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ABSTRACT

In the last few years, substantial amount of experimental and theoretical efforts have been

devoted worldwide to investigate the strongly interactingmatter under extreme conditions

of temperature and / or net baryon densities. At present, theproperties of the QCD matter

at high temperature and almost zero net baryon density are being investigated using ultra-

relativistic heavy ion collisions at Relativistic Heavy IonCollider (RHIC), Brookhaven

National Laboratory (BNL) and Large Hadron Collider (LHC), CERN.Heavy ion col-

lisions also provide a unique possibility to experimentally examine the behaviour of hot

and dense nuclear matter in the laboratory at relatively lower collision energies, conse-

quently at higher net baryon densities. The Beam Energy Scan (BES) program of RHIC

is currently studying this range of collision energies. This region will also be explored by

NA61-SHINE experiment at CERN-SPS. In future, Compressed Baryonic Matter (CBM)

experiment at Facility for Antiproton and Ion Research (FAIR)in GSI, Darmstadt and

Nuclotron-based Ion Collider fAcility (NICA) at JINR, Dubna will also study hot and

dense nuclear matter. All these experiments offer the opportunity to study fundamental

aspects of nuclear and hadron physics: the equation of stateof the matter at high tem-

perature and / or high net baryon densities and the in-mediummodifications of strongly

interacting particles which might signal the onset of deconfinement of colour charges and

/ or restoration of chiral symmetry.

This thesis aims to describe the behaviour of strongly interacting matter under ex-

treme conditions of temperature and / or net baryon densities. Two important signals re-

garding the characterization of strongly interacting matter namely fluctuation-correlation
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and invariant mass spectra of dimuon have been discussed in this thesis. Fluctuation-

correlation of conserved charges has been studied using Hadron Resonance Gas (HRG)

model and its interacting version namely Excluded Volume Hadron Resonance Gas

(EVHRG) model. Further, fluctuations of different experimental observables in heavy ion

collisions have been studied using previously mentioned models and compared whenever

experimental data are available. Moreover, fluctuations ofconserved charges have been

studied using HRG model in presence of a strong external magnetic field. Furthermore,

chemical freeze-out parameters have been extracted analysing experimental data of ratios

of fluctuations of net-proton and net-charge measured in heavy ion collision experiment

by the STAR collaboration at RHIC. Thermal dilepton yield froma QGP medium has also

been studied particularly at FAIR energy and it has been shown that this could be used as

a crucial input for simulation of detector response for muons in the CBM experiment at

FAIR.



DECLARATION

I, hereby declare that the thesis entitled“Fluctuation-Correlation and Dimuon pro-

duction in high energy heavy-ion collision experiments”is absolutely based upon my

original research works and that these research works have never been used earlier in any

other thesis at this or any other Institution / University. Ihave duly acknowledged all the

references that have been used partially to prepare this thesis.

Signature of the Candidate

Subhasis Samanta

iv



v

To my mother
In memory of my father



ACKNOWLEDGEMENTS

I would like to use this space to express my sincere gratitudeto the persons whose con-

stant support has helped me to complete the work.

First of all I would like to thank the Council of Scientific and Industrial Research

(CSIR), India, for providing me the financial support and facilities to carry out my re-

search throughout the five years. I am also grateful to Bose Institute, Kolkata, for provid-

ing the necessary environments for doing research and also for giving me an extension of

6 months to carry out the final part of my work.

Secondly, I would like to thank my research supervisor, Prof. Sanjay K. Ghosh for

his mentorship and support over all these years of my research. I would like to thank

my joint supervisor, Dr. Supriya Das for his constant guidance and support. Moreover I

would like thank them once again for going through this thesis and the suggestions for

improvements. I sincerely thank Dr. Rajarshi Ray for his helpful advices, discussions

and support.

I would like to thank Prof. Subhasis Chattopadhyay of VECC, Kolkata for giving me

chance to work with him in CBM collaboration. I grateful to him for his guidance in the

detector simulation and analysis of test beam data.

I would also like to express my indebtedness and gratitude toall my collaborators,

Dr. Abhijit Bhattacharyya of University of Calcutta, Kolkata, Subrata Sur of Panihati

Mahavidyalaya, Dr. Partha Pratim Bhaduri of VECC, Kolkata for their help and valuable

suggestions.

My sincere thanks goes to Dr. Sidharth Prashad, Dr. Md. Younus, Dr. Saikat Biswas

for their cooperation.

I would like to use this opportunity to thank my fellow labmates and co-workers:

Sudipa Upadhaya, Ramaprasad Adak, Kinkar Saha, Soumitra Maity, Avik Banerjee, Ru-

vi



vii

pamoy Bhattacharyya, Shyam Mehta, Sayan Biswas, Prasenjit Deb, Saronath Halder,

Pratapaditya Bej, Rathijit Biswas for discussions on various topics in physics and be-

yond, for all the supports, and for all the fun we have had overthe years. I would like

to thank my seniors Dr. Anirban Lahiri, Dr. Sarbani Majumdar, all the juniors for their

cooperation. I thank my friends Debabrata Adak, Anirban Biswas, Tusshar Kanti Bose,

Avirup Shaw, Mainak Chakraborty, friends from M.Sc. and Post-M.Sc. course work for

discussions on various topics.

I would like to thank my elder brother Sulalit Samanta and younger brother Snehasis

Samanta for their love and affection. Last but not the least,I express my deepest gratitude

to my parents.

SUBHASIS SAMANTA



PUBLICATIONS

1. A. Bhattacharyya, S. Das, S. K. Ghosh, R. Ray andS. Samanta, “Fluctuations

and correlations of conserved charges in an excluded volumehadron resonance

gas model,” Phys. Rev. C90 (2014), no. 3 034909.

2. A. Bhattacharyya, S. Das, S. K. Ghosh, R. Ray andS. Samanta, “Study of fluc-

tuations in excluded volume hadron resonance gas model,” Proc. Indian Natl. Sci.

Acad.81 (2015), no. 1 51.

3. A. Bhattacharyya, S. K. Ghosh, R. Ray andS. Samanta, “Exploring effects of

magnetic field on the Hadron Resonance Gas,” accepted for publication in EPL

(Europhysics Letters), arXiv:1504.04533 [hep-ph].

4. R. P. Adak, S. Das, S. K. Ghosh, R. Ray andS. Samanta, “Centrality dependence

of chemical freeze-out parameters from net-proton and net-charge fluctuations us-

ing hadron resonance gas model,” arXiv:1609.05318 [nucl-th].

5. S. Samanta, S. Chattopadhyay, S. Das, and S. K.Ghosh, “Thermal di-muonsat

FAIR energy”, CBM Progress Report 2014, ISBN: 978-3-9815227-2-3.

viii



CONTENTS

List of Figures xiii

List of Tables xvii

1 Introduction 1

1.1 Restoration of chiral symmetry . . . . . . . . . . . . . . . . . . . . . .. 2

1.2 The QCD phase transition . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Relativistic heavy-ion collision . . . . . . . . . . . . . . . . . . .. . . . 4

1.3.1 Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1.1 Four-vectors . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1.2 Rapidity Variable . . . . . . . . . . . . . . . . . . . . 5

1.3.1.3 Relationship between the rapidity (y) of a particle in

lab frame and rapidity (y′) of the particle in a boosted

Lorentz frame which moves with a velocityβ in the

z− direction . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1.4 Transverse mass . . . . . . . . . . . . . . . . . . . . . 6

1.3.1.5 E andpz in terms ofmT andy . . . . . . . . . . . . . 7

1.3.1.6 Pseudorapidity variable . . . . . . . . . . . . . . . . . 7

1.3.1.7 ~p andpz in terms ofpT andη . . . . . . . . . . . . . . 8

1.3.1.8 Transformation between rapidity distribution and

pseudorapidity distribution . . . . . . . . . . . . . . . 8

ix



CONTENTS x

1.3.1.9 Mandelstam variables . . . . . . . . . . . . . . . . . . 9

1.4 QGP formation in the Laboratory . . . . . . . . . . . . . . . . . . . . .. 10

1.4.1 Space-Time Evolution . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.2 Freeze-out . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.3 Study of the QCD phase transition in heavy-ion collision experi-

ment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5 Signals of phase transition . . . . . . . . . . . . . . . . . . . . . . . .. 13

1.5.1 Fluctuation and correlation . . . . . . . . . . . . . . . . . . . . .13

1.5.1.1 Thermal fluctuation . . . . . . . . . . . . . . . . . . . 14

1.5.1.2 Fluctuations of conserved charges in relativisticheavy-

ion collisions . . . . . . . . . . . . . . . . . . . . . . . 14

1.5.1.3 Characterisation of non Gaussian distribution function

of conserved charges . . . . . . . . . . . . . . . . . . 15

1.5.1.3.1 Moments . . . . . . . . . . . . . . . . . . . 15

1.5.1.3.2 Moment generating function . . . . . . . . . 16

1.5.1.3.3 Cumulants . . . . . . . . . . . . . . . . . . . 16

1.5.1.3.4 Relations between moments and cumulants . 16

1.5.1.3.5 Mean, variance, skewness, kurtosis . . . . . . 16

1.5.1.3.6 Moments and Cumulants of a Gaussian dis-

tribution function . . . . . . . . . . . . . . . 17

1.5.1.4 Experimental measurements of conserved charge fluc-

tuations . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5.2 Dileptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.5.3 Photons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.5.4 Quarkonium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.5.5 Elliptic flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.5.6 Strangeness enhancement . . . . . . . . . . . . . . . . . . . . . 23

1.6 Organization of the thesis . . . . . . . . . . . . . . . . . . . . . . . . .. 24

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Fluctuations-correlations in EVHRG model 35

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.2 Hadron Resonance Gas Model . . . . . . . . . . . . . . . . . . . . . . . 38

2.3 Equations of state atµ = 0 . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.4 Equations of state at finiteµB . . . . . . . . . . . . . . . . . . . . . . . . 42

2.5 Fluctuations of different conserved charges . . . . . . . . .. . . . . . . 43

2.5.1 Fluctuations atµ = 0 . . . . . . . . . . . . . . . . . . . . . . . . 43



CONTENTS xi

2.5.2 Fluctuations as a function ofµB . . . . . . . . . . . . . . . . . . 46

2.6 Correlations among different conserved charges . . . . . . .. . . . . . . 47

2.6.1 Correlations atµ = 0 . . . . . . . . . . . . . . . . . . . . . . . . 49

2.6.2 Correlations as a function ofµB . . . . . . . . . . . . . . . . . . 52

2.7 Experimental scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.8 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 59

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3 Effects of magnetic field on the HRG 70

3.1 HRG model in presence of magnetic field . . . . . . . . . . . . . . . . .72

3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.2.1 EOS atµ = 0 in presence of a magnetic field . . . . . . . . . . . 76

3.2.2 Fluctuations and correlations of conserved charges .. . . . . . . 79

3.2.3 High density scenario . . . . . . . . . . . . . . . . . . . . . . . . 82

3.2.4 Beam energy dependence of the ratios of cumulants . . . . .. . . 87

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4 Centrality dependence of freeze-out parameters 99

4.1 Experimental observable of fluctuations of conserved charges . . . . . . 101

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.2.1 Centrality dependence of chemical freeze-out parameters . . . . 102

4.2.2 Comparison of chemical freeze-out parameters with previous

works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.2.3 Centrality dependence ofµB/T . . . . . . . . . . . . . . . . . . 107

4.2.4 Scaling behaviour ofµB/T . . . . . . . . . . . . . . . . . . . . 108

4.2.5 Comparison between the HRG / EVHRG model results and cen-

trality dependence of experimental data for net-charge andnet-

proton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.3 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 112

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5 Thermal dilepton at FAIR 118

5.1 The Facility for Antiproton and Ion Research . . . . . . . . . . .. . . . 119

5.2 The Compressed Baryonic Matter (CBM) experiment at FAIR . . . .. . 119

5.2.1 Diagnostic probes . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.2.2 Detectors/Components of CBM experiment . . . . . . . . . . . . 121



CONTENTS xii

5.2.2.1 Dipole magnet . . . . . . . . . . . . . . . . . . . . . . 121

5.2.2.2 Micro-Vertex Detector (MVD) . . . . . . . . . . . . . 121

5.2.2.3 Silicon Tracking System (STS) . . . . . . . . . . . . . 121

5.2.2.4 Ring Imaging Cherenkov Detector (RICH) . . . . . . . 122

5.2.2.5 Muon Chamber System (MUCH) . . . . . . . . . . . . 123

5.2.2.6 Transition Radiation Detector (TRD) . . . . . . . . . . 124

5.2.2.7 Timing Multi-gap Resistive Plate Chambers (MRPC) . 124

5.2.2.8 Electromagnetic Calorimeter (ECAL) . . . . . . . . . . 124

5.2.2.9 Projectile Spectator Detector (PSD) . . . . . . . . . . . 124

5.2.2.10 Data Acquisition System (DAQ) . . . . . . . . . . . . 125

5.2.3 Summary of CBM experiment . . . . . . . . . . . . . . . . . . . 125

5.3 Dilepton as a probe of QGP . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.3.1 Thermal dilepton production in a static QGP medium . . .. . . . 126

5.3.2 Thermal dilepton using Bjorken Hydrodynamic model . . .. . . 127

5.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6 Summary and Conclusion 137



LIST OF FIGURES

1.1 Deconfinement and chiral phase transition. This figure istaken from

physics.stackexchange.com. . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Schematic heavy-ion collision and the expansion of the medium. Photo

courtesy: Nuclear Physics Experiment& Theory Group Department of

Physics, Inha University. . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3 (a) Chemical freeze-out line (Fig. 1.3(a)), (b) corresponding parameters

as a function of
√
sNN (Fig. 1.3(b)). Figures are taken from Ref. [26]. . . 13

1.4 Event by event fluctuation of net-proton measured by STARcollabora-

tion [44]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.5 Typical distribution functions having nonzero skewness and kurtosis.

Figure courtesy: www.scratchapixel.com. . . . . . . . . . . . . . .. . . 18

1.6 Ratios of net-proton number cumulants measured by STAR collaboration

at RHIC [45]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.7 Ratios of cumulants for net-charge measured by STAR collaboration at

RHIC [47]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.8 (a) Almond shaped overlap zone generated just after anA + A collision

where the incident nuclei are moving along the±z axis. Figure courtesy:

www.interactions.org. (b)v2/nq vs. pT/nq andv2/nq vs. KET/nq for

baryons and mesons measured by PHENIX collaboration at RHIC [77]. . 23

xiii



LIST OF FIGURES xiv

2.1 Variation of equations of sate with temperature atµ = 0. Non interacting

means ideal HRG modeli.e. without excluded volume correction and

interacting refers to EVHRG.Rm refers to radius of mesons andRb refers

to radius of baryons. Lattice data for pressure are taken from Bazavov

et.al [81] and Borsányiet.al [18]. . . . . . . . . . . . . . . . . . . . . . . 41

2.2 Variation of equations of sate withµB at constantT keepingµS = µQ = 0. 42

2.3 Variation second order susceptibilitiesχ2
B, χ2

S andχ2
Q with temperature

at µ = 0. Lattice data forχ2 are taken from Bazavovet.al [15] and

Borsányiet.al [16]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.4 Variation of fourth order susceptibilitiesχ4
B, χ4

S, χ4
Q with temperature

(µ = 0). Lattice data is taken from Ref. [91–93]. . . . . . . . . . . . . . . 45

2.5 Susceptibilitiesχ1
B, χ2

B, χ3
B, χ4

B as a function ofµB keepingT fixed and

µS = µQ = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.6 Susceptibilitiesχ1
S, χ2

S, χ3
S, χ4

S as a function ofµB keepingT fixed and

µS = µQ = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.7 Susceptibilitiesχ1
Q, χ2

Q, χ3
Q, χ4

Q as a function ofµB keepingT fixed and

µS = µQ = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.8 Variation ofχ11
BS, χ11

BQ andχ11
QS with temperature atµ = 0. Lattice data

for continuum extrapolation is taken from Ref. [15]. . . . . . . .. . . . . 49

2.9 Variation ofCBS, CQS andCBQ with temperature atµ = 0. Lattice data

for continuum extrapolation is taken from Ref. [15]. . . . . . . .. . . . . 51

2.10 χ11
BS, χ11

BQ, χ11
QS as a function ofµB keepingµS = µQ = 0. . . . . . . . . 52

2.11 Variation ofCBS, CQS andCBQ with µB keepingµS = µQ = 0. . . . . . 53

2.12 Energy dependence ofσ2/M , Sσ andκσ2 for net-proton. Experimental

data is taken from Ref. [100]. . . . . . . . . . . . . . . . . . . . . . . . 56

2.13 Energy dependence ofσ2/M , Sσ andκσ2 for net-kaon. . . . . . . . . . . 57

2.14 Energy dependence ofσ2/M , Sσ andκσ2 for net-charge. Experimental

data is taken from Ref. [101]. . . . . . . . . . . . . . . . . . . . . . . . 58

3.1 Number densities of different particles as a function oftemperature. . . . 76

3.2 Thermodynamic quantities as a function of temperature at µ = 0. . . . . . 78

3.3 Variation ofχ2 andχ4 with temperature atµ = 0 for baryon number (top

row), strangeness (middle row) and electric charge (bottomrow). . . . . . 80

3.4 χBS, χQS, χBQ as a function of temperature atµ = 0. . . . . . . . . . . . 82

3.5 Number densities of different particles as a function ofbaryon chemical

potential. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



LIST OF FIGURES xv

3.6 Thermodynamic quantities as a function ofµB atT = 0.15 GeV keeping

µS = µQ = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.7 χB (left column),χS (middle column) andχQ (right column) as a func-

tion of µB keepingµS = µQ = 0. . . . . . . . . . . . . . . . . . . . . . . 86

3.8 Phenomenological freeze-out line ofε/n = 1 GeV at different magnetic

fields. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.9 Products of moments of net-proton as a function of centreof mass energy. 88

3.10 Products of moments of net-kaon as a function of centre of mass energy. . 89

3.11 Products of moments of net electric charge as a functionof centre of mass

energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.1 Centrality dependence (in terms ofNpart) of chemical freeze-out

temperatures and chemical potentials forAu + Au collisions at
√
sNN = 200, 62.4, 39, 27, 19.6, 11.5 and7.7 GeV. Four sets of chem-

ical freeze-out parameters (CFO) have been plotted. For specifications of

different sets of parameters see the table 4.1. . . . . . . . . . . .. . . . . 103

4.2 Chemical freeze-out parameters in (T, µB) plane of the QCD phase dia-

gram. Chemical freeze-out parameters for most central (0− 5%) as well

as for most peripheral (70−80%) collisions for7.7 GeV≤ √
sNN ≤ 200

GeV have been plotted. Chemical freeze-out parameters for0− 5% cen-

tralities given in the Ref. Alba et al. [5] for11.5 GeV≤ √
sNN ≤ 200

GeV and Ref. Chatterjee et al. [43] have also been plotted for comparison. 106

4.3 Variation ofµB/T with Npart (Black points). Blue solid points corre-

spond to theµB/T according to the Eq. 4.10. . . . . . . . . . . . . . . . 107

4.4 Scaling behaviour ofµB/T with centrality. On the horizontal axis,Npart

is normalised with that at the most central collision and similarly in the

vertical axisµB/T is normalised to that of the most central collision.

Therefore, in the horizontal axis, the maximum value, whichis equals to

1, corresponds to the most central collision (0 − 5%) and the minimum

value corresponds to the most peripheral collision (70− 80%). . . . . . . 108

4.5 Centrality dependence of ratios of cumulants of net-proton and net-

charge. “nc” and “np” correspond to net-proton and net-charge respec-

tively. Experimental data of fluctuations measured inAu+Au collisions

by STAR collaboration is taken from [1, 2]. Blue and black points have

been used for net-proton and net-charge respectively. . . . .. . . . . . . 110

4.6 Same as Fig. 4.5 but for parameter sets CFO3 and CFO4. . . . . . .. . . 111



LIST OF FIGURES xvi

5.1 Layout of the Facility for Antiproton and Ion Research (FAIR). This fig-

ure is taken from Ref. [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.2 The CBM experimental facility with the electron detectorsRICH and

TRD. This figure is taken from Ref. [4]. . . . . . . . . . . . . . . . . . . 122

5.3 The CBM experimental facility with the muon detection system. This

figure is taken from Ref. [4]. . . . . . . . . . . . . . . . . . . . . . . . . 123

5.4 Evolution of temperature and chemical potential in one dimensional

Bjorken expansion at FAIR energy. . . . . . . . . . . . . . . . . . . . . . 131

5.5 Evolution of EOS in one dimensional Bjorken expansion at FAIR energy. 132

5.6 Dilepton invariant mass distribution at FAIR energy. . .. . . . . . . . . . 133

5.7 A schematic view of MUCH layout . . . . . . . . . . . . . . . . . . . . 133

5.8 Reconstructed invariant mass of di-muons. . . . . . . . . . . . .. . . . . 133



LIST OF TABLES

2.1 Parametrization of chemical potentialsµx along the freeze-out curve. . . . 55

3.1 Number densities of different particles atT = 0.165 GeV andµ = 0. . . . 77

3.2 Number densities of different particles atT = 0.150 GeV , µB = 0.6

GeV andµS = µQ = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.1 Sets of chemical freeze-out parameters (T, µ′s). Subscripts “np” and “nc”

correspond to net-proton and net-charge respectively. . . .. . . . . . . . 103

4.2 Parameters of the fitting functionµB/T = p(0)(Npart)
1/p(1)√sNN

p(2).

Since µB

T
is dimensionless, the dimension of p(0) can be written as

GeV−(p(2)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

xvii



CHAPTER1

INTRODUCTION

In 1964, Gell-mann [1] and Zweig [2] independently proposedthat the hadrons are com-

posed of point-like particles called “quarks”. These particles are supposed to have the

fractional electric charge equal to1/3 or 2/3 that of an electron or proton. Moreover,

according to this model every baryon is composed of three quarks, while every meson is

composed of a quark and an antiquark. The proof of the presence of these particles [3]

came from a series of deep inelastic electron-nucleon collision experiments organised

between 1967 and 1973 at the Stanford Linear Accelerator Centre [4–6]. These experi-

ments and theoretical [7–10] developments also indicate the existence of neutral “gluons”

inside the nucleon.

Although, there was substantial evidence for these constituents inside nucleon, they

were never observed in free state. The answer to this puzzle is given by the theory, Quan-

tum Chromodynamics (QCD). According to this theory, quarks not only carry the electric

charge, but also the “color” charge. The concept of the colorwas first introduced in 1964

by Greenberg [11] to remedy a statistical problem in constructing the wave function of

the∆++. In QCD, there are three colors, red (R), green (G), and blue (B).The colored

quarks are always bound together to form colorless or color neutral observable particles

i.e., the hadrons. The color is exchanged between colored objectsby eight bicolored

1
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gluons and the corresponding force is called strong force. Since gluons themselves carry

color charge they can interact with other gluons as well. Furthermore, at large distances,

i.e., comparable to the radius of a nucleon, interaction becomes extremely strong which

leads to the confinement of the color. On the other hand, this interaction becomes small at

short distances. In other words, the effective coupling constant of strong interaction be-

comes smaller at short distances, eventually approaching zero. This behaviour is known

as the asymptotic freedom [12, 13]. The evidence of asymptotic freedom [4–6] was al-

ready found in the deep inelastic experiments. However, in the domain of large distances,

behaviour of strong force could not yet be rigorously derived from the theory. It is ex-

pected that due to the asymptotic freedom the Quark-Gluon Plasma (QGP), a deconfined

phase of quarks and gluons can be formed at high temperaturesand / or at high net-baryon

densities. Such a matter is expected to be formed in high energy heavy-ion collisions in

the laboratory. It is also expected that the universe consisted of QGP at the early stage,

about10−5 s after the cosmic Big Bang. It is also believed that the cores ofvarious

compact astrophysical objects, e.g., neutron stars [14] may be made up of quark matter.

1.1 Restoration of chiral symmetry

The QCD Lagrangian is invariant under localSU(3)color transformation [15–17]. In the

quark sector, if we consider only up and down quarks, then QCD symmetry group can

be written asSU(3)color ⊗ U(2). Formu ≃ md, theU(2) can be further decomposed

into U(1) ⊗ SU(2). The symmetry groupsU(1) andSU(2) are associated with the

conservations of baryon number and isospin, respectively.TheSU(2) symmetry can be

further enhanced by considering the strange quark with degenerate in mass with the up

and down. In that case, we will obtainSU(3) “flavor” symmetry which, as opposed to

isospin symmetry, is badly broken in the real world due to large mass of strange quarks.

Now for the massless quarks, symmetry becomes even larger. If we consider massless

two flavor quark, thenU(2) can be decomposed into left and right handed components as

U(2)L ⊗ U(2)R and the corresponding symmetry is called chiral symmetry. The chiral

U(2) can equivalently be decomposed intoSU(2)A ⊗SU(2)V ⊗U(1)A ⊗U(1)V , where

subscriptsV andA correspond to vector and axial vector current, respectively. TheU(1)A
has an axial anomaly [15]. The symmetry groupsSU(2)V andU(1)V are manifested di-

rectly as isospin conservation and baryon number conservation, respectively. On the other

hand, a direct manifestation ofSU(2)A would require that every hadron is accompanied

by a partner of opposite parity which is not clearly visible in the observed hadronic spec-

trum. In the QCD, the vacuum has nonvanishing expectation values〈q̄q〉 called the quark
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condensate. A finite quark condensate implies that chiral symmetry is spontaneously bro-

ken. Hence, the symmetry group is broken down toSU(3)color⊗SU(2)V ⊗U(1)V . Now

if an exact symmetry is spontaneously broken, the theory will contain massless spin-zero

particles called the Goldstone [18] bosons and the number ofsuch particles will be equal

to the number of generators of that group. In case of chiralSU(2) breaking toSU(2)V ,

there will be three massless pseudo-scalar bosons, which are identified with three pions

π+, π− andπ0. Though, in the real world, light quark masses are not precisely zero and

hence chiral symmetry is not exact and corresponding Goldstone bosons are not precisely

massless. This is manifested in the fact that the masses of upand down quarks are small

on the strong interaction scale (mu ≃ 4 Mev andmd ≃ 7 MeV) and masses of corre-

sponding Goldstone bosons are much smaller than those of other hadrons. Similarly to

the chiralSU(2), if we neglect strange quark massi.e.,ms = 0 there will be eight Gold-

stone bosons (π±, π0, K±, K0, K̄0, η) due to chiral (SU(3)) symmetry breaking. Chiral

symmetry may be restored at high temperature and / or large chemical potential. The

chiral condensate〈q̄q〉, which becomes zero in chiral symmetric phase and non-zero in

the broken phase, is a good order parameter for chiral transition.

Figure 1.1: Deconfinement and chiral phase transition. Thisfigure is taken from

physics.stackexchange.com.

1.2 The QCD phase transition

There are two distinct phase transitions in QCD namely color-confinement to color-

deconfinement phase transition and chiral phase transition[19]. Since deconfinement

and chiral transition are of different physical origin, onemay expect them to occur at dif-

ferent temperature and baryonic chemical potential. In fact, lattice calculations indicate
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that at zero baryonic chemical potential,Td ≥ Tχ [20], whereTd andTχ corresponds to

the temperatures of deconfinement and chiral phase transitions. The difference between

these two temperatures are not very large. However, no relation between these two types

of phase transitions is yet established.

While at low baryonic chemical potential and high temperature, lattice QCD data

seem to indicate a smooth crossover from hadronic to a quark-gluon matter [21], at high

baryonic chemical potential and low temperature the systemis expected to have a first-

order transition [22–24]. So the first-order phase transition at high baryonic chemical

potential and low temperature should end at a critical end point (CEP)-a second-order

phase transition point-as one moves towards a high-temperature and low-density region,

in the phase diagram of strongly interacting matter. The schematic QCD phase diagram

has been shown in the Fig. 1.1. Other interesting phases likecolor superconducting

phase [25] also appear in the QCD phase diagram, especially atlarge chemical potentials,

in addition to the hadronic and QGP phases.

1.3 Relativistic heavy-ion collision

We will now discuss relativistic/ ultra-relativistic heavy-ion collisions where QGP can be

formed. Before that, we will discuss some useful variables which will be used frequently

in this thesis.

1.3.1 Kinematics

In high energy heavy-ion collisions and in many other high-energy reaction processes,

it is convenient to use kinematic variables which have simple properties under a change

of the frame of references. In this section we will define themand discuss some of the

useful relations.

