employed.

The number of hit points of each track on the endcap of the TPC should be greater than 15.

To remove split tracks the total number of TPC hit points of a track should be greater that

52% of the maximum possible hits. A low pT cut of pT > 0.15 GeV/c is applied since track
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Figure 3.1: Panel(a) shows the RefMult vs. Tofmatched correlation plot before pile-up rejec-
tion. Panel(b) shows the same after pile-up rejection.
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Figure 3.2: Panel(a) shows the distribution of collision vertex position along Z-axis from
the center of the TPC. Panel(b) shows the 2D distribution of vertex position along X and Y
respectively.
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with pT < 0.15 GeV/c have small momentum resolution. In case we need primary tracks

from the collision we have applied a Distance of Closest Approach (DCA) cut on the tracks.

Those tracks with DC A < 3.0 cm. from the primary vertex are considered for analysis. A

pseudorapidity cut, |η| < 1.0 is applied to consider tracks that are within the acceptance

range of our detectors. A summary of all the track selection cuts are presented in Table 3.1.

Table 3.1: Track selection cuts used in the analysis of Au+Au collisions at
p

sN N = 54.4 GeV
data.

cuts values

Nhits > 15

Nhits/NhitsPoss > 0.52

pT > 0.15 GeV/c

DC A < 3.0 cm.

|η| < 1.0

3.5 Centrality determination

The centrality determination has been done using the raw multiplicity (N r aw
ch ) of the charged

particle in the mid-rapidity region, -0.5 < η < 0.5. The distribution of N r aw
ch is shown in

Fig. 3.3. The distribution is fitted with a two component Glauber model to account for

the vertex finding and trigger inefficiency in the low multiplicity region. The ratio between

the Glauber simulation and the raw N r aw
ch is taken as a weight to correct the distribution

at lower multiplicity region. The detail procedure can be found in the Ref. [86, 87]. The

weighted distribution then divided in different classes having equal number of events. The

first 10% of the highest multiplicity events fall under 0-10% centrality class, the next 10% of

under 10-20% and so on.

3.6 Particle identification

The Time Projection Chamber (TPC) and the Time of Flight (ToF) are the two main de-

tectors used for identifying stable charged particles (π, K, p) in this analysis. The detailed

operation of these detectors is discussed in Chapter 2. For particle identification in the TPC,

we apply a selection criterion of |nσ| < 3 based on specific energy loss (dE/d x) informa-
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Figure 3.3: The uncorrected multiplicity distribution of reconstructed charged particles in
Au+Au collisions at

p
sN N = 54.4 GeV. Glauber Monte Carlo simulation is shown as the solid

red curve.

tion. Additionally, for particle tracks with available ToF information, we impose a cut of

| 1
βtrk

− 1
βpdg

| < 0.04 to ensure proper identification.

However, both the TPC and ToF are capable of identifying only stable, long-lived par-

ticles that do not decay before reaching the detectors. In our analysis, we are focused on

short-lived particles that cannot be directly detected by these detectors. Therefore, we must

reconstruct the tracks of these short-lived particles using the information from the detected

stable particles. The techniques used for reconstructing these short-lived particles are dis-

cussed in the following subsections.

3.6.1 Reconstruction of short lived hadrons

The particle species for which v2 and v3 are measured are strange and multi-strange hadrons

such as K 0
S , Λ(Λ̄), φ, Ξ−(Ξ̄+), and Ω−(Ω̄+). Various useful properties of these particles are

listed in table 3.2. These particle have very small lifetime therefore, they can not be di-

rectly detected in the detectors. Particle such as K 0
S , Λ(Λ̄), Ξ−(Ξ̄+), and Ω−(Ω̄+) decay by

weak interaction whereas φ mesons decay by strong interaction. These particles can be re-

constructed back using invariant mass technique through their respective hadronic decay

channels. When a weakly decaying particle undergoes decay, its daughter particles often

form a characteristic V-shaped pattern at the decay vertex, as illustrated in the Fig. 3.4.

31



CHAPTER 3. AZIMUTHAL ANISOTROPIC FLOW MEASUREMENTS OF STRANGE AND

MULTI-STRANGE HADRONS IN AU+AU COLLISIONS AT
p

sN N = 54.4 GEV

Table 3.2: Quark content, lifetime, and major decay mode of the strange and multi-strange
hadrons used in this analysis are listed.

Particle Quark content Lifetime Major decay mode

K 0
S

1p
2

(d s̄ − sd̄) 0.8954 × 10−10 s π+π−

Λ(Λ̄) uds(ūd̄ s̄) 2.632 × 10−10 s pπ−(p̄π+)

Ξ−(Ξ̄+) dss(d̄ s̄ s̄) 1.639 × 10−10 s Λπ−(Λ̄π+)

Ω−(Ω̄+) sss(s̄ s̄ s̄) 0.821 × 10−10 s ΛK −(Λ̄K +)

φ ss̄ 40 fm/c (1 fm/c ∼ 10−23 s) K +K −

These types of particles are known as V0 particles. In experimental analyses, such decay

topologies can be identified during track reconstruction. Instead of combining all pro-

duced particles indiscriminately to reconstruct the invariant mass of the parent particle,

one could selectively combine only those tracks that most likely originate from these V-

shaped topologies. This approach helps to reduce combinatorial background and enhances

the significance of the signal. Particles like K 0
S andΛ decay into stable daughters butΞ and

Ω first decay into a unstable daughter(Λ), which further decays to two grand daughters

as shown in lower schematic diagram of Fig. 3.4. To select the possible daughters and/or

grand daughters of the V0 particles, the topological cuts used are summerized in table 3.3.

Table 3.3: Summary of V0 topology cuts used for selection of daughter and/or grand daugh-
ters of weak decay V0 particles.

cuts/particles K 0
S Λ(Λ̄) Ξ−(Ξ̄+) Ω−(Ω̄+)

DCA V0 to PV < 0.8 cm. < 0.8 cm. < 0.8 cm. < 0.4 cm.

DCA between daughters < 0.8 cm. < 0.8 cm. < 0.8 cm. < 0.7 cm.

V0 decay length > 2.5 cm. > 3.0 cm. > 3.4 cm. > 3.8 cm.

DCA daughter-1 to PV > 0.7 cm. > 0.3 cm. > 0.2 cm. > 0.5 cm.

DCA daughter-2 to PV > 0.7 cm. > 1.0 cm. > 0.8 cm. > 0.7 cm.

DCA between grand daughters - - < 0.8 cm. > 0.7 cm.

daughter-1 decay length - - > 5.0 cm. > 6.5 cm.

DCA grand daughter-1 to PV - - > 1.0 cm. > 1.5 cm.

DCA grand daughter-2 to PV - - > 0.5 cm. 0.4 cm.

After selecting the daughter particles from the V0 decays, the invariant mass is calcu-

lated using Eq. 3.1.
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(a)

(b)

Figure 3.4: The upper figure shows the schematic diagram for decay of K 0
S andΛ. The lower

figure shows the same for Ξ andΩ.
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minv =
√

(E1 +E2)2 − (
p⃗1 + p⃗2

)2 . (3.1)

Here, E1,2 and p⃗1,2 represent the energy and momentum of the daughter particles, res-

pectively. The invariant mass distributions for the K 0
S ,Λ(Λ̄),Ξ−(Ξ̄+),Ω−(Ω̄+), andφmesons

are shown in Fig. 3.5.

Unlike weakly decaying particles, topological cuts cannot be applied to φ mesons, as

they decay via strong interaction much earlier than V0 particles. To calculate the invariant

mass distribution of φ mesons, all K + candidates in an event are paired with all K − can-

didates from the same event. This method results in a relatively larger background for φ

mesons compared to other particles. To estimate the background for φ mesons, we used

the mixed event technique. Similarly, for K 0
S andΛ(Λ̄), the like-sign method was employed

for background estimation. ForΞ−(Ξ̄+) andΩ−(Ω̄+), the rotational method was used to es-

timate the background. Each of these three background estimation methods is described

in detail below.

3.6.2 Mixed event techniques for background estimation

This method is used to reconstruct the background of the φ mesons [88]. In this method

K + of one event mixed with K − of another event. Since there is no correlation between

the K + and K − of two different events, the event mixing method can not reproduce the

signal of the φ meson. The mixed event invariant mass distribution however reproduces

the combinatorial background as shown in the panel (e) of Fig. 3.5. In this method, events

are first divided in 100 different classes according to there Vz position and centrality. K +

from one event mixed with 5 different K − of another events with similar Vz and centrality

class.

3.6.3 Like-sign method for background estimation

This method is used to reconstruct the background of K 0
S and Λ(Λ̄) particles. In this ap-

proach, we calculate the invariant mass using daughter particles of the same charge. To

reproduce the background of K 0
S , we combine a π+(π−) with another π+(π−) from the same

event. Similarly, for Λ(Λ̄), we pair a proton (anti-proton) with another π+(π−) from the

same event. Since a parent particle cannot decay into two same-sign daughters due to

charge conservation, combining same-sign particles allows us to reproduce the background

of the invariant mass distribution. Panel (a), (b) and (f) of Fig 3.5 show the like-sign back-

ground for K 0
S ,Λ, and Λ̄ respectively.
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Figure 3.5: Invariant mass distribution of various particle and their antiparticles through
their respective decay channel. The gray shaded area shows the distribution of the combi-
natorial background.

3.6.4 Rotational method for background estimation

This method is used to reconstruct the background ofΞ−(Ξ̄+) andΩ−(Ω̄+). In this method,

one of the daughter particle track is rotated by 180◦ in the transverse plane. This will break

the correlation between the two daughter tracks therefore, the invariant mass distribution

can not reproduce the signal [89–91]. In case ofΞ−(Ξ̄+), the rotated daughter track isπ−(π+)

and forΩ−(Ω̄+), the rotated daughter track is K −(K +). The rotational background distribu-

tion for Ξ−, Ω−, Ξ̄+, and Ω̄+ are shown in panel (c), (d), (g), and (h) of Fig. 3.5 respectively.

In case of Ξ, the rotational background can not explain the small bump structure at in-

variant mass ∼1.29 GeV /c2. This small bump arises due to fake Λ candidates which are

reconstructed by pairing the π− from mother Ξ− with the proton coming from the real Λ

daughter of Ξ−. This fake Λ candidates are then combined with the π− from mother Ξ de-

cay to give the bump structure [91, 92]. The effect of this bump on the flow coefficient is

discussed in Sec. 3.7.
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3.7 Flow measurement methods

3.7.1 Event plane determination and corrections

The nth order flow coefficient from the Fourier series expansion of azimuthal distribution

of final state particle yield is given by [41],

vn = 〈〈cosn(φi −ΨR )〉〉. (3.2)

Where the first angular bracket represents the average over all the tracks in a event and then

the second angular bracket represents the average over many such events in a given cen-

trality class. φi is the azimuthal angle of the i th track of the event.ΨR is the reaction plane

of the system. Since in experiment, the true reaction plane angle can not be measured. We

use event plane (Ψn), which is a proxy for the reaction plane, as the reference for vn mea-

surement. The range ofΨn is from zero to 2π/n.Ψn of an event can be calculated from the

distribution of the final state particles from the event.Ψn is given by,

Ψn = 1

n
× tan−1

(
Qny

Qnx

)
. (3.3)

Where Qnx and Qny are called Q-vectors or flow-vectors along x and y direction respectively.

The Q-vectors are calculated from the azimuthal angles of the final state particle using the

formula

Qnx =∑
i

cos(nφi ) Qny =
∑

i
sin(nφi ) (3.4)

The track selection cuts used for event plane determination is almost same as overall track

selection criteria as summerized in table 3.1 except one extra high pT cut of pT < 2.0 GeV/c.

This cut is used to avoid inclusion of jets while constructing event plane. In general one

would expect the distribution of the event plane is uniform between zero and 2π/n since

every possible orientation of the event plane angle is equi-probable but due to the az-

imuthal non-uniform detection efficiency of TPC and presence of some dead sectors in the

TPC endcap the distribution of event planes become non-uniform as shown in the Fig. 3.6

by the red solid line.

3.7.1.1 φ-weight correction

To make the event plane distribution flat we have applied a weight factor which is equal

to the inverse of the azimuthal distribution of the detected particles over many events. By

appying such weights the azimuthal bin where the particle counts are smaller due to detec-

tion problem will get more weight compared to a bin where particle counts are larger. This
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Figure 3.6: Panel(a), (b) and (c) show the distribution of Ψ2 in three different rapidity win-
dow, -1.0 < η < 1.0, 0.05 < η < 1.0, and -1.0 < η < -0.05 respectively. The red solid line is the
distribution of the uncorrected Ψ2 and the black solid line is the distribution of φ-weight
correctedΨ2. Panel(d), (e), and (f) show the same forΨ3.

will make the azimuthal distribution of the particle isotropic and consequently we will get

a flat distribution of the event plane angles [41]. The φ-weight factor is applied while con-

structing the Q-vectors of an event as shown in the Eq. 3.5.

Qnx =∑
i

wi cos(nφi ) Qny =
∑

i
wi sin(nφi ) (3.5)

Here, wi =φ-weight × pT . pT weight will enhance the event plane resolution. Theφ-weight

is calculated separately for different run numbers, centrality classes, Vz positions, and two

different η windows (η > 0.05 and η < -0.05). In Fig. 3.6, the black solid line shows the dis-

tribution of the event plane angles after φ-weight correction. The distribution looks much

flatter compared to the uncorrected event plane angles.

