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Abstract

The spectral properties of hadrons (mesons) are studied in the nuclear matter en-

vironment, at finite magnetic field for both zero and non-zero temperatures. The

quantities like spectral functions, production cross-sections of the meson states can

be modified due to their mass, decay widths in the produced medium. This may

have important observable impacts, such as in the production and propagation of

particles in the high energy heavy ion collisions. These quantities are studied for

the neutral ρ and A1 mesons in such a medium, considering the effects of inverse

magnetic catalysis (IMC) and magnetic catalysis (MC). The effects of Dirac sea

at finite magnetic field are emphasized on the spectral properties of the spin-one

vector ρ, ω, and axial-vector A1 mesons. Their masses are computed using the

Borel transform of Quantum chromodynamics sum rules (QCDSR) followed by the

finite energy sum rules. The strong hadronic decay widths are calculated using an

effective interaction vertex of the initial and final state particles. The medium ef-

fects are incorporated through the QCD light quark and scalar gluon condensates,

which appear in the operator product expansion side of QCDSR. For light mesons,

the contributions up to dimension six scalar four-quark condensates are considered.

The condensates are connected to the scalar fields in chiral SU(3) model. At fi-

nite magnetic field, the contributions of protons’ Landau quantization, anomalous

magnetic moments (AMMs) of the nucleons, and the magnetized Dirac sea are in-

corporated into the scalar densities of the nucleons. The effects of temperature is

incorporated via Fermi distribution functions into the scalar and number densities

of the nucleons. There are observed to be important spectral modifications of peak

shifting and width broadening of the neutral mesons spectral functions due to the

phenomena of IMC and MC. The vectorial spectral function has direct experimental

connection to the dilepton invariant mass spectrum in heavy ion collisions. The

heavy quarkonia (Q̄Q;Q = c, b) produce at the early stages of heavy-ion collisions,

during which the strength of the produced magnetic field can still be large in the

case of peripheral collisions. The masses of 1S- and 1P - wave states of charmonia

(1S: vector J/ψ, pseudoscalar ηc; 1P : scalar χc0 and axial-vector χc1) and bottomo-

nia (1S: vector Υ(1S), pseudoscalar ηb; 1P : scalar χb0 and axial-vector χb1) are

studied in nuclear matter at finite magnetic field, incorporating the effects of IMC

and MC. Their masses are computed using the moment sum rule method. Medium



effects are incorporated through that of the gluon condensates of dimension four

which are further connected to the scalar fields of chiral model. The magnetized

Dirac sea contribution is derived through the nucleonic one-loop self energy func-

tions in the weak-field expansion of fermion propagator, corresponding to the scalar

mesons-nucleon interactions within the effective model Lagrangian. The effects of

density, isospin asymmetry, and magnetic field of an external medium are incorpo-

rated through the scalar and number densities of the nucleons into the scalar fields’

equations of motion for the isoscalars non-strange σ, strange ζ, the isovector δ and

the dilaton field χ. The scalar fields are treated to be classical in solving their cou-

pled equations of motion. The nucleons are treated to be quantum in the Dirac sea

calculation. The Dirac sea contribution leads to the considerable modifications in

the scalar light quark condensates with the magnetic field. The (decrement) incre-

ment of their magnitudes with increasing magnetic field is called (inverse) magnetic

catalysis. The effects of (inverse) magnetic catalysis on the masses of the heavy

quarkonia are seen to be prominent as compared to the case when this effect is not

taken into account. The Pseudoscalar vector mesons (PV) mixing is studied for the

1S-wave states of Q̄Q;Q = c, b. The effect is obtained between the pseudoscalar

(P ) and (longitudinal) part of the vector (V ||) mesons. It is studied for charmonia

(ηc − J/ψ||) using an effective Lagrangian formalism. A spin-magnetic field interac-

tion Hamiltonian is used for the mixing of (ηb − Υ||(1S)). The effects of IMC and

MC are considered in addition to this mixing effect. There occurs an energy level

splitting due to the mixing phenomena, resulting in an increment (decrement) to

the mass of V ||(P ) with increasing magnetic field.