1.3.1.1 Four-vectors

It is useful to describe particle’s position and momentum interms of four-vectors. In case

of position, the four-vector is represented asxµ whereµ = 0, ..., 3 and

xµ = (x0, x1, x2, x3) = (t, x, y, z). (1.1)

We use the natural unitsc = ~ = 1. In terms of transverse coordinate,xT =
√

x2 + y2,

neglecting the azimuthal angle,xµ is often written as

xµ = (t, xT , z). (1.2)
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The momentum four vector is similarly defined as

pµ = (p0, p1, p2, p3) = (E, px, py, pz). (1.3)

In terms of transverse momentum,pT =
√

p2x + p2y, again neglecting the azimuthal angle,

pµ can be written as

pµ = (E, pT , pz). (1.4)

1.3.1.2 Rapidity Variable

Rapidity (y) is a useful and commonly used variable to describe the kinematic condition

of a particle. Rapidity of a particle is defined in terms of its energyE and longitudinal

momentumpz by

y =
1

2
ln

(

E + pz
E − pz

)

. (1.5)

Rapidity is a dimensionless quantity. It is convenient to userapidity for phenomeno-

logical calculations if the mass of the desired particle is known.

In non-relativistic limit, rapidity of a particle travelling in the longitudinal direction

is equal to the velocity of the particle (in unit of the speed of light).

Proof: Let the velocity of the particle in the positivez direction isβ = v << 1

(c = 1).

The energy of the particle is given by

E = γm, (1.6)

wherem is the rest mass of the particle. The longitudinal momentum of the particle is

given bypz = γβm. The rapidity of the particle is then

yβ =
1

2
ln

(

1 + β

1− β

)

=
1

2
[ln(1 + β)− ln(1− β)]

=
1

2

[

(β − β2/2 + β3/3− ...)− (−β − β2/2− β3/3− ...)
]

=
1

2

[

2β + 2β3/3 + ...
]

= β +
β3

3
+ ...

(1.7)

For smallβ,

yβ = β +O(β3). (1.8)

Thus in the non-relativistic case, the rapidity of a particle is approximately equals to the

longitudinal velocity of the particle.
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1.3.1.3 Relationship between the rapidity (y) of a particle in lab frame and rapidity

(y′) of the particle in a boosted Lorentz frame which moves with a velocity

β in the z− direction

The rapidities of the particle in the frameF andF ′ are respectively defined as

y =
1

2
ln

(

E + pz
E − pz

)

. (1.9)

and

y′ =
1

2
ln

(

E ′ + p′z
E ′ − p′z

)

. (1.10)

Under the Lorentz transformation, energies and the longitudinal momenta of the particle

in the two frames are related by the following equations

E ′ = γ(E − βpz), (1.11)

p′z = γ(pz − βE), (1.12)

whereβ is the velocity ofF ′ relative toF . Therefore, the rapidityy′ in the frameF ′ is

y′ =
1

2
ln

(

γ(1− β)(E + pz)

γ(1 + β)(E − pz)

)

(1.13)

y′ =
1

2
ln

(

γ(1− β)(E + pz)

γ(1 + β)(E − pz)

)

=
1

2
ln

(

E + pz
E − pz

) +
1

2
ln(

1− β

1 + β

)

= y − 1

2
ln

(

1 + β

1− β

)

= y − yβ,

(1.14)

whereyβ is the rapidity of the moving frame. The advantage of rapidity over velocity is

that it transforms more straightforwardly under Lorentz boosts. This simple property of

the rapidity variable under a Lorentz transformation makesit a suitable choice to describe

the dynamics of relativistic particles.

1.3.1.4 Transverse mass

The transverse mass,mT , is related to the difference between the squares of the energy

and longitudinal momentum,

m2
T = E2 − p2z = p2T +m2. (1.15)

It is invariant under Lorentz transformations.
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1.3.1.5 E and pz in terms of mT and y

From the definition Eq. 1.5, we can write

ey =

√

E + pz
E − pz

, (1.16)

and

e−y =

√

E − pz
E + pz

. (1.17)

Adding Eqs. 1.16 and 1.17, we get

ey + e−y =
2E

√

E2 − p2z
. (1.18)

Using the definition of the hyperbolic cosine,cosh y = [ey + e−y]/2, we get the relation

between the energyE and the rapidityy of the particle as

E = mT cosh y, (1.19)

wheremT is the transverse mass of the particle described previously.

Subtracting Eqs. 1.17 from 1.16, we get

ey − e−y =
2pz

√

E2 − p2z
. (1.20)

Similarly, using the definition of the hyperbolic sine,sinh y = [ey − e−y]/2, we obtain

the relation between the longitudinal momentumpz and the rapidityy of the particle as

pz = mT sinh y. (1.21)

1.3.1.6 Pseudorapidity variable

In order to characterise the rapidity of a particle, it is necessary to measure two properties

of the particle, such as its energy and its longitudinal momentum. In many experiments it

is only possible to measure the angle of the detected particle relative to the beam axis. In

that case, it is convenient to utilize this information by using the pseudorapidity variable

η to characterize the detected particle. The variableη is defined as:

η = − ln [tan (θ/2)] , (1.22)
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whereθ is the angle between the particle momentum~p and the beam axis. In terms of the

momentum,η can be written as

η =
1

2

[ |~p|+ pz
|~p| − pz

]

, (1.23)

sincepz = |~p| cosθ.
In ultrarelativistic limit (|~p| ≫ m), |~p| ≃ E and hence

η ≃ y. (1.24)

1.3.1.7 ~p and pz in terms of pT and η

From the definition Eq. 1.23, we can write

eη =

√

|~p|+ pz
|~p| − pz

(1.25)

and

e−η =

√

|~p| − pz
|~p|+ pz

. (1.26)

Adding Eqs. 1.25 and 1.26, we get

eη + e−η =
2 |~p|

√

|~p|2 − p2z

=
2 |~p|
pT

, (1.27)

and therefore,

|~p| = pT cosh η. (1.28)

Subtracting Eqs. 1.25 and 1.26, and using the hyperbolic sine function we get,

pz = pT sinh η. (1.29)

1.3.1.8 Transformation between rapidity distribution and pseudorapidity distri-

bution

In the earlier sub-sections we have shown the following relations: E = mT cosh y,

pz = mT sinh y, |~p| = pT cosh η andpz = pT sinh η. For a relativistic particle,

E2 = |~p|2 +m2, (1.30)

⇒ m2
T cosh

2 y = p2T cosh
2 η +m2. (1.31)
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Differentiate the above equation with respect toη keepingpT fixed, we have

m2
T 2 cosh y sinh y

dy

dη
= p2T 2 cosh η sinh η (1.32)

Therefore,

dy

dη
=

|~p|
E

=

√
E2 −m2

E

=

√

1− m2

E2

=

√

1− m2

m2
T cosh

2y
.

(1.33)

Hence, if the particles have a distributiondN/dydpT in terms of the variabley andpT ,

then the distribution in terms of variableη andpT is

dN

dη dpT
=

dN

dy dpT

dy

dη

=
dN

dy dpT

√

1− m2

m2
T cosh

2y
.

(1.34)

From Eq. 1.34 we can infer that

1. The region ofy much greater than zero,cosh2y ≫ 1, and hencedN/dη ≃ dN/dy.

2. In the midrapidity (y ≃ 0)

dN

dη
=

√

1− m2

m2
T

dN

dy
, (1.35)

sincemT > m, dN/dη < dN/dy. Hence there is a depression ofdN/dη with

respect todN/dy.

1.3.1.9 Mandelstam variables

For a scattering process,AB → CD, the Mandelstam variabless, t andu are defined as

s = (PA + PB)
2, t = (PA − PC)

2, u = (PA − PD)
2. (1.36)
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Let the four vectors ofA andB respectivelypµA = (EA, ~pA) andpµB = (EB, ~pB). In

centre of mass (CM) frame~pA + ~pB = 0. Therefore,

s = (pA + pB)µ(pA + pB)
µ

= (EA + EB)
2 − |~pA + ~pB|2

= (EA + EB)
2.

(1.37)

Hence,
√
s = (EA + EB) = ECM . So,

√
s equals to the total energy of the colliding

particles in the centre of mass frame.

Now we will calculate equivalent energy in a lab frame. Let usconsider thatB is at

rest in lab frame then,pµA,lab = (EA,lab, ~pA,lab) andpµB,lab = (mB,~0). In this case

s = (pA,lab + pB,lab)µ(pA,lab + pB,lab)
µ

= (EA,lab +mB)
2 − |~pA,lab|2

= E2
A,lab +m2

B + 2EA,labmB − (E2
A,lab −m2

A)

= m2
A +m2

B + 2EA,labmB.

(1.38)

Hence, √
s =

√

m2
A +m2

B + 2EA,labmB. (1.39)

Therefore,

ECM =
√
s =

√

m2
A +m2

B + 2EA,labmB. (1.40)

If we consider thatmA = mB = m then,

ECM =
√
s =

√

2m2 + 2EA,labm. (1.41)

1.4 QGP formation in the Laboratory

QGP could be formed at very high temperature and / or at very high density. If a QCD

matter is heated, at low-temperature, hadrons will be excited from the vacuum. The

density of hadrons increase with increasing temperature and they start to overlap with

each other at a certain temperature and hence, quarks are no longer confined within a

particular hadron. If the temperature is increased further, hadronic system dissolves into

a system of QGP. This situation is similar to the early universe just after the Big Bang. On

the other hand, if a system of high net-baryon density is compressed at low temperature,

at certain density baryons start to overlap. Beyond that density baryons dissolve into a

system of degenerate quark matter. Such a situation may exist inside the core of a neutron

star.
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In laboratory, QGP can be formed by colliding two heavy-ionsat relativistic or ultra-

relativistic energies. In such relativistic energies, nuclei will be Lorentz contracted.

When the centre of mass energy per nucleon (
√
sNN ) is large (at top RHIC or at LHC

energies), the colliding nuclei tend to pass through each other. The produced matter in

the middle zone is high in energy density and temperature butlow in net baryon density.

Such a matter is produced in heavy-ion collision at the LargeHadron Collider (LHC) at

CERN and at the top energy at the Relativistic Heavy-Ion Collider(RHIC) at Brookhaven

National Laboratory (BNL). On the other hand, if the
√
sNN is at few GeV to few tens

of GeV, the colliding nuclei tend to stay with each other. In this case, temperature is

relatively low but net-baryon density is high. This kind of matter was created at the

Super Proton Synchrotron (SPS) at CERN and Alternating Gradient Synchrotron (AGS)

at BNL. On the other hand, much wider range of net-baryon density is created in the

experiments of Beam Energy Scan (BES) program at RHIC. The futureCompressed

Baryonic Matter (CBM) experiment at Facility for Anti-proton and Ion Research (FAIR)

at GSI, NA61-SHINE experiment at CERN-SPS and heavy-ion collision experiments at

Nuclotron-based Ion Collider fAcility (NICA) at JINR will also create such a matter in

the laboratory.

1.4.1 Space-Time Evolution

In the heavy-ion collisions at relativistic / ultra-relativistic energies, the energy density

becomes sufficiently high, leading to the formation of a QGP medium. After the for-

mation of QGP, the system expands resulting into a decrease in the temperature and / or

baryonic chemical potential. Below certain temperature andbaryonic chemical potential,

the quarks and gluons condense to form hadrons. Depending onthe nature of the phase

transition, the phase-point corresponding to the temperature and baryonic chemical po-

tential is called either transition or critical point. Figure 1.2 shows a schematic heavy-ion

collision and expansion of the system.

1.4.2 Freeze-out

With further expansion, the hadronic system cools. Initially, both elastic and inelastic

interactions are present in the system. Then at a certain time, inelastic collisions stop

and hence particle yields get fixed and do not change afterwards. This situation is called

chemical freeze-out. Elastic interactions still continuewhich eventually stop at kinetic

freeze-out point and hadrons fly away to the detectors.

Figure 1.3 shows chemical freeze-out parameters from SIS upto RHIC energies [26].
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Figure 1.2: Schematic heavy-ion collision and the expansion of the medium. Photo cour-

tesy: Nuclear Physics Experiment& Theory Group Department of Physics, Inha Univer-

sity.

It can be seen that the chemical freeze-out temperature is large at top RHIC energy while

corresponding baryonic chemical potential is small. On theother hand, at SIS energy,

baryonic chemical potential is large but temperature is small compared to that at top

RHIC energy. Figure 1.3(b) shows variation of chemical freeze-out temperature and

baryonic chemical potential as a function of
√
sNN ( [26]).

1.4.3 Study of the QCD phase transition in heavy-ion collision ex-

periment

The lattice QCD calculations indicate a smooth crossover from hadronic to a quark-gluon

matter [21] at high temperature and zero baryonic chemical potential. As shown in Fig.

1.3(a) this region of the QCD phase diagram can be studied in heavy-ion collision ex-

periments at top RHIC energy and also at LHC energies. On the other hand, first order

phase transition from hadronic to QGP can be studied at lower
√
sNN like SIS energies

where chemical freeze-out baryonic chemical potential is large. First-order phase tran-
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(a) (b)

Figure 1.3: (a) Chemical freeze-out line (Fig. 1.3(a)), (b) corresponding parameters as a

function of
√
sNN (Fig. 1.3(b)). Figures are taken from Ref. [26].

sition line at high baryonic chemical potential and low temperature ends at CEP as can

be seen from Fig. 1.1. This point can be studied in heavy-ion collision experiments at

some intermediate energies in between SIS and LHC. The searchof CEP is one of the

main aim of the ongoing Beam Energy Scan (BES) program of RHIC. In future, CBM

experiment, NA61-SHINE experiment at CERN-SPS will also study a large region of

QCD phase diagram at large baryonic chemical potential alongwith the CEP.

1.5 Signals of phase transition

Many probes have been proposed and studied to verify whetherthe produced medium in

its early stage after the heavy-ion collision was indeed in the QGP phase. In this section

we will briefly discuss some of them.

1.5.1 Fluctuation and correlation

If we measure an observable in some system, we will not get thesame result in each

time of the measurement even if the measurement is performedwith an ideal detector

having infinitesimal resolution. Rather, we would get a distribution of measured values

around some mean value. How much the measured values fluctuate about the mean value
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is referred as fluctuation. In general, fluctuations are considered as a standard probe

of thermodynamic systems and phase transitions [27–42]. Fluctuations are related to

the variance of a given observable if higher order fluctuations are not there (say for a

Gaussian distribution function). Not only that, we can havean idea about the freeze-out

volume of the thermal fireball from experimental informations of electric charge fluctua-

tions [43]. On the other hand, correlations are related to the co-variance which gives the

information about the independence of the degrees of freedom which are being consid-

ered.

1.5.1.1 Thermal fluctuation

There are various observables related to the fluctuationse.g., fluctuations of conserved

charges, fluctuations of particle ratios, transverse momentum fluctuations etc. Among

them, bulk fluctuations of conserved charges are macroscopic observables, which pro-

vide us with different information on microscopic nature ofthe medium. When one

measures a conserved charge in a phase space in some system its value fluctuates in each

measurement. If this measurement is performed in a thermal system then this fluctua-

tion is called the thermal fluctuation. Bulk fluctuation of conserved charges, related to

the thermal motion of the system, can be calculated in statistical mechanics. Fluctua-

tions of conserved charges are sensitive indicators of the phase transition from the QGP

to hadronic matter. Not only that, the existence of the CEP canbe signalled by the di-

vergent fluctuations. Therefore, near CEP, nonmonotonic variations of fluctuations of

conserved charges with the
√
sNN are expected. Similar behaviour is expected with the

variation of centrality for fixed
√
sNN . Recently, among the fluctuation observables, es-

pecially higher-order cumulants of conserved charges haveacquired much attention both

theoretically and experimentally [44, 45].

1.5.1.2 Fluctuations of conserved charges in relativisticheavy-ion collisions

Experimentally, fluctuations of conserved charges are measured in event-by-event analy-

sis within certain acceptances. Measured values are different in each event. For example,

in Fig. 1.4 we have shown event-by-event distribution of net-proton measured by the

STAR collaboration [44]. It is believed that the main reasonof variation of the number

of some conserved charge in event-by-event is the thermal fluctuation of that conserved

charge at the early stage of the thermal system. However, notonly thermal fluctuations,

there are other reasons,e.g.volume fluctuation, which contribute to event-by-event fluc-

tuations. In the case of volume fluctuation, initial geometry of the colliding nuclei may

vary even for a fixed impact parameter. Because of this volume fluctuation, particle mul-
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Figure 1.4: Event by event fluctuation of net-proton measured by STAR collaboration

[44].

tiplicity fluctuates which give rise to additional event-by-event fluctuations of conserved

charges besides the thermal ones. However, the effect of volume fluctuation can be re-

duced by considering large coverage of rapidity [46].

1.5.1.3 Characterisation of non Gaussian distribution function of conserved

charges

For a Gaussian distribution function, fluctuation (second order) is generally refereed to

the variance. However, distribution functions of the conserved charges are not exactly the

Gaussian (see Fig. 1.4). Hence for a non-Gaussian distribution function, there are higher

order (beyond second order) fluctuations as well. To describe non Gaussian probability

distribution, it is convenient to define moments and cumulants of a distribution function.

1.5.1.3.1 Moments Let us consider a probability distribution functionP (m) with
∑

m P (m) = 1 for an integer variablem. Then-th order moment is defined as [42]

〈mn〉 =
∑

m

mnP (m). (1.42)

Similarly for a continuous variablex, if P (x) be the probability distribution function,

thenn-th order moment is defined as

〈xn〉 =
∫

xnP (x)dx. (1.43)

Then-th order central moment is defined as

〈δmn〉 = 〈(m− 〈m〉)n〉. (1.44)
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1.5.1.3.2 Moment generating function Moments ofP (m) can be derived from the

moment generating functionG(θ),

G(θ) =
∑

m

emθP (m). (1.45)

Similarly, for a continuous variablex, generating function is defined as

G(θ) =

∫

exθP (x)dx. (1.46)

Then-th order moment is then given by

〈mn〉 = dn

dθn
G(θ)|θ=0. (1.47)

1.5.1.3.3 Cumulants For many practical purpose it is more convenient to define cu-

mulants rather than moments. Then-th order cumulant is given by

Cn =
dn

dθn
K(θ)|θ=0, (1.48)

whereK(θ) = lnG(θ).

1.5.1.3.4 Relations between moments and cumulantsUsing the above mentioned

definitions the following relations between moments and cumulants can be found:

C1 = 〈m〉, (1.49)

C2 = 〈δm2〉, (1.50)

C3 = 〈δm3〉, (1.51)

C4 = 〈δm4〉 − 3〈δm2〉2, (1.52)

where〈δmn〉 is the n-th order central moment given by Eq. 1.44.

1.5.1.3.5 Mean, variance, skewness, kurtosisThe mean(M ), variance (σ2), skew-

ness (S) and kurtosis (κ) are defined by the following relations:

M = C1, (1.53)
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σ2 = C2, (1.54)

S =
C3

σ3
, (1.55)

κ =
C4

σ4
. (1.56)

Therefore, we have

σ2/M =
C2

C1

, (1.57)

Sσ =
C3

C2

, (1.58)

κσ2 =
C4

C2

. (1.59)

Cumulants are extensive quantities. Whereas,σ2/M, Sσ andκσ2 are independent of the

system volume. Therefore,σ2/M, Sσ andκσ2 are preferred to measure in experiment.

1.5.1.3.6 Moments and Cumulants of a Gaussian distribution function Gaussian

probability distribution function is given by

PG(x) =
1

σ
√
π
e−

(x−x0)
2

2σ2 . (1.60)

It can be shown that the corresponding generating function is

G(θ) = ex0θ+1/2σ2θ2 . (1.61)

Moments of Gaussian distribution function are given by

〈x1〉 = x0, (1.62)

〈x2〉 = x20 + σ2, (1.63)

whereσ2 = 〈x2〉 − 〈x1〉2,

〈x3〉 = x30 + 3x0σ
2, (1.64)

and so on.
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Figure 1.5: Typical distribution functions having nonzeroskewness and kurtosis. Figure

courtesy: www.scratchapixel.com.

The cumulant generating function for the Gaussian distribution function is given by,

K(θ) = lnG(θ) = x0θ + 1/2σ2θ2. (1.65)

Therefore, cumulants of a Gaussian distribution function are given by

C1 = x0, (1.66)

C2 = σ2, (1.67)

Cn = 0 for n ≥ 3. (1.68)

Hence, both skewness and kurtosis (Eq. 1.55-1.56) of a Gaussian distribution function

are zero. Figure 1.5 shows typical distribution functions having nonzero skewness and

kurtosis and compared them with the Gaussian distribution function. The skewness is a

measure of degree of asymmetry whereas, kurtosis is a measure of degree of peakness of

a distribution function.

1.5.1.4 Experimental measurements of conserved charge fluctuations

In heavy-ion collisions, numbers are conserved for net-baryon, net-electric charge and

net-strangeness. Among these three charges, the net-electric charge is most directly ob-

servable in heavy-ion collisions, because the particle detectors can detect all charged par-

ticles entering the detector. On the other hand, the measurement of net-baryon number is

most difficult, because the typical detectors cannot identify neutral baryons like neutrons

whose numbers are almost same compared to that of protons. Because of this difficulty,

net-proton number cumulants are measured in an experiment and used as a proxy of net-

baryon number. However, the net-proton number is not the conserving quantity and is
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Figure 1.6: Ratios of net-proton number cumulants measured by STAR collaboration at

RHIC [45].

different from net-baryon number. Fortunately, theoretical calculations demonstrate that

the experimentally measurable net-proton number fluctuations can effectively reflect the

fluctuations of the net-baryon number [48]. Figure 1.6 showsratios of net-proton number

cumulants measured by STAR collaboration at RHIC [45]. Nonmonotonic behaviour of

κσ2 is observed near
√
sNN = 19 GeV. Figure 1.7 shows ratios of cumulants for net-

charge measured by STAR collaboration at RHIC [47]. The PHENIX collaboration has

also reported results of similar observables for net-charge [49]. In contrast to net-proton,

no non-monotonic behaviour with
√
sNN is observed for net- charge. These results in-

dicate that the search for phase transition and a CEP may not beas easy as originally

assumed.

The experimental measurement of net-strange number also has its own difficulty. The

dominating contribution in this sector comes from kaons (K±, K0, K̄0). TheK+ andK0

caries strange quantum number1 whereasK− andK̄0 caries strange quantum number

−1. Among them, only charged kaonsi.e., K+ andK− can directly be measured exper-

imentally. On the other hand,K0 andK̄0 are generally not observed in an experiment.

Rather, what we observe is a linear combination of these two states,K0
S andK0

L which

are not the eigen states of the strange quantum number. Hence, they are not observable

even if detector identifies these states. Because of this limitation, experimentally only

net-kaon (K+ −K−) is analysed as a proxy of net-strangeness.
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Figure 1.7: Ratios of cumulants for net-charge measured by STAR collaboration at RHIC

[47].

Similar to fluctuations, correlations among different conserved charges also can act

as probes of the strongly interacting matter. In QGP, different flavors of quarks carry

fractional electric charge and baryon number. On the other hand in the hadronic sector,

no fractional quantum number is carried by baryons or mesons. Hence, these conserved

changes are expected to show changes across the phase transition, which are the charac-

teristics of the changes in the relevant degree of freedom.

1.5.2 Dileptons

Dilepton pairs (e+e− or µ+µ−) are considered to be a reliable probe of hot and dense

QGP matter [50–53] because of their nature of interaction. The leptons are electromag-

netically interacting particles. Therefore, their interaction cross section is small compared

to strong interaction. Hence, the mean free path of the leptons exceeds the system-size

formed after the heavy-ion collisions and as a result, the leptons come out of the system

unmodified after their production, carrying the information about the initial state of the

system. The situation is very different for the hadrons coming from the reaction zone after

the collision. Since hadrons interact strongly with the rest of the system during the entire

evolution, they lose the initial information. However, dileptons are not only produced in
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QGP medium but also in initial hard scattering and in hadronic decays. Therefore, one

has to subtract all these background contributions from thetotal yield of dileptons for

getting an idea of the quark matter created.

Experimental evidence for the production of thermal muon pairs in In + In col-

lision at SPS energy (158 A GeV) is reported by NA60 Collaboration [54, 55]. Di-

electron productions at
√
sNN = 200 GeV have been reported by PHENIX [56] and

STAR [57, 58] collaboration, though, no conclusive evidence for thermal dilepton radia-

tion can be inferred from these measurements. On the other hand, compared to nucleon-

nucleon collision, surplus production of dielectron in theintermediate invariant mass

region (0.15 < M < 0.5 GeV) inAr +KCl collision at SIS18 energies (1.756 A GeV)

is observed by the HADES collaboration [59].

Moreover, the invariant mass distribution of the dileptonsis expected to be modified

by in-medium effects associated to chiral symmetry restoration [60, 61]. A detailed dilep-

ton program to study the in-medium thermal and chiral properties is one of the foremost

focuses of future heavy-ion projects from SIS energies up toLHC energies.

1.5.3 Photons

Similar to dileptons, the direct photons [62–64] are also considered to be a reliable probe

of QGP. In a QGP medium, a quark can annihilate an antiquark toproduce a photon and

a gluon (qq̄ → γg). A gluon can interact with a quark (gq → γq) or an antiquark (gq̄ →
γq̄) to produce photons. Similar to dileptons, photons also interact electromagnetically

with the rest of the system. Therefore, the mean-free path ofthe photon is quite large

and hence, the photon might not loose much energy-momentum after it is produced.

Moreover, the production rate of photon and its momentum distribution depends on the

momentum distribution of quarks, antiquarks and gluons of the QGP medium, which are

governed by the thermodynamical condition of the QGP medium. Therefore, photons

produced in the QGP medium carry the information of the thermodynamic condition of

the medium.

A significant direct photon excess atpT > 1.5 GeV inPb + Pb collisions at158 A

GeV has been observed by WA98 collaboration [65]. This excess can be interpreted either

as thermal photon radiation from a QGP and hadronic gas or as the effect of multiple

soft scatterings of the incoming “partons” without the formation of a QGP [66]. Direct

photon is also measured inAu + Au collision at
√
sNN = 200 GeV by the PHENIX

collaboration [67] and at
√
sNN = 2.76 TeV by the ALICE collaboration [68].
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1.5.4 Quarkonium

Quarkonium is a bound state of aQ andQ̄ pair, whereQ can be either a charm quark

(forming a charmonium state) or a bottom quark (forming a bottomonium state). Quarko-

nia are considered valuable probes of the formation of a QGP medium in heavy-ion col-

lisions. The suppression of the particleJ/Ψ, which consists ofc andc̄ with large bind-

ing energy, was suggested as a signature of the deconfined medium due to color Debye

screening [69]. The Debye screening radius is inversely proportional to the reduced mass

of the quark-antiquark system. Hence, larger the reduced mass smaller the screening

radius. Further, it decreases with increasing temperature. In nucleus-nucleus collisions,

J/Ψ is produced in the initial stage of the collisions by the hardscattering process. If

a QGP medium is formed in the region ofJ/Ψ production, then the producedcc̄ finds

itself in a deconfining environment. If the temperature becomes sufficiently high so that

the Debye screening radius is smaller than the binding radius of theJ/Ψ, then formation

of cc̄ bound state is prohibited. Therefore, the final yield of theJ/Ψ will be suppressed

compared to the case when there is no QGP medium. Similar suppression is also ex-

pected for other heavier charmonium states likeχc,Ψ
′ etc. and for bottomonium states

like Υ, χb,Υ
′ etc. Therefore, the suppression of quarkonium may be used asa signature

for the presence of QGP medium. However, color screening is not the only hot medium

effect in high-energy nuclear collisions. At sufficiently high energy many charm quarks

are produced. The initially uncorrelated charm quarksc andc̄ can recombine into a char-

monium [70, 71]. Therefore, to compare experimental data with theory, suppression as

well as regeneration processes ofJ/Ψ have to be take into account.

The J/Ψ nuclear modification factorRAA [72–74], the elliptic flows [75] and the

transverse momentum distribution [72, 76] tend to support the existence of QGP at the

RHIC and LHC.

1.5.5 Elliptic flow

Collective flow [78, 79] or simply flow is a collective phenomenon which is produced

the in non-central heavy-ion collisions. The shape of the intersecting zone of the non-

central heavy-ion collisions is approximately ellipsoidal as shown in Fig. 1.8(a). Due

to this initial anisotropy in the QGP medium, pressure gradient is expected to be steeper

in the direction of the impact parameter and the collective flow will be developed in this

direction.

The azimuthal distribution of particle emission is analysed with respect to the reaction

plane in terms of Fourier expansion as follows:



CHAPTER 1. INTRODUCTION 23

(a)

 (GeV/c)q/nTp
0 0.5 1 1.5 2

q
/n 2v

0

0.05

0.1

(a)

 (GeV)q/nTKE
0 0.5 1 1.5 2

(b) (PHENIX)-π++π

 (PHENIX)-+K+K
 (STAR)S

0K

 (PHENIX)pp+
 (STAR)Λ+Λ

 (STAR)
+

Ξ+-Ξ

(b)

Figure 1.8: (a) Almond shaped overlap zone generated just after anA+A collision where

the incident nuclei are moving along the±z axis. Figure courtesy: www.interactions.org.