3.7.1.2 Event plane resolution

In experiments, the true reaction plane can not be measured directly. Therefore, we mea-

sure vn with respect to the nth order event plane. Due to finite multiplicity of an event,

the nth order event plane is not exactly equal to the reaction plane. Let the nth order event
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plane and the reaction plane are related by Eq. 3.6

Ψn =ΨR +∆Ψn . (3.6)

WhereΨR is the reaction plane,Ψn is the nth order event plane, and∆Ψn is the error in the

estimation. The measured vn in an event with respect toΨn is given by

vobs
n = 〈cosn(φ−Ψn)〉. (3.7)

Here the angular bracket is the average over all the tracks in the event. Substituting Eq. 3.6

in Eq. 3.7, we get

vobs
n = 〈cosn(φ− (ΨR +∆Ψn))〉

= 〈cosn((φ−ΨR )−∆Ψn)〉
= 〈cosn(φ−ΨR )cos(n∆Ψn)〉+〈sinn(φ−ΨR )sinn∆Ψn〉 (3.8)

Assuming that the produced particles are distributed symmetrically above and below the

reaction plane, the sine term in Eq. 3.9 vanishes. Since ΨR and ∆Ψn are uncorrelated we

can write

vobs
n = 〈cosn(φ−ΨR )〉〈cosn∆Ψn〉 (3.9)

= v tr ue
n ×〈cosn∆Ψn〉 (3.10)

Where v tr ue
n is the true flow coefficient measured with respect to the reaction plane ΨR .

Therefore, the true flow coefficient v tr ue
n is given by

v tr ue
n = vobs

n

〈cosn∆Ψn〉
= vobs

n

〈cosn(Ψn −ΨR )〉 (3.11)

The factor in the denominator of Eq. 3.11 is known as the resolution of the nth or-

der event plane which takes the deviation between the reaction plane ΨR and the recon-

structed event plane Ψn into account. The v2 measured with respect to Ψn must be cor-

rected for resolution. In experiments, the resolution is calculated by dividing the full event

into two sub-events as shown in Eq. 3.12

Rn =
√
〈cosn(ΨA −ΨB )〉 . (3.12)

38



3.7. FLOW MEASUREMENT METHODS

0 20 40 60 80

Centrality(%)

0

0.2

0.4

0.6
R

es
ol

ut
io

n

2R

3R

 = 54.4 GeVNNsAu+Au, 

 < 1.0η-1.0 < 

Figure 3.7: The second order event plane resolution (R2) and the third order event plane
resolution (R3) is plotted as a function of centrality in Au+Au collisions at

p
sN N = 54.4 GeV.

HereΨA andΨB are two sub-event plane angle in two different rapidity zone. The two sub-

events are assumed to be have same multiplicity. In this case the resolution factor obtained

is called sub-event plane resolution. In our analysis the rapidity window chosen is -1.0 < η

< -0.05 and 0.05 < η < 1.0.

Figure 3.7 shows the second and third order sub-event plane resolutions as a function of

centrality. The value of R2 is the highest in 20-30% centrality collisions and start to decrease

towards peripheral collisions due to small multiplicities of the final state particles in the

peripheral collisions. It’s value also decreases as we move towards more central collisions

due to smaller elliptic flow magnitude in central collisions. Similarly, R3 also decreases from

central to peripheral collisions due to smaller multiplicities.

3.7.2 Flow measurement methods for (multi)strange hadrons

The sub-event plane method is used to measure the flow coefficients, vn , for all particles.

In this method, the event plane angle is determined in two separate pseudorapidity (η)

regions: −1.0 < η < −0.05 and 0.05 < η < 1.0, with a gap of 0.1 in η between them. The

vn of a particle in the positive η region is measured with respect to the event plane in the

negative η region, and vice versa. This approach helps to remove auto-correlation between

the particle of interest and the event plane angle.
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To calculate the flow coefficients, vn , we need the azimuthal angle of the particle of

interest. However, in this case, the particles of interest are short-lived, so their azimuthal

angle cannot be measured directly. Instead, the vn of these particles is calculated using the

invariant mass method and the φ−Ψ binning (event plane) method.

3.7.2.1 Invariant mass method

In this method, we first reconstruct the mother particle using the invariant mass distribu-

tion of the decay daughters. Then we calculate the vn as a function of invariant mass of the

decay daughter pairs. Taking φ meson as an example we show its v2 measurement method

in Fig. 3.8. φ meson signal is reconstructed using the invariant mass of the K + and K −. v2

is calculated as a function of invariant mass. The distribution is shown in the panel (b) of

Fig. 3.8. Here the measured v2 has contribution from bothφmeson signal and background.

To obtain the v2 of the signal, the distribution is fitted with a function shown in Eq. 3.13.

The details about the method can be found in Ref. [93].
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Figure 3.8: Upper panel shows the invariant mass distribution of K + and K − for φ meson
signal + combinatorial background, normalized mixed event background, and background
subtracted signal of φ meson in 0-80% centrality class events. Lower panel shows the v2 of
K + and K − pair as a function of their invariant mass. The solid red line is the fitting function
mentioned in Eq. 3.13.
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vS+B
2 (mi nv ) = vS

2
S

S +B
(mi nv )+ vB

2
B

S +B
(mi nv ). (3.13)

Here, vS+B
2 represents the v2 of the combined signal and background, vS

2 is the v2 of

the signal, and vB
2 is the v2 of the background. The symbols S and B denote the signal and

background yields, respectively, which are obtained by integrating the invariant mass dis-

tributions of the signal and background, as shown in panel (a) of Fig. 3.8. The background

vB
2 is approximated by a first-order polynomial function of mi nv . The signal vS

2 is treated as

a free parameter and is determined through fitting.

Here, resolution correction is applied to the vS+B
2 event-by-event in narrow centrality

bins. Then the resolution corrected vS+B
2 from different centrality bins can be added to

get the results for a wide centrality bin. For example, vS+B
2 shown in Fig. 3.8 is obtained

by adding vS+B
2 of centrality bins staring from 0-5% to 70-80%. The vS

2 obtained from the

fitting is the resolution corrected v2. This method is also used to measure v3, and it applies

to all particle species analyzed in the study exceptΞ. In case ofΞwe have a bump structure

in the residual background. The affect of the bump is taken into consideration by changing

the fitting function in Eq. 3.13 to Eq. 3.14.

vS+B
2 (mi nv ) = vS

2
S

S +B +b
(mi nv )+ vb

2
b

S +B +b
(mi nv )+ vB

2
B

S +B +b
(mi nv ). (3.14)

Here, b is the yield of the residual bump, vb
2 is the v2 of the residual candidates in the bump

region. vb
2 is found to be negligibly small and its affect on the v2 of Ξ is negligible.

3.7.2.2 φ−Ψ binning method (Event-plane method)

In this method azimuthal distribution of the yield of particle of interest with respect to

event plane is used to calculate v2 and v3 [41]. For example, φ meson yield is calculated in

different φ−Ψn bin as shown in the Fig. 3.9. The distribution is fitted with a function given

by R.H.S of Eq. 3.15. From the fitting, we get vobs
n which is resolution uncorrected. In this

case the resolution correction is applied in large centrality bins as shown in Eq. 3.16. The

average of the resolution inverse in a large centrality bin is calculated using Eq. 3.17 [94].

d N

d(φ−Ψn)
= N0

2π

(
1+ vobs

n cosn(φ−Ψn)
)

(3.15)

vn = vobs
n ×

〈
1

Rn

〉
(3.16)
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Figure 3.9: Panels (a) and (b) show the raw yield distributions ofφmesons in differentφ−Ψ2

andφ−Ψ3 bins, respectively, for the transverse momentum range pT = 1.5−1.7 GeV/c and
0-80% centrality. The solid blue line represents the fitting function shown in Eq. 3.15.

〈
1

Rn

〉
=

∑n
i=1 Ni (1/Ri )∑n

i=1 Ni
(3.17)

Here, Ri is the resolution values in narrow centrality bins, and Ni is the raw yield of the

particles in that centrality. The sum is over all the narrow centrality bins.

Figure 3.10 shows the minimum bias results for φ meson v2(pT ). The results from both

the methods are in good agreement with each other.

3.8 Systematic uncertainty estimation

The systematic uncertainty in the vn measurements are evaluated by varying various anal-

ysis cuts such as event selection cuts, track selection cuts, PID cuts. A summary of all the

systematic variations are listed in Table 3.4. The background for V0 decay particles are

estimated by either like-sign or rotational method as described earlier in Sec. 3.6. These

backgrounds are also modeled by polynomial functions and the resulting difference in vn

is added in systematic. The topological cuts used for V0 particles are also varied by 25%

from its default value. Barlow method it applied to calculate the total systematic uncer-

tainty [95]. In this method the data points from various cuts, those are compatible with

each other within 1σ are not considered for systematic uncertainty. This method is useful

in separating statistical fluctuations from systematic uncertainty. The details about system-

atic uncertainty calculation using this method is described in details below.
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Figure 3.10: A comparison between the results obtained from invariant mass method and
φ−ψ binning method (event plane method) for φ mesons in 0-80% centrality for Au+Au
collisions at

p
sN N = 54.4 GeV is shown.

• First the difference between vn using default cut and a varied cut is calculated.

∆vn = |vn(def)− vn(cut)| (3.18)

• ∆σst at which is given by Eq. 3.19 is calculated

∆σst at =
√
|∆σ2

st at (cut)−∆σ2
st at (def)| (3.19)

Where ∆σ2
st at (cut) and ∆σ2

st at (def) are the statistical uncertainties in vn for varied

and default cuts respectively.

• By Barlow condition if ∆vn <∆σst at then the deviation from the default value is con-

sidered as statistical fluctuation and not included in systematic. If ∆vn >∆σst at then

the systematic uncertainty due this particular cut is given by

σs y s =
√
∆v2

n −∆σ2
st at (3.20)

• The total systematic is calculated by quadrature sum of the systematic uncertainties

from individual cuts.

σs y s(tot) =
√∑

i
σ2

s y s(i ) (3.21)

Where σ2
s y s(i ) is the systematic error due to a particular cut.
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Table 3.4: Details of the analysis cuts variations for systematic uncertainty estimation.

cuts default value variation

|Vz | < 30 cm. < 25 cm.

Vr < 2 cm. < 1 cm.

DCA (for φ only) < 3 cm. < 2 cm.

Nhits > 15 > 18

nσ < 3 < 2

The average systematic uncertainties on v2 and v3 calculated for different particles in

various centralities are shown in listed in table 3.5 and 3.6 respectively.

Table 3.5: Average systematic uncertainties on v2 of K 0
S ,φ,Λ,Ξ andΩ in different centrality

bins.

Particle/Centrality 0-10% 10-40% 40-80% 0-80%
K 0

S 2% 2% 2% 2%
φ 10% 3% 3% 5%
Λ 2% 2% 2% 2%
Ξ 4% 3% 3% 3%
Ω 22% 6% 15% 8%

Table 3.6: Average systematic uncertainties on v3 of K 0
S ,φ,Λ,Ξ andΩ in different centrality

bins.

Particle/Centrality 0-10% 10-40% 40-80% 0-80%
K 0

S 3% 3% 3% 3%
φ 15% 10% N.A. 10%
Λ 3% 3% 3% 3%
Ξ 12% 10% N.A. 8%
Ω 30% 30% N.A. 30%

3.9 Results

3.9.1 Transverse momentum dependence of the flow coefficients

Figure 3.11 shows the v2 of (multi)strange hadrons as a function of pT . Particles and anti-

particles are shown separately in two different panels. The v2 exhibits an increasing trend

with pT for all hadron species until it reaches saturation in the high pT (pT > 3.0 GeV/c)
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region. In hydrodynamic models, this saturation can be explained by treating the QGP as

a viscous fluid with finite η/s [96–99]. In the low pT region (pT < 1.5 GeV/c), a mass order-

ing is observed, where lighter particles have a higher flow magnitude compared to heavier

particles. This ordering arises due to the radial flow of the produced medium [100, 101].

Figure 3.12 shows the results for mid-rapidity measurements of v3 of strange and multi-

strange hadrons in Au+Au collisions at
p

sN N = 54.4 GeV for 0-80% centrality. The left and

right panel shows the result for particles and anti-particles separately. This is the first mea-

surement of v3 of multi-strange hadrons likeΞ andΩ. In v3 results, we also observed a hint

of mass ordering in the low pT region.
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Figure 3.11: Panel (a) shows v2 of particles as a function of pT for 0-80% centrality in Au+Au
collisions at

p
sN N = 54.4 GeV in mid-rapidity. Panel (b) shows the same for anti-particles.

The vertical lines on the data points shows that statistical errors and the shaded box repre-
sents the systematic uncertainty. The data points are taken from our published work [91].

3.9.2 Centrality dependence of the flow coefficient

The centrality dependence of v2 and v3 for K 0
S , φ, Λ, Ξ−, Ω− and their antiparticles has

been investigated. Figures 3.13 and 3.14 show v2 and v3 as functions of pT for three wide

centrality classes: 0-10%, 10-40%, and 40-80%. Due to limited data, v3 forφ,Ξ, andΩ could

not be measured in the 40-80% centrality classes. A pronounced centrality dependence is

observed for v2 across all particles, with the magnitude increasing from central to periph-

eral collisions. The centrality dependence of v2 dominantly arises from the initial spatial

anisotropy in the overlap region of the colliding nuclei. In peripheral collisions, the spa-

tial anisotropy is more pronounced due to the ellipsoidal shape of the energy deposition,
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Figure 3.12: Panel (a) shows v3 of particles as a function of pT for 0-80% centrality in Au+Au
collisions at

p
sN N = 54.4 GeV in mid-rapidity. Panel (b) shows the same for anti-particles.

The vertical lines on the data points show that statistical errors and the shaded box repre-
sents the systematic uncertainty. The data points are taken from our published work [91].

whereas in central collisions, the overlap region is more isotropic. Since v2 is generated by

the initial spatial anisotropy, its magnitude is larger in peripheral collisions compared to

central ones.

Unlike v2, v3 does not show strong centrality dependence as shown in Fig 3.14. The

main reason behind the origin of v3 is the event-by-event fluctuation of the participant

nucleons in the overlap zone of the colliding nucleus. Therefore, v3 shows weak centrality

dependence.