सार 

परमाणु पदार्थ पर्ाथवरण में हैड्र ोन (मेसॉन) के वणथक्रमीर् गुणोों का अध्यर्न ककर्ा जाता है, शून्य और गैर-शून्य दोनोों 

तापमानोों के किए सीकमत चुोंबकीर् के्षत्र पर। वणथक्रमीर् कार्ों, मेसन राज्ोों के उत्पादन क्रॉस-सेक्शन जैसी मात्राएँ 

हो सकती हैं उत्पाकदत माध्यम में उनके द्रव्यमान, क्षर् चौडाई के कारण सोंशोकित ककर्ा जा सकता है। शार्द र्ह 

महत्वपूणथ अविोकनीर् प्रभाव हैं, जैसे कक उत्पादन और प्रसार में उच्च ऊजाथ वािे भारी आर्न टकराव में कण। इन 

मात्राओों का अध्यर्न ककर्ा जाता है ऐसे माध्यम में तटस्र् ρ और A1 मेसॉन, वु्यत्क्रम के प्रभावोों पर कवचार करते हुए 

चुोंबकीर् कटैकिसीस (आईएमसी) और चुोंबकीर् कटैकिसीस (एमसी)। कड्राक सागर का प्रभाव पररकमत चुोंबकीर् 

के्षत्र में स्पिन-वन के वणथक्रमीर् गुणोों पर जोर कदर्ा जाता है वेक्टर ρ, ω, और अक्षीर्-वेक्टर A1 मेसॉन। उनके द्रव्यमान 

की गणना का उपर्ोग करके की जाती है क्ाोंटम क्रोमोड्ार्नाकमक्स सम रूल्स (कू्यसीड्ीएसआर) का बोरेि 

टर ाोंसफॉमेशन इसके बाद ककर्ा गर्ा पररकमत ऊजाथ र्ोग कनर्म. मजबूत हैड्र ोकनक क्षर् चौडाई की गणना एक का 

उपर्ोग करके की जाती है प्रारों कभक और अोंकतम अवस्र्ा के कणोों का प्रभावी अोंतः कक्रर्ा शीर्थ। मध्यम प्रभाव कू्यसीड्ी 

प्रकाश क्ाकथ  और से्किर गू्लऑन कों डे्नसेट के माध्यम से शाकमि ककर्ा गर्ा है, जो QCDSR के ऑपरेटर उत्पाद 

कवस्तार पक्ष में कदखाई देते हैं। हले्क मेसन के किए, आर्ाम छह से्किर चार-क्ाकथ  कों डे्नसेट तक के र्ोगदान पर 

कवचार ककर्ा जाता है। कों डे्नसेट कचरि एसरू्(3) मॉड्ि में अकदश के्षत्रोों से जुडे होते हैं। पररकमत पर चुोंबकीर् के्षत्र, 

प्रोटॉन के िैंड्ौ पररमाणीकरण का र्ोगदान, कवसोंगकतपूणथ नू्यस्पिर्ोंस के चुोंबकीर् क्षण (एएमएम), और चुोंबकीर् 

ड्ार्राक सागर शाकमि हैं नू्यस्पिर्ोंस के अकदश घनत्व में। तापमान का प्रभाव है फमी कवतरण कार्ों के माध्यम से 

अकदश और सोंख्या घनत्व में शाकमि ककर्ा गर्ा नू्यस्पिर्ोंस का. कशखर के महत्वपूणथ वणथक्रमीर् सोंशोिन देखे गए हैं 

तटस्र् मेसॉन वणथक्रमीर् कार्ों के स्र्ानाोंतरण और चौडाई के कवस्तार के कारण आईएमसी और एमसी की घटनाएों । 