(b) v2/nq vs. pT/nq and v2/nq vs. KET/nq for baryons and mesons measured by

PHENIX collaboration at RHIC [77].

Ed3N

dp3
=

d3N

pTdpTdydφ
=

d3N

2πpTdpTdy

[

1 +
∑

n

2vn cos n(φ− Φr)

]

, (1.69)

whereφ andΦr are respectively the azimuthal angle of the particle and thereaction

plane respectively,vn is the n-th harmonics of the anisotropic flow. The dominant flow

coefficient at mid-rapidity isv2, known as elliptic flow. Recently, higher odd anisotropic

flow coefficients are also found to be very important [80]

Experimentally it was found thatv2 per constituent-quarks i.e.,v2/nq scales with the

transverse kinetic energy per constituent-quarks (KET/nq) as shown in Fig. 1.8(b). This

scaling behaviour interpreted as indication of the presence of quarklike degree of freedom

in the matter. However,v2/nq does not scale properly withpT/nq.

1.5.6 Strangeness enhancement

In the QGP, the quarks and anti-quarks, and the gluons, continuously react with each

other via the following processes:

gg → qq̄, qq̄ → gg, qq̄ → q′q̄′, (1.70)

whereq′ represents a different flavor of quark (u, d or s). After a few interactions have

taken place, the reaction rates and the abundances of the gluons and the different flavor

of quarks (and anti-quarks) will become equilibrated, so that they no longer vary with
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time. This is called chemical equilibrium. Since the massesof u, d, s quarks should be

nearly same if chiral symmetry is restored, they should reach nearly the same equilib-

rium value so that the strange quarkss, s̄ should have nearly the same abundance as the

u, ū andd, d̄ in the plasma. Therefore, in the heavy-ion collision, strangeness should be

enhanced [81–83] because of presence of the QGP medium compared top+ p collisions

where, we assume, formation of QGP is not possible. Since, the quarks and gluons in a

QGP can not be observed directly, the principal probe of strangeness enhancement in the

QGP is the particle composition of observed hadrons. For example, in the heavy-ion col-

lisions abundance of strange particles,e.g., K± will be comparable to that of non-strange

particles likeπ± if QGP is produced.

Enhanced production ofK+ in comparison withπ+ is observed near
√
sNN = 7− 8

GeV by the NA49 collaboration [84, 85] at CERN. This observation has been interpreted

as an indication for a drastic change of the properties of thefireball due to the onset of

deconfinement. However, a clear onset of the strangeness enhancement with
√
sNN has

not yet been observed.

1.6 Organization of the thesis

The unveiling of the nature of phase transition requires a proper understanding of QCD.

Unfortunately, the non-perturbative nature of the phenomena inhibits the use of first prin-

ciple QCD for the study of strongly interacting matter at extreme conditions. In this

regard Lattice QCD (LQCD) provides the most direct approach tostudy QCD at high

temperature [21, 86–91]. However LQCD has its own restrictions due to the discretiza-

tion of space-time.

In contrast, effective models [92, 93] provide a simpler alternative for the study of the

strongly interacting matter in the non-perturbative domain. Some of these models have

been quite successful in describing physics of strongly interacting matter. For example,

Polyakov loop extended Nambu-Jona-Lasinio model (PNJL) has been used to study var-

ious aspects of physics of strongly interacting matter at high temperatures and found to

reproduce the zero density lattice data quite successfully[93]. On the other hand, hadron

resonance gas (HRG) model [94] has been very successful in describing the hadron yields

in central heavy-ion collisions from AGS up to RHIC energies [95–102]. HRG model

has also been successful in describing the low temperature region of the equation of state

(EOS) [103, 104].

As discussed in the previous section that there are various proposed signal of QGP.

However, it is generally recognized that there is no unique signal which allows an unam-
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biguous identification of QGP phase. The best posiible procedure would be to analyse a

cumulative set of data which taken together may indicate thepresence of QGP phase.

Two important aspects regarding characterization of strongly interacting matter

namely fluctuations - correlations and invariant mass spectra of dimuon are discussed

in this thesis. In the chapter 2, fluctuations-correlationsof conserved charges have been

studied using HRG model and its interacting versioni.e., EVHRG model. Further, varia-

tions of ratio of cumulants of conserved charges with centreof mass energy and number

of participants in heavy-ion collision experiments have been studied. Effects of magnetic

fields on all of these quantities have also been studied in chapter 3. Furthermore, in the

chapter 4, centrality dependence of fluctuations of conserved changes has been discussed.

Moreover, in the chapter 5 of this thesis, we discuss simulation of muon detector system

for CBM experiment. We have estimated thermal dimuon yield from a QGP source at

FAIR energies and used them in detector simulation for the CBM experiment at FAIR.

We have also compared reconstructed dimuons with low mass vector mesons. Finally,

summary and conclusion of this thesis are discussed in the chapter 6.

Bibliography

[1] M. Gell-Mann,A Schematic Model of Baryons and Mesons, Phys. Lett.8 (1964)

214–215.

[2] G. Zweig,An SU(3) model for strong interaction symmetry and its breaking.

Version 2, in DEVELOPMENTS IN THE QUARK THEORY OF HADRONS. VOL.

1. 1964 - 1978(D. Lichtenberg and S. P. Rosen, eds.), pp. 22–101. 1964.

[3] M. Riordan,The discovery of quarks, Science256(1992), no. 5061 1287–1293.

[4] E. D. Bloom et al.,High-Energy Inelastic e p Scattering at6
◦

and10
◦

, Phys. Rev.

Lett.23 (1969) 930–934.

[5] G. Miller et al., Inelastic electron-Proton Scattering at Large Momentum

Transfers, Phys. Rev.D5 (1972) 528.

[6] E. M. Riordan, A. Bodek, M. Breidenbach, D. L. Dubin, J. E. Elias, J. I.

Friedman, H. W. Kendall, J. S. Poucher, M. R. Sogard, and D. H. Coward,

Extraction ofr = σL

σT
from deep inelastice− p ande− d cross sections, Phys.

Rev. Lett.33 (1974) 561–564.



CHAPTER 1. INTRODUCTION 26

[7] J. D. Bjorken,Asymptotic Sum Rules at Infinite Momentum, Phys. Rev.179

(1969) 1547–1553.

[8] J. D. Bjorken,Inequality for Backward electron-Nucleon and Muon-Nucleon

Scattering at High Momentum Transfer, Phys. Rev.163(1967) 1767–1769.

[9] J. Kuti and V. F. Weisskopf,Inelastic lepton - nucleon scattering and lepton pair

production in the relativistic quark parton model, Phys. Rev.D4 (1971)

3418–3439.

[10] M. S. Chanowitz and S. D. Drell,Speculations on the breakdown of scaling at

10−15 cm, Phys. Rev. Lett.30 (1973) 807–810.

[11] O. W. Greenberg,Spin and Unitary Spin Independence in a Paraquark Model of

Baryons and Mesons, Phys. Rev. Lett.13 (1964) 598–602.

[12] D. J. Gross and F. Wilczek,Ultraviolet Behavior of Nonabelian Gauge Theories,

Phys. Rev. Lett.30 (1973) 1343–1346.

[13] H. D. Politzer,Reliable Perturbative Results for Strong Interactions?, Phys. Rev.

Lett.30 (1973) 1346–1349.

[14] J. M. Lattimer and M. Prakash,Neutron Star Observations: Prognosis for

Equation of State Constraints, Phys. Rept.442(2007) 109–165,

[astro-ph/0612440].

[15] K. Huang,Quarks, Leptons & Gauge Fields. World Scientific, 1992.

[16] R. K. Ellis, W. J. Stirling, and B. R. Webber,QCD and collider physics, Camb.

Monogr. Part. Phys. Nucl. Phys. Cosmol.8 (1996) 1–435.

[17] R. Rapp and J. Wambach,Chiral symmetry restoration and dileptons in

relativistic heavy ion collisions, Adv. Nucl. Phys.25 (2000) 1,

[hep-ph/9909229].

[18] J. Goldstone,Field Theories with Superconductor Solutions, Nuovo Cim.19

(1961) 154–164.

[19] E. V. Shuryak,Two Scales and Phase Transitions in Quantum Chromodynamics,

Phys. Lett.B107(1981) 103–105.

http://arxiv.org/abs/astro-ph/0612440
http://arxiv.org/abs/hep-ph/9909229


CHAPTER 1. INTRODUCTION 27

[20] Y. Aoki, S. Borsanyi, S. Durr, Z. Fodor, S. D. Katz, S. Krieg, and K. K. Szabo,

The QCD transition temperature: results with physical massesin the continuum

limit II. , JHEP06 (2009) 088, [arXiv:0903.4155].

[21] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz, and K. K. Szabo,The Order of the

quantum chromodynamics transition predicted by the standard model of particle

physics, Nature443(2006) 675–678, [hep-lat/0611014].

[22] M. Asakawa and K. Yazaki,Chiral Restoration at Finite Density and

Temperature, Nucl. Phys.A504 (1989) 668–684.

[23] S. Ejiri, Canonical partition function and finite density phase transition in lattice

QCD, Phys. Rev.D78 (2008) 074507, [arXiv:0804.3227].

[24] E. S. Bowman and J. I. Kapusta,Critical Points in the Linear Sigma Model with

Quarks, Phys. Rev.C79 (2009) 015202, [arXiv:0810.0042].

[25] M. G. Alford, A. Schmitt, K. Rajagopal, and T. Schäfer,Color superconductivity

in dense quark matter, Rev. Mod. Phys.80 (2008) 1455–1515,

[arXiv:0709.4635].

[26] J. Cleymans, H. Oeschler, K. Redlich, and S. Wheaton,Comparison of chemical

freeze-out criteria in heavy-ion collisions, Phys. Rev.C73 (2006) 034905,

[hep-ph/0511094].

[27] E. V. Shuryak,Event per event analysis of heavy ion collisions and

thermodynamical fluctuations, Phys. Lett.B423(1998) 9–14,

[hep-ph/9704456].

[28] M. A. Stephanov, K. Rajagopal, and E. V. Shuryak,Signatures of the tricritical

point in QCD, Phys. Rev. Lett.81 (1998) 4816–4819, [hep-ph/9806219].

[29] M. Asakawa, U. W. Heinz, and B. Muller,Fluctuation probes of quark

deconfinement, Phys. Rev. Lett.85 (2000) 2072–2075, [hep-ph/0003169].

[30] S. Jeon and V. Koch,Charged particle ratio fluctuation as a signal for QGP,

Phys. Rev. Lett.85 (2000) 2076–2079, [hep-ph/0003168].

[31] S. Ejiri, F. Karsch, and K. Redlich,Hadronic fluctuations at the QCD phase

transition, Phys. Lett.B633(2006) 275–282, [hep-ph/0509051].

http://arxiv.org/abs/0903.4155
http://arxiv.org/abs/hep-lat/0611014
http://arxiv.org/abs/0804.3227
http://arxiv.org/abs/0810.0042
http://arxiv.org/abs/0709.4635
http://arxiv.org/abs/hep-ph/0511094
http://arxiv.org/abs/hep-ph/9704456
http://arxiv.org/abs/hep-ph/9806219
http://arxiv.org/abs/hep-ph/0003169
http://arxiv.org/abs/hep-ph/0003168
http://arxiv.org/abs/hep-ph/0509051


CHAPTER 1. INTRODUCTION 28

[32] M. A. Stephanov,Non-Gaussian fluctuations near the QCD critical point, Phys.

Rev. Lett.102(2009) 032301, [arXiv:0809.3450].

[33] V. Koch,Hadronic Fluctuations and Correlations, in Chapter of the book.

[34] M. Asakawa, S. Ejiri, and M. Kitazawa,Third moments of conserved charges as

probes of QCD phase structure, Phys. Rev. Lett.103(2009) 262301,

[arXiv:0904.2089].

[35] B. Friman, F. Karsch, K. Redlich, and V. Skokov,Fluctuations as probe of the

QCD phase transition and freeze-out in heavy ion collisions at LHC and RHIC,

Eur. Phys. J.C71 (2011) 1694, [arXiv:1103.3511].

[36] K. Morita, B. Friman, K. Redlich, and V. Skokov,Net quark number probability

distribution near the chiral crossover transition, Phys. Rev.C88 (2013), no. 3

034903, [arXiv:1301.2873].

[37] A. Nakamura and K. Nagata,Probing QCD phase structure using baryon

multiplicity distribution, PTEP2016(2016), no. 3 033D01,

[arXiv:1305.0760].

[38] M. Kitazawa, M. Asakawa, and H. Ono,Non-equilibrium time evolution of

higher order cumulants of conserved charges and event-by-event analysis, Phys.

Lett.B728(2014) 386–392, [arXiv:1307.2978].

[39] M. Nahrgang, M. Bluhm, P. Alba, R. Bellwied, and C. Ratti,Impact of resonance

regeneration and decay on the net-proton fluctuations in a hadron resonance gas,

Eur. Phys. J.C75 (2015), no. 12 573, [arXiv:1402.1238].

[40] C. Herold, M. Nahrgang, Y. Yan, and C. Kobdaj,Net-baryon number variance

and kurtosis within nonequilibrium chiral fluid dynamics, J. Phys.G41 (2014),

no. 11 115106, [arXiv:1407.8277].

[41] K. Fukushima,Hadron resonance gas and mean-field nuclear matter for baryon

number fluctuations, Phys. Rev.C91 (2015), no. 4 044910,

[arXiv:1409.0698].

[42] M. Asakawa and M. Kitazawa,Fluctuations of conserved charges in relativistic

heavy ion collisions: An introduction, arXiv:1512.05038.

http://arxiv.org/abs/0809.3450
http://arxiv.org/abs/0904.2089
http://arxiv.org/abs/1103.3511
http://arxiv.org/abs/1301.2873
http://arxiv.org/abs/1305.0760
http://arxiv.org/abs/1307.2978
http://arxiv.org/abs/1402.1238
http://arxiv.org/abs/1407.8277
http://arxiv.org/abs/1409.0698
http://arxiv.org/abs/1512.05038


CHAPTER 1. INTRODUCTION 29

[43] A. Bhattacharyya, R. Ray, S. Samanta, and S. Sur,Thermodynamics and

fluctuations of conserved charges in a hadron resonance gas model in a finite

volume, Phys. Rev.C91 (2015), no. 4 041901 (R), [arXiv:1502.00889].

[44] STAR Collaboration, M. M. Aggarwal et al.,Higher Moments of Net-proton

Multiplicity Distributions at RHIC, Phys. Rev. Lett.105(2010) 022302,

[arXiv:1004.4959].

[45] STAR Collaboration, L. Adamczyk et al.,Energy Dependence of Moments of

Net-proton Multiplicity Distributions at RHIC, Phys. Rev. Lett.112(2014)

032302, [arXiv:1309.5681].

[46] X. Luo, J. Xu, B. Mohanty, and N. Xu,Volume fluctuation and auto-correlation

effects in the moment analysis of net-proton multiplicity distributions in heavy-ion

collisions, J. Phys.G40 (2013) 105104, [arXiv:1302.2332].

[47] STAR Collaboration, L. Adamczyk et al.,Beam energy dependence of moments

of the net-charge multiplicity distributions in Au+Au collisions at RHIC, Phys.

Rev. Lett.113(2014) 092301, [arXiv:1402.1558].

[48] Y. Hatta and M. A. Stephanov,Proton number fluctuation as a signal of the QCD

critical endpoint, Phys. Rev. Lett.91 (2003) 102003, [hep-ph/0302002].

[Erratum: Phys. Rev. Lett.91,129901(2003)].

[49] PHENIX Collaboration, A. Adare et al.,Measurement of higher cumulants of

net-charge multiplicity distributions in Au+Au collisions at
√
s
NN

= 7.7− 200

GeV, Phys. Rev.C93 (2016), no. 1 011901, [arXiv:1506.07834].

[50] E. L. Feinberg,Direct Production of Photons and Dileptons in Thermodynamical

Models of Multiple Hadron Production, Nuovo Cim.A34 (1976) 391.

[51] L. D. McLerran and T. Toimela,Photon and Dilepton Emission from the Quark -

Gluon Plasma: Some General Considerations, Phys. Rev.D31 (1985) 545.

[52] K. Kajantie, J. I. Kapusta, L. D. McLerran, and A. Mekjian, Dilepton Emission

and the QCD Phase Transition in Ultrarelativistic Nuclear Collisions, Phys. Rev.

D34 (1986) 2746.

[53] K. Gallmeister, B. Kampfer, and O. P. Pavlenko,Thermal dilepton signal versus

dileptons from open charm and bottom decays in heavy ion collisions, Phys. Rev.

C57 (1998) 3276–3283, [hep-ph/9801435].

http://arxiv.org/abs/1502.00889
http://arxiv.org/abs/1004.4959
http://arxiv.org/abs/1309.5681
http://arxiv.org/abs/1302.2332
http://arxiv.org/abs/1402.1558
http://arxiv.org/abs/hep-ph/0302002
http://arxiv.org/abs/1506.07834
http://arxiv.org/abs/hep-ph/9801435


CHAPTER 1. INTRODUCTION 30

[54] NA60 Collaboration, R. Arnaldi et al.,Evidence for radial flow of thermal

dileptons in high-energy nuclear collisions, Phys. Rev. Lett.100(2008) 022302,

[arXiv:0711.1816].

[55] NA60 Collaboration, R. Arnaldi et al.,Evidence for the production of thermal-like

muon pairs with masses above1−GeV/c2 in 158-A-GeV Indium-Indium

Collisions, Eur. Phys. J.C59 (2009) 607–623, [arXiv:0810.3204].

[56] PHENIX Collaboration, A. Adare et al.,Detailed measurement of thee+e− pair

continuum inp+ p and Au+Au collisions at
√
sNN = 200 GeV and implications

for direct photon production, Phys. Rev.C81 (2010) 034911,

[arXiv:0912.0244].

[57] STAR Collaboration, L. Adamczyk et al.,Measurements of Dielectron

Production in Au+Au Collisions at
√
sNN = 200 GeV from the STAR Experiment,

Phys. Rev.C92 (2015), no. 2 024912, [arXiv:1504.01317].

[58] STAR Collaboration, J. Zhao,Dielectron continuum production from
√
sNN =

200 GeV p + p and Au + Au collisions at STAR, J. Phys.G38 (2011) 124134,

[arXiv:1106.6146].

[59] HADES Collaboration, G. Agakishiev et al.,Dielectron production in Ar+KCl

collisions at 1.76A GeV, Phys. Rev.C84 (2011) 014902, [arXiv:1103.0876].

[60] G. Brown and M. Rho,On the manifestation of chiral symmetry in nuclei and

dense nuclear matter, Phys.Rept.363(2002) 85–171, [hep-ph/0103102].

[61] W. Cassing and E. Bratkovskaya,Hadronic and electromagnetic probes of hot

and dense nuclear matter, Phys.Rept.308(1999) 65–233.

[62] B. Sinha,UNIVERSAL SIGNALS OF QUARK - GLUON PLASMA, Phys. Lett.

B128(1983) 91–94.

[63] S. Raha and B. Sinha,Dileptons and photons in high-energy heavy ion reactions:

A Review, Int. J. Mod. Phys.A6 (1991) 517–558.

[64] J.-e. Alam, D. K. Srivastava, B. Sinha, and D. N. Basu,Transverse flow effects on

high-energy photons emitted by expanding quark - gluon plasma, Phys. Rev.D48

(1993) 1117–1131.

http://arxiv.org/abs/0711.1816
http://arxiv.org/abs/0810.3204
http://arxiv.org/abs/0912.0244
http://arxiv.org/abs/1504.01317
http://arxiv.org/abs/1106.6146
http://arxiv.org/abs/1103.0876
http://arxiv.org/abs/hep-ph/0103102


CHAPTER 1. INTRODUCTION 31

[65] WA98 Collaboration, M. M. Aggarwal et al.,Observation of direct photons in

central 158-A-GeV Pb-208 + Pb-208 collisions, Phys. Rev. Lett.85 (2000)

3595–3599, [nucl-ex/0006008].

[66] D. G. d’Enterria and D. Peressounko,Probing the QCD equation of state with

thermal photons in nucleus-nucleus collisions at RHIC, Eur. Phys. J.C46 (2006)

451–464, [nucl-th/0503054].

[67] PHENIX Collaboration, A. Adare et al.,Centrality dependence of

low-momentum direct-photon production in Au+Au collisions at
√
s
NN

= 200

GeV, Phys. Rev.C91 (2015), no. 6 064904, [arXiv:1405.3940].

[68] ALICE Collaboration, J. Adam et al.,Direct photon production in Pb-Pb

collisions at
√
sNN = 2.76 TeV, Phys. Lett.B754(2016) 235–248,

[arXiv:1509.07324].

[69] T. Matsui and H. Satz,J/ψ Suppression by Quark-Gluon Plasma Formation,

Phys.Lett.B178(1986) 416.

[70] R. L. Thews, M. Schroedter, and J. Rafelski,EnhancedJ/Ψ production in

deconfined quark matter, Phys. Rev.C63 (2001) 054905, [hep-ph/0007323].

[71] P. Braun-Munzinger and J. Stachel,(Non)thermal aspects of charmonium

production and a new look atJ/Ψ suppression, Phys. Lett.B490(2000)

196–202, [nucl-th/0007059].

[72] PHENIX Collaboration, A. Adare et al.,J/ψ Production vs Centrality,

Transverse Momentum, and Rapidity in Au+Au Collisions at
√
sNN = 200 GeV,

Phys. Rev. Lett.98 (2007) 232301, [nucl-ex/0611020].

[73] STAR Collaboration, B. I. Abelev et al.,J/Ψ production at high transverse

momentum in p+p and Cu+Cu collisions at
√
sNN = 200GeV, Phys. Rev.C80

(2009) 041902, [arXiv:0904.0439].

[74] ALICE Collaboration, I.-C. Arsene,J/Ψ nuclear modification factor at

mid-rapidity in Pb-Pb collisions at
√
sNN =2.76 TeV, Nucl. Phys.A904-905

(2013) 623c–626c, [arXiv:1210.5818].

[75] ALICE Collaboration, H. Yang,Elliptic flow of J/ψ at forward rapidity in Pb-Pb

collisions at 2.76 TeV with the ALICE experiment, Nucl. Phys.A904-905(2013)

673c–676c, [arXiv:1211.0799].

http://arxiv.org/abs/nucl-ex/0006008
http://arxiv.org/abs/nucl-th/0503054
http://arxiv.org/abs/1405.3940
http://arxiv.org/abs/1509.07324
http://arxiv.org/abs/hep-ph/0007323
http://arxiv.org/abs/nucl-th/0007059
http://arxiv.org/abs/nucl-ex/0611020
http://arxiv.org/abs/0904.0439
http://arxiv.org/abs/1210.5818
http://arxiv.org/abs/1211.0799


CHAPTER 1. INTRODUCTION 32

[76] NA50 Collaboration, N. S. Topilskaya et al.,Transverse momentum distribution

of J/Ψ produced in Pb- Pb and p-A interactions at the CERN SPS, Nucl. Phys.

A715 (2003) 675–678.

[77] PHENIX Collaboration, A. Adare et al.,Scaling properties of azimuthal

anisotropy in Au+Au and Cu+Cu collisions at
√
sNN = 200−GeV , Phys. Rev.

Lett.98 (2007) 162301, [nucl-ex/0608033].

[78] J.-Y. Ollitrault,Anisotropy as a signature of transverse collective flow, Phys. Rev.

D46 (1992) 229–245.

[79] J.-Y. Ollitrault,Flow systematics from SIS to SPS energies, Nucl. Phys.A638

(1998) 195–206, [nucl-ex/9802005].

[80] B. Alver and G. Roland,Collision geometry fluctuations and triangular flow in

heavy-ion collisions, Phys. Rev.C81 (2010) 054905, [arXiv:1003.0194].

[Erratum: Phys. Rev.C82,039903(2010)].

[81] J. Rafelski and B. Muller,Strangeness Production in the Quark - Gluon Plasma,

Phys. Rev. Lett.48 (1982) 1066. [Erratum: Phys. Rev. Lett.56,2334(1986)].

[82] P. Koch, B. Muller, and J. Rafelski,Strangeness in Relativistic Heavy Ion

Collisions, Phys.Rept.142(1986) 167–262.

[83] J. Letessier and J. Rafelski,Observing quark gluon plasma with strange hadrons,

Int. J. Mod. Phys.E9 (2000) 107–147, [nucl-th/0003014].

[84] NA49 Collaboration, S. V. Afanasiev et al.,Energy dependence of pion and kaon

production in central Pb + Pb collisions, Phys. Rev.C66 (2002) 054902,

[nucl-ex/0205002].

[85] NA49 Collaboration, C. Alt et al.,Pion and kaon production in central Pb + Pb

collisions at 20-A and 30-A-GeV: Evidence for the onset of deconfinement, Phys.

Rev.C77 (2008) 024903, [arXiv:0710.0118].

[86] R. V. Gavai and S. Gupta,QCD at finite chemical potential with six time slices,

Phys. Rev.D78 (2008) 114503, [arXiv:0806.2233].

[87] M. Cheng et al.,Baryon Number, Strangeness and Electric Charge Fluctuations

in QCD at High Temperature, Phys. Rev.D79 (2009) 074505,

[arXiv:0811.1006].

http://arxiv.org/abs/nucl-ex/0608033
http://arxiv.org/abs/nucl-ex/9802005
http://arxiv.org/abs/1003.0194
http://arxiv.org/abs/nucl-th/0003014
http://arxiv.org/abs/nucl-ex/0205002
http://arxiv.org/abs/0710.0118
http://arxiv.org/abs/0806.2233
http://arxiv.org/abs/0811.1006


CHAPTER 1. INTRODUCTION 33

[88] HotQCD Collaboration, A. Bazavov et al.,Fluctuations and Correlations of net

baryon number, electric charge, and strangeness: A comparison of lattice QCD

results with the hadron resonance gas model, Phys. Rev.D86 (2012) 034509,

[arXiv:1203.0784].

[89] S. Borsanyi, Z. Fodor, S. D. Katz, S. Krieg, C. Ratti, and K. Szabo,Fluctuations

of conserved charges at finite temperature from lattice QCD, JHEP01 (2012)

138, [arXiv:1112.4416].

[90] M. Cheng et al.,The QCD equation of state with almost physical quark masses,

Phys. Rev.D77 (2008) 014511, [arXiv:0710.0354].

[91] S. Borsanyi, G. Endrodi, Z. Fodor, A. Jakovac, S. D. Katz,S. Krieg, C. Ratti, and

K. K. Szabo,The QCD equation of state with dynamical quarks, JHEP11 (2010)

077, [arXiv:1007.2580].

[92] K. Fukushima,Chiral effective model with the Polyakov loop, Phys. Lett.B591

(2004) 277–284, [hep-ph/0310121].

[93] C. Ratti, M. A. Thaler, and W. Weise,Phases of QCD: Lattice thermodynamics

and a field theoretical model, Phys. Rev.D73 (2006) 014019,

[hep-ph/0506234].

[94] P. Braun-Munzinger, K. Redlich, and J. Stachel,Particle production in heavy ion

collisions, nucl-th/0304013.

[95] P. Braun-Munzinger, J. Stachel, J. P. Wessels, and N. Xu,Thermal equilibration

and expansion in nucleus-nucleus collisions at the AGS, Phys. Lett.B344(1995)

43–48, [nucl-th/9410026].

[96] J. Cleymans, D. Elliott, H. Satz, and R. L. Thews,Thermal hadron production in

Si - Au collisions, Z. Phys.C74 (1997) 319–324, [nucl-th/9603004].

[97] P. Braun-Munzinger, I. Heppe, and J. Stachel,Chemical equilibration in Pb + Pb

collisions at the SPS, Phys. Lett.B465(1999) 15–20, [nucl-th/9903010].

[98] J. Cleymans and K. Redlich,Chemical and thermal freeze-out parameters from

1A to 200A GeV, Phys. Rev.C60 (1999) 054908, [nucl-th/9903063].

[99] F. Becattini, J. Manninen, and M. Gazdzicki,Energy and system size dependence

of chemical freeze-out in relativistic nuclear collisions, Phys. Rev.C73 (2006)

044905, [hep-ph/0511092].

http://arxiv.org/abs/1203.0784
http://arxiv.org/abs/1112.4416
http://arxiv.org/abs/0710.0354
http://arxiv.org/abs/1007.2580
http://arxiv.org/abs/hep-ph/0310121
http://arxiv.org/abs/hep-ph/0506234
http://arxiv.org/abs/nucl-th/0304013
http://arxiv.org/abs/nucl-th/9410026
http://arxiv.org/abs/nucl-th/9603004
http://arxiv.org/abs/nucl-th/9903010
http://arxiv.org/abs/nucl-th/9903063
http://arxiv.org/abs/hep-ph/0511092


CHAPTER 1. INTRODUCTION 34

[100] P. Braun-Munzinger, D. Magestro, K. Redlich, and J. Stachel,Hadron production

in Au - Au collisions at RHIC, Phys. Lett.B518(2001) 41–46,

[hep-ph/0105229].