3.9.3 Collision energy dependence of flow coefficients

Figure 3.15 shows the v2 as a function of pT in 0-80% centrality at
p

sN N = 200, 54.4, and

39 GeV for K 0
S , Λ̄, φ, Ξ̄+. In order to quantify the energy dependence, in the lower panels

ratio of v2 at
p

sN N = 54.4 and 39 GeV to 200 GeV fit function is plotted. At intermediate

pT region we observed that the v2 magnitude is larger for 200 GeV and gradually decreases

with decreasing collision. At low pT region the magnitude of v2 is found to be larger for

54.4 and 39 GeV compared to 200 GeV and this observation is more profound for heavier

particles like Λ̄ and Ξ̄+. This affect could be due to large radial flow at
p

sN N = 200 GeV

compared to 54.4 and 39 GeV. For particles like φ and Ω−, the statistical error bars are too

large to make any conclusion.

The collision energy dependence of v3 is studied. Figure 3.16 shows the v3 as function

of pT at
p

sN N = 200 and 54.4 GeV. The lower panels show the ratio of v3 data points at
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Figure 3.13: The plot of v2 as a function of pT is shown for centrality classes of 0-10%, 10-
40%, and 40-80%. The vertical lines indicate the statistical error bars, while the shaded
bands represent the systematic uncertainties. The figure is taken from our published
work [91].
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Figure 3.14: The plot of v3 as a function of pT is shown for centrality classes of 0-10%,
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p
sN N = 54.4 GeV to 200 GeV fit function. Unlike v2, the v3 ratios at two different collision

energies do not show any strong pT dependence. The average change in v2, when the col-

lision energy changes from 200 to 54.4 GeV is about 10% where as the same for v3 is about

20%. This indicates that v3 is more sensitive to collision energy compared to v2.
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Figure 3.15: The upper panels show the v2 as a function of pT is shown for 0-80% centrality
at three different collision energies,

p
sN N = 200, 54.4, and 39 GeV for K 0

S , Λ̄, φ, Ξ̄+, andΩ−.
The 200 and 39 GeV data points are from the Ref. The dotted line represents the polynomial
fit function to 200 GeV data. The lower panels show the ratio of v2 data points at 54.4 and
39 GeV to 200 GeV fit function. The shaded band shows the ratio of 200 GeV data points to
the 200 GeV fit function. The figure is taken from our published work [91].

3.9.4 Particle and anti-particle vn difference

The RHIC BES-I results at lower collision energy regime show a difference between baryons

and anti-baryons v2 [57, 102]. The two possible models that can capture this difference

qualitatively are transported quark models and mean-field potentials. Transported quarks

are the quarks initially present the colliding nuclei. Those transported quarks can transfer

into the particles as a result the v2 of the particles have a larger magnitude compared to

anti-particles which are purely made of produced quarks from the medium. In mean-field

potential models, such difference in v2 could arise due to different nature of mean-field

potential for particles and anti-particle [103–105].
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Figure 3.16: The upper panels show the v3 as a function of pT is shown for 0-80% centrality
at

p
sN N = 200, and 54.4 for K 0

S , Λ̄, and φ. The dotted line represents the polynomial fit
function to 200 GeV data. The lower panels show the ratio of v3 data points at 54.4 GeV to
200 GeV fit function. The shaded band shows the ratio of 200 GeV data points to the 200
GeV fit function. The 200 GeV data points are from the Ref. [53]. The figure is taken from
our published work [91].

A similar study has been conducted in Au+Au collisions at
p

sN N = 54.4 GeV. In this

study we not only observe a difference in v2 between particle and anti-particles but also

for v3. Figure 3.17 shows the integrated vn difference between particle and anti-particles

as function of mass at
p

sN N = 54.4 GeV. The v2 difference result is compared with 62.4 GeV

published results [106]. The results from the two collision energies are consistent with each

other, however the results at 54.4 GeV are more precise due to large event statistics. The in-

tegrated vn seems to be independent of particle species within the measured uncertainties.

The magnitude of integrated v3 difference is consistent with the integrated v2 difference.

3.9.5 v3/v3/2
2 ratio

Hydrodynamical models predict that the higher order flow coefficients, vn is proportional

to vn/2
2 . The proportionality constant, vn/vn/2

2 , is independent of pT and its magnitude is

sensitive to the transport coefficient of the medium [107–110]. Such a non-trivial correla-

tion is studied between v2 and v3 for strange and multi-strange hadrons at
p

sN N = 54.4

GeV. Figure 3.18 shows the v3/v3/2
2 ratio in 10-40% centrality. The ratio shows weak pT de-

pendence in the intermediate pT region for all the particle species. In case ofΩ, the statis-

tics is not sufficient to make any definitive conclusion.
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3.9.6 Number of constituent quark (NCQ) scaling

The constituent quark scaling of v2 and v3 is predicted as a signature of the collective be-

havior of the medium produced in heavy-ion collisions [111–121]. The assumption in this

case is each quark will contribute equally to the overall flow of the hadron. This scaling is

usually studied by measuring the magnitude of the flow per constituent quark (vn/nq ) in-

side a hadron as a function of transverse kinetic energy, KT = mT −m0, where mT is the

transverse mass of the particle given by mT =
√

m2
0 +p2

T , and m0 is the rest mass of the

particle.

Figure 3.19 shows the NCQ scaled v2 (v2/nq ) of K 0
S ,φ,Λ,Ξ−,Ω− and their anti-particles

as a function of NCQ scaled (mT−m0). The NCQ-scaled v2 for all particles and anti-particles

aligns along a single line, confirming the adherence to NCQ scaling. To quantify the scal-

ing, the K 0
S data points are fitted with a polynomial function and the ratio of other data

points to K 0
S fit function is plotted in the lower panels of Fig. 3.19. From the ratio it’s clear

that the scaling holds within 10% level for both particles and anti-particles. The scaling is

also studied for v3, Fig 3.20 shows the v3/n3/2
q as a function of (mT −m0)/nq . For Λ and Λ̄,

the scaling violates in the low pT region. For other hadrons the statistical error bars are too

large to make any conclusion.

The observed NCQ scaling for v2 indicates the presence of long range collective be-

haviour during the partonic phase of the medium at sN N = 54.4 GeV. The scaling also sup-

ports the idea of quark recombination model of hadronization [51].

3.9.7 Ratio of v2(φ)/v2(p̄)

The mass of the φ meson is 1019 MeV/c2 and that of anti-proton is 938 MeV/c2. Under the

assumption of hydrodynamical mass ordering anti-protons should have larger magnitude

of v2 compared to φ mesons in the low pT region. The ratio of v2(φ)/v2(p̄) observed to be

greater than unity hints a violation in the mass ordering in the low pT region as shown in

Fig. 3.21. Such violation in mass ordering could arise due to the affect of late stage hadronic

rescattering on anti-proton whereas the φ mesons are less affected by late stage hadronic

interaction due to their small scattering cross section. The ratio also shows a centrality de-

pendence being larger for 10-40% compared to 40-80%. In 10-40% central collisions the

size of the medium produced is larger than that in 40-80% collisions therefore, there could

be more rescattering in 10-40% centrality than 40-80%. The ratio at
p

sN N = 54.4 GeV is

compared to 200 GeV for 0-80% centrality and the two ratios are consistent with each other

within uncertainty indicating a similar affect in 200 GeV. At
p

sN N = 54.4 GeV, we have cho-
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Figure 3.19: Panel (a) and (b) show the NCQ scaled v2 of (multi)strange hadrons as a func-
tion of NCQ scaled transverse kinetic energy for particles and anti-particles respectively.
The solid red line is the fit function to the K 0

S data points. Panel (c) and (d) show the ratio of
all the data points to the K 0

S fit function. The two dotted red lines show the 10% deviation
from the unity. The figure is taken from our published work [91].

sen the anti-proton instead of the proton to calculate the v2 ratio with the φ meson. The

reason for this choice is that the anti-proton is composed of produced quarks originating

from the medium, whereas the proton can be influenced by transported quarks from the

colliding system. This could potentially impact its v2 magnitude.

3.10 Summary

In this chapter, we discussed the measurement of v2 and v3 in Au+Au collisions at
p

sN N =

54.4 GeV for (multi-)strange hadrons at STAR. We found a hydrodynamical behavior of the

produced medium at this energy through the observation of mass ordering in both v2(pT )

and v3(pT ). The observed NCQ scaling at
p

sN N = 54.4 GeV suggests the presence of par-

tonic collectivity in the initial produced medium. The ratio of v2(φ)/v2(p̄) provides a hint of
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Figure 3.20: Panel (a) and (b) show v3/n3/2
q of (multi)strange hadrons as a function of NCQ

scaled transverse kinetic energy for particles and anti-particles respectively. The solid red
line is the fit function to the K 0

S data points. Panel (c) and (d) show the ratio of all the data
points to the K 0

S fit function. The two dotted red lines show the 10% deviation from the
unity. The figure is taken from our published work [91].

violation of mass ordering which could arise due to the larger late stage hadronic rescatter-

ing effect on anti-proton v2 compared to φ v2 considering a smaller hadronic interaction

cross section of φ mesons.
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Elliptic and triangular flow measurement in the second

phase of Beam Energy Scan (BES-II) program

4.1 Motivation for collective flow measurements from

BES-II

One of the main goals of the STAR experiment at RHIC is to search for the turn-off signa-

ture of the Quark-Gluon Plasma (QGP) by exploring the QCD phase diagram. To achieve

this, STAR conducted the first phase of the Beam Energy Scan (BES-I) program in 2010-

2011. During BES-I, the elliptic flow (v2) was measured at center-of-mass collision energies

(
p

sN N ) ranging from 7.7 GeV to 62.4 GeV. The key features of the BES-I results are outlined

below, providing hints of hadronic dominance in the medium produced at lower collision

energies [106, 122].

• The v2(pT ) of φmesons at lower collision energies (
p

sN N = 11.5 and 7.7 GeV) shows

a markedly different behavior, with a significant decrease in the energy-dependent

trend.

• At
p

sN N ≤ 11.5 GeV, the v2 as a function of reduced transverse mass (mT −m0) does

not exhibit clear baryon-meson splitting at intermediate values of mT −m0.

• At
p

sN N ≤ 11.5 GeV, φ mesons are found to violate the NCQ scaling.
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If the initial medium at lower collision energies is hadronic dominant then the v2 of φ

mesons should be suppressed since φ has small hadronic interaction cross section. Al-

though the BES-I data suggests a hadronic dominance of the medium at lower collision en-

ergies, no definitive conclusion can be drawn due to the statistical limitations of the results.

Therefore, it is crucial to revisit these lower collision energy regimes with the high-statistics

data from BES-II, which could provide valuable insights into the nature of the medium in

regions of high baryon density.

In this chapter, we have discussed the measurements of v2 and v3 of the identified

hadrons in Au+Au collisions at BES-II energies ranging from
p

sN N = 7.7 to 19.6 GeV.

4.2 Datasets

In BES-II, we have used the high-statistics datasets from
p

sN N = 7.7 to 19.6 GeV. The infor-

mation about the datasets are summarized in table 4.1.

Table 4.1: Details of the BES-II datasets information used in the analysis.
p

sN N (GeV) Production ID Production
tag

Trigger IDs Events after
cuts (M)

7.7 production_7p7GeV_2021 P22ib 810010, 810020,
810030, 810040

120

9.2 production_9p2GeV_2020b,
production_9p2GeV_2020c,
production_9p2GeV_2020

P23ia 780010, 780020 200

11.5 production_11p5GeV_2020 P23ia 710000, 710010,
710020

280

14.6 production_14p5GeV_2019 P23id 560000 400

19.6 production_19GeV_2019 P21ic 640001, 640011,
640021, 640031,
640041, 640051

420

Bad runs and piles up are rejected using official StRefMultCorr package. The list of bad

runs at
p

sN N = 7.7-19.6 GeV are given in the Appendix A.

4.3 Analysis cuts

We have used a |VZ | < 145 cm. and Vr < 2.0 cm. for all dataset available in BES-II. The track

selection cuts are listed in the table 4.2.
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Table 4.2: Track selection cuts used in the analysis of Au+Au collisions BES-II energies.

cuts values

Nhits > 15

Nhits/NhitsPoss > 0.52

pT > 0.1 GeV/c

DC A < 3.0 cm.

|η| < 1.5 (for event plane construction)

|η| < 1.0 (for PID)

4.4 Particle identification

4.4.1 Identification of pions, kaons, and protons

For the identification of pions, kaons, and protons, we have used their specific energy loss

in TPC (dE/d x) and m2 information from ToF. The protons are identified using a cut m2

0.80 < m2 < 1.10 GeV /c2. To suppress pion and kaon contamination, an additional |nσp | <
2 is also applied. For pions and kaons identification, a new technique is used, which is

called the 2D-PID method [122]. In this method, a transformation is performed on the com-

bined nσπ and m2 information. From this transformation a new set of variables x, and y

are obtained which are function of nσπ and m2. The distribution of these new variables

have a maximum separation between the peaks of pions and kaons. The transformation is

given by Eq. 4.1. [
x(nσπ,m2)

y(nσπ,m2)

]
=

[
cosα −sinα

sinα cosα

][
x

′

y
′

]
(4.1)

where x
′

and y
′

are given by Eq. 4.2.

x
′ = nσπ−µπ(nσπ)

fscale

y
′ = m2 −µπ(m2)

(4.2)

Here fscale = σπ(nσπ)/σπ(m2) is a scale factor used to normalize the m2 axis and nσ axis.

The generator, α, of the transformation is given by Eq. 4.3.

α=− tanh
µK (m2)−µπ(m2)

(µK (nσπ)−µπ(nσπ))/ fscale
(4.3)

The parameter µK (m2) represents the mean of the m2 distribution for pure kaon tracks,

whileµπ(m2) refers to the mean of the m2 distribution for pure pion tracks. Similarly,µK (nσπ)

57



CHAPTER 4. ELLIPTIC AND TRIANGULAR FLOW MEASUREMENT IN THE SECOND

PHASE OF BEAM ENERGY SCAN (BES-II) PROGRAM

is the mean of the nσπ distribution for pure kaon tracks, and µπ(nσπ) is the mean of the

nσπ distribution for pure pion tracks. The pure pion tracks are selected from the decay

daughters of K 0
S , and the nσπ distribution for pure kaon tracks is obtained by applying a

strict m2 cut (0.242 < m2 < 0.245 GeV/c2). For the m2 distribution of pure kaon tracks, a cut

of |nσK | < 2.0 is used.