वेक्टररर्ि वणथक्रमीर् फों क्शन का प्रत्यक्ष प्रर्ोगात्मक है भारी आर्न टकरावोों में कड्िेप्टन अपररवतथनीर् द्रव्यमान 

िेक्टर म से सोंबोंि। भारी क्ाकोकनर्ा (𝑄̅𝑄;Q = c, b) भारी-आर्न टकराव के प्रारों कभक चरण में उत्पन्न होता है, कजसके 

दौरान उत्पन्न चुोंबकीर् के्षत्र की ताकत अभी भी बडी हो सकती है पररिीर् टकराव का मामिा. चामोकनर्ा की 1S- 

और 1P- तरोंग अवस्र्ाओों का द्रव्यमान (1S: वेक्टर J/ψ, सू्यड्ोसे्किर ηc; 1P: से्किर χc0 और अक्षीर्-वेक्टर χc1) 

और बॉटमोकनर्ा (1S: वेक्टर Υ(1S), सू्यड्ोसे्किर ηb; 1P: से्किर χb0 और अक्षीर्-वेक्टर χb1) हैं आईएमसी के प्रभावोों 

को शाकमि करते हुए, सीकमत चुोंबकीर् के्षत्र में परमाणु पदार्थ का अध्यर्न ककर्ा गर्ा और एम.सी. उनके द्रव्यमान 

की गणना आघूणथ र्ोग कनर्म कवकि का उपर्ोग करके की जाती है। मध्यम प्रभाव आर्ाम चार के गू्लऑन सोंघनन 

के माध्यम से शाकमि ककए जाते हैं जो आगे कचरि मॉड्ि के अकदश के्षत्रोों से जुडे हुए हैं। चुम्बककत कड्राक सागर 

का र्ोगदान नू्यस्पिर्ोकनक वन-िूप स्व-ऊजाथ कार्ों के माध्यम से प्राप्त होता है से्किर के अनुरूप फकमथर्न 

प्रोपेगेटर के कमजोर-के्षत्र कवस्तार में प्रभावी मॉड्ि िैग्रेंकजर्न के भीतर मेसॉन-नू्यस्पिर्ॉन इोंटरैक्शन। इसके प्रभाव 

घनत्व, आइसोस्पिन कवर्मता और बाहरी माध्यम का चुोंबकीर् के्षत्र शाकमि हैं अकदश के्षत्र में नू्यस्पिर्ॉन के अकदश 

और सोंख्या घनत्व के माध्यम से ' आइसोसे्किर गैर-अजीब σ, अजीब ζ, आइसोवेक्टर δ और के किए गकत के 

समीकरण कड्िाटन फील्ड χ. अकदश के्षत्रोों को उनके रु्ग्म को हि करने में शास्त्रीर् माना जाता है गकत के 

समीकरण. कड्राक सागर में नू्यस्पिर्ॉन को क्ाोंटम माना जाता है गणना। कड्राक सागर के र्ोगदान से इसमें 

महत्वपूणथ सोंशोिन हुए अकदश प्रकाश क्ाकथ  चुोंबकीर् के्षत्र के सार् सोंघकनत होता है। (कमी) वृस्पि बढ़ते चुोंबकीर् 

के्षत्र के सार् उनके पररमाण को (उिटा) चुोंबकीर् कहा जाता है उते्प्ररण। भारी द्रव्यमान पर (उिटा) चुोंबकीर् 

उते्प्ररण का प्रभाव क्ाकोकनर्ा उस मामिे की तुिना में प्रमुख रूप से देखा जाता है जब र्ह प्रभाव नही ों होता है 

ध्यान में रखा। सू्यड्ोसे्किर वेक्टर मेसॉन (पीवी) कमश्रण का अध्यर्न ककर्ा जाता है  𝑄̅𝑄;Q = c, b की 1S-तरोंग 