[101] A. Andronic, P. Braun-Munzinger, and J. Stachel,Hadron production in central

nucleus-nucleus collisions at chemical freeze-out, Nucl. Phys.A772 (2006)

167–199, [nucl-th/0511071].

[102] A. Andronic, P. Braun-Munzinger, and J. Stachel,Thermal hadron production in

relativistic nuclear collisions: The Hadron mass spectrum, the horn, and the

QCD phase transition, Phys. Lett.B673(2009) 142–145,

[arXiv:0812.1186]. [Erratum: Phys. Lett.B678,516(2009)].

[103] F. Karsch, K. Redlich, and A. Tawfik,Thermodynamics at nonzero baryon

number density: A Comparison of lattice and hadron resonancegas model

calculations, Phys. Lett.B571(2003) 67–74, [hep-ph/0306208].

[104] A. Andronic, P. Braun-Munzinger, J. Stachel, and M. Winn, Interacting hadron

resonance gas meets lattice QCD, Phys. Lett.B718(2012) 80–85,

[arXiv:1201.0693].

http://arxiv.org/abs/hep-ph/0105229
http://arxiv.org/abs/nucl-th/0511071
http://arxiv.org/abs/0812.1186
http://arxiv.org/abs/hep-ph/0306208
http://arxiv.org/abs/1201.0693


CHAPTER2

FLUCTUATIONS AND CORRELATIONS

OF CONSERVED CHARGES IN AN

EXCLUDED VOLUME HADRON

RESONANCE GAS MODEL

2.1 Introduction

One of the primary goals of ultra-relativistic heavy-ion collision experiments is to study

the thermodynamic aspects of strongly interacting matter at very high-temperature and /

or net-baryon density. Whereas at low net-baryon density andhigh-temperature lattice

data seem to indicate a smooth cross over [1, 2] from hadronicto a quark-gluon matter,

at high net-baryon density and low temperature, the system is expected to have a first

order transition [3–8]. So the first order phase transition at high net-baryon densities

and low temperature should end at a critical end point (CEP) which is a second order

phase transition point as one moves towards high temperature and low net-baryon density

region, in the phase diagram of strongly interacting matter[9–12].
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Several experimental programs have been ongoing or plannedto study the phase tran-

sition of strongly interacting matter under extreme condition. At present, the Relativis-

tic Heavy-Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) and the Large

Hadron Collider (LHC) at CERN are studying the region of high temperature and low net-

baryon density (or low chemical potential) in the phase diagram. The low-temperature

and high baryonic chemical potentialµB region is being studied in the Beam Energy Scan

(BES) program of RHIC. This region will also be studied extensively in future fixed tar-

get experiments like Compressed Baryonic Matter (CBM) experiments at FAIR and in

heavy ion collision experiments at NICA. These experiments would also explore the first

order line along with the location of the CEP in the phase diagram.

The unveiling of the nature of phase transition needs a proper understanding of Quan-

tum Chromo Dynamics (QCD), the theory of strong interactions.Unluckily, the non-

perturbative nature of the phenomena inhibits the application of first principle QCD for

the investigation of strongly interacting matter under extreme condition. In this respect,

Lattice Quantum Chromo Dynamics (LQCD) provides the direct approach to study QCD

at high temperature [1, 13–18]. However, LQCD has its own restrictions due to the

discretization of space-time.

In contrast, effective models [19–30] provide an easier alternative for the investigation

of the strongly interacting matter in the non-perturbativeregion. Some of these models

have been quite successful in explaining physics of strongly interacting matter. For in-

stance, Polyakov Nambu-Jona-Lasinio (PNJL) model has beenused to examine various

aspects of physics of strongly interacting matter at high temperatures and found to re-

produce the zero density LQCD data quite successfully [24]. The hadron resonance gas

(HRG) model, on the other hand, [31] has been very successful in explaining the hadron

yields in central heavy ion collisions from AGS up to RHIC energies [32–39]. HRG

model has also been successful in explaining the low-temperature region of the equation

of state (EOS) [40–42].

Different probes have been studied to verify whether the produced medium in its early

stage after the heavy-ion collision was indeed in the QGP phase. We have discussed some

of them in the the Sec. 1.5 of the chapter 1. In this chapter, wewill discuss the physics

of the phase transition of strongly interacting matter by studying the correlations and

fluctuations of conserved charges. Susceptibilities are associated with fluctuations via the

fluctuation-dissipation theorem [43]. An estimate of the intrinsic statistical fluctuations in

a thermal system is given by the corresponding susceptibilities. At the finite temperature

and chemical potential fluctuations of conserved charges are sensitive indicators of the

phase transition from hadronic matter to the QGP. Further, the existence of the CEP
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can be indicated by the divergent fluctuations. For the vanishing net-baryon density,

the transition from hadronic to QGP phase is continuous and the fluctuations are not

supposed to lead to any singular behaviour. LQCD calculations have been made for

many of these susceptibilities at zero chemical potentials[44–47]. It has been shown

that at the small chemical potential the susceptibilities rise rapidly around the transition

region [47].

As the prediction of HRG model for the system at chemical freeze-out is in very good

agreement with the experimental data, it would be interesting to study the susceptibilities

as well as higher order cumulants using this model and its interacting versioni.e. the

Excluded Volume Hadron resonance gas (EVHRG) model [41, 48–58]. In fact, as the

higher cumulants are expected to be more sensitive to the phase transition, any deviation

of the experimental observation from the model calculations may be taken as a sign of

new physics.

HRG model is based on the Dashen, Ma and Bernstein theorem [59] which explains

that a dilute system of strongly interacting matter can be explained by a gas of free res-

onances. Further, the attractive interaction is taken careof by these resonance particles.

On the other hand, both the long range attractive as well as the short-range repulsive

interactions are important, especially at high temperature and / or high-density region,

for the description of strongly interacting matter [56]. Furthermore, near critical tem-

perature HRG model calculations tends towards Hagedorn divergence which may be due

to the absence of the repulsive interaction [41]. This repulsive interaction part is in-

cluded through the excluded volume effects in the HRG [49] andis commonly known as

EVHRG model. EVHRG equations of state have also been used for the hydrodynamical

models of Nucleus-nucleus collision [60–62].

In this chapter, we study the temperature (T ) dependence of susceptibilities of differ-

ent conserved quantities such as net-baryon, net-strangeness and net-charge up to order

four using HRG / EVHRG model. Baryon-strangeness and charge-strangeness correla-

tion functions have been estimated at differentT andµB. Different values of baryon and

meson radii have been used to study their effect on susceptibilities and correlations. We

have examined experimental observables in the framework ofHRG as well as EVHRG

models. The ratio of cumulants of distribution of conservedquantities are related to the

ratios of different order of susceptibilities [63–65] suchasσ2/M = χ2/χ1, Sσ = χ3/χ2

andκσ2 = χ4/χ2 whereM is the mean,σ is the standard deviation,S is the skew-

ness,κ is the kurtosis of the distribution of conserved quantitiesandχn are thenth order

susceptibilities. In general, higher order susceptibilities are extra sensitive to the large

correlation length and hence the critical point [30]. This signifies that any memory of
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the large correlation length retained in the thermal systemat chemical freeze-out would

be reflected in the behaviour of higher order cumulants. We have studied the energy de-

pendence of ratios of cumulants for net-proton, net-kaon and net-charge and compared

with the available result for experimental data of fluctuation of net-proton and net-charge

within the proper transverse momentum and pseudo-rapidityacceptance.

2.2 Hadron Resonance Gas Model

In Hadron Resonance Gas (HRG) model, the system of thermal fireball consists of all the

hadrons and resonances given in the particle data book [66].There are varieties of HRG

models in the literature. Different versions of this model and some of the recent works

using these models may be found in Refs. [31–42, 48–53, 56–58,67–79]. HRG model is

not only successful in describing the hadron yields in central heavy ion collisions from

AGS up to RHIC energies [32–39] but also successful in describing the bulk properties

of hadronic matter in thermal and chemical equilibrium [40,41, 67].

The grand canonical partition function of a hadron resonance gas [31, 41] can be

written as

lnZid =
∑

i

lnZid
i , (2.1)

where sum is over all the hadrons.id refers to ideali.e., non-interacting HRG. For particle

i,

lnZid
i = ±V gi

2π2

∫ ∞

0

p2 dp ln[1± exp(−(Ei − µi)/T )], (2.2)

whereV is the system-volume,gi is the degeneracy factor,T is the temperature,Ei =
√

p2 +m2
i is the single particle energy,mi is the mass andµi = BiµB + SiµS + QiµQ

is the chemical potential.Bi, Si, Qi are respectively the baryon number, strangeness

and charge of the particle,µ,s being corresponding chemical potentials. The upper and

lower sign corresponds to baryons and mesons respectively.Partition function depends

in general on five parameters i.e.,V, T, µB, µS, µQ. However, only three are independent,

sinceµQ andµS can be found from conservation of different quantum numberslike

baryon number, charge and strangeness [31, 41].

The partition function is the basic quantity from which one can determine various

thermodynamic quantities of the thermal system created in the heavy ion collisions. The

partial pressurePi, the particle densityni, the energy densityεi, and the entropy density

si can be calculated using the standard definitions,
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P id
i =

T

V
lnZid

i = ±giT
2π2

∫ ∞

0

p2 dp ln[1± exp(−(Ei − µi)/T )], (2.3)

nid
i =

T

V

(

∂ lnZid
i

∂µi

)

V,T

=
gi
2π2

∫ ∞

0

p2 dp

exp[(Ei − µi)/T ]± 1
, (2.4)

εidi =
Eid

i

V
= − 1

V

(

∂ lnZid
i

∂ 1
T

)

µ
T

=
gi
2π2

∫ ∞

0

p2 dp

exp[(Ei − µi)/T ]± 1
Ei, (2.5)

sidi =
Sid
i

V
=

1

V

(

∂
(

T lnZid
i

)

∂T

)

V,µ

= ± gi
2π2

∫ ∞

0

p2 dp

[

ln

(

1± exp(−(Ei − µi)

T
)

)

± (Ei − µi)

T (exp((Ei − µi)/T )± 1)

]

.

(2.6)

Since Eqs. 2.3 - 2.6 determine the thermodynamic propertiesof the system, those are

called equations of state (EOS) of the system.

In ideal HRG model point like particles are considered. Attractive interactions be-

tween hadrons are taken care via a presence of resonance but ignores repulsive inter-

actions. This simple model has only a few parameters. Despite its simplicity, this

model is very successful in describing the hadron yields in central heavy ion colli-

sions. The repulsive interactions are also needed, especially at very high tempera-

ture and / or large chemical potential, to catch the basic qualitative features of strong

interactions where ideal gas assumption becomes inadequate. In the EVHRG model

[41, 42, 48–51, 53, 56–58, 74–78, 80], hadronic phase is modelled by a gas of interacting

hadrons, where the geometrical sizes of the hadrons are explicitly incorporated as the

excluded volume correction to approximate the short-rangevan der Waals type repulsive

hadron-hadron interaction.

Excluded volume corrections were first introduced in [48] but it was thermodynami-

cally inconsistent. A thermodynamically consistent excluded volume correction was first

proposed in [49]. In EVHRG model pressure can be written as

P (T, µ1, µ2, ..) =
∑

i

P id
i (T, µ̂1, µ̂2, ..), (2.7)

where fori’th particle the chemical potential is

µ̂i = µi − Vev,iP (T, µ1, µ2, ..) (2.8)
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whereVev,i = 4 4
3
πR3

i is the volume excluded for thei th hadron with hard core radius

Ri. In an iterative method, one can get the total pressure. PressureP (T, µ1, µ2, ..) is sup-

pressed compared to the ideal gas pressureP id because of the smaller value of effective

chemical potential. The other thermodynamic quantities like ni, s , ε can be calculated

from Eqs. 2.7 - 2.8 as

ni = ni(T, µ1, µ2, ..) =
∂P

∂µi

=
nid
i (T, µ̂i)

1 +
∑

k Vev,kn
id
k (T, µ̂k)

, (2.9)

s = s(T, µ1, µ2, ..) =

(

∂P

∂T

)

µ1,µ2,..

=

∑

i s
id
i (T, µ̂i)

1 +
∑

k Vev,kn
id
k (T, µ̂k)

, (2.10)

ε = ε(T, µ1, µ2, ..) =

∑

i ε
id
i (T, µ̂i)

1 +
∑

k Vev,kn
id
k (T, µ̂k)

, (2.11)

This correction scheme is thermodynamically consistenti.e. EOS after corrections obey

the relation

s =
ε+ P −∑i µini

T
. (2.12)

2.3 Equations of state atµ = 0

In this work we have taken all the hadrons listed in the particle data book [66] up to the

mass of3 GeV. Figure 2.1 shows variation of normalised pressure, energy density, en-

tropy density and number density with temperature atµ = 0. Similar figures can also be

found in Ref. [41, 58]. The pressure, energy density, entropydensity and number den-

sity are found to increase rapidly with the increase of temperature. In EVHRG we have

considered different values ofRb andRm. There is essentially no effect of interaction

till T = 0.13 GeV in all these quantities as can be seen from the figure. The reason

for this is that the effective degree of freedom does not increase much up to this tem-

perature and therefore correction due to excluded volume issmall. It can be seen from

this figure that at largeT , all these quantities are reduced by almost30% compared to the

non-interacting HRG model if we take radii of all the hadrons to be0.2 fm. If we increase

radii of hadrons further to0.3 fm, the suppression is even more. From Fig. 2.1(a), where

we plot pressure as a function of temperature, one can see that the continuum limit lattice

data from [18, 81] agrees within error-bar with HRG and EVHRG model up toT ∼ 0.17

GeV.
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Figure 2.1: Variation of equations of sate with temperatureat µ = 0. Non interacting

means ideal HRG modeli.e. without excluded volume correction and interacting refers

to EVHRG.Rm refers to radius of mesons andRb refers to radius of baryons. Lattice

data for pressure are taken from Bazavovet.al [81] and Borsányiet.al [18].

The difference of the EVHRG model, as compared to HRG model, is governed by the

radius parameter. The electromagnetic charge radii of hadrons have been measured by

different groups [82–86]. For example, the radii forp,Σ−, π− andK− are around 0.8 fm,

0.9 fm, 0.7 fm and 0.6 fm respectively. One can also define a strong interaction radii [87,

88] which comes out to be around the same values. In accordance with these results,

a value of 0.8 fm for baryons and 0.62 fm for mesons were proposed earlier [53]. On

the other hand, Braun-Munzingeret al. [34] demonstrated that a more realistic approach

is to incorporate repulsive behaviour of the NN potential using hard-core radius (∼ 0.3

fm) as obtained from nucleon-nucleon scattering [89]. The corresponding meson radius

should not exceed that of baryons. A similar hard-core radius of 0.2-0.3 fm has also been

proposed in Ref. [90] to explain the proton-proton scattering data. It has also been shown

earlier that to justify a hydrodynamic approach to heavy ioncollisions within the hadron

phase the hard-core radii of hadrons should ber ≥ 0.2 fm in EVHRG model [54]. In the

present study we have taken an approach similar to [34] and have used different baryon

(Rb) and meson (Rm) radii between 0.2-0.3 fm.
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2.4 Equations of state at finiteµB
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Figure 2.2: Variation of equations of sate withµB at constantT keepingµS = µQ = 0.

Figure 2.2 shownsP, ε, s andn as a function ofµB at fixedT . Two sets of tempera-

tures e.g.,T = 0.1 GeV and0.15 GeV, have been considered. Our results show that there

is a small effect of interaction tillµB = 0.4 GeV in the EOS. BeyondµB = 0.4 GeV

we see quite a substantial change in all these quantities. The change is more pronounced

at higher temperatures. One can see from this figure that at largeµB the energy, entropy

and number density in EVHRG model are suppressed by a factor of2 or more, compared

to HRG if we take the radii of all the hadrons to be0.2 fm. This is expected as the finite

radius acts as the repulsive interaction between hadrons. If we increase the size of the

baryons further to0.3 fm the suppression is even more. However the thermodynamic

quantities are less sensitive to the mesonic radii as can be seen from Fig. 2.2. The plot

for Rb = Rm = 0.3 fm is almost same as that forRb = 0.3 fm, Rm = 0.2 fm and is

suppressed compared toRb = Rm = 0.2 fm. This is an expected result as the system is

dominated by baryons at highµB.



CHAPTER 2. FLUCTUATIONS-CORRELATIONS IN EVHRG MODEL 43

2.5 Fluctuations of different conserved charges

Derivatives of the grand canonical partition function (Z) with respect to the chemical

potential define susceptibilities which experimentally become available through event-

by-event analysis of fluctuations of conserved charges suchas baryon number, electric

charge, strangeness and others.

Thenth order susceptibility is defined as

χn
x =

1

V T 3

∂n(lnZ)

∂(µx

T
)n
, (2.13)

whereµx is the chemical potential for conserved chargex. For our present purpose

x = B (baryon),S (strangeness) andQ (electric charge).

Expressions of susceptibilities, upto order four, in HRG model can be written as

follows:

χ1
x =

∑

i

gixi
2π2T 3

∫ ∞

0

fip
2dp, (2.14)

χ2
x =

∑

i

gix
2
i

2π2T 3

∫ ∞

0

(fi ∓ f 2
i )p

2dp, (2.15)

χ3
x =

∑

i

gix
3
i

2π2T 3

∫ ∞

0

(fi ∓ 3f 2
i + 2f 3

i )p
2dp, (2.16)

χ4
x =

∑

i

gix
4
i

2π2T 3

∫ ∞

0

(fi ∓ 7f 2
i + 12f 3

i ∓ 6f 4
i )p

2dp, (2.17)

where

fi =
1

exp[(Ei − µi)/T ]± 1
. (2.18)

One can calculate susceptibilities in EVHRG model followingthe method described

in the previous section.

2.5.1 Fluctuations atµ = 0

In Fig. 2.3 we have shown temperature dependence of second order susceptibilities for

various conserved charges at zero chemical potentials (µB = µS = µQ = 0). The second

order susceptibilities are found to increase rapidly with increasing temperature. Near

T = 0.1 GeV magnitude ofχ2
Q is almost double compared toχ2

S and the magnitude

of χ2
B is almost zero at this temperature. At low-temperature fluctuation of a particular

charge is dominated by lightest hadrons carrying that charge. The dominant contribution
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Figure 2.3: Variation second order susceptibilitiesχ2
B, χ2

S andχ2
Q with temperature at

µ = 0. Lattice data forχ2 are taken from Bazavovet.al [15] and Borsányiet.al [16].

to χ2
B at low temperatures comes from protons / neutrons (lightestbaryon), whileχ2

S re-

ceives leading contribution from kaons (lightest strange hadron) andχ2
Q fromπ± (lightest

charged hadron). Since pions are lighter compared to protonand kaon, magnitude ofχ2
Q

is more than that ofχ2
B andχ2

S. In EVHRG we have considered different values ofRb

andRm as shown in Fig. 2.3. It can be seen that there is almost no effect of interaction

till T = 0.13 GeV in fluctuations. Similar behaviour was observed in the case of equa-

tions of state as well (Fig. 2.1). AboveT = 0.13 GeV we find quite a large change in

second order susceptibilities. One can see from this figure that at largeT , second order

fluctuations are decreased by almost30% compared to the non-interacting hadrons if we

take radii of all the hadrons to be0.2 fm. If we increase radii of hadrons further to0.3 fm,

the suppression is even more. We have compared our result with LQCD data [15, 16]. It

can be seen that up toT = 0.18 GeV,χ2
B is in good agreement with LQCD if we con-

sider radii of all hadrons to be0.2 fm whereasχ2
Q is in good agreement with LQCD for

Rm = 0.2 fm andRb = 0.3 fm. The meson radius plays a significant role forχ2
S andχ2

Q

but not forχ2
B which can be seen from the figure. This is an expected result since inχ2

S

andχ2
Q both the baryons and mesons contribute whereas inχ2

B only baryons contribute.

One should, however, note that the dependence ofχ2
B onRm is not completely negligible.
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Figure 2.4: Variation of fourth order susceptibilitiesχ4
B, χ4

S, χ4
Q with temperature (µ =

0). Lattice data is taken from Ref. [91–93].

In ideal HRG model, under Boltzmann approximation,χ4
B ≈ χ2

B andχ1
B ≈ χ3

B

as only baryons with baryon number one contribute to varioussusceptibilities [64]. In

contrast, in the case of higher order susceptibilities, electric charge and strangeness are

expected to show larger values as hadrons with multiple charge or strangeness get larger

weight. A similar behaviour is expected for the EVRHG model aswell. In Fig. 2.4 we

have shown a variation of fourth order susceptibilities with the temperature atµ = 0. The

nature of all the fourth order susceptibilities is similar to second order susceptibilities.

As anticipated, magnitudes of fourth order susceptibilities are larger compared to that

of second order susceptibilities for strangeness and electric charge. However, this is not

true for baryon number fluctuations. Although contributions inχB are only from baryons,

these quantities also depend on the size of mesons as can be seen from Fig. 2.3(a) and

Fig. 2.4(a). This dependence can be understood from Eqs. (2.7) and (2.8) which shows

the dependence of chemical potential on hadronic radii through pressure. Hence, even

for baryon number susceptibilities, there may be a small difference in magnitudes of

susceptibilities at differentRm for EVHRG. We compare our result with LQCD data

(Nτ = 6, 8) [91–93]. The LQCD data forχ4
B andχ4

S are in excellent agreement with

HRG model up toT = 0.16 GeV. Whereas forχ4
Q, LQCD data is lower compared to
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both HRG and EVHRG.

2.5.2 Fluctuations as a function ofµB

 0

 2

 4

 6

 8

 10

 12

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ B
1

µB (GeV)

(a)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 2

 4

 6

 8

 10

 12

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ B
2

µB (GeV)

(b)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 2

 4

 6

 8

 10

 12

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ B
3

µB (GeV)

(c)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 2

 4

 6

 8

 10

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ B
4

µB (GeV)

(d)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

Figure 2.5: Susceptibilitiesχ1
B, χ2

B, χ3
B, χ4

B as a function ofµB keepingT fixed and

µS = µQ = 0.

In this section, we discuss the results of fluctuations at large µB. Figures 2.5- 2.7

showχn
x as functions ofµB for different conserved charges (x) at a fixed temperature and

keepingµS = µQ = 0.

Figure 2.5 shows the plots of susceptibilities for conserved baryon number. One can

see that susceptibilities for all the orders increase with increasingµB. Here we consider

T = 0.1 GeV and0.15 GeV for the purpose of our illustration. For each temperature,

we show variation of the quantities withµB in HRG and EVHRG model withRb and

Rm. The effect of interaction is found to be more pronounced at high temperatures. It

can be seen from these figures that at highT and largeµB the magnitude of fluctuations

are suppressed by a factor of2 or more, compared to HRG model if we take the radii of

all the hadrons to be0.2 fm. At high µB fluctuations are very sensitive toRb but not to

Rm as in this region system is dominated by baryons.χ1
S andχ3

S are proportional to the

odd power of the strange quantum number of the particles. Dominant contribution toχS



CHAPTER 2. FLUCTUATIONS-CORRELATIONS IN EVHRG MODEL 47

 0

 1

 2

 3

 4

 5

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

-χ
S

1

µB (GeV)

(a)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0
 1
 2
 3
 4
 5
 6
 7
 8
 9

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ S
2

µB (GeV)

(b)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 2

 4

 6

 8

 10

 12

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

-χ
S

3

µB (GeV)

(c)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 2

 4

 6

 8

 10

 12

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

-χ
S

3

µB (GeV)

(c)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 5

 10

 15

 20

 25

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ S
4

µB (GeV)

(d)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

Figure 2.6: Susceptibilitiesχ1
S, χ2

S, χ3
S, χ4

S as a function ofµB keepingT fixed and

µS = µQ = 0.

comes fromΛ, the lightest strange baryon with strange quantum number−1 (atµS = 0

strange mesons don’t contribute toχ1
S andχ3

S because particle and anti-particle terms are

equal in magnitude but opposite in sign). As a result,χ1
S andχ3

S remain negative (Fig.

2.6(a) and Fig. 2.6(c)).

As discussed earlier, there are contributions from multiple-charged hadrons in the

strangeness and electrical charge sector only, baryon number being always one. Hence,

at highµB region magnitudes ofχ3
x andχ4

x are found to be almost double compared to

that ofχ1
x andχ2

x respectively forx = S,Q (Fig. 2.6 and Fig. 2.7), though the change

in χB remains small as shown in Fig. 2.5. At very smallµB and givenT (0.1 or 0.15

GeV) system is dominated by mesons andχB is small. With increase inµB, system will

be populated by proton, neutron as well as hyperons andχB will increase. This increase

will be sharper for HRG due to the nonexistence of repulsive interaction.

2.6 Correlations among different conserved charges

Correlations among different conserved charges may act as probes of the structure of

QCD at finite temperature and / or chemical potential. In QGP, as baryon numbers
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Figure 2.7: Susceptibilitiesχ1
Q, χ2

Q, χ3
Q, χ4

Q as a function ofµB keepingT fixed and

µS = µQ = 0.

as well as electric charges are carried by different flavors of quarks, a strong correla-

tion is expected between B-Q, Q-S as well as B-S. In the hadronicsector, on the other

hand, presence of baryons and mesons would generate completely different types of cor-

relations between these quantities. Therefore, these correlations are expected to show

changes across the phase transition which are characteristics of the changes in the rele-

vant degrees of freedom.

Correlation functions,χij
xx′, are defined by

χij
xx′ =

1

V T 3

∂i+j(lnZ)

(∂(µx

T
)i)(∂(

µx′

T
)
j
)
, (2.19)

wherex andx′ correspond to conserved chargesB,S,Qandµ’s are chemical potentials of

corresponding conserved charges.

The expression of correlation in HRG model is

χ11
xx′ =

∑

i

gixix
′
i

2π2T 3

∫ ∞

0

(fi ∓ f 2
i )p

2dp. (2.20)

In order to study the experimental results, suitable ratioshave been suggested to es-

timate these contributions [94]. Three ratios, namely, coefficient of baryon-strangeness
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correlationCBS [94], coefficient of electric charge-strangeness correlation CQS and co-

efficient of baryon-electric charge correlationCBQ can be written as [15]

CBS = −3
χ11
BS

χ2
S

, CQS = 3
χ11
QS

χ2
S

, CBQ =
χ11
BQ

χ2
B

. (2.21)

2.6.1 Correlations atµ = 0
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Figure 2.8: Variation ofχ11
BS, χ11

BQ andχ11
QS with temperature atµ = 0. Lattice data for

continuum extrapolation is taken from Ref. [15].

In this section, we show the temperature dependence of various correlation functions

atµB = 0. We also compare our result with LQCD data [15]. Fig. 2.8 showsthe variation

of correlations between conserved charges with temperature aroundµx = µx′ = 0. Since

at very low-temperature main contribution comes from pions(baryon number as well

as strange quantum number= 0), all the correlations remain zero. The next hadron

to be excited is kaon and as a resultχ11
QS becomes non-zero aroundT = 0.075 GeV.

The leading contribution toχ11
QS in the hadronic sector is due to charge kaons which

have same sign for charge and strange quantum number. So it remains positive and

increases with temperature. Other correlations pick up non-zero values approximately
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aboveT = 0.1 GeV when baryons start populating the system.χ11
BS is proportional to the

product of baryon number and strange quantum number. So heremost of the contribution

is due to lightest baryonΛ which has baryon number+1 and strange quantum number

−1. Other contributing particles, such asΣ, Ξ etc. also have relative negative sign

between baryon number and strange quantum number. As a result, χ11
BS remains negative.

This negative value increases withT due to the increase in the population of the strange

baryons. Again, HRG results show a sharp increase compared tothose from EVHRG

model. Due to the contribution from mesons (mainly kaons) inχ11
QS, meson radius plays a

dominating role and an increase in meson radius produces larger suppression in EVHRG

model. On the other hand, baryon radius plays an important role for bothχ11
BS as well

asχ11
BQ. The dominant contribution inχ11

BQ at low temperature is due to proton and

antiproton and for both of those baryon number as well as charge carry the same sign.