The parametersµπ(m2),µK (m2),µπ(nσπ),µK (nσπ),σπ(nσπ), andσπ(m2) are extracted

as functions of transverse momentum (pT ), and the results are shown in Fig. 4.1.
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Figure 4.1: The required parameters for the transformation Eq. 4.1, 4.2, 4.3 are plotted as a
function of pT at

p
sN N = 11.5 GeV. The parameters are fitted with a polynomial function

(solid red line) for interpolation purpose.

These parameters are used to perform the transformation. In panel (a) of Fig. 4.2, a 2D

distribution of nσπ vs. m2 is presented. The pion and kaon bands overlap, making them

difficult to distinguish. In panel (b), the 2D distribution of the transformed variables x and

y is shown, where we achieve maximum separation between the pion and kaon tracks.

The 2D distribution of x vs. y is projected along the x-axis, revealing distinct peaks for

π, K , and p. We subtract the proton peak from the overall distribution to remove proton

contamination in the kaons. Finally, the raw yields of π and K are calculated by fitting the

student-t function to the distribution of x. The raw yield is calculated in various differential

pT bins as well as in different φ−Ψn bins to calculate vn .
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Figure 4.2: Panel (a) shows the 2D distribution of nσπ vs. m2 of particle tracks. Panel (b)
shows the 2D distribution of the transformed variables x(nσπ,m2) and y(nσπ. Panel (c)
shows the projection of 2D scatter plot (b) along x axis. The red solid line is student-t fit to
the peaks ofπ, K , and p. Panel(d) shows the same as (c) after subtracting proton’s peak. The
solid blue and green lines are the student-t functions for π and K respectively.

4.4.2 Reconstruction of strange hadrons

The identification of φ mesons and weak decay V0 particles are already discussed in Chap-

ter 3. The same procedure is also used here to reconstruct V0 particles andφmesons. Apart

from that we have also used available Kalman-Filter (KF) algorithm package to reconstruct

weak decay particles. KF algorithm is a recursive algorithm to determine the state of an un-

known discrete dynamical system. In this method a particle is described by a state vector

with eight parameters (px , py , pz , x, y , z, E , s) where E is the energy of the particle in labora-

tory coordinate system and s is the ratio of the path length traveled by the particle and total

momentum. The reconstructed state vector and its correlation matrix has all the informa-

tion about the particle. The input to the KF particle package are the topological variables

in terms of χ2, which is the probability that a particular particle track satisfies certain topo-

logical selection cuts. A detail description of the method can be found in Ref. [123–125].

The selection cuts for various short lived particles are listed in Tab. 4.3.Here χ2
topo is the
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measure of the DCA between mother particle and primary vertex, χ2
pr i m is the measure of

the DCA between all the daughter and grand daughters and primary vertex, dL is the decay

length and dL/σ is decay length normalized by its uncertainty.

Table 4.3: Cuts used for the reconstruction of short lived hadrons using KF particle package

K 0
s Λ Ξ Ω

χ2
topo < 4 χ2

topo < 4 χ2
topo,Ξ < 4 χ2

topo,Ω < 4

χ2
pr i m,π1

> 8 χ2
pr i m,π > 10 χ2

pr i m,π1
> 10 χ2

pr i m,π > 10

χ2
pr i m,π2

> 8 χ2
pr i m,p > 10 χ2

pr i m,p > 10 χ2
pr i m,K > 10

dL > 2 cm. dL > 2 cm. χ2
pr i m,π2

> 10 χ2
pr i m,p > 10

dL/σ > 4 dL/σ > 4 dL > 3 dL > 3

dLΞ > dLΛ dLΩ > dLΛ

dLΞ/σ > 3.0 dLΩ/σ > 3.0
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Figure 4.3: Reconstructed signals of strange and multi-strange hadrons in Au+Au collision
at

p
sN N = 11.5 GeV.

4.5 Event plane construction

For event plane construction we have used the same method as discussed in Chapter 3. To

make the event plane distribution isotropic we have used phi-weight correction and shift
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correction method. The phi-weight correction method is already discussed in Chapter 3.

Shift correction method is used to achieve more flatness in the distribution of the event

plane angles. The flatness is achieved by shifting the distribution of the event planes after

phi-weight correction by a factor ∆Ψ as shown in Eq. 4.4.

Ψs
n =Ψn +∑

n

−2

n
〈sinnΨn〉cosnΨn +∑

n

2

n
〈cosnΨn〉sinnΨn . (4.4)

WhereΨs is the event plane angle after shift correction. The derivation of Eq. 4.4 is given in

Appendix B.
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Figure 4.4: Panel (a) shows the distribution of Ψ2 before correction, after φ-weight correc-
tion, and after φ-weight + shift correction. Panel (b) shows the same forΨ3

4.5.1 Event plane resolution

The sub-event plane resolution is measured using the same method described in Chapter 3.

Figure 4.5 shows theΨ2 andΨ3 resolutions as functions of centrality. The resolution value

decreases with lower collision energy, as both the multiplicity and flow magnitude decline

with decreasing collision energy.

4.6 v2 and v3 measurement methods

We have used both event plane and invariant mass method to calculate vn of the identified

particles. The details procedure of these two methods are already discussed in Chapter 3 for

strange and multi-strange hadrons. For pions and kaons the raw yield calculated in various

φ−Ψn bin after using 2D-PID method is shown in Fig. 4.6. The distribution then fitted

with the Eq. 4.5 to calculate vn of pions and kaons. For protons, we have used the formula
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Figure 4.5: Panel (a) shows theΨ2 resolution as a function of centrality for collision energyp
sN N = 7.7 to 19.6 GeV. Panel (b) shows the same forΨ3.

〈〈cosn(φ−Ψn)〉〉 directly after proton’s m2 and nσpr oton cut to get vn . The observed vn in

all the cases needs to be resolution corrected in the final step.

d N

d(φ−Ψn)
= N0

2π

(
1+ vobs

n cosn(φ−Ψn)
)

(4.5)
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Figure 4.6: Azimuthal distribution of the raw yield of π+ and K + is shown in Au+Au colli-
sions at

p
sN N =11.5 GeV in 10-40% centrality for pT bin 1.4-1.6 GeV/c. The distribution is

fitted with the Eq. 4.5 to get vobs
n .

4.7 Systematic uncertainty estimation

The systematic uncertainty in the v2 and v3 measurements are estimated by varying vari-

ous event selection and track selection cuts listed in Tab. 4.4. Apart from that a 10% vari-

ation is applied to the KF-particle cuts listed in Tab 4.3 for systematic study. Barlow check
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is applied in the end to exclude statistical fluctuations from systematic uncertainty as dis-

cussed in Chapter 3.

Table 4.4: Details of the analysis cuts variations for systematic uncertainty estimation in
BES-II measurements

cuts default value variation

|Vz | < 145 cm. < 130 cm.

Vr < 2 cm. < 1 cm.

DCA (for π, K , p, and φ) < 3 cm. < 2 cm.

Nhits > 15 > 20

nσ < 3 < 2

4.8 Results

4.8.1 v2 of φmesons

Figure 4.7 shows the v2 ofφmesons as a function of pT for 0-80% centrality at mid-rapidity,

across collision energies
p

sN N = 7.7 to 19.6 GeV. These results are compared with those

from BES-I. In BES-II, we observe more precise measurements of v2 for φ mesons com-

pared to BES-I. At collision energies below
p

sN N = 14.6 GeV, the v2 ofφmesons follows the

usual trend, whereas, in BES-I, data points show a sudden drop after pT > 1.0 GeV/c which

is due to the affect of statistical fluctuation.

4.8.2 mT −m0 scaling

Figures 4.8 and 4.9 show v2 as a function of mT −m0. Plotting against mT −m0 eliminates the

mass dependency of particle species, allowing clearer trends to emerge. A distinct separa-

tion between baryons and mesons is observed above mT −m0 > 0.5 GeV for particles across

all collision energies from
p

sN N = 7.7 to 19.6 GeV. Within each category, baryons display a

uniform magnitude of v2, as do mesons, though at a different level. This baryon-meson v2

splitting suggests the presence of partonic degrees of freedom in the system’s initial state.

For anti-particles, baryon-meson splitting is also observed at
p

sN N > 9.2 GeV, though

the magnitude of this separation is noticeably smaller than for particles. At lower collision

energies, specifically
p

sN N < 11.5 GeV, the baryon-meson splitting for anti-particles van-

ishes. This occurs because, at these energies, anti-baryons exhibit significantly lower v2
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Figure 4.7: v2 of φ mesons is plotted as a function of pT in 0-80% centrality class events for
|y | < 1.0 from

p
sN N = 7.7 to 19.6 GeV. The result is compared to BES-I results forφmesons.

Only statistical error bars are shown.

compared to baryons, while the difference in v2 between mesons and their anti-particles

remains minimal. Consequently, at lower energies, anti-baryons’ v2 values converge with

those of mesons, leading to a disappearance of the baryon-meson splitting. The differences

between v2 for baryons and anti-baryons will be discussed in a later section. Such an ob-

servation holds true for v3 also as shown in Fig. 4.10 and Fig. 4.11.

4.8.3 Test of the NCQ scaling

Figure 4.12 and 4.13 show the NCQ scaled v2 of identified hadrons for particles and anti-

particles respectively. The NCQ scaling holds for both particles and anti-particles at
p

sN N

= 7.7 to 200 GeV indicating the partonic collectivity in the initial state of the produced

medium.

In case of a perfect NCQ scaling for v2, we have v2(B)/v2(M) = 1.5. Where v2(B) is the v2

of baryons and v2(M) is the v2 of mesons. To calculate v2(B), a simultaneous fit by Eq. 4.1

is performed to all the baryon data points as a function of mT −m0 as shown in Fig. 4.8 and

4.9. In the fitting function a, b, c, and d are free parameters. n is the number of constituent

quarks for baryons and mesons. At any mT −m0, v2(B) is calculated by interpolating the

fitting function. Same fitting function is used to fit the mesons and interpolated at (mT −
m0)×2/3 for v2(M). The ratio of v2(B)/v2(M) is shown in Fig. 4.14.
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Figure 4.8: v2 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality
at |y | <1.0 for collision energies

p
sN N = 7.7 to 19.6 GeV for particles. The solid black and

red lines show the simultaneous fitting to baryons and mesons data points by Eq. 4.6 res-
pectively.

fv2 (mT −m0,n) = an

1+e−(mT −m0/(n−b))/c
−dn (4.6)

At mT −m0 = 2.0 GeV/c2, NCQ scaling holds within 10% for anti-particles and within

15% for particles. This better agreement for anti-particles occurs because they are com-

posed of produced quarks from the collisions, while particles may be affected by trans-

ported quarks. Transported quarks are part of the colliding system, and experience the

whole system evolution. Where as produced quarks can be produced at any stage of the

system evolution. Since transported quarks interact for a longer time with the system they

can increase the magnitude of v2 of the particles making them deviate from the NCQ scal-

ing. At mT −m0 = 1.5 GeV/c2, the NCQ scaling for particles deviate more compared to that at

2.0 GeV/c2. This indicated that the transported quark affect might be dominant at low pT .

More phenomenological studies needed to understand this effect. The presence of NCQ

scaling at
p

sN N = 7.7-19.6 GeV indicates the presence of partonic collectivity in the initial

state of the medium and supports the quark coalescence model of hadronization.

Under the hydrodynamical assumption vn ∝ vn/2
2 , v3 should follow a modified NCQ
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Figure 4.9: v2 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality
at |y | <1.0 for collision energies

p
sN N = 7.7 to 19.6 GeV for anti-particles. The solid black

and red lines show the simultaneous fitting to baryons and mesons data points by Eq. 4.6
respectively.

scaling when v3/n3/2
q is plotted as a function of (mT −m0)/nq . Such a scaling is tested at

p
sN N = 7.7-19.6 GeV. The modified NCQ scaling for v3 for particles and anti-particles are

shown in Fig. 4.15 and 4.16. The scaling holds approximately for both particles and anti-

particle at all energies indicating the presence of collectivity in the initial state.

4.9 Difference between particles and anti-particles vn

A pT -differential particle-to-antiparticle v2 ratio is shown in Fig.4.17. This ratio exhibits a

clear energy dependence, with the relative difference in v2 between particles and antipar-

ticles increasing as collision energy decreases. The low pT region contributes significantly

to this difference. It is observed that the relative v2 difference is larger for baryons than for

mesons. For pions, π− has a larger v2 than π+, in contrast, K + exhibits a larger v2 than K −

at pT < 1.5 GeV, while at higher pT there is a hint of a reversed trend. In the case of protons

and lambdas, particles show a significantly larger v2 than their antiparticles.