अवस्र्ाएँ। प्रभाव सू्यड्ोसे्किर के बीच प्राप्त होता है (पी) और (अनुदैध्यथ) वेक्टर का कहस्सा (वी ||) मेसॉन। इसका 

अध्यर्न चामोकनर्ा के किए ककर्ा जाता है (ηc − J/ψ||) एक प्रभावी िैग्रेंकजर्न औपचाररकता का उपर्ोग करते 

हुए। एक स्पिन-चुोंबकीर् के्षत्र इोंटरैक्शन हैकमल्टकनर्न का उपर्ोग (ηb − Υ||(1S)) के कमश्रण के किए ककर्ा जाता 

है। आईएमसी के प्रभाव और इस कमश्रण प्रभाव के अकतररक्त एमसी पर भी कवचार ककर्ा जाता है। वहाों एक ऊजाथ 

स्तर उत्पन्न होता है कमश्रण घटना के कारण कवभाजन, कजसके पररणामस्वरूप वृस्पि (कमी) होती है बढ़ते चुोंबकीर् 

के्षत्र के सार् V||(P) का द्रव्यमान। 



Contents

Certificate i

Acknowledgements ii

Abstract iv

Contents vii

List of Figures xi

Abbreviations xv

Symbols xvii

1 Introduction 1

1.1 Aim of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivation & Relevance of the Work . . . . . . . . . . . . . . . . . . 2

1.3 Heavy Ion Collisions Experiments . . . . . . . . . . . . . . . . . . . . 7

1.4 Strong Interaction Theory . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.1 The QCD Lagrangian . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.2 QCD Beta function and Running Coupling Constant . . . . . 12

1.4.3 Symmetries and Conserved Currents . . . . . . . . . . . . . . 14

1.4.4 The Chiral Algebra . . . . . . . . . . . . . . . . . . . . . . . . 20

1.4.5 Explicit Chiral Symmetry Breaking . . . . . . . . . . . . . . . 21

1.4.6 Partially-Conserved Axial-Vector Current . . . . . . . . . . . . 24

1.4.7 Goldberger-Treiman Relation . . . . . . . . . . . . . . . . . . 25

1.4.8 Spontaneous Breaking of Chiral Symmetry . . . . . . . . . . 27

1.4.9 Mass-less Particles: Goldstone Theorem . . . . . . . . . . . . 29

1.4.10 Non-perturbative QCD Vacuum: Chiral Condensates . . . . . 30

vii



1.4.11 The Gell-Mann-Oakes-Renner Relation . . . . . . . . . . . . . 31

1.5 QCD in Low Energy Regime: An Effective Lagrangian Approach . . . 33

1.5.1 Chiral Perturbation Theory . . . . . . . . . . . . . . . . . . . 33

1.6 Linear Sigma Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

1.7 Non-Linear Sigma Model . . . . . . . . . . . . . . . . . . . . . . . . . 41

1.8 Chiral Perturbation Theory . . . . . . . . . . . . . . . . . . . . . . . 45

1.9 Relativistic Mean-Field Approach to Nuclear Matter: Walecka Model 46

1.10 Generalized Linear Sigma Model . . . . . . . . . . . . . . . . . . . . . 53

2 QCD Sum Rule Framework 59

2.1 QCD Sum Rule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.2 Moments and Borel Transform Sum Rules . . . . . . . . . . . . . . . 62