So the value ofχ11
BQ remains positive and shows a sharp increase with temperature in

HRG, EVHRG being suppressed due to the effect of hard-core radius. In the quark

sector strange quarks (antiquarks) carry1/3 (-1/3) baryon number and the relative sign

between baryon and strange quantum number is always negative. As a result lattice

result forχ11
BS shows a similar trend as that of HRG. On the other hand,χ11

QS is always

positive as charge as well as strangeness for the strange quark is negative. Though the

lattice values at lower temperature (0.15 GeV) is close to HRG and EVHRG,χ11
BS as

well χ11
QS for lattice increase faster than those for HRG as strange quark mass is much

smaller compared to strange baryons. At high-temperature quark masses decrease (which

will eventually become zero at Stefan-Boltzmann limit) and lattice results would start

saturating whereas HRG results would keep on increasing. As aresult lattice values are

suppressed compared to HRG results both forχ11
QS andχ11

BS. At high temperature LQCD

result ofχ11
BQ vanishes as the quarks become effectively massless and the weighted sum

of the charges of up, down and strange quarks vanishes [15]. In the case ofχ11
BQ, EVHRG

(Rm=0.2 fm andRb=0.3 fm) results agree well with the lattice data forT < 0.17 GeV.

But at higher temperatures, the weighted sum of charges of massless quarks vanishes so

the lattice results would start saturating with the furtherincrease in temperature whereas

HRG results would keep on increasing similar likeχ11
QS andχ11

BS.

Figure 2.9 shows variation ofCBS, CQS andCBQ with temperature atµ = 0. We

compare our result with LQCD data [15]. At low temperatureCBS is much lower than

one because the denominator comprises mostly kaon whereas contribution to the numer-

ator comes from baryons, mostlyΛ, which is less populated than kaon. It increases with

temperature but remains below one due to the larger contribution from mesons. If all

the hadronic radii are same, the interaction effect gets cancelled. On the other hand,
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Figure 2.9: Variation ofCBS, CQS andCBQ with temperature atµ = 0. Lattice data for

continuum extrapolation is taken from Ref. [15].

for larger baryonic radii, baryon population gets suppressed andCBS value for EVHRG

becomes lower than HRG. In the case of simple QGP system, or more generally, for a

system where the quark flavors are uncorrelated, this value will be unity. Since lattice

χ11
BS is higher, latticeCBS values remain above the HRG (and EVHRG) and saturates at

high temperature.

At very low temperature, contribution to numerator ofCQS come from charged kaons

only while the contributions to denominator come from all the kaons. SoCQS comes out

to be around1.5. With the increase of temperature, lambda starts populating the system

andCQS becomes close to1. Except at very high temperatures, there is no effect of

interaction in most of the temperature range. Here, a higherbaryonic radius (compared

to meson radius) induces a small increase inCQS. Interaction effects get cancelled if

radii are same for all hadrons.CBS andCQS are related through the equationCQS =

0.5(3−CBS) [15]. So in lattice studies [15] at low temperature, whereCBS is very small

CQS is near 1.5, same compared to HRG (and EVHRG) and at high temperature tends to

one.

At low temperatures, contribution to the numerator ofCBQ come from protons only

while the contributions to denominator come from both protons and neutrons. As a result
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CBQ is close to0.5. It decreases slowly with increase inT as at highT heavier neutral

baryons likeΛ start contributing to the denominator whereas only chargedbaryons con-

tribute to the numerator. For both HRG and EVHRGCBQ is very close to each other due

to the cancellation of interaction effects. In the LQCD,CBQ approaches zero at highT

as the system is in QGP phase whereχ11
BQ is zero. However, at the lower temperature, it

approaches the HRG / EVHRG values.

2.6.2 Correlations as a function ofµB

 0

 1

 2

 3

 4

 5

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

-χ
B

S
11

µB (GeV)

(a)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ Q
S

11

µB (GeV)

(b)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

χ B
Q

11

µB (GeV)

(c)

Non interacting (T=0.15 GeV)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.15 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.15 GeV, Rm=0.3 fm, Rb=0.3 fm)
Non interacting (T=0.1 GeV)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.2 fm)
Interacting (T=0.1 GeV, Rm=0.2 fm, Rb=0.3 fm)
Interacting (T=0.1 GeV, Rm=0.3 fm, Rb=0.3 fm)

Figure 2.10:χ11
BS, χ11

BQ, χ11
QS as a function ofµB keepingµS = µQ = 0.

At finite µB (fixedT ) due to the larger contribution from effective chemical potentials,

the effect of interaction, compared to zeroµB case, is more pronounced on correlations

as shown in Fig. 2.10. The plots are given for differentRm andRb. It can be seen that

at lowµB, χ11
BS andχ11

BQ are zero whereasχ11
QS is non-zero as pions and kaons are main

contributors in this range of parameters. At largeµB, baryons start populating the system

and both B-S and B-Q correlations increase more sharply compared toχQS as kaons

remain the main contributor inχQS and charged hyperon population is much smaller.

There is no effect of interaction tillµB = 0.3 GeV inχ11
BS andχ11

BQ as can be seen from

this figure. However at highT , χ11
QS is affected by interaction even at lowµB.
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Figure 2.11: Variation ofCBS, CQS andCBQ with µB keepingµS = µQ = 0.

Figure 2.11 shows variation ofCBS, CQS andCBQ with µB at a fixedT andµS =

µQ = 0. At low µB, kaon population is dominating in the denominator ofCBS and it is

less than unity. On the other hand increase inµB facilitates the strange baryon population

andCBS increases with increasingµB. Further, the effect of largeµB becomes more

pronounced for lowerT . So thatCBS at T=0.1 GeV is larger than that atT = 0.15

GeV for largeµB (> 0.6 GeV). Similarly at lowµB, CQS is around1.5 as it gets the

contribution from mainly charged kaons in the numerator andboth charged and neutral

kaons in the denominator. With the increase inµB, Λ starts populating the system so that

CQS keeps decreasing. As this effect is more pronounced for largerT , CQS is lower for

largerT at largeµB (> 0.7 GeV).

At low µB, for smallT , CBQ gets the contribution from protons and neutrons in the

denominator and only protons in the numerator. So it is closeto 0.5 as shown earlier

in Fig. 2.9(c). At largerT (0.1 or 0.15 GeV),Λ starts contributing in the denominator

andCBQ becomes less than0.5. Similarly asµB increases, the population of protons,

neutrons and lambda increases. As a resultCBQ becomes less than0.5. At high µB,

CBQ saturates as the rate of increase becomes same for differentspecies. For HRG and

EVHRGCBQ is close to each other due to the cancellation of the interaction effect.
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2.7 Experimental scenario

Experimentally net-chargesNq (= N+
q −N−

q ) have been measured in a finite acceptance

on an event by event basis. The detailed discussions can be found in the Sec. 1.5.1. The

mean (Mq), variance (σ2
q ), skewness (Sq) and kurtosis (κq) (sec: 1.5.1.3.5), of net-charge

distribution are related to the different order of susceptibilities by the following relations

Mq = 〈Nq〉 = V T 3χ1
q, (2.22)

σ2
q =

〈

(δNq)
2
〉

= V T 3χ2
q, (2.23)

Sq =
〈(δNq)

3〉
σ3
q

=
V T 3χ3

q

(V T 3χ2
q)

3/2
, (2.24)

κq =
〈(δNq)

4〉
σ4
q

− 3 =
V T 3χ4

q

(V T 3χ2
q)

2
, (2.25)

whereδNq = Nq − 〈Nq〉. The mean, variance, skewness and kurtosis are respectively

estimations of the most probable value, width, asymmetry and the peakedness of the

distribution.

From the above equations, volume independent ratios can be defined by the following

relations

σ2
q/Mq = C2/C1 = χ2

q/χ
1
q, (2.26a)

Sqσq = C3/C2 = χ3
q/χ

2
q, (2.26b)

κqσ
2
q = C4/C2 = χ4

q/χ
2
q, (2.26c)

whereCn is then th order cumulants (sec: 1.5.1.3.3) of the charge distribution.

The advantage of using the above-mentioned ratios of cumulants is that they are ex-

pected to be independent of the volume of the system. In nucleus-nucleus collision exper-

iments, beam energy (
√
sNN ) is varied to scan the phase plane. At a particular

√
sNN , if

CEP is reached, there will be large fluctuations. Hence along the chemical freeze-out line,

one would expect a non-monotonic behaviour of the quantities given in Eq. 2.26 [65, 95].

To compare the ratios of cumulants with experiment one has toknow chemical freeze-out

T andµ at a particular
√
sNN . From the experimental information about particle yields

or particle ratios, chemical freeze-out temperature and baryonic chemical potential can

be extracted [36, 38, 64, 96–99]. In our calculations chemical freeze-out parameters are

taken from the Ref. [96].
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Chemical freeze-out curveT (µB) can be parametrized by [96]

T (µB) = a− bµ2
B − cµ4

B, (2.27)

wherea = 0.166 ± 0.002 GeV, b = 0.139 ± 0.016 GeV−1, c = 0.053 ± 0.021 GeV−3.

The energy dependence of theµq can be parametrized as [64]

µx(
√
sNN) =

dx
1 + ex

√
sNN

, (2.28)

wheredx andex are listed in table 2.1. Variation ofT andµB with
√
sNN has been shown

in Fig. 1.3(b).

x dx (GeV) ex (GeV−1)

B 1.308± 0.028 0.273± 0.008

S 0.214 0.161

Q −0.0211 0.106

Table 2.1: Parametrization of chemical potentialsµx along the freeze-out curve.

TheT - µB parametrisation with
√
sNN is obtained by fitting the different particle

ratios obtained experimentally at different
√
sNN . So for EVHRG model, in general, the

chemical freeze-out parameters are expected to be different for different hadronic radii. In

our study, considering all the particle ratios, we found thechemical freeze-out parameters

to be same as [96] forRb = Rm. On the other hand, forRB 6= Rm case, for the radii used

here, the chemical freeze-out parameter are found to be within ±0.005−0.008 GeV of the

above fit. Furthermore, phenomenological chemical freeze-out condition of fixed energy

per nucleon around1 GeV, calculated in our model, matches quite well with the chemical

freeze-out parametrization mentioned above. Hence we haveused the above mentioned

chemical freeze-out parametrization for comparison with the experimental results. It may

also be noted here that as
√
sNN increases from 7.7 GeV to 200 GeV,T increases from

around0.140 GeV to 0.166 GeV and correspondingµB varies between0.421 GeV to

0.023 GeV. CorrespondingµS andµQ are expected to vary between0.095 GeV to0.006

GeV and−0.011 GeV to−0.001 GeV [64].

In terms of transverse momentum (pT ) and rapidity (y) and azimuthal angle (φ) d3p

andEi can be written asd3p = pT mT i cosh y dpT dy dφ andEi = mT i cosh y, where

mT i =
√

(p2T +m2
i ). For an example,χ1

x in HRG model can be written as

χ1
x =

∑

i

gixi

(2π)2T 3

∫ ∫

pT mT i cosh y dpT dy

exp[(mT icosh y − µi)/T ]± 1
. (2.29)
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Similarly in terms ofpT andη, χ1
x in HRG model can be written as

χ1
x =

∑

i

gixi

(2π)2T 3

∫ ∫

p2T cosh η dpT dη

exp[(
√

(pT cosh η)2 +m2
i − µi)/T ]± 1

. (2.30)

These methods have been used to set the momentum and rapidityacceptance range

to compare the present results with the experimental data.
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Figure 2.12: Energy dependence ofσ2/M , Sσ andκσ2 for net-proton. Experimental

data is taken from Ref. [100].

In Fig. 2.12 we show energy dependence ofσ2/M , Sσ andκσ2 for net-proton. We

compare our result with experimental data of net-proton fluctuations for(0−5)% central

Au-Au collisions measured the STAR [100] collaboration. Experimental data has been

measured at mid rapidity(|y| < 0.5) and within the transverse momentum range0.4 <

pT < 0.8 GeV. Same acceptance has been used for different hadronic radii in the present

work. At low energy,σ2/M is almost unity and its value increases with increase the

of
√
sNN as can be seen from the Fig. 2.12(a). Both HRG and EVHRG model give

almost same result irrespective of the value of radii. At lowenergySσ for HRG is

almost unity and its value decreases with increase of
√
sNN as can be seen from the Fig.

2.12(b). At low
√
sNN , Sσ for EVHRG is less than that of HRG model and suppression

increases with the increase of radii. However, at high
√
sNN , HRG as well as EVHRG
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model give almost same result. Experimental data ofSσ can be described well with

EVHRG model for radii of hadrons between0.3 − 0.4 fm. At low energyκσ2 (Fig.

2.12(c)) in HRG model is slightly less than unity and its valuereaches to one as we

move to high energy. There is prominent suppression ofκσ2 in EVHRG model at low
√
sNN . The effect of hadronic volume is more prominent forκσ2 because n-th order

susceptibility caries upto n-th power term of the distribution function as can be seen from

Eqs. 2.14-2.17. Therefore ratios of higher order susceptibilities are more sensitive to

hadronic volume. Theκσ2 of net-proton matches within error-bar with EVHRG model

at
√
sNN ≥ 39 GeV and

√
sNN ≤ 11.5 GeV but at intermediate energies EVHRG model

overestimates the experimental data. Departure of experimental data ofSσ andκσ2 for

net-proton at intermediate energies (
√
sNN = 19 GeV and27 GeV) may be an hint of the

existence of quark degrees of freedom or different physics process which is not included

in HRG/EVHRG model.

 0

 5

 10

 15

 20

 25

 30

 10  100

σ2 /M

√sNN (GeV)

(a)

0.2 < pT < 2.0 GeV, -0.5 < η < 0.5

Non interacting
Interacting ( R = 0.2 fm )
Interacting (Rm = 0.2 fm, Rb = 0.3 fm)
Interacting ( R = 0.3 fm )
Interacting ( R = 0.4 fm )

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 10  100

S
σ

√sNN (GeV)

(b)

0.2 < pT < 2.0 GeV, -0.5 < η < 0.5

Non interacting
Interacting ( R = 0.2 fm )

Interacting (Rm = 0.2 fm, Rb = 0.3 fm)
Interacting ( R = 0.3 fm )
Interacting ( R = 0.4 fm )

 0.4

 0.6

 0.8

 1

 1.2

 10  100

κσ
2

√sNN (GeV)

(c)

0.2 < pT < 2.0 GeV, -0.5 < η < 0.5

Non interacting
Interacting ( R = 0.2 fm )

Interacting (Rm = 0.2 fm, Rb = 0.3 fm)
Interacting ( R = 0.3 fm )
Interacting ( R = 0.4 fm )

Figure 2.13: Energy dependence ofσ2/M , Sσ andκσ2 for net-kaon.

In Fig. 2.13 we show energy dependence ofσ2/M , Sσ andκσ2 for net-kaon. We

choose transverse momentum and pseudo-rapidity within therange0.2 < pT < 2.0

GeV and−0.5 < η < 0.5 in our calculation. At low energyσ2/M for net-kaon is

slightly more than unity and its value increases rapidly with increase of
√
sNN and result

is almost same for both HRG and EVHRG model. Radii of hadrons practically have no
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effect on the results as shown in Fig. 2.13(a).Sσ for net-kaon decreases with increase

of
√
sNN as can be seen from Fig. 2.13(b). Value ofSσ in EVHRG model is suppressed

compared to HRG model and suppression increases with increase of radii of hadrons.

In Fig. 2.13(c) energy dependence ofκσ2 for net-kaon is shown. In this case, volume

effect is more prominent, as discussed earlier.κσ2 for net-kaon increases with increase

of
√
sNN and then saturates. The value ofκσ2 is suppressed in EVHRG model compared

to HRG model and suppression increases with the increase of radii of hadrons. At all

energies,κσ2 for net-kaon lie between0.9 to 1.1 in both HRG and EVHRG.
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Figure 2.14: Energy dependence ofσ2/M , Sσ andκσ2 for net-charge. Experimental

data is taken from Ref. [101].

Figure 2.14 shows the energy dependence ofσ2/M , Sσ andκσ2 for net-charge. We

have chosen transverse momentum and pseudo-rapidity within the range0.2 < pT < 2.0

GeV and−0.5 < η < 0.5 in our model calculation. We compare our results with exper-

imental data of net-charge fluctuations for(0 − 5)% central Au-Au collisions measured

by the STAR [101] collaboration. Figure 2.14(a) showsσ2/M , for net-charge, increases

rapidly with increase of
√
sNN and compared to experimental values our results are sup-

pressed at higher energies.Sσ for net-charge decreases with increase of
√
sNN as can be

seen from Fig. 2.14(b). Experimental data ofSσ for net-charge matches within error-bar

with HRG/EVHRG model at
√
sNN ≤ 19.6 GeV and

√
sNN ≥ 62.4 GeV but at other
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intermediate energies HRG/EVHRG model over estimate the experimental data. Figure

2.14(c) showsκσ2 for net-charge slowly decreases with increase of
√
sNN and then sat-

urates. At all
√
sNN , κσ2 for net-charge lie between1.4 to 1.8 in HRG / EVHRG model

which is in agreement with experiment within error-bar at
√
sNN ≥ 11.5 GeV. Calcula-

tions for ratios of higher order fluctuations of electric charge using LQCD can be found

in Ref. [102].

2.8 Discussion and Conclusion

We have shown fluctuations (χi
x; i = 1 − 4; x = B, S,Q) of various conserved charges

like net baryon number, net strangeness and net charge at finite temperatures and chem-

ical potentials using interacting and non-interacting hadron resonance gas model and

compared them with the LQCD as well as the available experimental data.

We can draw following inferences from the present study:

• In general HRG results are larger compared to EVHRG, the difference being higher

for higher temperatures and densities.

• At high temperatures andµB = 0, compared to HRG, second order fluctuations

from EVHRG fits better to LQCD continuum data for the radius of hadrons be-

tween0.2− 0.3 fm.

• The LQCD data (Nτ = 6, 8) for χ4
B andχ4

S are closer to HRG/EVHRG model up

to T = 0.16 GeV. Whereas, both HRG and EVHRG model overestimates LQCD

data forχ4
Q.

• Correlations atT 6= 0 andµB = 0 shows much stronger dependence on the degrees

of freedom involved. LQCD continuum data for bothχ11
BS andχ11

QS are closer to

HRG results (higher than EVHRG) at lowerT but rises less sharply and becomes

less than HRG for higherT . On the other hand,χ11
BQ calculated in LQCD is close to

EVHRG results at lowerT . Initially, it increases withT but then decreases beyond

T = 0.165GeV as discussed earlier.

• The correlation ratios from both HRG and EVHRG disagree with LQCD con-

tinuum data though the trends are qualitatively similar. This difference could be

attributed to the fact that LQCD incorporates transition from hadronic to QGP

medium, whereas only hadronic phase is present in HRG / EVHRG model. At

highµB, the magnitudes of susceptibilities and correlations are higher correspond

to µ = 0 case.
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• The susceptibilities, as well as correlations, are found toincrease withµB at fixed

temperatures for both HRG and EVHRG, the effect of interactionbeing larger for

higherT .

• Since low energy collisions usually correspond to largerµB, the effect of repulsive

interaction, as present in EVHRG model, is distinguishable for lower energies.

Moreover, this difference is more pronounced for higher order susceptibilities.

• With increase of
√
sNN , chemical potential decreases sharply whereas temperature

increases slowly. Therefore,χ1 andχ3 decrease with increase of
√
sNN whereas

χ2 andχ4 decrease slowly and then saturate. As a resultσ2/M increases with

increase of
√
sNN , Sσ decreases with increase of

√
sNN whereasκσ2 remains

almost constant in all energies.

• Although the variations ofσ2/M andSσ with
√
sNN seem to describe the ex-

perimental data well, ratio of higher order cumulantsκσ2 shows large deviations.

It may be an indication of quark degrees of freedom. It would be interesting to

look at the other higher order cumulants as they are supposedto have a stronger

dependence on correlation length and hence will be more sensitive to the critical

fluctuations.

In general, EVHRG seems to have a better agreement with the LQCDcontinuum data

at low T andµB = 0. However, the comparison with the experimental data does not

provide us with a clear preference between HRG and EVHRG.

It may be noted that in Figs.2.3(b) and 2.8(a) LQCD results arelarger than all the

HRG results in the crossover temperature range of0.14− 0.15 GeV. The LQCD may be-

come closer to the HRG by the inclusion of non-PDG additional strange baryons which,

though not observed experimentally, are predicted by the quark-model and also observed

in the LQCD spectrum [103].
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CHAPTER3

EFFECTS OF EXTERNAL MAGNETIC

FIELD ON THE HADRON RESONANCE

GAS

The study of the effect of magnetic field on the phase transition has become a subject

of intense research for last few years. The phase transitionin Quantum Chromodynamic

(QCD) system is usually expected to occur around the QCD energyscalesΛ ∼ 200

MeV. So one should be interested in the magnetic fields with strength B∼ (200 MeV)2

∼ 2 × 1018 G. Though the effect of magnetic field in neutron stars has been a topic

of interest, both theoretically as well as observationally, for a long time, the strength

of magnetic field can be as large as1015 G only on the surface of magnetars. On the

other hand, non-central relativistic HIC may create extremely strong magnetic field (∼
m2

π ∼ 1018G) due to the relativistic motion of the charged particles. The estimated

magnetic field (B) may reach up to order of0.1m2
π, m2

π and15m2
π for SPS, RHIC and

LHC energies respectively [1]. Such high magnetic fields mayexist only in the interior

of the neutron stars and might have been present in the early universe. In fact, several

previous works have shown that the large magnetic fields willaffect the EOS of compact

70
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stars [2–5].

Magnetic fields can induce many interesting phenomena in QCD matter, such as chi-

ral magnetic effect (CME) which is mainly associated with theanomaly induced trans-

port phenomena. On the other hand, magnetic catalysis [6] and inverse magnetic cataly-

sis [7, 8] can affect the phase diagram of QCD matter.

CME corresponds to the phenomenon of electric charge separation, induced by chi-

rality imbalance, along an external magnetic field. This chiral imbalance originates due

to the interaction between topologically non-trivial gluonic fields and quarks, instantons

and sphalerons which also results in P and CP violation [9–11]. Effects of charge sep-

aration has been found in lattice studies [12]. Such a chargeseparation has also been

measured experimentally by the STAR [13–17] and PHENIX collaboration [18] at RHIC

and by ALICE collaboration [19] at LHC. Star collaboration hasalso studied a beam en-

ergy dependence of the charge separation [17]. They have found a decrease in the signal

with beam energy which imply the effect of larger contribution of hadronic interactions

over partonic at lower beam energies. However, the explanation of the results, in terms

of CME is still under debate because the study may be sensitiveto other background

correlations such as elliptic flow, jets etc. [18].

The magnetic catalysis, in plain words, states that magnetic field favours chiral sym-

metry breaking. In other words, the presence of magnetic field is expected to increase the

critical temperature. In contrast, in a dense medium, at zero temperature, critical chem-

ical potential has been found to decrease with magnetic field. Hence the presence of

magnetic field is expected to affect the phase diagram. The modification of QCD phase

diagram in presence of magnetic field has been extensively studied using model calcu-

lations [20–23] and lattice QCD (LQCD) [24, 25]. In PNJL model [22] it was shown

that the external magnetic field works as a catalyzer of dynamical symmetry breaking. In

recent LQCD studies [24], it has been found that the transition temperature significantly

decreases with increasing magnetic field. Fluctuations andcorrelations of hot QCD mat-

ter in presence of external magnetic field have also been studied in PNJL model [26]. It

was observed that fluctuations and correlations increase inpresence of a magnetic field

in the regime of chiral crossover. Other observable like elliptic flow coefficient can also

increase in presence of a strong magnetic field [27].

Anisotropic electric conductivity of hadronic medium is another influence of the

strong magnetic field which has been found in lattice studies[28]. Since this conductiv-

ity is associated with the lepton emission [29, 30] such anisotropic conductivity should

generate an anisotropy in the dilepton emission with respect to reaction plane and should

be seen in experiments of HIC.
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The effect of magnetic field on the final observables in ultra-relativistic HIC would

also depend on the progression of the magnetic field. Depending on the electrical con-

ductivity of the medium the magnetic diffusion timeτmag may vary from 0.3 fm to 150

fm [31, 32]. Therefore for large diffusion time, one may consider the magnetic field to

be constant. In view of the possible roles of the magnetic field, it would be exciting to

examine its effect on fluctuations and correlations of the hadrons.

In this work, we plan to investigate the fluctuations and correlations of a strongly in-

teracting matter using the non-interacting Hadron Resonance Gas (HRG) model [33–56]

discussed in chapter 2. Recently, the hadronic EOS for non-zero magnetic fields has been

studied within the HRG model [54, 57–59]. On the other hand study of fluctuations-

correlations of conserved charges is a reliable method to study the phase transition as

these quantities behave quite differently in the hadronic and quark phases [60–62]. Fur-

ther, the fluctuations are expected to be magnified near phaseboundary and are linked

to the critical behaviour of strongly interacting matter [63, 64]. Moreover, by studying

event-by-event fluctuations [65] as a function of varying control parameters (like beam

energy) in a HIC experiment [66–69] it would be possible to learn more about the QCD

phase diagram.

3.1 HRG model in presence of magnetic field

The grand canonical partition function of a non-interacting hadron resonance gas (see

chapter 2 for more detail) can be written as sum of partition functionslnZid
i of all hadrons

and resonances

lnZid =
∑

i

lnZid
i , (3.1)

whereid refers to ideal i.e., non-interacting HRG. Fori th particle,

lnZid
i =

V gi

(2π)3

∫

±d3p ln[1± exp(−(Ei − µi)/T )], (3.2)

whereT is the temperature of the system,V is the volume,mi is the mass of the hadron,

gi is the degeneracy factor,Ei =
√

p2 +m2
i is the single particle energy andµi =

BiµB + SiµS +QiµQ is the chemical potential. In the last expression,Bi, Si,Qi are the

baryon number, strangeness and charge of the hadron respectively, µ,s are corresponding

chemical potentials. The upper and lower signs correspondsto fermions and bosons

respectively. For simplicity we do not consider repulsive interactions here. The free

energy for the ideal HRG system can be written asF id = −T lnZid.
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In this section we study effect of strong magnetic field on EOSas well as on fluc-

tuations. Magnetic fields created in the non central heavy-ion collisions have been

studied using UrQMD [1]. There it was shown that the magneticfield can reach upto

eB ∼ 0.1m2
π for SPS energy range,eB ∼ m2

π for RHIC energy range andeB ∼ 15m2
π

for LHC energy range. It is well known that in the presence of aconstant magnetic field

along a particular axis, say along the z axis, the path of the charged particle will be a

helix whose axis lies along the z axis and whose projection onthe x-y plane is a circle.

The circular motion in x-y plane is due to the Lorentz force experienced by the particle.

For a constant magnetic fieldBz, the single particle energy levels for charged and neutral

particles are respectively given by [70–72]

EBz

i,c =

√

p2z + (
√

m2
i + |qi|Bz(2n+ 2sz + 1) + 2szkiBz)2 (3.3)

and

EBz

i,n =

√

p2z +
(
√

m2
i + p2x + p2y + 2szkiBz

)2

, (3.4)

whereqi is the charge of the particlen is any positive integer corresponding to allowed

Landau levels,sz are the components of spins in the direction of magnetic field, and

ki is the anomalous magnetic moment [73]. We note here that no anomalous magnetic

moments were introduced for the mesons as no conclusive experimental data exist for

them. For a givens, there are2s + 1 possible values ofsz (say for proton,sz = −1/2

to +1/2 in step of1). The gyromagnetic ratios are taken asgh = 2|qh/e| for all charged

hadrons [54, 74].

In presence of Landau levels one write the 3-momentum integral as [4]

∫

d3p→ 2π|Qi|eBz

∑

n

∑

sz

∫ +∞

−∞

dpz. (3.5)

So only the components of momentum perpendicular to the magnetic field is modified

whereas momentum parallel to the magnetic field remains sameas before. With increase

of Bz, separation between momentum states of particles increase. As Bz goes towards

zero, momentum states no longer remain discrete but become continuous.

In presence of magnetic field, free energy can be written as,F =
∑

i Fi =

−∑i T lnZi = F therm + F vac , whereF therm andF vac are respectively the thermal

and vacuum (T = 0, Bz 6= 0) part of the free energy. The thermal part is given by
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F therm = −∑i T lnZtherm
i where fori th particle,

lnZtherm
i =

V g′i
(2π)3

∑

sz

∫

±d3p ln[1± exp(−(EBz

i,n − µi)/T )], for Qi = 0

=
V g′i
2π2

|Qi|eBz

∑

n

∑

sz

∫ ∞

0

±dpz ln[1± exp(−(EBz

i,c − µi)/T )], for Qi 6= 0

(3.6)

whereg′i is the degeneracy other than spin. So thermal part of the partition functions of

particles will be modified by the magnetic field. The vacuum part is diverging. This can

be regularised. However, particles with spin> 1 is not renormalizable [75]. This problem

is, probably, reflected through the fact that the regularised individual contributions from

particles with spin> 1 towards pressure is negative [54] in the vacuum. Moreover, many

of the thermodynamic quantities like number density, entropy, fluctuations, correlations

etc. are unaffected by the vacuum part. This leads to an ambiguity regarding the treatment

of the vacuum part. In this work we have neglected the vacuum part all together.