Various model studies have attempted to explain this pronounced v2 difference be-

66



4.9. DIFFERENCE BETWEEN PARTICLES AND ANTI-PARTICLES vn

0 1 2 3

)2 (GeV/c0 - mTm

0

0.05

0.1

3v

 = 19.6 GeVNNs

0 1 2 3

)2 (GeV/c0 - mTm

0

0.05

0.1

3v

 = 14.6 GeVNNs

0 1 2 3

)2 (GeV/c0 - mTm

0

0.05

0.1

3v

 = 11.5 GeVNNs

0 1 2 3

)2 (GeV/c0 - mTm

0

0.05

0.1

3v

 = 9.2 GeVNNs

0 1 2 3

)2 (GeV/c0 - mTm

0

0.05

0.1

3v

 = 7.7 GeVNNs

0 1 2 3

)2 (GeV/c0 - mTm

0

0.05

0.1

3v

0
SK
+π
+K

p
Λ

Centrality: 10-40%

Figure 4.10: v3 is plotted as a function of mT −m0 for identified hadrons in 10-40% centrality
at |y | <1.0 for collision energies

p
sN N = 7.7 to 19.6 GeV for particles. All the results in the

figure are not yet published or STAR preliminary accepted. These are under collaboration
review.
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Figure 4.11: v3 is plotted as a function of mT −m0 for identified hadrons in 10-40% central-
ity at |y | <1.0 for collision energies

p
sN N = 7.7 to 19.6 GeV for anti-particles. All the results

in the figure are not yet published or STAR preliminary accepted. These are under collabo-
ration review.
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Figure 4.12: NCQ scaled v2 is plotted as a function of NCQ scaled mT −m0 for particles atp
sN N = 7.7 to 19.6 GeV. All the results in the figure are not yet published or STAR prelimi-

nary accepted. These are under collaboration review.
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Figure 4.13: NCQ scaled v2 is plotted as a function of NCQ scaled mT −m0 for anti-particles
at

p
sN N = 7.7 to 19.6 GeV. All the results in the figure are not yet published or STAR prelim-

inary accepted. These are under collaboration review.
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Figure 4.15: The modified NCQ scaling in v3, v3/n3/2
q , for particles is plotted as a function of

NCQ scaled transverse kinetic energy, (mT −m0)/nq . The plot is not yet published or STAR
preliminary accepted. This is under review.
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Figure 4.16: The modified NCQ scaling in v3, v3/n3/2
q , for antiparticles is plotted as a func-

tion of NCQ scaled transverse kinetic energy, (mT −m0)/nq . The plot is not yet published
or STAR preliminary accepted. This is under review.

tween particles and antiparticles in past. The difference between π+ and π− v2 initially ex-

plained by models with quadrupole deformation induced by chiral magnetic waves (CMW)[126]

but later with models incorporating transported quarks have also predicted such a v2 dif-

ference between π+ and π− [127]. The large difference in baryon-antibaryon v2 also can

be qualitatively explained by these transported quark models. At lower collision energies,

baryon stopping may further amplify the transport quark effect at mid-rapidity, resulting

in a greater v2 difference between baryons and antibaryons. Models that include hadronic

and partonic mean field potentials[128–130] also provide qualitative explanations for the

v2 splitting between particles and antiparticles. In Ref. [131], it was also pointed out that

the induced electromagnetic field produced by the spectator nucleons could generate the

difference in flow magnitude between positively and negatively charged particles.

Figure 4.18 illustrates the relative difference in the integrated vn between particles and

their corresponding antiparticles for pions, kaons, and protons in the 10–40% centrality

range. The integrated vn for each particle species is obtained by weighting its pT -differential

v2 with the corresponding pT spectra, as defined in Eq. 4.7. The pT spectra for π+(−), K +(−)

and p(p̄) are taken from Ref. [132]. The integration range is 0.2–2.0 GeV/c for π+(−) and

K +(−), and 0.5–2.0 GeV/c for p(p̄).

The relative difference in vn is observed to increase as the collision energy decreases
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for all particle species. For protons and kaons, the relative differences in both v2 and v3 are

consistent within uncertainties. However, for pions, the difference in v3 between π+ and

π− is notably larger than that of v2, particularly at lower collision energies (
p

sN N = 11.5

and 7.7 GeV). Further phenomenological studies are required to understand the origin of

this significant difference in v3 between π+ and π−.

〈v i nt
2 〉 =

∫
d pT f (pT )v2(pT )∫

d pT f (pT )
(4.7)
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Figure 4.17: Particle to anti-particle v2 ratio at
p

sN N = 7.7 to 19.6 GeV is plotted as a func-
tion of pT for π, K , proton andΛ at 10-40% centrality. The plot is not yet published or STAR
preliminary accepted. This is under review.
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Figure 4.18: The relative difference between particle to anti-particle integrated vn is plot-
ted as a function of

p
sN N for π, K , and proton at 10-40% centrality. The plot is not yet

published or STAR preliminary accepted. This is under review.

4.10 Summary

In this chapter we present the measurement of v2 and v3 of identified hadrons species at
p

sN N = 7.7 to 19.6 GeV using high statistics BES-II datasets. We observed that the v2 of

φ mesons follow the usual trend of v2 unlike the BES-I results where its value seems to

be suppressed at lower collision energies,
p

sN N < 14.6 GeV. This indicates that the ear-

lier BES-I results are just statistical fluctuations due to small number of event samples. We

observed that the mT −m0 splitting between baryons and mesons as well as NCQ scaling

at
p

sN N = 7.7 to 19.6 GeV indicating the presence of a partonic dominant medium with

collectivity. These scaling also hold approximately for v3. The difference between particles

and anti-particles v2 increases with decreasing collision energy and this difference has ma-

jor contribution from the low pT particles. Similarly we studied the v3 difference between

particles and anti-particles. These differences in particle to anti-particle vn could be due to

transported quark affects and/or mean field potential affect in the lower collision energy

regimes.
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Insight from the anisotropic flow of identified hadrons

measured in relativistic heavy-ion collisions

5.1 Chapter introduction

In this chapter, we have calculated the v2 and v3 of the quarks from the available data of

various hadron species at STAR experiment. We observed a new purely empirical scaling in

the v2 of light and strange quarks when plotted as a function of transverse kinetic energy.

This chapter is based on Ref. [133].

5.2 Method of calculation for v2 of quarks

Within the framework of coalescence mechanism [112, 134–137], v2 of a quark is given by,

v q
2 (pT /nq ) = vh

2 (pT )

nq
. (5.1)

Where v q
2 is the v2 of the constituent quark of a hadron. vh

2 is the v2 of the hadron

species. nq is the number of the constituent quarks inside the hadrons. v2 of u and d quarks

can be calculated by using proton assuming both u and d have nearly equal mass from

Eq. 5.2.

vu/d
2 (pT /nq ) = v p

2 (pT )

nq
. (5.2)
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v2 of u quarks can also be calculated from measured v2 of Λ and Ξ using Eq. 5.3 [138,

139].

vu
2 (pT ) = 1

3
[2vΛ2 ((2+ r )pT )− vΞ2 ((1+2r )pT )] (5.3)

Here r = ms
mu

, is the ratio of constituent quarks masses of s and u quarks which is equal

to 1.667. One can calculate the v2 of strange quarks by using measured v2 data forφmesons

orΩ using Eq. 5.4.

v s
2(pT /nq ) = vφ/Ω

2 (pT )

nq
. (5.4)

5.3 Results

5.3.1 Transverse momentum dependence

Figure 5.1 presents the v2 of quarks as a function of their transverse momentum (pq
T ) in

Au+Au collisions at
p

sN N = 200 GeV [53], where pq
T is determined by dividing the pT of

the hadron by its number of constituent quarks. The results indicate that vu/d
2 , calculated

using Eq.5.2 and Eq. 5.3, are consistent with each other. Similarly, the v2 values of strange

quarks, derived from φ mesons and Ω, are also in agreement. This consistency suggests

that coalescence is the dominant hadronization process for the production of these strange

hadrons.

Moreover, light quarks exhibit a larger magnitude of v2 compared to strange quarks.

This difference can be attributed to the radial flow of the initially produced medium, which

propels low-pT quarks to higher momentum, thereby reducing the anisotropy in their flow.

This effect is more pronounced for heavier particles than for lighter ones.

5.3.2 An empirical scaling

NCQ scaling in v2 of identified hadrons is a well-established observable where v2/nq is

plotted as a function of (mT − m0)/nq , the NCQ-scaled transverse kinetic energy. When

v2/nq values from different hadron species converge to a similar magnitude, it indicates

the presence of partonic collectivity in the medium and supports the coalescence model of

hadronization.

In this study, instead of examining the scaling as a function of (mT −m0)/nq , we calcu-

late it as a function of the transverse kinetic energy of the quark, defined as K E q
T = mq

T −mq ,
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Figure 5.1: v2 of u and s quarks are plotted as a function of transverse momentum pq
T in

Au+Au collisions at
p

sN N = 200 GeV in 0-80% centrality. The data points for
p

sN N = 200
GeV are taken from Ref. [53].

where mq is the bare quark mass. Panel (b) of Fig.5.2 depicts the v2 of u quarks, obtained

using Eq.5.2 and Eq. 5.3, as a function of K E q
T .

The v2 values of u and s quarks exhibit similar magnitudes when plotted as a function

of K E q
T . To further quantify this scaling, the v2 of u quarks is fitted with the functional form

shown in Eq. 5.5.

v2(x) = an

1+exp(−(xn −b)/c)
−dn, (5.5)

In Eq.5.5, a, b, c, d , and n are the fit parameters. Panels (d), (e), and (f) of Fig.5.2 display

the ratio of the s quark’s v2 to the fitting function derived from u quarks. These ratios are

further fitted with a constant polynomial to determine the average deviation (p0) from the

scaling.

The results show that the scaling holds within 3% when ms is taken as 100 MeV/c2 and

within 1% when ms is set to 140 MeV/c2 in Au+Au collisions at
p

sN N = 200 GeV.

In this calculation, the bare mass of the u quark, mu , is taken as 4 MeV/c2. The bare

mass of the s quark is varied from 90 MeV/c2 to 180 MeV/c2, and a better match between

the v2 of u and s quarks is observed when ms is in the range of 130 to 140 MeV/c2. The best

match is quantified using χ2/N DF as shown in Fig. 5.3.

For this study we considered two specific cases where ms is 100 MeV/c2, which falls

within the PDG mass limit [140], and 140 MeV/c2, which provides the best agreement be-

tween the v2 values of u and s quarks.
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using Eq. 6.3
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Figure 5.2: Panel (a) shows the v q
2 as a function of pT /nq . Panel (b) shows the v q

2 as a func-
tion of K E q

T taking mu = 4 MeV/c2 and ms = 100 MeV/c2. Panel (c) shows the same as panel
(b) but with ms = 140 MeV/c2. The blue dashed line in all the panels is the fitting to light
quark v2 obtained from protons with Eq. Panel (d), (e) and (f) shows the ratio of the strange
quark v2 to the fitting function. The dashed red line in all the lower panel is a zeroth order
polynomial fitting to the ratios.
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Figure 5.3: The χ2/nd f values for different s-quark masses represent the best match be-
tween the v2 of strange and light quarks as a function of transverse kinetic energy. This
analysis is for Au+Au collisions at

p
sN N = 200 GeV. Panel (a) shows the results where the

v2 of s quarks is derived from the Ω, while Panel (b) presents the results where the v2 of s
quarks is derived from the φ.
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5.3.3 Test of the scaling at smaller RHIC energies

The scaling is testes using the RHIC data at lower collision energies. For smaller collision

energy
p

sN N <19.6 GeV, we have used BES-II data for better precession results. At these

energies we have used anti-particles to calculate the v2 of the anti-quarks to avoid the affect

of transported quarks. We observed that the newly proposed scaling performs equally well

for both 39 and 19.6 GeV, as well as for 11.5 GeV.

5.3.4 Test of the scaling at LHC energy

We tested the scaling behavior at LHC energies using the latest measurements of the v2 ofφ

mesons and protons at
p

sN N = 5.02 TeV from the ALICE experiment [141]. However, data

forΩ andΞ are not available at this energy. Figure 5.5 presents v2/nq as a function of pT /nq

and K E q
T in 20-30% Pb+Pb collisions at

p
sN N = 5.02 TeV.

We observe that in the low-pT region, v2/nq for the φ meson is lower than that for pro-

tons when plotted against pT /nq . In contrast, when v2/nq is plotted as a function of K E q
T ,

the values for protons and φ mesons converge and show similar behavior.

It is noteworthy that the empirical scaling of v2/nq as a function of K E q
T holds con-

sistently across both RHIC and LHC energies, despite the substantial difference in their

center-of-mass energies, with the LHC being approximately 100 times higher than the RHIC

BES energies. This intriguing observation calls for further theoretical investigation to un-

cover the underlying mechanisms responsible for the scaling observed in the v2 of mea-

sured hadrons.

5.3.5 Test of the scaling for higher order flow harmonics

We conducted a systematic check using the triangular flow harmonic (v3). Previous stud-

ies have shown that scaling in v3 requires dividing it by n3/2
q [142]. Figure 5.6(a) illustrates

v3/n3/2
q as a function of pT /nq for protons and φ mesons measured by the STAR exper-

iment in Au+Au collisions at
p

sN N = 200 GeV [54]. Similar to v2, the scaled v3 of the φ

meson is observed to be lower than that of protons in the low pT region. However, when

v3/n3/2
q is plotted as a function of K E q

T , a good consistency between protons and φmesons

is observed, akin to the behavior seen for v2.