2.2.1 Moment Sum Rule . . . . . . . . . . . . . . . . . . . . . . . . 63

2.2.2 Borel Transform . . . . . . . . . . . . . . . . . . . . . . . . . 65

3 The Chiral Effective Model (CEM) 67

3.1 General Lagrangian of the Model . . . . . . . . . . . . . . . . . . . . 67

3.1.1 Kinetic Energy Contributions . . . . . . . . . . . . . . . . . . 68

3.1.2 Baryons and Mesons Interactions . . . . . . . . . . . . . . . . 70

3.1.3 Vector Mesons Interactions and Their Masses . . . . . . . . . 71

3.1.4 Scalar Mesons Interactions . . . . . . . . . . . . . . . . . . . . 72

3.1.5 Scale-Invariance Breaking Potential . . . . . . . . . . . . . . . 72

3.1.6 Explicit Symmetry Breaking Effects . . . . . . . . . . . . . . . 73

3.1.7 Magnetic Field Interaction with Nuclear Matter . . . . . . . . 74

3.2 Dirac Sea Contribution at Finite Magnetic Field . . . . . . . . . . . . 75

3.2.1 Nucleon Self-Energy Function . . . . . . . . . . . . . . . . . . 75

3.2.2 Effective Nucleon Propagator . . . . . . . . . . . . . . . . . . 77

3.2.3 Self-Consistent Solutions of the Scalar Fields . . . . . . . . . . 80

4 Spectral Properties of ρ, ω, & A1 Mesons 85

4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3 Masses in QCDSR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.3.1 Borel Transform Sum Rule . . . . . . . . . . . . . . . . . . . . 95

4.3.2 Finite Energy Sum Rules . . . . . . . . . . . . . . . . . . . . . 96

4.4 QCD Condensates within the CEM . . . . . . . . . . . . . . . . . . . 99

4.5 Hadronic Decay widths . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.6 The Spectral Quantities: A(M) and σ(M) . . . . . . . . . . . . . . . 106

4.7 Results on the Spectral Properties . . . . . . . . . . . . . . . . . . . . 107

4.7.1 In-Medium Masses . . . . . . . . . . . . . . . . . . . . . . . . 108

4.7.2 Spectral Function and Cross-section . . . . . . . . . . . . . . 113

viii



5 Ground States of Charmonia 135

5.1 Motivation and Relevance . . . . . . . . . . . . . . . . . . . . . . . . 136

5.2 QCD Condensates in the CEM . . . . . . . . . . . . . . . . . . . . . 139

5.3 The masses in Moment Sum Rule . . . . . . . . . . . . . . . . . . . . 141

5.4 Pseudoscalar-Vector Mesons Mixing . . . . . . . . . . . . . . . . . . . 143

5.5 Results on the Properties of Charmonium . . . . . . . . . . . . . . . 144

6 Ground States of Bottomonia 157

6.1 In-Medium Masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.2 Pseudoscalar Vector Mesons Mixing . . . . . . . . . . . . . . . . . . . 158

6.3 Results for the Ground States of Bottomonia . . . . . . . . . . . . . . 159

7 Conclusion and Outlook 167

Scope for Future Work 174

Bibliography 177

Appendix A: Moments of Wilson Coefficients for Heavy Quark Cur-
rents 189

Appendix B: Group Theoretical Realization of Effective Chiral SU(3)
Model 193

Appendix C: Baryon and Meson Multiplets in Chiral SU(3) Model 199

List of Publications 201

Curriculum Vitae 205

ix



List of Figures

1.1 An effective potential V (σ, π) with (a) no spontaneous symmetry
breaking, (b) with spontaneous symmetry breaking. . . . . . . . . . . 34

1.2 The potential energy function V (σ, π = 0) vs. σ field of LS model
for (a) upper: without ESB effect, emphasizing SSB; (b) lower: with
ESB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1 Feynman diagrams contributing to the first few Wilson coefficients. . 61

2.2 Feynman diagram contributing to the scalar four-quark condensates. . 61

3.1 Feynman-diagrams corresponding to the one-loop ΣN -functions in
LCEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.1 The variation in mass of (a) ω and (b) ρ0 mesons with magnetic field
|eB| (in units of m2

π), at ρ0 and η = 0 for T = 0, 50, 100 MeV. The
Dirac sea effects are considered. Comparison on the basis of nucleons’
AMMs are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.2 The variation in mass of the neutral (a) ρ and (b) A1 mesons with
temperature T (in MeV) for |eB| = 2, 9m2