The pressure fori th hadron can be written as

Pi = −∂Fi

∂V
=
T∂ lnZtherm

i

∂V
. (3.7)

Therefore, fori th hadron pressure is given by

Pi =
g′iT

(2π)3

∫

±d3p
∑

sz

ln[1± exp(−(EBz

i,n − µi)/T )], for Qi = 0

=
g′iT

2π2
|Qi|eBz

∑

n

∑

sz

∫ ∞

0

±dpz ln[1± exp(−(EBz

i,c − µi)/T )], for Qi 6= 0

(3.8)

Other thermodynamic quantities like the energy densityεi, the particle densityni,

the entropy densitysi, and specific heatCv can be calculated using the standard defini-

tions [76],

εi = − 1

V

(

∂ lnZi

∂ 1
T

)

µ
T

=
g′i

(2π)3

∑

sz

∫

d3p

exp[(EBz

i,n − µi)/T ]± 1
EBz

i,n , for Qi = 0

=
g′i
2π2

|Qi|eBz

∑

n

∑

sz

∫ ∞

0

dpz

exp[(EBz

i,c − µi)/T ]± 1
EBz

i,c , for Qi 6= 0

(3.9)
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ni =
T

V

(

∂ lnZi

∂µi

)

V,T

=
g′i

(2π)3

∑

sz

∫

d3p

exp[(EBz

i,n − µi)/T ]± 1
, for Qi = 0

=
g′i
2π2

|Qi|eBz

∑

n

∑

sz

∫ ∞

0

dpz
1

exp[(EBz

i,c − µi)/T ]± 1
, for Qi 6= 0

(3.10)

si =
1

V

(

∂ (T lnZi)

∂T

)

V,µ

= ± g′i
(2π)3

∑

sz

∫

d3p

[

ln

(

1± exp(−
(EBz

i,n − µi)

T
)

)

±
(EBz

i,n − µi)

T (exp((EBz

i,n − µi)/T )± 1)

]

, for Qi = 0

= ±g
′
i|Qi|eBz

2π2

∑

n

∑

sz

∫ ∞

0

dpz

[

ln

(

1± exp(−
(EBz

i,c − µi)

T
)

)

±
(EBz

i,c − µi)

T (exp((EBz

i,c − µi)/T )± 1)

]

, for Qi 6= 0

(3.11)

Cvi =
∂εi
∂T

=
g′i

(2π)3

∑

sz

∫

d3p

T 2
EBz

i,n (E
Bz

i,n − µi)

×
[

1

(exp[(EBz

i,n − µi)/T ]± 1)
∓ 1

(exp[(EBz

i,n − µi)/T ]± 1)2

]

, for Qi = 0

=
g′i
2π2

|Qi|eBz

∑

n

∑

sz

∫ ∞

0

dpz
T 2

EBz

i,c (E
Bz

i,c − µi)

×
[

1

(exp[(EBz

i,c − µi)/T ]± 1)
∓ 1

(exp[(EBz

i,c − µi)/T ]± 1)2

]

, for Qi 6= 0.

(3.12)

Velocity of soundcs is defined as

c2s(T ) =
∂P

∂ε
=
∂P

∂T
/
∂ε

∂T
=

s

Cv

. (3.13)

Thenth order susceptibility is defined as

χn
x =

1

V T 3

∂n(
∑

i lnZi)

∂(µx

T
)n

, (3.14)
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Figure 3.1: Number densities of different particles as a function of temperature.

whereµx is the chemical potential for conserved chargex. For our purposex = B

(baryon),S (strangeness) andQ (electric charge).

These equations are thermodynamically consistent even at non-zero magnetic field

i.e., they obey the relationε = TS − P +
∑

i µini. Similar equation of state was used in

many previous works [3, 5]. In all our calculations we incorporated all the hadrons listed

in the particle data book up to mass of 3 GeV [73].

3.2 Results

3.2.1 EOS atµ = 0 in presence of a magnetic field

The Equation of State (EOS) of magnetized hot and dense hadronic matter has already

been studied in Ref. [54]. We repeat certain important features of the thermodynam-

ics and EOS here. First we would like to estimate the limit of the magnetic field for

different spin states. The lowest possible values of the single particle (charged) en-

ergy would correspond to the minimum value ofsz (-ve for nonzero spin) and may be

written asEBz

i,c =
√

p2z + (
√

m2
i + |qi|Bz(−2|sz|+ 1)− 2|sz|kiBz)2 =

√

p2z +m2
eff

(n = 0), the effective mass beingm2
eff = (

√

m2
i + |qi|Bz(−2|sz|+ 1) − 2|sz|kiBz)

2 =

m2
i + |qi|Bz(−2|sz| + 1)(for ki = 0). The constraint on the magnetic field arises from

the notion that the effective mass has to be positive. Ifki = 0, the effective massmeff

always increases for spin zero particles whereas it remainsconstant for spin half par-

ticles. So there is no constraint on magnetic field for these two classes of particles.

However, the effective mass decreases fors ≥ 1 so there is a constraint on magnetic

field for these particles and it varies from particle to particle. The range ofqiBz is
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Particle(i) ni(GeV
3) at eBz = 0 ni(GeV

3) at eBz = 0.25GeV 2 %Change

π+ 0.000432666 0.000271963 −37.1

K+ 0.000128277 0.000106803 −16.7

p 3.55212× 10−5 5.06953× 10−5 42.7

n 3.53527× 10−5 3.76328× 10−5 6.4

Λ 1.49949× 10−5 1.50949× 10−5 0.7

Σ+(1189) 1.04402× 10−5 1.38316× 10−5 32.5

Ξ−(1321) 5.37013× 10−6 5.85302× 10−6 8.9

Ω−(1672) 1.74407× 10−6 2.54002× 10−6 45.6

K∗+(892) 6.63963× 10−5 0.000115698 74.2

ρ+ 0.000113992 0.000231292 103

∆+(1232) 1.68373× 10−5 3.21104× 10−5 90.7

∆++(1232) 1.68373× 10−5 0.000171236 917

Table 3.1: Number densities of different particles atT = 0.165 GeV andµ = 0.

0 < |qi|Bz < m2
i /(2|s| − 1) for s ≥ 1. For exampleeBz(ρ

±)max ≃ 0.59 GeV2,

eBz(∆
++(1232))max ≃ 0.38 GeV2 andeBz(∆

++(2420))max ≃ 0.293 GeV2.

Figure 3.1 shows variation of number densities of individual particles, scaled by the

number density ofπ+, with different spin quantum numbers as functions ofT . This

figure gives an idea of the relative abundances of different particles in the medium. For

example, at a temperature of 180 MeV the number density of proton is 0.1 times that of

pion at zero magnetic field. This ratio increases to 0.2 once amagnetic field of 0.25 GeV2

is switched on. So the relative abundance is increased by a factor 2. Even more dramatic

changes are observed for higher spin states. Forρ+ this factor is roughly 3 times whereas

for ∆++ it is about 14 times. So one can conclude that the compositionof the medium

changes drastically once a magnetic field is switched on.

In Table 3.1, we have shown number densities of several particles atT = 0.165

GeV andµ = 0. It is observed that, in presence of magnetic field, number density

is suppressed for a spin zero particle whereas the effect is opposite for non zero spin

particles. The enhancement of number density of spin1 particle is much more compared

to that for spin1/2 particles. The change for the case of∆++ is the most as it is doubly

charged and has spin3/2. These features arise from the nature of variation of the lowest

possible values ofEi with magnetic field for different spin states.

Figure 3.2 shows variation of pressureP , energy densityε, number densityn, entropy

densitys, specific heatCV and square of the velocity of soundc2s with temperature in

presence of magnetic field. We have chosen three values of themagnetic fields namely
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Figure 3.2: Thermodynamic quantities as a function of temperature atµ = 0.
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: eBz = 0.1, 0.2 and0.25 GeV2. The highest value of the magnetic field is slightly less

than the estimated magnetic field for LHC energy (15m2
π = 0.29 GeV2). We can see from

Fig. 3.2(a)-3.2(e) thatP, ε, n, s andCV increase with increase in magnetic field. High

temperature region is found to be more sensitive to the magnetic field compared to the

low temperature region. The dependence of the speed of soundon the magnetic field is

somewhat different. At smaller temperatures system is dominated by pions. For zero and

small magnetic fields, whenT > mπ, pions become more relativistic andc2s increases.

But for larger magnetic fields, pion mass becomes larger resulting into a decrease inc2s.

At large temperatures mass effect and hence the effect of magnetic field becomes less

important socs2 becomes almost independent of magnetic field.

3.2.2 Fluctuations and correlations of conserved charges

Figure 3.3 shows variation of second order (χ2) and fourth order (χ4) susceptibilities of

different conserved charges. The top row is for baryon number susceptibilities withT at

µ = 0. At low T , dominating contribution toχB comes from protons and neutrons. With

increase inT , other heavier baryons populate and contribute toχB and hence suscepti-

bilities increase with increase in temperature. Since all the baryons have baryon number

±1, there is no difference in magnitude for higher order susceptibility for χB.

Both χ2
B andχ4

B increase with increase inB especially at high temperature. The

number density of protons and neutrons increase with the magnetic field. At high tem-

perature the∆ particles get excited. The number density of∆++(1232) particles increase

with magnetic field even faster than that for the proton. There are two reason for the faster

rate of increase of∆++(1232) compared to proton. Firstly, as the spin of∆++(1232) is

3/2 the effective mass of∆++(1232) decreases with magnetic field. Secondly, for a

spin3/2 and doubly charged particle the effect of degeneracy and magnetic field make

the numbers increase faster. As a result the susceptibilities increase perceptibly at high

temperature with the increase in magnetic field.

In the middle row of Fig. 3.3 we have plotted the variation of second order (χ2
S) and

fourth order (χ4
S) susceptibilities of strange quantum number withT atµ = 0. The dom-

inant contribution toχ2
S andχ4

S at low temperatures come from kaons (lightest strange

hadron) which have strange quantum number±1. As a result magnitudes ofχ2
S andχ4

S

are similar in lowT region up to0.1 GeV. SinceK± are spin zero particles, theirmeff

increase in presence of the magnetic field and as a result populations get suppressed.

However, sinceT is small, population itself is small and hence this suppression is also

small. With increase inT , other strange mesons, likeK∗, starts populating the system. In

presence of magnetic field populations ofK∗± increases due to decrease ofmeff as they
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Figure 3.3: Variation ofχ2 andχ4 with temperature atµ = 0 for baryon number (top

row), strangeness (middle row) and electric charge (bottomrow).
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are spin one particles. As the contributionsK± andK∗± to the susceptibilities are oppo-

site in nature, in presence ofB, up to certain temperature (T < 0.12GeV ), susceptibilities

for strange quantum number do not get affected much by the magnetic field. At higher

temperatures, other strange hadrons (likeΛ, Σ) start populating the system. However,

contribution fromΛ is almost unaffected by magnetic field as it is an uncharged particle

(increases slightly due to anomalous magnetic moment). On the other hand population

of Σ± increases with increase of magnetic field. Furthermore, at high temperature and

high magnetic field, the contribution ofK∗±, to the susceptibilities, is much more com-

pared to that forK±. This also makes the susceptibilities increase with magnetic field.

Another important point is that at highT , several strange baryons likeΞ,Ω start populat-

ing the system. These particles have strange quantum number±2 and±3 respectively.

Therefore, in the highT region, magnitude ofχS increase for higher orders.

The bottom row of Fig. 3.3 shows variation of second order (χ2
Q) and fourth order

(χ4
Q) susceptibilities for net electric charge withT at µ = 0. These susceptibilities in-

crease with increasing temperature. Temperature dependence of susceptibilities of con-

served electric charges is quite interesting in the presence of magnetic field. In the low-

temperature domain,χ2
Q andχ4

Q decrease in the presence of magnetic field. Beyond a

certain temperature, those increase with the increase in magnetic field. Also this limiting

temperature decreases with increase in magnetic field. The dominant contribution to the

susceptibilities of conserved electric charges at low temperatures come fromπ± (lightest

hadron) which are spin zero particles. Next dominating contributions are coming from

kaons which are also spin zero particles. Therefore, the populations of these particles

get suppressed in the presence of magnetic field. As a result susceptibilities of conserved

electric charges decrease with the increase of magnetic field at low temperature. With the

increase of temperatureρ,K∗, p, ∆ etc., which are spin non-zero particles, appear in the

system and these particles cause the susceptibilities to rise at high temperature.

In Fig. 3.4 we have plotted the correlations (off-diagonal susceptibilities) of con-

served charges. For all the cases the correlations increasewith the magnetic field. The

maximum effect is observed in the baryon charge sector as thebaryons with higher spin

states and charge contribute in this sector. Here the leading contributors arep, Σ± and

∆. For all these particles the number density increases with increase in the magnetic

field, especially at high temperature, as a result the correlation increases. The leading

order contribution toBS comes fromΛ. However the contribution fromΛ is not affected

much by the magnetic field as it is an uncharged particle. Density of Λ increases slightly

in presence of magnetic field because of its anomalous magnetic moment. The leading

particles, in this sector, whose contributions are affected by the magnetic field areΣ±.
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Figure 3.4:χBS, χQS, χBQ as a function of temperature atµ = 0.

As the number densities of these particles increase in the presence of a magnetic field,

the correlation also increases, especially at high temperature. For theQS sector, the

correlation is suppressed at low temperature, in the presence of a magnetic field, as the

major contributions come fromK±. The number density ofK±, being a spin0 particle,

decreases in presence of a magnetic field. As the temperatureincreases the spin1 particle

K∗± appear in the medium. This makes theQS correlation increase at high temperature.

3.2.3 High density scenario

In this section, we are going to discuss the high-density scenario of different quantities

in the presence of a magnetic field. The change in the individual population of some

of the particle atT = 0.150 GeV andµB = 0.6 GeV has been listed in the table 3.2.

In general, at finite density, the population is larger compared to zero density case as
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Particle(i) ni(GeV
3) at eBz = 0 ni(GeV

3) at eBz = 0.25GeV 2 %Change

π+ 0.000313502 0.000179399 −42.7

K+ 7.87315× 10−5 6.28955× 10−5 −20.1

p 0.000900472 0.00132778 47.4

n 0.000895851 0.000959955 7.1

Λ 0.000349601 0.000352365 0.8

Σ+(1189) 0.000234003 0.00032614 39.4

Ξ−(1321) 0.000111702 0.000123953 10.9

Ω−(1672) 2.94989× 10−5 4.64752× 10−5 57.5

K∗+(892) 3.26204× 10−5 6.37236× 10−5 95.3

ρ+ 5.988× 10−5 0.000139956 133.7

∆+(1232) 0.000368455 0.000786724 113

∆++(1232) 0.000368455 0.00440229 1095

Table 3.2: Number densities of different particles atT = 0.150 GeV ,µB = 0.6 GeV and

µS = µQ = 0.

can be seen from a comparison with table 3.1. Moreover, the change in the respective

populations, in the presence of magnetic field, is much larger compared to zero density

case.
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Figure 3.5: Number densities of different particles as a function of baryon chemical

potential.

In Fig. 3.5 we have plotted the relative abundances of different particles with respect

to theπ+ population. As in the case ofµ = 0 scenario, here also the relative abundances

change drastically as the density is increased.
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Figure 3.6: Thermodynamic quantities as a function ofµB at T = 0.15 GeV keeping

µS = µQ = 0.
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In Fig. 3.6 we have shown pressure, energy density, number density, entropy density,

specific heat and square of the velocity of sound as a functionof µB keeping temperature

fixed atT = 0.15 GeV andµS = µQ = 0. We have considered three different values

of magnetic field. All these quantities increases as we increaseµB as more and more

particles get excited at high density. At high magnetic field, there is an increase in the

population of baryons at highµB. As a result, these thermodynamic quantities increase at

highB andµB. The effect of magnetic field onCv is more pronounced at larger densities

compared to large temperature and zero density case. On the other hand, magnetic field

effect onc2s is much less at finite density.

Figure 3.7 showsχn
x as functions ofµB for different conserved charges (x) at a fixed

temperature and keepingµS = µQ = 0. The left column of this figure, which shows the

plots of susceptibilities for conserved baryon number, onecan see that susceptibilities

for all the orders increase with the increase inµB. Also, susceptibilities increase with

the increase in magnetic field and this effect is much more pronounced compared to the

zero density scenario. At0.15 GeV of temperature and at high density a large number of

baryons populate the system. The population of each of the baryons increase with mag-

netic field. As a result susceptibilities increase. The middle column shows the variation

of χn
S as functions ofµB under same conditions as above. Odd powers ofχS are negative

because we keepµS = µQ = 0. Therefore, net kaon number is zero. So leading contri-

bution toχ1
S andχ3

S come fromΛ (spin1/2), the lightest strange baryon, which has the

strange quantum number−1. The effect of magnetic field onχn
S are lower compared to

χn
B or χn

Q. In the right column we have shown the variation ofχn
Q as functions ofµB at

T = 0.15 GeV and keepingµS = µQ = 0. Magnitudes of susceptibilities increase with

increase ofµB. Moreover, fluctuations are larger for higher order. Further, fluctuations

increase with the increase in magnetic field. As the density increases more and more

charged particles are excited. These charged particles interact with the magnetic field

increasing the population further resulting in the increase in susceptibilities at a higher

magnetic field. As a result, the effect of magnetic field is maximum for this conserved

charge.
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Figure 3.7:χB (left column),χS (middle column) andχQ (right column) as a function of

µB keepingµS = µQ = 0.
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3.2.4 Beam energy dependence of the ratios of cumulants
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Figure 3.8: Phenomenological freeze-out line ofε/n = 1 GeV at different magnetic

fields.

Experimentally measured observables such as mean(M), standard deviation(σ), skew-

ness(S) and kurtosis(κ) of conserved charges are used to characterize the shape of

charge distribution. We have discussed this topic in the sec. 1.5.1.3 in more detail. The

ratios of cumulants can be linked with susceptibilities by the following relations,

χ2
x

χ1
x

=
σ2
x

Mx

,
χ3
x

χ2
x

= Sxσx,
χ4
x

χ2
x

= κxσ
2
x. (3.15)

These ratios are independent of the volume of the system and play crucial role for the

search of possible QCD critical point in the QCD phase diagram [67].

From phenomenological studies some properties characterizing the thermal fireball

are found to be independent of collision energy. These freeze-out properties include

(1) ε/n = 1 GeV [43, 44], (2) s
T 3 = 7 [77–79], (3) nB + nB̄ = 0.12 fm−3 [80] etc.

Though all these freeze-out properties provide a reasonable description of the particle

yields, the criterion ofε/n = 1 GeV is argued to be most stable [44] for all the range

of collision energies. We, therefore consider this to be thecriteria even in the presence

of a magnetic field fig. 3.8. We find that the chemical freeze-out line of ε/n = 1 GeV

at various magnetic fields and found that the maximum shift is∼ 5% over the full range

of temperature and chemical potential concerned. As the effect of magnetic field on the

freeze-out parameters is small we do not take up this issue inthe present work and we

take the parameters from [44, 48].
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Figure 3.9: Products of moments of net-proton as a function of centre of mass energy.

Figure 3.9 shows the ratios of cumulants of net-proton as a function of centre of

mass energy
√
s. With non-zero magnetic field we find that(σ2/M)p is very sensitive

with increasing
√
s. For (Sσ)p the magnetic field effect is non-monotonic with

√
s.

Both these behaviours are prominently effects from the anomalous magnetic moment of

the proton. We checked that without this anomalous part these ratios have insignificant

dependence on the magnetic field. For(κσ2)p there is a small magnetic field dependence

only at very low
√
s. We have plotted experimental data of net-proton fluctuations for two

different centralities of Au-Au collisions measured at STAR [68] as well. However, one-

to-one comparison with experimental data may not be proper as we have not considered

the acceptance cuts. In addition, there are large error barsin both chemical freeze-out

parameters and higher order product of moments, especiallyat lower
√
sNN .

Figure 3.10 shows similar plots for net-kaon. For (σ2/M)k and(Sσ)k no magnetic-

field dependence is observed. However,(κσ2)k depends on the magnetic field. The

quantity(κσ2)k goes towards unity whenexp((Ei − µi)/T ) is large and in that case spin

statistics is not that important. At higher beam energy (i.e. highT and at small (Ei−µi))
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Figure 3.10: Products of moments of net-kaon as a function ofcentre of mass energy.

when spin statistics is important,(κσ2)k is greater than unity for bosons (and opposite for

fermions) as can be seen from the figure (in same region(κσ2)p is close to unity because

of its larger mass). With increase of magnetic-field effective mass of kaon increases

and hence(κσ2)k decreases. At low
√
s, magnetic field effects are not that prominent

compared to net-proton sinceE − µ increases with the increase of magnetic field. The

strange chemical potentialµS is almost one order of magnitude smaller thanµB in that

region.

In Fig. 3.11, we have plotted the ratios of cumulants for net-charge as a function

of centre of mass energy
√
s. The ratios of cumulants for the net charge are extremely

sensitive to the magnetic field. We find(σ2/M)Q to have similar dependence on magnetic

field as that of(σ2/M)p, but the magnitude is now larger due to contributions of the

low mass charged mesons. In the plot of(σ2/M)Q one can see that at low density and

high temperature (i.e. at high
√
s) this quantity is highly sensitive to the magnetic field.

(Sσ)Q is found to be most sensitive to the magnetic field for lower
√
s. The dependence

of (κσ2)Q on magnetic field is small and of the same order as corresponding ratio of net
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Figure 3.11: Products of moments of net electric charge as a function of centre of mass

energy.

charge. We have plotted experimental data of net-charge fluctuations for most central and

most peripheral Au-Au collisions measured at STAR [69].

By construction, the 0-5% centrality data is close to the HRG results forB = 0.

However the sensitivity ofB underlines its importance to be considered as a freeze-out

parameter in future. On one hand it seems that most magnetic field effects would be

observed for peripheral heavy-ion collisions because large number of spectator particles

would give rise to large magnetic field. On the other hand a larger system created in the

central collisions may sustain even somewhat smaller magnetic field for a considerable

time [31]. In general it seems that the magnetic field affectsthe lower order fluctuation

ratios the most. Therefore(σ2/M)x are suitable observables for fixing the magnetic field

value in the HRG model.
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3.3 Conclusion

We have studied the thermodynamics and fluctuations of conserved charges, namely

baryon, strangeness and electric charge, using HRG model in the presence of a mag-

netic field. We have chosen three values of magnetic fields, highest of which is close to

the predicted magnetic field for non-central HIC at LHC energy.

We can draw following conclusions from the present study.

• The population of spin zero charged hadrons decreases due tothe magnetic field,

whereas it increases for spin non-zero charged hadrons. Populations of neutral

particles increase slightly due to anomalous magnetic moments. For hadrons with

larger spin, an increase in the population is quite large dueto large suppression

of the effective mass. Therefore composition of the medium changes significantly

once a magnetic field is switched on.

• The various thermodynamic observables like pressure, energy density etc. as well

as the fluctuations of conserved charges are also affected significantly by the mag-

netic field. Number density, energy density, entropy density, specific heat etc. in-

crease with the increase of magnetic field. High temperature, as well as high baryon

density regions, are more sensitive to the magnetic field.

• The baryon number and electric charge number susceptibilities are more sensitive

to the magnetic field as compared to the susceptibilities of strangeness. Among the

correlators, the baryon−charge correlation is found to be the most sensitive. The

ratios of fluctuations that are measurable experimentally also manifest some effects

of the magnetic field. We found that these ratios for the net proton and net kaon

have a soft dependence on the magnetic field whereas for net electric charge the

dependence is quite strong.

• Magnetic field affects the lower order fluctuation ratios ((σ2/M)x) the most.
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CHAPTER4

CENTRALITY DEPENDENCE OF

CHEMICAL FREEZE-OUT PARAMETERS

FROM FLUCTUATIONS

As we have discussed in the previous chapters, the event-by-event fluctuations of con-

served charges like baryon number, strangeness, and electric charge are sensitive indica-

tors of the existence of the CEP and the transition from the hadronic phase to the QGP

phase. A non-monotonic variation of observables related tothe cumulants of the distribu-

tions of the above mentioned conserved charges with a variation of centre of mass energy

(
√
sNN ) is expected near CEP. Similar behaviour is expected in the centrality dependence

of those observables at a fixed
√
sNN as well. We assume that the signatures of phase

transition or CEP survive until they are detected. Several experimental results of cumu-

lants of conserved charge fluctuations have recently been reported at various energies and

centralities [1–3].

Since cumulants of conserved charges depend on the temperature and chemical po-

tential of the system, it is possible to calculate those parameters by comparing experi-

mentally measured cumulants with the susceptibilities calculated in a model [4, 5] or in

99
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LQCD. However, since cumulants are volume dependent, ratiosof cumulants are con-

structed to cancel volume term. Moreover, they are related to the ratios of the different

order of susceptibilities. Thus the ratios of cumulants of conserved charges provide im-

portant information about chemical freeze-out parameterswhich is useful to locate CEP

in the phase diagram. However, at finite chemical potential,LQCD faces the well-known

sign problem. As a result, the region of very high chemical potential in the phase diagram

can not be studied in LQCD presently. Further, it is not possible to employ experimental

acceptance cuts in LQCD calculation. On the other hand, hadron resonance gas (HRG)

model [6–35] provides a simpler alternative for the study ofthe strongly interacting mat-

ter in the non-perturbative domain. Moreover, susceptibilities of conserved charges cal-

culated in LQCD have been well reproduced by HRG model [17, 18, 23, 28]. Further-

more, the region of large baryonic chemical potential in thephase diagram, which can be

accessed by low energy heavy-ion collisions, can be studiedby this model. One can also

incorporate proper experimental acceptances in this model. Therefore, this model can be

used to extract freeze-out parameters using experimental data of the ratios of cumulants

of conserved charges.

In this chapter, we have studied fluctuations of net-proton and net-charge using HRG

as well as its interacting versioni.e., EVHRG model with proper acceptance cuts [36].

We have already discussed these models in the chapter 2. Herewe will discuss only those

issues which are appropriate for this chapter. The grand canonical partition function of a

hadron resonance gas can be written as

lnZid =
∑

i

lnZid
i , (4.1)

where the sum is over all the hadrons.id refers to ideali.e., non-interacting HRG. For

particle speciesi,

lnZid
i = ± V gi

(2π)3

∫

d3p ln[1± exp(−(Ei − µi)/T )]. (4.2)

We assume that the hadronic matter is in thermal and chemicalequilibrium. The parti-

tion function is the basic quantity from which one can calculate various thermodynamic

quantities of the thermal system. In case of heavy-ion collision experiments, the parame-

tersT andµ′s of HRG model corresponds to those at chemical freeze-out which depend

on initial conditions of the collision. The chemical potentials µB, µS andµQ are not

independent, but related toT as well as to each other via the conditions

∑

i

ni(T, µB, µS, µQ)Si = 0, (4.3)
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and
∑

i

ni(T, µB, µS, µQ)Qi = r
∑

i

ni(T, µB, µS, µQ)Bi, (4.4)

wherer is the ratio of net-charge to net-baryon number of the colliding nuclei. For

Au+Au collisionsr = Np/(Np +Nn) = 0.4, whereNp andNn are respectively proton

numbers and neutron numbers of the colliding nuclei. The Eq.4.3 is due to fact that

initially there is no net-strangeness in the colliding nuclei.

In the HRG model, the number densityni of i th particle is defined as,

ni =
T

V

(

∂ lnZi

∂µi

)

V,T

=
gi

(2π)3

∫

d3p

exp[(Ei − µi)/T ]± 1
. (4.5)

In terms of transverse momentum(pT ) and pseudo-rapidity (η), the volume elementd3p

and the single particle energyEi can be written asd3p = 2π p2T cosh η dpT dη and

Ei =
√

(pT cosh η)2 +m2
i , respectively.

Therefore, terms ofpT andη, the number densityni of i th particle can be written as,

ni =
gi

(2π)2

∫ ∫

p2T cosh η dpT dη

exp[(
√

(pT cosh η)2 +m2
i − µi)/T ]± 1

. (4.6)

Instead of pseudo-rapidity, one can use rapidity (y) as well. In that cased3p andEi

respectively can be written asd3p = 2π pTmT i cosh y dpT dy andEi = mT icosh y,

wheremT i =
√

p2T +m2
i . The number density ofi th particle in this case can be written

as,

ni =
gi

(2π)2

∫ ∫

pT mT i cosh y dpT dy

exp[(mT icosh y − µi)/T ]± 1
. (4.7)

The experimental acceptances can be incorporated by considering the appropriate inte-

gration ranges, either inpT andη or in pT andy.