77



CHAPTER 5. INSIGHT FROM THE ANISOTROPIC FLOW OF IDENTIFIED HADRONS

MEASURED IN RELATIVISTIC HEAVY-ION COLLISIONS

5.4 Summary

In summary, we present a compilation of available data on the elliptic flow (v2) and trian-

gular flow (v3) of identified hadrons at RHIC and LHC energies. Within the framework of

the quark recombination model, the v2 of light and strange quarks is extracted from the

measured v2 of identified hadrons. Our observations indicate that the v2 of strange quarks

derived from theφ-meson v2 is consistent with that obtained fromΩ v2 in Au+Au collisions

at
p

sN N = 200 GeV, suggesting that both φ andΩ are produced through quark recombina-

tion at top RHIC energy. However, at low transverse momentum, the v2 of strange quarks is

consistently smaller than that of light quarks. We have demonstrated an empirical relation

between the v2 of light and strange quarks, where v2 scales as a function of the transverse

kinetic energy of quarks. The transverse kinetic energy is calculated using the bare quark

mass, and this relation holds true at both RHIC and LHC energies. Additionally, we show

that the v3 of measured hadrons follows a similar scaling behavior. This new scaling ob-

served in flow measurements is purely empirical and warrants further theoretical investi-

gation to understand the underlying mechanisms.
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Figure 5.4: The v2 values of light and strange quarks, obtained from p̄ andφ (and fromΩ, Λ̄,
and Ξ̄ for 39 and 11.5 GeV only), are shown as a function of pT /nq in 0–80% central Au+Au
collisions at

p
sN N = 39, 19.6, and 11.5 GeV. The middle panel presents the v2 of quarks as

a function of K E q
T =

√
(pT /nq )2 +m2

q −mq , where pT is the transverse momentum of the

hadron. For this calculation, the quark masses are assumed to be mq = 4 MeV/c2 for light
quarks and mq = 100 MeV/c2 for strange quarks. The right panel shows the same analysis
as the middle panel but assumes mq = 140 MeV/c2 for strange quarks. The blue dashed
curves represent the fits to the v2 of light quarks using Eq. 5.5, while the red dashed lines
correspond to the constant polynomial fits applied to the ratios shown in the respective
bottom panels. The data points for 39 GeV are taken from Ref. [45]. 11.5 and 19.6 GeV data
are from BES-II analysis.
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Figure 5.5: Panel (a) shows the v2 of light and strange quarks obtained from protons and
φ mesons as a function of pT /nq in 20–30% central Pb+Pb collisions at

p
sN N = 5.02

TeV [141]. Panel (b) presents the v2 of quarks as a function of K E q
T =

√
(pT /nq )2 +m2

q −mq ,

where pT is the transverse momentum of the hadron. Here, the quark masses are taken as
mq = 4 MeV/c2 for light quarks and mq = 100 MeV/c2 for strange quarks. Panel (c) depicts
the same as panel (b), but with the mass of strange quarks set to mq = 140 MeV/c2. The blue
dashed curves represent the fit to the v2 of light quarks using Eq. 5.5, while the red dashed
lines indicate the constant polynomial fit to the ratios shown in the corresponding bottom
panels.
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collisions at
p

sN N = 200 GeV [54]. Panel (b): The v3/n3/2
q of protons and φ mesons as a

function of K E q
T =
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q −mq , where pT represents the transverse momentum

of the hadron. Here, the quark masses are taken as mq = 4 MeV/c2 for light quarks and mq =
100 MeV/c2 for strange quarks. Panel (c): Same as panel (b), but with mq = 140 MeV/c2 for
strange quarks. The blue dashed curves represent the fits to the v3 of light quarks using
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6
Longitudinal flow decorrelation in heavy-ion collisions

using AMPT model

6.1 Chapter introduction

In ultra-relativistic heavy-ion collisions at the LHC and top RHIC energies, a phenomenon

known as longitudinal boost invariance is anticipated, meaning that the dynamics at mid-

rapidity should be the same as those observed in forward and backward rapidity regions.

However, at lower collision energies, this boost invariance may be broken, potentially lead-

ing to distinct dynamics along the longitudinal or rapidity direction.

One manifestation of this phenomenon is the fluctuation in the magnitude of flow and

the event plane angle at forward and backward pseudorapidity windows compared to the

mid-rapidity region, as illustrated in Fig.6.1. This variation in the flow vector along pseudo-

rapidity is known as flow decorrelation. Flow decorrelation is thought to stem from event-

by-event fluctuations in the initial energy density distribution along the longitudinal direc-

tion. Extensive experimental studies of flow decorrelation have been conducted in A+A col-

lisions at
p

sN N = 200 GeV and LHC energies[143–148]. Additionally, various hydrodynamic

and transport model studies have been undertaken to understand this phenomenon [149–

157]. However, these studies are largely focused on LHC or top RHIC energies.

Given that boost symmetry breaking is more pronounced at lower energies, studying

longitudinal flow decorrelation at intermediate and lower RHIC energies becomes essen-

tial. In this chapter, we measure longitudinal flow decorrelation using the A Multi Phase
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Transport (AMPT) model for Au+Au collisions at
p

sN N = 11.5 to 200 GeV.

(Ψ(η), vn(η))

(Ψ''(η), vn''(η))

(Ψ'(η), vn'(η))

η

Figure 6.1: Illustration of the flow magnitude and flow angle fluctuation at different pseu-
dorapidty window.

6.2 Second (r2) and third order (r3) factorization ratio

The observable used to measure the longitudinal flow vector decorrelation is first given by

CMS collaboration [143], defined as follows.

rn(ηa ,ηb) = 〈Vn(−ηa)V ∗
n (ηb))〉

〈Vn(+ηa)V ∗
n (ηb))〉 (6.1)

= 〈vn(−ηa)vn(ηb)cosn(Ψn(−ηa)−Ψn(ηb))〉
〈vn(ηa)vn(ηb)cosn(Ψn(ηa)−Ψn(ηb))〉 . (6.2)

The angular bracket represents the event average. Vn(−ηa) represents the flow vector

at pseudorapidity ηa , while Vn(−ηb) serves as a reference window at ηb . The positioning of

theseηwindows is shown in Fig. 6.2. For our analysis, we selectηa within the range of -1.5 to

1.5, which aligns with the acceptance range of the STAR Time Projection Chamber (TPC) in

experiments. The reference window ηb is chosen in the range 2.5 < ηb < 5.1, corresponding

to the acceptance of the Event Plane Detector (EPD) in the STAR detector system.

The observable in our study measures the correlation ratio between ηa and −ηa relative

to the reference window ηb ; this ratio is termed the "factorization ratio." In the absence of

fluctuations in flow vectors along the rapidity direction, this ratio would equal unity, as the

flow vectors at ηa and −ηa would be identical. However, when decorrelation is present, this

ratio drops below unity, given that ηa is kinematically closer to the reference window ηb .
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6.3. MODEL DESCRIPTION

The second-order factorization ratio, r2, quantifies the decorrelation in the magnitude

of elliptic flow and fluctuations in the second-order event plane along pseudorapidity. Sim-

ilarly, r3 measures the decorrelation in triangular flow and fluctuations in the third-order

event plane.

ηa ηb

-1.5 1.5 2.1 5.1

Figure 6.2: Illustration of η acceptance windows used in the analysis.

6.3 Model description

We have used A Multiphase Transport Model (AMPT) model [158] to study r2 and r3. This

model is composed of four phases, providing a detailed simulation of the entire evolution

of a heavy-ion collision, from the initial conditions to the late-stage hadronic interactions.

The initial conditions are derived from the HIJING model [159–161], which generates the

phase-space distribution of minijet partons. Interactions among these partons are then

described by Zhang’s Parton Cascade (ZPC) [162–165]. The differential cross-section for

parton-parton interactions in this phase is given by

dσ

d t
= 9πα2

2(t −µ2)2
. (6.3)

Here,σ represents the parton-parton scattering cross-section, t is the Mandelstam vari-

able indicating four-momentum transfer,α is the strong interaction coupling constant, and

µ denotes the Debye screening mass. For this study, we used AMPT version v1.26t9b, with

α = 0.33 and µ = 2.256,fm−1 across all energies, yielding a parton-parton cross-section of

3 mb. Using these parameters, we measured the transverse momentum and pseudorapid-

ity dependence of elliptic flow (v2) and triangular flow (v3) at
p

sN N = 11.5 and 200 GeV, as

shown in Fig.6.3. These measurements were compared to experimental data from RHIC[49,

53, 106, 122, 166], and we observed a reasonable agreement between the data and the AMPT

model.

85



CHAPTER 6. LONGITUDINAL FLOW DECORRELATION IN HEAVY-ION COLLISIONS

USING AMPT MODEL

4− 2− 0 2 4
3−10

2−10

1−10  = 200 GeVNNs

10-40%

4− 2− 0 2 4
3−

10

2−10

1−10

2v
AMPT
data

3v
AMPT
data

 = 11.5 GeVNNs

10-40%

0 1 2 3
0

0.1

0.2  = 200 GeVNNs

20-30%

0 1 2 3
0

0.05

0.1

0.15

0.2

0.25

 = 11.5 GeVNNs

20-30%

η η

 (GeV/c)
T

p  (GeV/c)
T

p

nv
nv

Figure 6.3: Panel (a) and (b) show the transverse momentum dependent v2 and v3 in Au+Au
collisions from AMPT model and its comparison with the data. Panel (c) and (d) show the
pseudorapidty dependence of v2 and v3 compared with data.

To further examine the impact of parton-parton scattering cross-section on the observ-

ables r2 and r3, we also generated data with an increased cross-section of 10 mb.

Regarding hadronization, the AMPT model offers two modes: the default mode and the

string-melting mode. In the default mode, hadronization occurs via the Lund string frag-

mentation model [167]. In the string-melting mode [168–170], however, a quark coales-

cence model is used, where quarks close in both spatial and momentum space combine to

form hadrons. For this study, we utilized the string-melting mode for hadronization.

6.4 Results

6.4.1 Centrality dependence of r2 and r3

Figure 6.4 and Figure 6.5 present r2 and r3, respectively, as functions of ηa/ybeam for Au+Au

collisions at six different center-of-mass collision energies:
p

sN N = 11.5, 19.6, 27, 39, and

200 GeV, measured over the pT range of 0.2 - 4.0 GeV/c in 0-10%, 10-40%, and 40-80% cen-

trality events. Both r2 and r3 show values below one, decreasing as ηa/ybeam increases, in-

dicating a stronger decorrelation with increasing distance from mid-rapidity. A significant
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Figure 6.4: r2 is plotted as a function of ηa/ybeam for Au+Au collisions in three centrality
classes, 0-10%, 10-40%, and 40-80% at six energies ranging from 11.5 to 200 GeV. The black
solid line represents the fitting function: e−2F2η/ybeam . The vertical lines on the points repre-
sent the statistical uncertainty.

centrality dependence is observed in r2, with its magnitude being smallest in mid-central

collisions and largest in peripheral collisions.

This observation aligns with the fact that in mid-central collisions, the initial elliptic ge-

ometry dominates over the longitudinal fluctuations in eccentricity, resulting in a smaller

flow decorrelation. In central and peripheral collisions, however, the elliptic flow is primar-

ily driven by fluctuations, leading to stronger decorrelation at these centralities. Conversely,

r3 shows a weak centrality dependence, as fluctuations predominantly drive the triangular

distribution of energy density. This trend remains consistent across all collision energies.

6.5 Collision energy dependence of r2 and r3

To quantify the energy dependence of the decorrelation, we fit r2 and r3 with the function

e−2Fnηa /ybeam , as shown in Figures 6.4 and 6.5. From these fits, we extract the slope parame-

ters, F2 and F3, and plot them as a function of the center-of-mass energy in Figure 6.6. Our
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Figure 6.5: r3 is plotted as a function of ηa/ybeam for Au+Au collisions in two centrality
classes, 0-10% and 10-40% at six energies ranging from 11.5 to 200 GeV. The black solid line
represents the fitting function: e−2F3η/ybeam . The vertical lines on the points represent the
statistical uncertainty.

findings show that F3 consistently exceeds F2 across all energies. In the 10-40% centrality

range, the average ratio F3/F2 is 5.2±0.3. Both r2 and r3 increases with increasing collision

energy indicating larger decorrelation at lower collision.

6.6 Parton cross section dependence of r2 and r3

In AMPT model, the effective shear viscosity to entropy density (ηs/s) is estimated by the

following equation [171].

ηs/s ≈ 3π

40α2

1

(9+ µ2

T 2 ) ln( 18+µ2/T 2

µ2/T 2 )−18
(6.4)

Where α represent the coupling constant of the strong interaction, µ the Debye screening

mass, and T the initial temperature of the quark-gluon plasma (QGP) created in a heavy-ion

collision. The temperature T is estimated from the average energy density of mid-rapidity
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Figure 6.6: Left panel shows F2 as a function of
p

sN N in 10-40% centrality events. The right
panel shows the same for F3. The shaded band represents the statistical uncertainty in the
data.
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Figure 6.7: Panel (a) and (b) show r2 and r3 as a function of η at
p

sN N = 200 GeV. with
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p
sN N =

19.6 GeV with parton-parton cross section 3 mb, and 10 mb.

89



CHAPTER 6. LONGITUDINAL FLOW DECORRELATION IN HEAVY-ION COLLISIONS

USING AMPT MODEL

partons at their typical formation time, with values of approximately 468 MeV at the LHC

and 378 MeV at the top RHIC energy [171]. At
p

sN N = 19.6 GeV, the QGP medium tem-

perature is assumed to be 278 MeV, following recent STAR measurements of dilepton pro-

duction at finite baryon chemical potential [172]. By adjusting α and µ, we can control the

shear viscosity to entropy density ratio (ηs/s) and the parton-parton cross section of the

medium, as given in Eq. 6.3. Table 6.1 summarizes the variations in α and µ used to obtain

different values ofσpp and ηs/s. Notably, as the cross sectionσpp increases, ηs/s decreases.

The dependence of the parton-parton cross section on the observables r2 and r3 at
p

sN N = 19.6 and 200 GeV is illustrated in Fig.6.7. For a 3 mb cross section, r2 is found

to be greater compared to the 10 mb case. But r3 is found to be independent of parton-

parton cross section. Therefore, studying flow decorrelation could be a potential observ-

able to constrain the ηs/s of the medium.

Table 6.1: Values ofσpp and ηs/s for different values ofα andµ in Au+Au collisions at
p

sN N

= 200 and 19.6 GeV.