π, at ρ0 and η = 0. . . . . . 109

4.3 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
the neutral A1 meson at ρ0, η = 0, for |eB| = 2, 6, 8m2

π, and T = 50
MeV. The vacuum case at ρB = 0, T = 0 and |eB| = 0 is shown as
the dashed line for comparison. . . . . . . . . . . . . . . . . . . . . . 115

4.4 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
A0

1 meson at ρ0, η = 0, for |eB| = 2m2
π, and T = 0, 50 and 150 MeV.

The vacuum case at zero baryon density is shown as the dashed line
for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.5 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
A0

1 meson at ρ0, η = 0.5, for |eB| = 2m2
π and T = 0, 50, 100 and 150

MeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

xi



4.6 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
A0

1 meson at ρB = 0, T = 50 MeV for |eB| = 2, 3, 3.5, 3.9m2
π. The

vacuum case with ρB = 0 (dashed line) is shown for comparison. . . . 119

4.7 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb)
of ρ0 meson at ρ0, η = 0, T = 50 MeV for |eB| = 2, 8, 9m2

π. The
vacuum case is shown as the solid line to compare with the medium
results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.8 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
ρ0 meson at ρB = ρ0, η = 0.5, and T = 50 MeV for |eB| = 2, 8, 9m2

π. 123

4.9 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
ρ0 meson at ρ0, η = 0, for T = 0, 50, 100, 150 MeV and |eB| = 2m2

π. 124

4.10 Similar as in fig.4.9 for asymmetric nuclear matter η = 0.5. . . . . . . 125

4.11 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
ρ0 meson at ρ0, η = 0, and T = 0, 50, 100, 150 MeV for |eB| = 9m2

π. 126

4.12 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
ρ0 meson at ρB = 0, and T = 50 MeV for |eB| = 2, 3, 3.5, and 3.9 m2

π.127

4.13 The invariant mass (M) distributions of the (1) upper one: spectral
function A(M) (in GeV −1); (2) lower one: cross-section σ (in mb) of
ρ0 meson at ρ0, η = 0 and T = 0 MeV. The Dirac sea contribution
with finite nucleon AMMs and zero AMM cases are compared at
|eB| = 2 and 8m2

π. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

4.14 Same as in fig.4.13 for the asymmetric nuclear matter at η = 0.5. . . 129

5.1 The variation of light quark condensates (−⟨q̄q⟩)1/3 (in MeV) for (a)
q = u and (b) q = d, with |eB|/m2

π, at ρB = 0, ρ0 and η = 0, 0.5.
DS: Dirac Sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.2 The variation of the scalar gluon condensates ⟨(αs/π)Ga
µνG

aµν⟩1/4 (in
MeV) with magnetic field at (a) ρB = 0 and (b) ρB = ρ0 (for η = 0, 0.5).146

5.3 The mass m∗ (in MeV) is plotted as a function of n, for (a) ηc, (b)
J/ψ, (c) χc0 and (d) χc1 states of charmonium, at ρB = 0, ρ0 and
η = 0, at |eB| = 0. The minimum value of m∗ with respect to n
corresponds to the physical mass of that particular state. . . . . . . . 147

5.4 Particle masses (in MeV) are plotted with increasing values of |eB|
(in m2

π), for (a) ηc, (b) J/ψ, (c) χc0 and (d) χc1 at ρB = 0. The PV
mixing effect is considered for (J/ψ|| − ηc) states. . . . . . . . . . . . 148

xii



5.5 The masses (in MeV) are plotted with respect to |eB| (in m2
π) for J/ψ

[(a) and (b)], and ηc [(c) and (d)] at ρB = ρ0, η = 0. The contribution
of Dirac sea (DS) [(a), (c)] is compared to the case when it is absent
[(b) and (d)]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.6 Particle masses (in MeV) are plotted with changing |eB| (in m2
π) for