4.1 Experimental observable of fluctuations of con-

served charges

Net-chargesNq (= N+
q −N−

q ) are measured experimentally within a finite acceptance on

an event by event basis (sec: 1.5.1). Experimentally measured observables for net-charge

fluctuations are the mean (Mq), variance (σ2
q ), skewness (Sq) and kurtosis (κq). They are

related to the different order of susceptibilities and alsoto the cumulants by the following

relations:
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σ2
q/Mq = χ2

q/χ
1
q = C2/C1, (4.8a)

Sqσq = χ3
q/χ

2
q = C3/C2, (4.8b)

κqσ
2
q = χ4

q/χ
2
q = C4/C2, (4.8c)

whereCn is then th order cumulants (sec: 1.5.1.3.3) of the charge distribution. The

STAR collaboration has reported results of the above-mentioned observables of net-

proton and net-charge at different energies ranging from7.7 GeV to 200 GeV and at

various centralities [1, 2]. The PHENIX collaboration has also reported results of similar

observables for net-charge [3]. Non-monotonic variationsof these ratios with variation of

beam energy (
√
sNN ) and also with variation of centrality at a fixed

√
sNN are believed

to be good signatures of a phase transition and a CEP.

4.2 Results

In the present chapter, we have studied centrality dependence of fluctuations of net-proton

and net-charge using HRG as well as its interacting versioni.e., EVHRG model. It was

shown that the ratios of higher order cumulants are affectedby the excluded volume

corrections [25, 28]. In Ref. [25, 28], it was shown that the ratios of higher order cu-

mulants are affected by the excluded volume corrections. The importance of EVHRG

model has been discussed in the chapter 2 as well. Further, itwas shown that experimen-

tal data ofσ2/M for net-proton as well as for net-charge in central Au + Au collisions

can be described quite well using this model [28]. Not only that, Sσ, κσ2 can also be

described within experimental error for
√
sNN ≥ 27 GeV [28]. On the other hand ratio

of cumulants depend on acceptance cuts [27, 28, 37] as well. For this study, first chem-

ical freeze-out temperatures and chemical potentials havebeen extracted from available

experimental data of ratios of fluctuations. Then those parameters have been used to cal-

culate ratios of fluctuations of net-proton and net-charge.In all the calculations, we have

incorporated all the hadrons listed in the particle data book [38] up to a mass of 3 GeV.

4.2.1 Centrality dependence of chemical freeze-out parameters

From the experimental information about particle yields orparticle ratios, chemical

freeze-out temperature and baryonic chemical potential can be extracted [19, 20, 39–43].

In some previous works it was shown that chemical freeze-outparameters are indepen-

dent of centrality [44, 45]. However we wanted to revisit thecentrality dependence of
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Sets of parameters Experimental data used Model used

CFO1 (σ2/M)np, (σ
2/M)nc HRG

CFO2 (σ2/M)np, (σ
2/M)nc EVHRG

CFO3 (σ2/M)nc, (Sσ)np, (Sσ)nc HRG

CFO4 (σ2/M)nc, (Sσ)np, (Sσ)nc EVHRG

Table 4.1: Sets of chemical freeze-out parameters (T, µ′s). Subscripts “np” and “nc”

correspond to net-proton and net-charge respectively.
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Figure 4.1: Centrality dependence (in terms ofNpart) of chemical freeze-

out temperatures and chemical potentials forAu + Au collisions at
√
sNN = 200, 62.4, 39, 27, 19.6, 11.5 and 7.7 GeV. Four sets of chemical

freeze-out parameters (CFO) have been plotted. For specifications of different sets of

parameters see the table 4.1.

chemical freeze-out parameters through the study of ratiosof cumulants inAu + Au

collisions. At first we have estimated chemical freeze-out temperatures and chemical

potentials at different energies as well as at different centralities analysing experimen-

tally measured ratios of cumulants of net-proton and net-charge measured inAu + Au

collisions by STAR collaboration at RHIC [1, 2].

Experimentally, net-proton fluctuations were measured in the mid rapidity (|y| < 0.5)

and within transverse momentum0.4 < pT < 0.8 GeV. Whereas net-charge fluctuations

were measured in pseudo-rapidity range|η| < 0.5 and within transverse momentum

range0.2 < pT < 2.0 GeV (removing net-proton ofpT < 0.4 GeV) [2]. Same accep-

tances have been used in the present study using the HRG / EVHRG model. For EVHRG

model, we have considered hardcore radii0.3 fm for all the hadrons. Four sets of chem-

ical freeze-out parameters, listed in table 4.1, have been extracted in order to describe
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σ2/M , Sσ andκσ2 of net proton and net-charge. Chemical freeze-out parameters, in

the first two sets (CFO1 and CFO2), have been extracted analysing experimental data of

σ2/M of net-proton and net-charge. It should be noted thatσ2/M has smaller experi-

mental errors compared toSσ andκσ2. Not only that, experimental errors are smaller for

net-proton fluctuations compared to that of net-charge. Whereas, in third and fourth sets

(CFO3 and CFO4)Sσ andσ2/M of net-charge andSσ of net-proton have been used to

extract chemical freeze-out parameters. The motivation ofCFO3 and CFO4 is to describe

experimental data of ratios of higher order cumulants, especially Sσ data properly. If we

use onlySσ data, then the errors in extracted parameters for most of thecases, as well as

temperatures for few cases, come out to be very large where the description of the HRG

/ EVHRG might not be valid. Therefore, no conclusion can be drawn for those parame-

ters. Moreover, we have excludedσ2/M of net-proton, which has a smaller experimental

error compared to other observable likeSσ andκσ2, for extraction of parameters CFO3

/ CFO4 because CFO3 / CFO4 will be similar to CFO1 / CFO2 in the presence of this

observable. As a result we will not be able to get any new information from CFO3 /

CFO4 and these parameters will lose their importance. In sucha scenario, description of

ratios of higher order cumulants may not be good using CFO3 / CFO4.

In the present work, ideal HRG model have been used for CFO1 and CFO3 whereas

EVHRG model has been used for CFO2 and CFO4. In order to evaluate the chemical

freeze-out parameters from these experimental data at a particular
√
sNN and centrality,

we useχ2 minimization technique whereχ2 is defined as

χ2 = 1/N
N
∑

i=1

(Rexpt
i −Rmodel

i )2

σ2
i

, (4.9)

whereN is the number of observables,Rmodel
i is thei th observable withRexpt

i andσi are

its experimental values and errors respectively (statistical error is used in our purpose).

Error bars correspond toχ2 = χ2
min + 1. We take care of the conservation laws, Eqs. 4.3

and 4.4 in the extraction of chemical freeze-out parameters.

Figure 4.1 shows centrality (in terms of average number of participant,Npart) depen-

dence of chemical freeze-outT, µB at different
√
sNN from 7.7 GeV upto200 GeV. Four

sets of chemical freeze-out parameters (CFO1 - CFO4) have beenplotted. TheNpart is

maximum for most central (0− 5%) collision whereas it is minimum for most peripheral

(70− 80%) collision. In this figure
√
sNN decreases column wise. The left most column

of Fig. 4.1 corresponds to the highest beam energyi.e.
√
sNN = 200 GeV whereas the

right most column corresponds to
√
sNN = 7.7 GeV. Chemical freeze-out temperatures

of CFO1 and CFO3 (or CFO2 and CFO4) are almost same for
√
sNN ≥ 27 GeV as can

be seen from the Fig. 4.1. Whereas there are large separationsbetween these two sets
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of parameters for
√
sNN < 27 GeV (small separation for

√
sNN = 27 GeV) and these

separations increase towards central collisions for a fixed
√
sNN . Not only that, these

separations increase with the decrease of
√
sNN . A similar behaviour can be seen for

baryonic chemical potentials as well.

Let us try to understand the scenario as found in Fig. 4.1. In an ideal situation, near

the critical point, correlation lengthξ would tend to infinity and there would be large

enhancement in the fluctuations. But for a realistic situation like heavy ion collisions, dy-

namical variables are functions of time. As the system movestowards the critical point,

relaxation time increases and at some moment the system may expand too fast to maintain

thermal equilibrium. So the correlation length gets constrained due to this critical slowing

down and becomes frozen at some time. But the expansion of the system continues fur-

ther. This situation may lead to the difference in the information carried by the different

order of cumulants. More clearly, second, third and fourth order cumulants of multiplic-

ities are related to the correlation length by the relations〈(δN)2〉 ∼ ξ2, 〈(δN)3〉 ∼ ξ4.5

and〈(δN)4〉 ∼ ξ7 respectively [46]. This in turn indicates that for higher order cumulants

their relaxation time to the equilibrium values may be considerably larger compared to

those of lower order cumulants. So in the final spectrum, higher order cumulants are ex-

pected to carry the information of the system farther from equilibrium compared to lower

cumulants. Therefore, in our case, temperatures of CFO3 / CFO4, where third order cu-

mulants are involved, are larger compared to that of CFO1 / CFO2for
√
sNN < 27 GeV,

the corresponding chemical potential being smaller than that of CFO1/CFO2. Here we

would like to point out that with the decrease in the
√
sNN , increase in stopping creates

a medium with large net baryon density. Hence baryon stopping plays a major role at

lower energies. This may also contribute to the different behaviour of higher order cu-

mulants [47, 48]. Magnitudes of chemical freeze-out baryonic chemical potentials (µB)

increase with decrease of
√
sNN for a fixed centrality and for a fixed

√
sNN , magnitudes

of µB increase with increase ofNpart as can be seen from the Fig. 4.1. These are the

effect of formation of media of large net-baryon density in heavy-ion collisions. More

or less similar behaviour ofµB is reported in Ref. [49–51] where chemical freeze-out

parameters are extracted analysing particle yields measured experimentally [49, 50] or

generated by the event generator [51]. Parameters for EVHRG start deviating from that

of HRG for
√
sNN = 19.6 GeV and increases for lower energies. This is indicative of the

importance of repulsive interaction at lower
√
sNN .
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Figure 4.2: Chemical freeze-out parameters in (T, µB) plane of the QCD phase diagram.

Chemical freeze-out parameters for most central (0− 5%) as well as for most peripheral

(70 − 80%) collisions for7.7 GeV≤ √
sNN ≤ 200 GeV have been plotted. Chemical

freeze-out parameters for0 − 5% centralities given in the Ref. Alba et al. [5] for11.5

GeV ≤ √
sNN ≤ 200 GeV and Ref. Chatterjee et al. [43] have also been plotted for

comparison.

4.2.2 Comparison of chemical freeze-out parameters with previous

works

Figure 4.2 shows chemical freeze-out parameters for 0-5% and70 − 80% in the (T, µB)

plane. In this figure, we also compare our results of chemicalfreeze-out parameters with

previous works [5, 43]. In Ref. [5], chemical freeze-out parameters for most central (0-

5%) collisions were extracted using the experimental data ofσ2/M of net-proton and net-

charge. In their HRG model they considered effect of the resonance decays, experimental

acceptances and randomization of the isospin of nucleons inthe hadronic phase. They

excluded chemical freeze-out parameters for
√
sNN = 7.7 GeV. Our chemical freeze-out

parameters of CFO1 / CFO2 for0−5% centrality are very close to that of [5] for
√
sNN =

19.6−200 GeV as can be seen from this figure. Moreover, the agreement isslightly better

for CFO2. Interesting point is that, with decrease of
√
sNN from

√
sNN = 200 GeV,

chemical freeze-outT increases upto
√
sNN = 39 GeV then it decreases at

√
sNN = 27

GeV and becomes almost flat upto
√
sNN = 19.6 GeV and then again decreases. In

contrast, the chemical freeze-outµB increases with decrease of
√
sNN in the whole range

of
√
sNN . This behaviour of chemical freeze-outT is in contradiction to what has been

reported in the Refs. [19, 20, 24, 39–43] where chemical freeze-out parameters have been

extracted from particle multiplicities. Chemical freeze-out T andµB of Ref. [43] have

been plotted for comparison. Refs. [19, 20, 24, 39–43] showedthat chemical freeze-out

T rapidly increases with the increase of
√
sNN in SIS-AGS-SPS energy range and then
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Figure 4.3: Variation ofµB/T with Npart (Black points). Blue solid points correspond to

theµB/T according to the Eq. 4.10.

saturates at top RHIC energy. However, behaviour of chemicalfreeze-outµB reported

in these references were similar. Chemical freeze-outT, µB of CFO3/ CFO4 have also

been shown in Fig. 4.2. For both CFO3 and CFO4, chemical freeze-outT increases with

decrease of
√
sNN for 11.5 GeV≤ √

sNN ≤ 200 GeV and the temperatures are larger

compared to that of CFO1 / CFO2. However, all the chemical freeze-out parameters are

within certain band in the (T, µB) plane. Recently, the possibility of larger (compared

to Refs. [19, 20, 24, 39–43]) chemical freeze-out temperature is indicated also at LHC

energy [52].

4.2.3 Centrality dependence ofµB/T

Figure 4.3 shows variation ofµB/T with Npart. It can be seen thatµB/T increases

with increase ofNpart for all energies and for all four parameter sets. Moreover,µB/T

decreases with increase of
√
sNN . It can also be seen thatµB/T for CFO1 / CFO2 are

larger compared to CFO3 / CFO4 and deferences between the parameters of CFO1 and

CFO3 (or CFO2 and CFO4), as shown in Fig. 4.2, increase whenµB/T
,s are close to

or greater than unity. In order to separate the effects ofNpart and
√
sNN , µB/T can be

expressed by the relation

µB/T (
√
sNN , Npart) = p(0)(Npart)

1/p(1)√sNN
p(2)

, (4.10)

wherep(0), p(1) andp(2) are three parameters. In this equation, first part depends only

onNpart while second part depends only on
√
sNN . For the purpose of fitting for the sets

CFO1 / CFO2,µB/T of
√
sNN = 19.6 GeV upto62.4 GeV have been used whereas for

CFO3 /CFO4,µB/T of
√
sNN = 27 GeV upto200 GeV have been used, for whichχ2 per

degree of freedom (ndf) is minimum. Fitting parameters havebeen listed in the table 4.2.
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CFO Using µB

T
of

√
sNN p(0) p(1) p(2) χ2

ndf

CFO1 19.6-62.4 GeV 10.58± 0.05 7.43± 0.07 −0.94± 0.0095 7.8

CFO2 19.6-62.4 GeV 8.95± 0.28 7.56± 0.4 −0.92± 0.0105 0.17

CFO3 27-200 GeV 4.9± 0.14 7.28± 0.337 −0.79± 0.0082 0.53

CFO4 27-200 GeV 5.23± 0.44 7.29± 0.97 −0.81± 0.02 0.11

Table 4.2: Parameters of the fitting functionµB/T = p(0)(Npart)
1/p(1)√sNN

p(2). Since
µB

T
is dimensionless, the dimension of p(0) can be written as GeV−(p(2)).
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Figure 4.4: Scaling behaviour ofµB/T with centrality. On the horizontal axis,Npart is

normalised with that at the most central collision and similarly in the vertical axisµB/T

is normalised to that of the most central collision. Therefore, in the horizontal axis, the

maximum value, which is equals to1, corresponds to the most central collision (0− 5%)

and the minimum value corresponds to the most peripheral collision (70− 80%).

The quality of fitting is quite good as can be seen from the figure. The fitted parameters

are then used to calculateµB/T for remaining energies. It can be seen that, for the sets

CFO1 / CFO2, theµB/T from Eq. 4.10 slightly underestimates the extractedµB/T for
√
sNN = 200 GeV. On the other hand, for CFO3/ CFO4,µB/T evaluated using Eq. 4.10

slightly underestimates the extractedµB/T for peripheral collisions of
√
sNN = 11.5

GeV and slightly overestimates towards central collisions. In this plot
√
sNN = 7.7 GeV

have been excluded due to large error bars.

4.2.4 Scaling behaviour ofµB/T

Figure 4.4 shows an approximate scaling behaviour of(µB/T )/(µB/T )central with

Npart/(Npart)central. Quantities in both the axes have been normalised to the correspond-

ing values in the most central collisions. As a result, the maximum value in the hori-

zontal axis (equals to unity) corresponds to most-central collision (0− 5%) and its value
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decreases towards most peripheral collisions (70 − 80%). µB

T
/(µB

T
)central increases with

increase inNpart/(Npart)central for all the
√
sNN from 200 GeV down to11.5 GeV as can

be seen from this figure. For most peripheral collisions,µB

T
/(µB

T
)central become within

65−85% of that of central collisions.µB

T
/(µB

T
)central for all the

√
sNN seem to scale well

for the parameter sets CFO1/CFO2. However, scaling is found tobe violated at lower
√
sNN for CFO3 / CFO4. The violation is small for

√
sNN = 19.6 GeV and large for

√
sNN = 11.5 GeV. This violation of scaling again may be interpreted as the critical be-

haviour at lower
√
sNN . It can be noted that here separations are observed towards lower

values of the horizontal axis because we have normalised both the axes with the corre-

sponding values in the most central collisions. However, normalisation of the axes with

corresponding values from most peripheral collisions would have resulted in separations

towards higher values of the horizontal axis. In the above discussion
√
sNN = 7.7 GeV

have been excluded due to large error bars.

The presence of scaling is a direct consequence of the fact that one can separate

the dependence ofµB/T onNpart and
√
sNN as given by Eq. 4.10. By construction,

(µB/T )/(µB/T )central becomes independent of
√
sNN . However, since the fitting of

µB/T is not perfect (Fig. 4.3) for all the
√
sNN , scaling as shown in Fig. 4.4 is also not

exact.

4.2.5 Comparison between the HRG / EVHRG model results and

centrality dependence of experimental data for net-charge and

net-proton

After extraction of freeze-out parameters CFO1 and CFO2,σ2/M , Sσ andκσ2 of net-

proton and net-charge have been calculated using HRG and EVHRGmodel respectively.

Note that for these two sets, chemical freeze-out parameters were extracted from exper-

imental data ofσ2/M only. We have compared our results with experimental data of

fluctuations measured in Au + Au collisions by STAR collaboration [1, 2]. As mentioned

earlier the experimental acceptances have been incorporated in our model calculation as

well.

In the top row of Fig. 4.5, we have shown centrality dependence of σ2/M of net-

proton and net-charge at different
√
sNN . In this figure

√
sNN varies column wise. Blue

and black points have been used for net-proton and net-charge respectively in this figure.

For both net-proton and net-chargeσ2/M decreases with increase ofNpart for all
√
sNN .

It can be seen that the ratios of lowest order susceptibilities (i.e. σ2/M ) of net-proton

and net-charge can be reproduced quite well using the CFO1 andCFO2 parameters in



CHAPTER 4. CENTRALITY DEPENDENCE OF FREEZE-OUT PARAMETERS110

1

10

100
σ2 /M

Au+Au 200 GeV Au+Au 62.4 GeV Au+Au 39 GeV Au+Au 27 GeV Au+Au 19.6 GeV Au+Au 11.5 GeV Au+Au 7.7 GeV

0.0

0.4

0.8

1.2

Sσ

nc:CFO1
nc:CFO2
nc:STAR
np:CFO1
np:CFO2
np:STAR

0

2

4

6

0 100 200 300

κσ
2

0 100 200 300 0 100 200 300 0 100 200 300

Npart

0 100 200 300 0 100 200 300 0 100 200 300

Figure 4.5: Centrality dependence of ratios of cumulants of net-proton and net-charge.

“nc” and “np” correspond to net-proton and net-charge respectively. Experimental data of

fluctuations measured inAu+Au collisions by STAR collaboration is taken from [1, 2].

Blue and black points have been used for net-proton and net-charge respectively.

our model.

Now using these two parameter sets, ratios of higher order susceptibility have been

calculated. The middle row of Fig. 4.5 shows centrality dependence ofSσ of net-proton

and net-charge. The quantitySσ for both net-proton and net-change increases with in-

creasingNpart for
√
sNN ≥ 11.5 GeV. Experimental data ofSσ of net-proton also shows

a similar trend. The experimental data ofSσ of net-proton matches within the error

bar for
√
sNN > 27 GeV. However, its value is overestimated at lower beam energies

(
√
sNN ≤ 27 GeV). On the other handSσ of net-charge calculated in the HRG / EVHRG

model are close to or within the error bars of experimental data for all centralities at
√
sNN ≥ 27 GeV and for

√
sNN < 27 GeV most central data matches within error bars.

In generalSσ of net-change shows a monotonic behaviour and differs considerably from

experimental data.

The bottom row of Fig. 4.5 shows centrality dependence ofκσ2 of net-proton and
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Figure 4.6: Same as Fig. 4.5 but for parameter sets CFO3 and CFO4.

net-charge. Theκσ2 for net-proton calculated in our model using CFO1 / CFO2 are

almost independent of centrality for
√
sNN ≥ 19.6 GeV and below that beam energy it

decreases slightly with increase ofNpart. For all
√
sNN , κσ2 of net-proton calculated

in the HRG / EVHRG model are within the error bars or very close tothe experimental

data. The experimental data ofκσ2 for net-charge matches within the error bar with the

HRG / EVHRG model results as we go towards central collisions for
√
sNN ≥ 11.5

GeV. It is very difficult to comment anything aboutκσ2 of net-charge since experimental

uncertainties are too large for this observable.

The Fig. 4.6 correspond to similar plot, as in Fig. 4.5, for parameter sets CFO3 and

CFO4. Using CFO3 / CFO4 in the HRG / EVHRG model, clear improvement is there

for Sσ for net-proton. Experimental data ofSσ for net-proton can be reproduced well

by the HRG / EVHRG model at all
√
sNN as can be seen from the middle row of Fig.

4.6. However,σ2/M for net-proton are not described equally well in comparisonwith

CFO1 and CFO2 as can be seen from the top row of Fig. 4.6. Hereσ2/M for net-proton

slightly underestimate the experimental data. On the otherhand, all the observables for

net-change, calculated using CFO3/CFO4 in the HRG / EVHRG model,behaves almost
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similar to those for CFO1 / CFO2.

4.3 Discussion and Conclusion

It is observed that chemical freeze-out parameters evaluated using ratio of lower order

cumulants (CFO1/CFO2) starts deviating from the one obtainedusing ratio of higher

order cumulants (CFO3/CFO4) around
√
sNN = 19.6 GeV. This may be an indication

of the approach to critical region for
√
sNN ≤ 19.6 GeV. In case of lower energies one

need to take into account the baryon stopping as well. In these regions of low energies

HRG and EVHRG starts deviating from each other as well due to theeffect of repulsive

interaction in EVHRG.

It is observed that the effect of centrality and beam energy in µB/T (
√
sNN , Npart)

can be separated. This separation leads to a scaling of(µB/T )/(µB/T )central with

Npart/(Npart)central. Though the scaling is very good for CFO1 / CFO2, a deviation

is observed for CFO3 / CFO4 especially in the region
√
sNN ≤ 19.6 GeV. The study of

such scaling behaviour will be useful to search for CEP which is the main goal of the

ongoing STAR experiment and the future CBM experiment.

Experimental data of ratios of lowest order susceptibilities (i.e., σ2/M ) of net-proton

and net-charge can be reproduced quite well using the parameters CFO1 and CFO2. The

experimental data ofSσ of net-proton match within the error bar for
√
sNN > 27 GeV

for these two sets of parameters. However, it is overestimated at lower beam energies

(
√
sNN ≤ 27 GeV). On the other handSσ of net-charge calculated in the HRG / EVHRG

model using CFO1 / CFO2 are close to or within the error bars for
√
sNN ≥ 27 GeV and

they are within the error bars for central data at lower
√
sNN . For all

√
sNN , κσ2 of

net-proton calculated in the HRG / EVHRG model using CFO1 / CFO2 are within the

error bars or very close to the experimental data. The experimental data ofκσ2 for net-

charge matches within the error bar with the HRG / EVHRG model results calculated

using CFO1 / CFO2 as we move towards central collisions for
√
sNN ≥ 11.5 GeV.

On the other hand, experimental data ofSσ of net-proton can be described well at all
√
sNN in the HRG / EVHRG model using CFO3 / CFO4. In addition, both the parameter

sets give satisfactory description ofσ2/M of net-charge. However,σ2/M for net-proton

calculated using these two sets of parameters slightly underestimate the experimental

data. Description ofSσ of net-charge using CFO3 /CFO4 is similar to that of CFO1

/ CFO2. Further, theκσ2 for both net-proton and net-charge calculated in the HRG /

EVHRG model using CFO3 / CFO4 are similar to those calculated using CFO1 / CFO2.

We conclude that the chemical freeze-out parameters, whichcan describeσ2/M of
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net-proton very well in all beam energies and centralities,may not describesσ equally

well and vice versa since higher order fluctuations are more sensitive near critical region.

More precise experimental data ofκσ2 along with few more
√
sNN around19.6 GeV will

be extremely useful for our quest of critical region and CEP.
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CHAPTER5

THERMAL DILEPTON PRODUCTION AT

FACILITY FOR ANTIPROTON AND ION

RESEARCH

Substantial theoretical and high-energy heavy-ion collision experimental efforts world-

wide have been devoted to the investigation of strongly interacting matter under extreme

conditions. At present, the RHIC and the LHC have been investigating the properties

of the QCD matter at very high temperature and almost zero net baryon density. Lat-

tice QCD data indicate a smooth crossover from hadronic to thequark-gluon matter [1]

in this region of the QCD phase diagram. The region of high net-baryon density in the

QCD phase diagram can be reached in the heavy-ion collision atrelatively lower ener-

gies. Beam Energy Scan (BES) program of RHIC is currently studying large region of

baryonic chemical potential. In the region of high net-baryon density a first order phase

transition from hadronic to QGP phase is expected. The region of high net-baryon density

will also be investigated at CERN-SPS with the upgraded NA49 detector (NA61-SHINE)

using light and medium size beams. In future, Compressed Baryonic Matter (CBM) [2]

experiment at Facility for Antiproton and Ion Research in Darmstadt will also cover the
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high net-baryon density region of the QCD phase diagram. It isexpected that beam en-

ergies between 30 and 40 AGeV (on fixed target), or
√
s between 6 and 10 AGeV will

create the highest net-baryon densities in the laboratory [3].

5.1 The Facility for Antiproton and Ion Research

The Facility for Antiproton and Ion Research (FAIR) [2, 4] in Darmstadt, Germany

will provide unique research opportunities in the fields of atomic, nuclear, hadron and

plasma physics. There will be several experimental programs like Compressed Baryonic

Matter (CBM), anti-Proton ANnihilations at DArmstadt (PANDA), Nuclear Structure

Astrophysics and Reactions (NUSTAR). Figure 5.1 shows the FAIR together with the

existing layout of GSI facilities. FAIR includes a superconducting double-synchrotron

(SIS100/300) with a circumference of1100 meters and with magnetic rigidities of100

and300 Tm, respectively. The upgraded existing accelerators at GSI like UNILAC and

SIS18 will serve as the injector. Figure 5.1 also shows the antiproton production target,

the proton linac, the superconducting fragment separator (Super-FRS), the collector ring

(CR), the rare isotope production target, the accumulator ring (RESR), the new experi-

mental storage ring (NESR), the high energy antiproton storage ring (HESR) along with

the experimental stations for CBM, plasma physics, radioactive ion beams (Super-FRS),

atomic physics, and low-energy antiproton and ion physics (FLAIR).

5.2 The Compressed Baryonic Matter (CBM) experi-

ment at FAIR

The CBM experiment will start with initial beams from theSIS100 synchrotron. This

synchrotron will provide protons beam uptoElab = 29 GeV,Au upto11 AGeV, nuclei

with Z/A = 0.5 upto14 AGeV. Later SIS300 synchrotron will come with beam of pro-

tons upto90 GeV,Au upto 35 AGeV and nuclei withZ/A = 0.5 up to 45 AGeV [5].

Maximum beam intensity of CBM experiment will be109 Au ions per second. The strat-

egy of CBM experiment is to perform measurements of almost all the particles produced

in nuclear collisions with unprecedented precision and statistics. These measurements

will be conducted in nucleus-nucleus, proton-nucleus and proton-proton collisions at dif-

ferent beam energies. For the identification of multi-strange hyperons, hypernuclei, par-

ticles with charm quarks and vector mesons decaying into lepton pairs requires very high

interaction rates and efficient background suppression. CBM experiment will not use
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Figure 5.1: Layout of the Facility for Antiproton and Ion Research (FAIR). This figure is

taken from Ref. [4].

any external trigger system. Self-triggered read-out electronics, a high-speed data acqui-

sition system, fast algorithms, radiation hard detectors are prerequisites for a successful

operation of the experiment.

5.2.1 Diagnostic probes

Vector mesons likeρ, ω andφ mesons are produced continuously viaππ annihilation

during the way of the reaction and decay either again into mesons, or into a pair of

leptons. Since leptons are electromagnetically interacting, they are not affected by final-

state interactions. Hence the dileptonic decay offers the possibility to look directly into

the fireball. On the other hand, particles containing charm quarks are expected to be

created in the very first stage of the reaction. Then, it is expected that D mesons andJ/Ψ

mesons may serve as probes for the dense fireball. However, since their mass is large,

their production probabilities are very small compared to lighter particles like pions.