α µ ( f m1) σpp (mb) ηs/s (200 GeV) ηs/s (19.6 GeV)

0.33 2.256 3 0.229 0.355

0.47 1.8 10 0.086 0.126

6.7 Contribution from flow angle and flow magnitude

decorrelation

To explore the factors contributing to flow decorrelation, we separately analyze the effects

of flow magnitude and flow angle. The flow magnitude decorrelation is quantified by Equa-

tion 6.5, where both vn(ηa) and vn(−ηa) are obtained using the same event plane, deter-

mined within the pseudorapidity range −0.5 < η< 0.5. Similarly, flow angle decorrelation is

evaluated using Equation 6.6. Figures 6.8 and 6.9 display the values of r v
n and rψn alongside

the total decorrelation rn . The results indicate that the primary contribution to longitudi-

nal flow decorrelation comes from flow angle decorrelation, which closely approximates

the total decorrelation rn . In contrast, the contribution from flow magnitude decorrelation

is negligible. This pattern remains consistent across all energies from 11.5 to 200 GeV.

r v
n = 〈vn(−ηa)vn(ηb)〉

〈vn(ηa)vn(ηb)〉 . (6.5)
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Figure 6.8: The flow magnitude decorrelation (r v
2 ), flow angle decorrelation (rψ2 ) and the to-

tal decorrelation (r2) is plotted as a function of ηa for 10-40% centrality in Au+Au collisions
at 11.5 to 200 GeV.

rψn = 〈cosn(Ψn(−ηa)−Ψn(ηb))〉
〈cosn(Ψn(ηa)−Ψn(ηb))〉 . (6.6)

6.8 Summary

In summary, we have presented the measurement of longitudinal flow decorrelation para-

meters, r2 and r3, in Au+Au collisions at RHIC BES energies, ranging from
p

sN N = 11.5 to

200 GeV using the AMPT model. The decorrelation at the lower collision energy regimes are

found to be larger compared to top RHIC energy. We observed that the second order fac-

torization ratio, r2 is sensitive to the effective η/s whereas r3 shows weak sensitivity to η/s

therefore, measuring both r2 and r3 can put constraint on the η/s of the produced medium.
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Figure 6.9: The flow magnitude decorrelation (r v
3 ), flow angle decorrelation (rψ3 ) and the to-

tal decorrelation (r3) is plotted as a function of ηa for 10-40% centrality in Au+Au collisions
at 11.5 to 200 GeV.
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Summary and outlook

7.1 Summary

The main objective of this thesis was to explore the phase diagram in the context of partonic

collectivity by measuring v2 and v3 of identified hadrons in Au+Au collisions at
p

sN N =
7.7–54.4 GeV. This measurement aims to provide insights into the nature of the medium

formed in lower collision energy systems and to investigate how the medium at lower col-

lision energies differs from that at the top RHIC energy.

In Chapter 3, we present the measurement of v2 and v3 for strange and multi-strange

hadrons in Au+Au collisions at
p

sN N = 54.4 GeV. Our observations show that the NCQ scal-

ing at this energy holds within 10%, indicating the presence of partonic collectivity and

supports quark coalescence model of hadronization. Furthermore, the hydrodynamics-

motivated ratio, v3/v3/2
2 , suggests the formation of a strongly interacting, fluid-like medium

at this energy.

In Chapter 4, we delve further into lower collision energies, presenting the measure-

ment of v2 and v3 for identified hadrons in Au+Au collisions at
p

sN N = 7.7, 9.2, 11.5,

14.6, and 19.6 GeV. These measurements utilize high-statistics data from the BES-II pro-

gram, benefiting from improved detector conditions and enhanced acceptance. The ob-

served baryon-meson splitting and NCQ scaling at all these energies indicate the pres-

ence of a partonic medium exhibiting collective flow. Additionally, the observed particle-

to-antiparticle splitting, which increases with decreasing collision energy, suggests that the

finite baryon chemical potential at these lower energies plays a significant role. Further
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theoretical and phenomenological studies are needed to understand this vn difference be-

tween particles and antiparticles. Our measurement with model predication will play an

important role in constraining temperature dependence η/s.

In Chapter 5, we found a new empirical scaling in flow coefficients when plotted as a

function of transverse kinetic energy of quarks, calculated using their bare mass. This study

needs further theoretical investigation for better understanding.

In Chapter 6, we have presented the measurement of the longitudinal decorrelation us-

ing AMPT model which is important to understand the longitudinal dynamics in heavy-ion

collision and could be a sensitive observable for constraining η/s. This model calculation

can be compared to the upcoming experimental data from STAR collaboration for better

understanding of longitudinal decorrelation in heavy-ion collisions.

7.2 Outlook

To investigate the complete disappearance of partonic collectivity, we can explore even

lower collision energies. The STAR experiment has completed data collection for fixed-

target experiments at
p

sN N = 3.0–7.2 GeV. This fixed-target data will provide access to

the high baryon density region of the QCD phase diagram. Measuring anisotropic flow co-

efficients at these low collision energies will offer valuable insights into the properties of

the medium created under such conditions. Also upcoming experiments like Compressed

Baryonic Matter (CBM) experiment at Facility for Antiproton and Ion Research (FAIR) could

further probe into the properties of the medium produced at very high baryon density re-

gion of the phase diagram.
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Appendix A - List of bad runs in BES-II

Bad runs at
p

sN N = 19.6 GeV

20057007, 20057025, 20057026, 20057050, 20058001, 20058002, 20058003, 20058004, 20058005,

20060012, 20060022, 20060025, 20060060, 20060061, 20060062, 20062010, 20062011, 20062012,

20062036, 20063011, 20063034, 20063035, 20063036, 20063039, 20064008, 20064009, 20064011,

20064012, 20064040, 20065018, 20067014, 20067023, 20067024, 20067029, 20067030, 20067045,

20067046, 20069030, 20069032, 20069054, 20070042, 20070043, 20070044, 20070047, 20071001,

20071004, 20071005, 20071006, 20071027, 20071037, 20072034, 20072035, 20072036, 20072039,

20072041, 20072045, 20072047, 20073071, 20073072, 20073076, 20074001, 20074003, 20074004,

20074005, 20074007, 20074008, 20074009, 20074012, 20074014, 20074017, 20074018, 20074020,

20074021, 20074026, 20074027, 20074029, 20074032, 20074033, 20074034, 20074044, 20074045,

20075001, 20075002, 20075006, 20075007, 20075009, 20075011, 20075013, 20081002, 20081014,

20082060, 20082065, 20083024, 20086012, 20087007, 20089008, 20090024, 20091011, 20092054

Bad runs at
p

sN N = 14.6 GeV

20094053, 20094054, 20096025, 20099032, 20099033, 20099034, 20099044, 20099048, 20099052,

20101002, 20102001, 20102002, 20102003, 20102013, 20102014, 20102035, 20102036, 20102053,

20103002, 20103003, 20103005, 20103006, 20104016, 20108010, 20108012, 20108013, 20110001,

20110022, 20111020, 20111047, 20113055, 20113063, 20113066, 20113067, 20113068, 20113069,

20113070, 20113081, 20113088, 20114025, 20114026, 20114031, 20117013, 20117055, 20119005,

20119053, 20120047, 20123015, 20123016, 20123018, 20123038, 20124001, 20124037, 20124051,

20124058, 20124059, 20124060, 20124062, 20124064, 20124066, 20124068, 20124070, 20124072,
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20124074, 20124077, 20124079, 20125003, 20125005, 20125007, 20125008, 20125010, 20125011,

20125013, 20125015, 20125016, 20125018, 20125020, 20125023, 20125025, 20125027, 20125028,

20125029, 20125030, 20125031, 20125033, 20125034, 20125035, 20125036, 20125038, 20125039,

20125041, 20125044, 20125047, 20125048, 20125049, 20125050, 20125053, 20125055, 20125057,

20125058, 20125059, 20126004, 20126005, 20126006, 20126007, 20126008, 20126010, 20126013,

20126014, 20126015, 20126017, 20126019, 20126021, 20126025, 20126027, 20126029, 20127006,

20127007, 20127010, 20127012, 20128043, 20131015, 20131028, 20132002, 20132012, 20134024,

20136001, 20136003, 20136006, 20136008, 20137005, 20137011, 20137013, 20137015, 20137017,

20138002, 20138015, 20138039, 20139033, 20141002, 20143007, 20144038, 20147022, 20148007,

20148031, 20150004, 20151003, 20151006, 20151012, 20152026, 20152028, 20152029, 20152030

Bad runs at
p

sN N = 11.5 GeV

20344004, 20344006, 20344007, 20344008, 20344009, 20344013, 20344014, 20344015, 20347037,

20347035, 20347036, 20347038, 20347039, 20348023, 20351062, 20351067, 20354051, 20354053,

20355004, 20356005, 20356007, 20356020, 20356022, 20356023, 20357022, 20361014, 20361017,

20363010, 21003011, 21004021, 21005039, 21005040, 21005041, 21006008, 21006029, 21006031,

21007034, 21010036, 21011001, 21011004, 21012034, 21012035, 21013016, 21014027, 21015031,

21015029, 21017048, 21019016, 21019020, 21019069, 21019073, 21021009, 21021010, 21021011,

21025042, 21041025, 21041026, 21050043, 21045044, 21046005, 21046045, 21046046, 21046047,

21046048, 21048061, 21050044, 21050045, 21050046, 21050047, 21050048, 21050049, 21050050,

21050052, 21050053, 21050054, 21050055, 21050056, 21050057, 21050058, 21052039, 21053060,

21053061, 21053062, 21053063, 21053064

Bad runs at
p

sN N = 9.2 GeV

21036025, 21036028, 21036032, 21037025, 21037030, 21037031, 21037047, 21037052, 21038020,

21038021, 21038029, 21038031, 21038033, 21038035, 21038039, 21038042, 21038046, 21039025,

21039029, 21040007, 21056032, 21058027, 21058028, 21058029, 21058030, 21060015, 21060016,

21060021, 21060026, 21062015, 21062020, 21062021, 21064004, 21064024, 21064041, 21064047,

21065026, 21065042, 21066027, 21066028, 21067020, 21068024, 21068027, 21068030, 21069005,

21069006, 21069014, 21069017, 21069035, 21069038, 21069040, 21069042, 21069043, 21070011,

21071002, 21072016, 21073007, 21073008, 21073032, 21076004, 21076029, 21077024, 21078001,

21078002, 21078006, 21078020, 21080027, 21169035, 21169036, 21169037, 21169038, 21169039,

21170018, 21171007, 21171031, 21171032, 21171033, 21172032, 21174049, 21174050, 21175009,

21176020, 21176024, 21176029, 21177019, 21177020, 21177021, 21177022, 21177032, 21178013,

21179001, 21179018, 21179020, 21179026, 21180008, 21180025, 21180027, 21181024, 21181025,
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21181026, 21181033, 21182037, 21182038, 21182041, 21184025, 21184026, 21186026, 21186027,

21187032, 21188017, 21188027, 21189039, 21189040, 21190053, 21191008, 21192018, 21193009,

21193027, 21194002, 21196004, 21197005, 21198002, 21203001, 21203002, 21203003, 21203017,

21205002, 21205020, 21205023, 21206002, 21206005, 21206007, 21206008, 21208027, 21209009,

21210009, 21210046, 21211004, 21211009, 21213004, 21213005, 21213006, 21213013, 21213014,

21213016, 21213017, 21213018, 21213019, 21213020, 21217001, 21217010, 21217020, 21218001,

21218002, 21218003, 21218004, 21218005, 21218006, 21218007, 21218013, 21218014, 21218015,

21218016, 21218017, 21219007, 21219008, 21219009, 21219010, 21220015, 21222026, 21223030,

21225035, 21225040, 21225041, 21225042, 21225045, 21226003, 21227007, 21227008, 21227021,

21228020, 21229006, 21229041, 21233002, 21233010, 21235015, 21235033, 21235035, 21237014,

21237021, 21237022, 21237023, 21239010, 21241015, 21241016, 21242028, 21243007, 21243008,

21243033, 21243038, 21244023, 21244024, 21245003

At
p

sN N = 9.2 GeV, there are some run IDs with distorted azimuthal angle (φ) distribu-

tions as show in Fig. Those Run IDs are rejected from the analysis
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((b)) Distorted distribution of φ in some run IDs

There are 592 such run IDs in the
p

sN N = 9.2 GeV.

Bad runs at
p

sN N = 7.7 GeV

22031054 22033001 22035002 22038009 22039010 22039013 22039028 22042004 22043046

22043047 22044003 22044004 22044005 22046006 22046007 22046012 22047008 22048002

22048007 22048040 22048042 22049026 22049027 22049029 22050003 22050006 22050016

22050038 22050040 22050044 22050045 22051014 22052032 22052033 22052035 22052036

22052048 22053022 22054007 22054022 22054028 22054030 22054042 22055023 22057010

22058037 22059005 22061012 22061015 22062034 22062035 22062036 22063014 22064025

22064038 22065014 22065015 22067039 22068012 22068041 22069030 22069032 22069033

22069034 22069040 22070001 22070002 22070003 22070004 22070005 22070006 22070007

22070008 22070009 22070010 22070011 22070012 22070014 22070040 22070041 22071036
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22074009 22074042 22076033 22076034 22077050 22078016 22078032 22079027 22084029

22084035 22085009 22085021 22086027 22087027 22088034 22091018 22091022 22091025

22093029 22094046 22095027 22096003 22096037 22097016 22097030 22098054 22099024

22099042 22100045 22101016 22101017 22101018 22101022 22102034 22103027 22103032

22104027 22105030 22106032 22108050 22109032 22110025 22111047 22112021 22113001

22113029 22114030 22115004 22115008 22115019 22115032 22116007 22116008 22116025

22116026 22116030 22117023 22118058

100



A
P

P
E

N
D

I
X

B
Appendix B - Derivation of the shift correction formula

In shift correction method our goal is to transform a variable Ψn having non-uniform dis-

tribution to another variableΨs
n =Ψn+∆Ψn which has a uniform distribution as illustrated

in Fig. B.1.

Ψn Ψn + ΔΨn

Figure B.1: Illustration of the shift correction method.

Here we treat Ψn as a random variable having some unknown distribution function

which gets transformed into another random variableΨn +∆Ψn which has a uniform dis-

tribution function. From the properties of the transformation of the random variable we

have

f (Ψn)dΨn = g (Ψn +∆Ψn)d(Ψn +∆Ψn) (B.1)
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Simplifying Eq. B.1, we get

g (Ψn +∆Ψn) = f (Ψn)× 1

1+ d(∆Ψn )
dΨn

(B.2)

The correction factor∆Ψn can have any distribution function but it can be written in terms

of sine and cosine series as follows

∆Ψn =∑
n

An cosnΨn +∑
n

Bn sinnΨn (B.3)

Taking the derivative of ∆Ψn and substituting in Eq. B.2 we get,(
1+∑

n
(−n An)sinnΨn +∑

n
Bn cosnΨn

)
g (Ψn +∆Ψn) = f (Ψn) (B.4)

The R.H.S of Eq. B.4 has distribution of non-uniformΨn which can be expanded in a Fourier

series as follows.(
1+∑

n
(−n An)sinnΨn +∑

n
Bn cosnΨn

)
g (Ψn +∆Ψn) = a0 +

∑
n

A
′
n cosnΨn +∑

n
B

′
n sinnΨn

(B.5)

Where a0 is a constant, a0 =
∫

f (Ψn)dΨn =1 (Since total probability =1). The factor A
′
n and

B
′
n are given by

A
′
n =

∫
f (Ψn)(cosnΨn)dΨn = 〈cosnΨn〉 (B.6)

B
′
n =

∫
f (Ψn)(sinnΨn)dΨn = 〈sinnΨn〉 (B.7)

Now comparing coefficients of cosine and sine term on both sides of the Eq. B.5 we get,

An = −2

n
〈sinnΨn〉 (B.8)

Bn = 2

n
〈cosnΨn〉 (B.9)

Now substuting Eq. B.8 and B.9 in Eq. B.3 we get,

∆Ψn =∑
n

−2

n
〈sinnΨn〉cosnΨn +∑

n

2

n
〈cosnΨn〉sinnΨn (B.10)

Equation B.10 is the required shift correction factor.
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Appendix C - Analysis plots

C.1 Analysis plots for π, K , and p

The 1D projection of X (nσπ,m2) showing the peaks of π+,K +, and p in some of the pT and

in all φ−Ψn bins in Au+Au collisions at
p

sN N = 19.6 GeV are shown in Fig. C.1 - C.6. For

π−,K −, and p̄, the distribution also looks same(Not shown). Same distribution can also be

obtained by projecting in various φ−Ψ3 bins while doing v3 calculation.

The raw yield is calculated for each pT and φ−Ψn bins. The raw yield distribution for

π+, π−, K +, and K − as a function of φ−Ψn are shown in Fig. C.7 to Fig. C.14.

C.2 Analysis plot for multi-strange hadrons

For multi-strange hadrons invariant mass method and event plane method are used for

measurement of v2 and v3. Figure C.15 to Fig. C.36 shows the intermediate analysis plots

for K 0
S ,Λ, Λ̄, Ξ−, Ξ̄+, φ,Ω−, and Ω̄+.
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Figure C.1: 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various
φ−Ψ2 bins for pT = 0.2-0.4 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in 10-40%

centrality.
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Figure C.2: 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various
φ−Ψ2 bins for pT = 0.4-0.6 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in 10-40%

centrality.
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C.2. ANALYSIS PLOT FOR MULTI-STRANGE HADRONS
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Figure C.3: 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various
φ−Ψ2 bins for pT = 1.6-1.8 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c. The solid

lines represent the student-t function for each peak in 10-40% centrality.
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Figure C.4: 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various
φ−Ψ2 bins for pT = 1.8-2.0 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in 10-40%

centrality.. The solid lines represent the student-t function for each peak.
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Figure C.5: 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various
φ−Ψ2 bins for pT = 2.6-2.8 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in 10-40%

centrality.. The solid lines represent the student-t function for each peak.
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Figure C.6: 1D projection of X (nσπ,m2) showing the peaks of π+, K +, and p in various
φ−Ψ2 bins for pT = 2.8-3.0 GeV/c in Au+Au collisions at

p
sN N = 19.6 GeV/c in 10-40%

centrality.. The solid lines represent the student-t function for each peak.
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Figure C.7: The raw yield ofπ− is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with Eq. 3.15 to
calculate v2.
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Figure C.8: The raw yield ofπ+ is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with Eq. 3.15 to
calculate v2.

107



APPENDIX C. APPENDIX C - ANALYSIS PLOTS

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

20.7

20.8

20.9

21

21.1

21.2

21.3

6
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 0.20 - 0.40)

-
K

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

45.5

46

46.5

47

47.5

48

6
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 0.40 - 0.60)

Au+Au @19.6 GeV

10-40%

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

42

42.5

43

43.5

44

44.5

45

45.5

46

46.5

6
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 0.60 - 0.80)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

28.5

29

29.5

30

30.5

31

31.5

32

32.5

6
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 0.80 - 1.00)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

16.5

17

17.5

18

18.5

19

19.5

6
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 1.00 - 1.20)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

9

9.5

10

10.5

11

6
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 1.20 - 1.40)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

5000

5200

5400

5600

5800

6000

3
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 1.40 - 1.60)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

2500

2600

2700

2800

2900

3000

3100

3200

3
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 1.60 - 1.80)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

1300

1350

1400

1450

1500

1550

1600

1650

3
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 1.80 - 2.00)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

640

660

680

700

720

740

760

780

800

820

840
3

10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 2.00 - 2.20)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

320

340

360

380

400

420
3

10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 2.20 - 2.40)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

160

170

180

190

200

210

3
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 2.40 - 2.60)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

80

85

90

95

100

105

110

3
10×

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 2.60 - 2.80)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

2
ψ - φ

44000

46000

48000

50000

52000

54000

56000

58000

60000

62000

64000

)
2

ψ
 -

 
φ

dN
/d

(

(pt bin = 2.80 - 3.00)

Figure C.9: The raw yield of K − is plotted as a function ofφ−Ψ2 in Au+Au collisions at
p

sN N

= 19.6 GeV in 10-40% centrality. The red line represents the fitting function with Eq. 3.15 to
calculate v2.
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Figure C.10: The raw yield of K + is plotted as a function of φ−Ψ2 in Au+Au collisions atp
sN N = 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2.
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Figure C.11: The raw yield of π− is plotted as a function of φ−Ψ3 in Au+Au collisions atp
sN N = 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2.
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Figure C.12: The raw yield of π+ is plotted as a function of φ−Ψ3 in Au+Au collisions atp
sN N = 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v3.
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Figure C.13: The raw yield of K − is plotted as a function of φ−Ψ3 in Au+Au collisions atp
sN N = 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v2. The red line represents the fitting function with Eq. 3.15 to calculate
v3.
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Figure C.14: The raw yield of K + is plotted as a function of φ−Ψ3 in Au+Au collisions atp
sN N = 19.6 GeV in 10-40% centrality. The red line represents the fitting function with

Eq. 3.15 to calculate v3.

110



0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

35

40

45

50

55

3−10×

S
+

B
2v

 = 0.40 - 0.60
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

50

55

60

65

70

75

80

3−10×

S
+

B
2v

 = 0.60 - 0.80
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.07

0.075

0.08

0.085

0.09

0.095

0.1

S
+

B
2v

 = 0.80 - 1.00
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.085

0.09

0.095

0.1

0.105

0.11

0.115

0.12

S
+

B
2v

 = 1.00 - 1.20
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.1

0.105

0.11

0.115

0.12

0.125

0.13

S
+

B
2v

 = 1.20 - 1.40
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.11

0.12

0.13

0.14

0.15

0.16

S
+

B
2v

 = 1.40 - 1.60
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.115

0.12

0.125

0.13

0.135

0.14

0.145

0.15

0.155

0.16

S
+

B
2v

 = 1.60 - 1.80
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.13

0.14

0.15

0.16

0.17

S
+

B
2v

 = 1.80 - 2.00
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.13

0.14

0.15

0.16

0.17

0.18

0.19

S
+

B
2v

 = 2.00 - 2.50
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.14

0.16

0.18

0.2

0.22

0.24

S
+

B
2v

 = 2.50 - 3.00
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

S
+

B
2v

 = 3.00 - 3.50
T

p

0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2 (GeV/c-π+π invM

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

S
+

B
2v

0
SK

 = 19.6 GeV, 10-40%NNsAu+Au, 

 = 3.50 - 4.50
T

p

Figure C.15: vS+B
2 is plotted as a function of invariant mass of decay daughters of K 0

S in
Au+Au collisions at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v2 of the signal.
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Figure C.16: vS+B
3 is plotted as a function of invariant mass of decay daughters of K 0

S in
Au+Au collisions at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with

Eq. 3.13 to obtain v3 of the signal.
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Figure C.17: Distribution of the raw yield of K 0
S inφ−Ψ2 bin are plotted in Au+Au collisions

at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v2 of
K 0
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Figure C.18: Distribution of the raw yield of K 0
S inφ−Ψ3 bin are plotted in Au+Au collisions

at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v3 of
K 0

S .

114



C.2. ANALYSIS PLOT FOR MULTI-STRANGE HADRONS

1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

S
+

B
2v

=0.40-0.60(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.036

0.038

0.04

0.042

0.044

0.046

0.048

0.05

0.052

S
+

B
2v

=0.60-0.80(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.056

0.058

0.06

0.062

0.064

0.066

0.068

0.07

0.072

0.074

S
+

B
2v

=0.80-1.00(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.076

0.078

0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

S
+

B
2v

=1.00-1.20(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.098

0.1

0.102

0.104

0.106

0.108

0.11

0.112

S
+

B
2v

=1.20-1.40(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.118

0.12

0.122

0.124

0.126

0.128

0.13

0.132

0.134

S
+

B
2v

=1.40-1.60(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.132

0.134

0.136

0.138

0.14

0.142

0.144

0.146

0.148

0.15

0.152

S
+

B
2v

=1.60-1.80(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.145

0.15

0.155

0.16

0.165

0.17

S
+

B
2v

=1.80-2.00(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.165

0.17

0.175

0.18

0.185

0.19

S
+

B
2v

=2.00-2.50(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.16

0.17

0.18

0.19

0.2

0.21

0.22

0.23

0.24

S
+

B
2v

=2.50-3.00(GeV/c))
T

 (p2 vs. vinvM

1.09 1.1 1.11 1.12 1.13 1.14 1.15

)2 (GeV/c-π pinvM

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

S
+

B
2v

Λ

 = 19.6 GeV, 10-40%NNsAu+Au, 

=3.00-3.50(GeV/c))
T

 (p2 vs. vinvM

Figure C.19: vS+B
2 is plotted as a function of invariant mass of decay daughters ofΛ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.13
to obtain v2 of the signal.
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Figure C.20: vS+B
3 is plotted as a function of invariant mass of decay daughters ofΛ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.13
to obtain v3 of the signal.
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Figure C.21: Distribution of the raw yield of Λ in φ−Ψ2 bin are plotted in Au+Au collisions
at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v2 of

Λ.
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Figure C.22: Distribution of the raw yield of Λ in φ−Ψ3 bin are plotted in Au+Au collisions
at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v3 of

Λ.
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Figure C.23: vS+B
2 is plotted as a function of invariant mass of decay daughters of Λ̄ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.13
to obtain v2 of the signal.
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Figure C.24: vS+B
3 is plotted as a function of invariant mass of decay daughters of Λ̄ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.13
to obtain v3 of the signal.
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Figure C.25: Distribution of the raw yield of Λ̄ in φ−Ψ2 bin are plotted in Au+Au collisions
at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v2 of

Λ̄.
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Figure C.26: Distribution of the raw yield of Λ̄ in φ−Ψ3 bin are plotted in Au+Au collisions
at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v3 of

Λ.
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Figure C.27: vS+B
2 is plotted as a function of invariant mass of decay daughters of Ξ− in

Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with
Eq. 3.13 to obtain v2 of the signal.
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Figure C.28: vS+B
3 is plotted as a function of invariant mass of decay daughters of Ξ− in

Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with
Eq. 3.13 to obtain v3 of the signal.
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Figure C.29: vS+B
2 is plotted as a function of invariant mass of decay daughters of Ξ̄+ in

Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with
Eq. 3.13 to obtain v2 of the signal.
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Figure C.30: vS+B
3 is plotted as a function of invariant mass of decay daughters of Ξ̄+ in

Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with
Eq. 3.13 to obtain v3 of the signal.
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Figure C.31: vS+B
2 is plotted as a function of invariant mass of decay daughters ofφ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.13
to obtain v2 of the signal.
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Figure C.32: vS+B
3 is plotted as a function of invariant mass of decay daughters ofφ in Au+Au

collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.13
to obtain v3 of the signal.
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Figure C.33: Distribution of the raw yield of φ in φ−Ψ2 bin are plotted in Au+Au collisions
at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v2 of

φ.

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

102

103

104

105

106

107

108

310×

)
3

ψ-φ
d(

dN

 =0.40-0.60 (GeV/c) 
T

p

φ

Au+Au @19.6 GeV

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

189

190

191

192

193

194

310×

)
3

ψ-φ
d(

dN

 =0.60-0.80 (GeV/c) 
T

p

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

279

280

281

282

283

284

285

286

287

288

310×

)
3

ψ-φ
d(

dN

 =0.80-1.20 (GeV/c) 
T

p

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

94000

95000

96000

97000

98000

)
3

ψ-φ
d(

dN

 =1.20-1.60 (GeV/c) 
T

p

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

29000

29500

30000

30500

31000

)
3

ψ-φ
d(

dN

 =1.60-2.00 (GeV/c) 
T

p

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

10000

10200

10400

10600

10800

11000

11200

11400

)
3

ψ-φ
d(

dN

 =2.00-2.50 (GeV/c) 
T

p

0 0.2 0.4 0.6 0.8 1

3
ψ-φ

2400

2500

2600

2700

2800

2900

)
3

ψ-φ
d(

dN

 =2.50-3.50 (GeV/c) 
T

p

Figure C.34: Distribution of the raw yield of φ in φ−Ψ3 bin are plotted in Au+Au collisions
at

p
sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with Eq. 3.15 to get v3 of
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Figure C.35: vS+B
2 is plotted as a function of invariant mass of decay daughters of Ω− in

Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with
Eq. 3.13 to obtain v2 of the signal.
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Figure C.36: vS+B
3 is plotted as a function of invariant mass of decay daughters of Ω− in

Au+Au collisions at
p

sN N = 19.6 GeV in 10-40% centrality. The distribution is fitted with
Eq. 3.13 to obtain v3 of the signal.
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