Those rair particles will also be identified via their leptonic decay channel. In order to

compensate for the low yields of the rare particles, the measurements will be performed
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at an exceptionally high reaction rates (up to 10 MHz for certain observables).

5.2.2 Detectors/Components of CBM experiment

The CBM experiment comprises the following components:

5.2.2.1 Dipole magnet

The dipole magnet will be superconducting in order to reducethe operation costs. It has

a large aperture of±25
◦

polar angle, and provides a magnetic field integral of 1 Tm [6].

5.2.2.2 Micro-Vertex Detector (MVD)

The determination of the decay vertices of open charm particles requires detectors with

excellent position resolution and a very low material budget in order to reduce multiple

scattering. These requirements are met by Monolithic Active Pixel Sensors (MAPS). The

pixel size will be between18×18 µm2 and20×40 µm2 [5]. For the latter size, a position

resolution ofσ = 3.5 − 6 µm can be achieved. The goal of the detector development is

to construct vacuum compatible MAPS detector stations witha total thickness of about

300−500 µm silicon equivalent for sensors and support structures, depending on the size

of the stations. The MVD consists of 3 MAPS layers located 5, 10 and 15 cm downstream

the target in the vacuum. This detector arrangement permitsto determine the secondary

decay vertex of a D mesons with a resolution of about50− 100µm along the beam axis.

5.2.2.3 Silicon Tracking System (STS)

This detector system’s task is to measure the trajectories and momenta of charged par-

ticles originating from the zone of interactions of heavy-ion beams with nuclear targets.

The charged particle multiplicity will be upto 700 per eventwithin the detector accep-

tance. The STS [7] consists of 8 tracking layers of silicon detectors located at distances

between 30 cm and 100 cm downstream of the target inside the field of dipole magnet.

The required momentum resolution is of the order of∆p/p = 1%. The concept of the

STS tracking is based on silicon microstrip detectors on lightweight ladder-like mechan-

ical supports. The sensors will be read out through multi-line micro-cables with fast

electronics at the periphery of the stations where cooling lines and other infrastructure

can be placed. The micro-strip sensors are double-sided with a stereo angle of7.5
◦

, a

strip pitch of58µm, strip lengths between 20 and 60 mm, and a thickness of300µm of

silicon. The micro-cables will be built from sandwiched polyimide-aluminum layers of

several10µm thickness.
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Figure 5.2: The CBM experimental facility with the electron detectors RICH and TRD.

This figure is taken from Ref. [4].

5.2.2.4 Ring Imaging Cherenkov Detector (RICH)

The RICH detector [8] is designed to provide identification of electrons and suppression

of pions in the momentum range below10 GeV. This can be achieved using a gaseous

RICH detector built in a standard projective geometry with a photo detector and focusing

mirror elements.CO2 with a pion threshold for Cherenkov radiation of4.65 GeV will

be used as radiator gas. This detector will be positioned behind the dipole magnet about

1.6 m downstream of the target. It will consist of a 1.7 m long gas radiator and two

arrays of mirrors and photo detector planes. The mirror plane is divided horizontally

into two arrays of spherical glass mirrors of area4 × 1.5m2 each. The design of the

photo detector plane is based on MAPMTs in order to provide high granularity, high

geometrical acceptance, high detection efficiency of photons also in the near UV region

and a reliable operation. Figure 5.2 shows the CBM experimental facility with the RICH

detector.
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Figure 5.3: The CBM experimental facility with the muon detection system. This figure

is taken from Ref. [4].

5.2.2.5 Muon Chamber System (MUCH)

The MUCH [5] will be used to detect muons. The vector mesons like ρ, ω, φ andJ/Ψ,

which decay into dimuons, will be identified by MUCH. The experimental challenge

for muon measurements in heavy-ion collisions at FAIR energies is to identify low-

momentum muons in an atmosphere of high particle densities.This concept is realised by

dividing the hadron absorber into several layers, and placing triplets of tracking detector

planes in the gaps between the absorber layers. The absorberor detector system is placed

downstream of the STS which determines momentum of the particle . The design of the

muon detector system consists of 6 hadron absorber layers. First one is made of 60 cm

carbon and rest are made of irons (20+20+30+35+100 cm thickness) and 18 gaseous

tracking chambers placed in triplets behind each absorber piece. The challenge for the

muon chambers and for the track reconstruction algorithms is the very high particle den-

sity up to a maximum of 0.3 hits/cm2 per central event in the first detector layers after

the first absorber. For a reaction rate of 10 MHz this hit density translates into a hit rate

of 3 MHz/cm2 [5]. Highly granulated Gas Electron Multiplier (GEM) detectors will be

used for this purpose. Figure 5.3 shows the CBM experimental facility with the MUCH

detector.
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5.2.2.6 Transition Radiation Detector (TRD)

The TRD will be used to identify electrons and other charged particles [5]. This detector

consisting of 3 detector layers located at approximately 5 m, 7.2 m and 9.5 m downstream

the target. The total active detector area amounts to about 600 m2. The TRD detector

readout will be realized in rectangular pads giving a resolution of 300 − 500µm across

and3− 30 mm along the pad. Every second TRD layer is rotated by90
◦

. The TRD will

be consists of Micro Wire Proportional Counter (MWPC) and GEM detectors.

5.2.2.7 Timing Multi-gap Resistive Plate Chambers (MRPC)

In time-of-flight (TOF) [9] technique, mass of the hadron is determined by estimating the

time of flight, the particle momentum and the particle track length. The timing Multi-gap

Resistive Plate Chambers (MRPC) consists of an array of resistive plate chambers. The

TOF is located about 6 m downstream of the target for measurements at SIS100, and at

10 m at SIS300. The TOF wall covers an active area of about 120 m2. The required time

resolution is of the order of 80 ps. For 10 MHz minimum bias Au+Au collisions, the

inner part of the detector has to work at rates up to 20 kHz/cm2.

5.2.2.8 Electromagnetic Calorimeter (ECAL)

In order to reconstruct photons and neutral mesons (π0, η) decaying into photons, a

“shashlik” type calorimeter as installed in the HERA-B, PHENIX and LHCb experi-

ments will be used [5]. The ECAL will be made of modules which consist of 140 layers

of 1mm lead and 1mm scintillator, with cell sizes of3× 3 cm2 , 6× 6 cm2 and12× 12

cm2. The shashlik modules can be arranged either in a tower geometry with variable

distance from the target or as a wall.

5.2.2.9 Projectile Spectator Detector (PSD)

To determine the orientation of the reaction plane and the collision centrality, PSD will

be used [5]. A very precise characterisation of the event class is of crucial relevance

for the analysis of event-by-event observables. The study of collective flow requires

a well-defined reaction plane which has to be determined by a method not involving

particles participating in the collision. The detector is designed to measure the number

of non-interacting nucleons (i.e., spectators) from a projectile nucleus in nucleus-nucleus

collisions. The PSD is a full compensating modular lead-scintillator calorimeter which

gives very good and uniform energy resolution. The calorimeter comprises44 individual

modules, each consisting of60 lead/scintillator layers with a surface of20× 20 cm2.The
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scintillation light is read out via wavelength shifting (WLS) fibres by Multi-Avalanche

Photo-Diodes (MAPD) with an active area of3× 3 mm2 and a pixel density of104 /mm2

.

5.2.2.10 Data Acquisition System (DAQ)

High statistics measurements of particles with extremely small production cross sections

require high reaction rates. The detectors of the CBM experiment, the online event selec-

tion systems, and the data acquisition will be designed for very high event rates upto 10

MHz, corresponding to a beam intensity upto109 ions/s and a1% interaction target, for

example [5]. Measurements with event rates of 10 MHz requireonline event selection

algorithms which reject the background events by a factor of100 or more. The event

selection system will be based on a fast on-line event reconstruction running on a high-

performance computer farm equipped with multy-core CPUs andgraphics cards (GSI

GreenIT cube). The track reconstruction, which is the most time-consuming stage of the

event reconstruction will be performed on parallel track finding and fitting algorithms,

implementing the Cellular Automaton and Kalman Filter methods.

5.2.3 Summary of CBM experiment

The CBM experiment will create a medium of high net-baryon density. A first order

phase transition from hadronic to QGP medium is expected to observe in this experi-

ment. CEP is also expected to be observed in this experiment. Since reaction rate will be

very large, rare particles likeJ/Ψ can be measured precisely. Medium modification of

low mass vector mesons will expected to provide valuable information about the dense

baryonic matter. A careful analysis of the dilepton yield might provide information about

the thermal fireball. For the successful operation of this experiment, require self-triggered

readout electronics, high-speed DAQ and radiation hard fast electronics.

5.3 Dilepton as a probe of QGP

In the chapter 1 we have mentioned various probes which may help to study the prop-

erties QGP. Among these signals fluctuations-correlations, quarkonium suppression,

strangeness enhancement, collective flow, photons, dileptons are the most important. Out

of them photons and dileptons are the cleanest signals, since they are electromagnetically

interacting particles. The mean free path of the photons andleptons exceed the size of

the system formed by the heavy ion collisions and hence, theycome out of the system
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immediately after their production, carrying the information about the system. In this

chapter, we want to study dilepton contribution resulting from the interaction between

secondary partons in a locally thermalized QGP (q+ q̄ → l++ l−) at FAIR energy. These

dileptons will be useful for detector simulation for CBM experiment at FAIR. Dilepton

will also be produced from the thermalized hadronic system.However, we will concen-

trate on thermal dileptons from QGP system only. In heavy-ion collisions, there are other

sources of dileptons like dilepton from heavy quarkonium decay. Drell-Yan contribution

during initial qq̄ collisions will also be present there. This contribution ispresent even in

pp collisions. Among different sources, thermal dilepton, described above, is expected to

serve as a probe to the QGP and therefore, it is very importantto study this contribution.

5.3.1 Thermal dilepton production in a static QGP medium

It is assumed that in heavy-ion collisions at ultrarelativistic energies the initial temper-

atureTi and chemical potentialµi become so large that the QGP will be formed. After

formation of QGP, the system expands in all possible directions. As a result, temperature

and / or baryonic chemical potential decrease. In QGP phase,dileptons are produced

dominantly from quark-antiquark annihilation process. Inthis process, a quark interacts

with an antiquark to form a virtual photon which afterwards decays into lepton pair. The

number of dilepton produced per unit four-volume is

dNl+l−

d4x
= NcN

2
s

Nf
∑

f=1

(
ef
e
)2
∫

d3p1d
3p2

(2π)6
f1(E1)f2(E2)σ(M)v12 (5.1)

whereNc, Ns are color and spin degeneracy factors respectively,Nf is the number of

flavor,ef is the electric charge of a quark with flavorf , v12 is the relative velocity between

quark and antiquark.f1(E1) andf2(E2) are the quark and antiquark distribution function

respectively, where

f(E) =
1

e(E∓µ)/T + 1
, (5.2)

the (−) and (+) sign correspond to the distribution function for quark and antiquark

respectively.

σ(M) is the cross section of the processqq̄ → l+l− and for massless initial particles

the expression is given by

σ(M) =
4π

3

α2

M2

√

(1− 4m2
l

M2
)(1 +

2m2
l

M2
), (5.3)

whereα = 1
137

is the fine structure constant,ml is the rest mass of the lepton andM is

the invariant mass of the dilepton.
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In case of massless quark and antiquark, the number of dileptons produced per unit

dilepton invariant mass squaredM2, per unit four-volume, is given by [10]

dNl+l−

dM2d4x
= NcN

2
s

Nf
∑

f=1

(
ef
e
)2
σ(M)

2(2π)4
M2f1(ε)F2(

M2

4ε
)(

2π

w(ε)
)1/2. (5.4)

In Eq. 5.4

F2(E) = −
∫ E

∞

f2(E
′)dE ′, (5.5)

ε(M) is the root of the equation

d

dE
[lnf1(E) + lnF2(

M2

4E
)]E=ε = 0, (5.6)

and is given by

ε =
M

2
[

1 + e(ε−µ)/T

ln(1 + e−(M2/(4ε)+µ)/T )(1 + e(M2/(4ε)+µ)/T )
]1/2. (5.7)

The most important point of the above equation is that the both left hand side and

right hand side containε. So for a particularT andµ we have to solve this equation to

getε. Forµ = 0 andM >> T , an approximate solution ofε is

ε ∼= M/2, (5.8)

and the quantity within the square bracket is approximatelyunity.

The quantityw(ε) in Eq. 5.4 is

w(ε) = −[
d2

dE2
(lnf1(E) + lnF2(

M2

4E
))]E=ε, (5.9)

and the expression is

w =
4

MT
[(
M

2ε
)3

1 + [1 + ε
2T
]e−(ε−µ)/T

(1 + e−(ε−µ)/T )ln(1 + e−(M2/4ε+µ)/T )(1 + e(m2/4ε+µ)/T )
], (5.10)

Forµ = 0 andM >> T , an approximate solution ofw is

w ∼= 4

MT
. (5.11)

5.3.2 Thermal dilepton using Bjorken Hydrodynamic model

Till now we have calculated dilepton production for static plasma, i.e., temperature and

the chemical potential of the system are held fixed. However,temperature and the chemi-

cal potential of the system will decrease as a function of proper time during the evolution
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of the system. So we have to consider some dynamics of the system. For simplicity, we

assume one-dimensional Bjorken hydrodynamical model [11] where it is assumed that

in heavy-ion collisions the system expands mainly in beam direction in a boost-invariant

way. Thermodynamical quantities like temperature, pressure do not depend on rapidity.

But they depend on proper timeτ =
√

(t2 − z2). Though the Bjorken model is expected

to be valid for ultrarelativistic energies (LHC, RHIC) one can assume it can be used at

SPS and FAIR energies as well [12].

In case of one-dimensional Bjorken expansiond4x = πR2
Aτdτdy, whereRA is the

radii of the colliding nuclei,y is the fluid rapidity. Integrating Eq. 5.4 overd4x we get

the dilepton invariant mass distribution

dNl+l−

dM
=

∫

2M(
dNl+l−

dM2d4x
)d4x. (5.12)

So,

dNl+l−

dMdy
=

∫

2M(NcN
2
s

Nf
∑

f=1

(
ef
e
)2
σ(M)

2(2π)4
M2f1(ε)F2(

M2

4ε
)(

2π

w(ε)
)1/2)πR2

Aτdτ. (5.13)

To calculate the above-mentioned quantity we have to know the initial time of the

expansion of the fireball as well as the dependency of temperature and chemical potential

of the system with time for which we have to know the equation of state of the system.

It is assumed that the hydrodynamic expansion starts when the two Lorentz-contracted

nuclei have passed through each other. Initial time of hydrodynamical expansion can be

estimated using the Eq. 5.14 (and is assumed to be at least 1 fm) [13]

ti = 2R

√

2mN

Elab

(5.14)

whereγ is the Lorentz- contraction factor,v is the velocity of the nuclei,mN is the nu-

cleon mass andElab is the kinetic energy of the beam. Within this time, all initial baryon-

baryon scatterings have progressed and also the energy deposition has taken place. This

is the earliest probable time where thermalization might beachieved [14]. However in

our calculations, we use initial time of expansion of the fireball as 1 fm which is assumed

to be the earliest time [13] of the expansion.

Now we will discuss the calculation of initial temperature and chemical potential of

the system. In Bjorken picture, one can show that atz = 0,

ds

dy
= πR2τs, (5.15)

wheres is the entropy density. For non dissipative and inviscid fluid τs= constant. There-

fore in Bjorken scenariods
dy

= constant [15]. If we assume that the entire evolution of the
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fireball from the initial timeτi till the freeze-out timeτf is strictly adiabatic and a negligi-

ble amount of entropy is generated during phase transition from QGP to hadronic phase

then we can write
ds

dy i

=
ds

dy f

. (5.16)

To calculate entropy density we have to know the partition function of the system. In

fact, any thermodynamic quantity can be calculated once we know partition function of

the system. The partition function (Z) for a thermalized system is given by

lnZ =
V g

(2π)3

∫ ∞

0

±d3p ln[1± exp(−(p− µ)/T )], (5.17)

whereV is the system size,g is the degeneracy and the upper and lower sign corresponds

to fermions and bosons respectively. Here we consider massless relativistic particles. The

lnZ for QGP system can be written as

(lnZ)QGP = (lnZ)g + (lnZ)q + (lnZ)q̄, (5.18)

where(lnZ)g, (lnZ)q and(lnZ)q̄ are the contributions of gluon, quark and anti-quark

part respectively. Pressure can be calculated from the partition function using the relation

P = T ∂
∂V

(lnZ).

For a QGP system, pressure can be written as,

PQGP = T
∂

∂V
(lnZ)QGP = Pg + Pq + Pq̄, (5.19)

wherePg , Pq andPq̄ are the pressures for the gluon, quark and anti-quark part respec-

tively. For gluonic part

Pg = T
∂

∂V
(lnZ)g = − Tgg

(2π)3

∫ ∞

0

d3p ln[1− exp(−p/T )]

=
ggπ

2T 4

90
,

(5.20)

where the degeneracy factor for gluongg is 16. The quark and anti-quark contribution to

the pressure can be written as [16]

Pq + Pq̄ = T
∂

∂V
(lnZq + lnZq̄)

=
Tgq
(2π)3

∫ ∞

0

d3p ln[1 + exp(−(p− µ)/T )]

+
Tgq̄
(2π)3

∫ ∞

0

d3p ln[1 + exp(−(p+ µ)/T )]

= gq(
7π2T 4

360
+
µ2T 2

12
+

µ4

24π2
),

(5.21)
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wheregq = gq̄ = 12 for two flavor quarks and anti-quarks. Therefore for QGP,

PQGP (T, µ) = gQGP
π2T 4

90
+ gq(

µ2T 2

12
+

µ4

24π2
), (5.22)

wheregQGP = (gg +
7
4
gq). For two flavor systemgQGP = 37. The entropy density of the

same system can be calculated as

sQGP (T, µ) =
1

V

∂

∂T
(T (lnZ)QGP )V,µ

=
37π24T 3

90
+ 2µ2T.

(5.23)

Again ds
dy

can be written as,ds
dy

= ds
dn

dn
dy

. It can be shown thatds
dn

= 3.6(4.2) for ideal

bosons (fermions) at highT with µ = 0. Using Eq. 5.15, the Eq. 5.16 can be written as

si(Ti, µi) =
1

πR2τi
(
ds

dn

dn

dy
)f (5.24)

wheresi is the entropy in QGP phase (Eq. 5.23) at temperatureTi and chemical potential

µi. It can be seen that the above equation relatesTi andµi with dn
dy

. However since there

are two unknownTi andµi, another information is needed. In Bjorken scenario one can

also show that atz = 0
dnb

dy
= πR2nbτ (5.25)

andnbτ = constant, wherenb is the net-baryon density and is given by

nb(T, µ) =
1

3
nq =

1

3

T

V
(
∂

∂µ
(lnZ)QGP )V,T =

1

3

∂PQGP

∂µ

=
2µT 2

3
+

2µ3

3π2
,

(5.26)

wherenq is the quark density. The factor three is due to the fact that there are three quarks

in a baryon.

Therefore in Bjorken picture,dnb

dy
= constant. As a result one can connectdnb

dy
at initial

time with that of freeze-out time by the relation

(
dnb

dy
)i = (

dnb

dy
)f . (5.27)

Here we assume that net-baryon density does not change during phase transition from

QGP to hadronic phase. Therefore

nbi(Ti, µi) =
1

πR2τi
(
dnb

dy
)f . (5.28)
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Figure 5.4: Evolution of temperature and chemical potential in one dimensional Bjorken

expansion at FAIR energy.

If initial time (τi)of hydrodynamic expansion is known then it is possible to calculate

Ti andµi from Eqs. 5.24 and 5.28 usingdn
dy

and dnb

dy
. However in an experimentdn

dy
and

dnb

dy
are not measured. In experiments we can have the informationabout multiplicity

of charge particles and net-proton. Using statistical thermal model one can relate total

particle multiplicity with total charge particle multiplicity and net-baryon with net-proton

and therefore we can calculatedn
dy

and dnb

dy
.

To know the time evolutions ofT andµ, we have used the Eqs.nbτ= constant (con-

servation of net-baryon number) andετ 1+c2s= constant (conservation of energy density)

whereε is the energy density of the system,cs is called velocity of sound. Value ofc2s =
1
3

for ideal relativistic system.

Energy density for ideal QGP can be calculated as

εQGP (T, µ) = − 1

V

∂

∂(1/T )
ln(ZQGP )µ/T (5.29)

We have already shown the expressions ofnb (Eq. 25) andε (Eq. 28). They depend on

temperature and chemical potential. Therefore the temperature and chemical potential of

the system at a particular time can be calculated using the relationsnbτ = (nbτ)i and

ετ 1+c2s = (ετ 1+c2s)i and using the information of initial conditionsTi andµi.

5.3.3 Results

Using the available experimental data of heavy ion collisions (R ∼ 6.3 fm) near
√
s = 8

GeV [17, 18], we have estimatedTi andµbi as181 MeV and1034 MeV respectively. In

Fig. 5.4 we have shown variation of temperature and baryonicchemical potential with

time. Here we have assumed that the system is in QGP phase tillε = 0.6 GeV/fm3 which
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Figure 5.5: Evolution of EOS in one dimensional Bjorken expansion at FAIR energy.

corresponds to four times the nuclear density (150 MeV/fm3) which is comparable to the

values obtained from UrQMD model [13]. It can be seen that thesystem belongs to the

QGP phase up toτ = 3.8 fm. Further, since we are usingc2s = 1/3, cooling law is same

asT 3τ= constant andµ3τ= constant.

In Fig. 5.5 we have shown the time evolution of pressure, energy density and entropy

density and net-baryon density. All these quantities decrease with time since temperature

and chemical potential decrease with time.

In the Fig. 5.6 we have shown distribution of invariant mass of thermal dilepton. This

thermal dilepton produces a continuum in invariant mass distribution. It can be seen that

dN/(dMdy) is non-zero in the invariant mass region from0.2 to 1.7 GeV for muon and

from 0 to 1.7 GeV for electron. The Magnitude ofdN/(dMdy) is slightly higher for

electronic contribution compared to muonic contribution.

Now we will discuss application of these calculations in simulation for CBM ex-

periment at FAIR. For CBM experiment, muon detector system consists of segmented

absorbers with tracking chamber triplets placed in betweenthe absorber segments [19].
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Figure 5.6: Dilepton invariant mass distribution at FAIR energy.

Figure 5.7: A schematic view of MUCH layout
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Figure 5.8: Reconstructed invariant mass of di-muons.
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Since total absorber thickness is divided into thinner segments, this system allows iden-

tifying muons over a wide range of momenta depending on the number of absorber seg-

ments that the particles have passed through. Using those theoretical calculations we have

generated four-momentum ofµ+ andµ− and used them in simulation in CBMROOT. To

use this, we have used FairAsciiGenerator as our primary event-generator. Geometry

which is used in this simulation is SIS300. There are 6 absorbers, first one made of 60

cm carbon and rest made of irons (20 + 20 + 30 + 35 + 100 cm) (Fig. 5.7). There are

6 tracking stations sandwiched between absorber layers. Each tracking station consists

of the triplet of detector layers resulting in the number of layers to be 18. However, for

low mass vector mesons, only first 15 detector layers will be used. After passing through

absorbers and detectors, we have reconstructed the invariant-mass of muon pairs. We

have used several cuts like hits in MUCH detectors≥ 14, hits in STS detectors≥ 4 and

χ2 < 3. We have compared reconstructed invariant-mass of muon pairs coming from low

mass vector mesonsρ andω. For generatingρ andω, we have used pluto event genera-

tor [20]. In Fig. 5.8 we have shown the reconstructed invariant mass of di-muons. It can

be seen that in low mass region thermal part is buried inside low-mass vector mesons.

However, they are important in the intermediate mass region.

5.3.4 Summary

We have estimated initial temperature, chemical potentialas well as time evolution of

them at FAIR energy. Further, we have estimated thermal dilepton yield from a QGP

source at FAIR energy and used them in simulation for the CBM experiment at FAIR.

This is the dominating contribution of dilepton from thermal QGP source. Finally, we

have compared reconstructed muons with low mass vector mesons. We have seen that

thermal dilepton from QGP source is not important at low massregion where low mass

vector-mesons dominate. However they are important in the intermediate mass region.
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CHAPTER6

SUMMARY AND CONCLUSION

The main goal of the present thesis is to describe the behaviour of strongly interact-

ing matter under extreme conditions of temperature and / or net baryon densities. Two

important signals regarding the characterization of strongly interacting matter namely

fluctuation-correlation and invariant mass spectra of dimuon have been discussed in this

thesis. Fluctuation-correlation of conserved charges hasbeen studied using Hadron Res-

onance Gas (HRG) model and its interacting version namely Excluded Volume Hadron

Resonance Gas (EVHRG) model. In EVHRG model, the repulsive interactions have

been incorporated by considering finite hard-core radii of mesons and baryons. Ratios of

cumulants of different experimental observables in heavy ion collisions have been stud-

ied using previously mentioned models and compared with theavailable experimental

data. Fluctuations of conserved charges have also been studied using HRG model in the

presence of a strong external magnetic field which is expected to be produced in non-

central heavy ion collisions. Moreover, chemical freeze-out parameters have been ex-

tracted analysing experimental data of ratios of fluctuations of net-proton and net-charge

measured in heavy ion collision experiment by the STAR collaboration at RHIC. In ad-

dition, thermal dilepton yield from a QGP medium has been studied at FAIR energy.

We can draw following conclusions from the present thesis:

137
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• Fluctuations and correlations of different conserved quantities have similar values

both in HRG and EVHRG model at low temperature and / or low baryonic chemical

potential. However, at high temperature and / or high baryonic chemical potential,

magnitudes of fluctuations and correlations are smaller in EVHRG model com-

pared to the ideal HRG model. This could be attributed to the presence of realistic

hard-core repulsive interaction in the EVHRG model.

• At the low temperature andµB = 0, fluctuations and correlations of conserved

charges as evaluated in HRG / EVHRG model are close to the LQCD data whereas

at high temperatures, compared to HRG, second order fluctuations for conserved

baryon and electric-charge from EVHRG are closer to LQCD continuum data for

radius of hadrons between0.2− 0.3 fm. On the other hand, forχ2
S, results of HRG

model is closer to LQCD continuum data. The LQCD data (Nτ = 6, 8) for χ4
B

andχ4
S are in good agreement with HRG / EVHRG model up toT = 0.16 GeV.

However, both HRG and EVHRG model overestimate LQCD data forχ4
Q. In the

case of correlations, LQCD continuum data for bothχ11
BS andχ11

QS are closer to

HRG results (higher than EVHRG) at lowerT but rises less sharply and becomes

less than HRG for higherT . χ11
BQ calculated in LQCD is found to be closer to

EVHRG results at lowerT .

• Ratios of lowest order fluctuations (σ2/M ), for both HRG and EVHRG model

yield almost same result. In comparison with HRG model, prominent suppression

of Sσ andκσ2 in EVHRG model is observed for net-proton at low
√
sNN where

baryonic chemical potential is large. The variations ofσ2/M andSσ with
√
sNN

seem to describe the experimental data well, whileκσ2 shows large deviations.

Though the results from EVHRG model seems to have a better agreement with the

LQCD continuum data at low temperature andµB = 0, in general the comparison

with the experimental data does not provide us with a clear preference between

HRG and EVHRG.

• Baryon number and electric charge number susceptibilities,evaluated in HRG

model, are more sensitive to the magnetic field as compared tothe strangeness

number susceptibilities. Among the correlators, the baryon-charge correlation is

found to be the most sensitive to the magnetic field. The ratios of fluctuations that

are measurable experimentally also manifest some effects of the magnetic field.

The effect of magnetic field is found to be maximum for the lower order fluctua-

tion ratios ((σ2/M)x).

• Chemical freeze-out parameters evaluated in HRG model, usingratios of lower
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order cumulants, starts deviating from the one obtained using ratios of higher order

cumulants around
√
sNN = 19.6 GeV. This may be an indication of the approach

to critical region for
√
sNN ≤ 19.6 GeV.

• In the present work it has been shown that the effect of centrality and beam en-

ergy onµB/T (
√
sNN , Npart) can be distinguished. This effort leads to a scaling

of (µB/T )/(µB/T )central with Npart/(Npart)central. This scaling is found to work

well for the chemical freeze-out parameters evaluated fromratio of lower order cu-

mulants. It has also been observed that the chemical freeze-out parameters, which

can describeσ2/M of net-proton very well in all beam energies and centralities,

may not describesσ equally well and vice versa since higher order fluctuations are

more sensitive near critical region.

• The thermal dimuon yield could be used as a crucial input for simulation of detec-

tor response for muons in the CBM experiment at FAIR. In the present work, as

an initial effort this yield has been estimated using Bjorkenhydrodynamic model

at FAIR energies. However, at lower
√
sNN , Bjorken hydrodynamics may not give

the appropriate picture. Any other more realistic hydrodynamics may be consid-

ered in future.
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