χc0 [(a) and (b)], and χc1 [(c) and (d)] at ρ0, η = 0. The Dirac sea
contribution [(a) and (c)] is compared to the case of no Dirac Sea
(DS) effect [(b) and (d)]. . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.7 The mass of (a) ηc, (b) J/ψ, (c) χc0 and (d) χc1 states of charmonium
(in MeV) is shown with magnetic field variation, at ρB = 0, ρ0 for
η = 0, 0.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.1 The masses m∗ (in MeV) are plotted as functions of n, for (a) ηb, (b)
Υ(1S), (c) χb0 and (d) χb1 states of bottomonium, at ρB = 0, ρ0 for
η = 0, at zero magnetic field |eB| = 0. The minimum value of m∗

with respect to n corresponds to the physical mass of that particular
state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

6.2 The mass variation (in MeV) of the (a) ηb, (b) Υ(1S), (c) χb0 and
(d) χb1 states with |eB|/m2

π at ρB = 0. The magnetic field induced
mixing is considered on (Υ||(1S)− ηb) states along with the Dirac sea
contribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

6.3 Masses (in MeV) are plotted with changing |eB| (in m2
π) for Υ(1S)

[(a) and (b)], and ηb [(c) and (d)] at ρB = ρ0, η = 0. The presence
of Dirac sea [plots (a) and (c)] at finite magnetic field is compared to
the case when it is absent [plots (b) and (d)]. . . . . . . . . . . . . . . 162

6.4 Masses (in MeV) are plotted with magnetic field |eB| (in m2
π) for χb0

[(a) and (b)], and χb1 [(c) and (d)] at ρB = ρ0, η = 0. The presence
of Dirac sea [plots (a) and (c)] at finite magnetic field is compared to
the case when it is absent [plots (b) and (d)]. . . . . . . . . . . . . . . 163

6.5 Masses of (a) ηb, (b) Υ(1S), (c) χb0 and (d) χb1 states of bottomonium
(in MeV) are plotted as functions of |eB| (in units of m2

π), at ρB =
0, ρ0 and η = 0, 0.5, incorporating the Dirac sea effects. . . . . . . . 164

xiii



Abbreviations

AMM Anomalous Magnetic Moment

BE Binding Energy

BT Borel Transform

CEM Chiral Effective Model

CPT Chiral Perturbation Theory

COM Center Of Mass

DOF Degrees Of Freedom

DR Dimensional Regularization

DS Dirac Sea

ECSB Explicit Chiral Symmetry Breaking

EMT Energy Momentum Tensor

EOM Equations Of Motion

ESB Explicit Symmetry Breaking

FESR Finite Energy Sum Rule

FS Fermi Sea

FST Field Strength Tensor

GB Goldstone Boson

GOR Gell-Mann Oakes Renner

GT Goldberger Treiman

HIC Heavy Ion Collision

HQ Heavy Quarkonia

IMC Inverse Magnetic Catalysis

KG Klein Gordon

KE Kinetic Energy

LEL Landau Energy Level

LO Leading Order

xv



L and R Left and Right

LHS Left Hand Side

LSM Linear Sigma Model

MC Magnetic Catalysis

MFA Mean Field Approximation

MFT Mean Field Theory

MSR Moment Sum Rule

NG Nambu Goldstone

NLSM Non-Linear Sigma Model

NLO Next-to-Leading Order

OPE Operator Product Expansion

PCAC Partially Conserved Axial Current

PVM Pseudoscalar Vector Mixing

QCD Quantum Chromodynamics

QFT Quantum Field Theory

QCDSR QCD Sum Rule

RHA Relativistic Hartree Approximation

RHS Right Hand Side

SBCS Spontaneously Broken Chiral Symmetry

SGC Scalar Gluon Condensate

SIB Scale Invariance Breaking

SM Standard Model

SSB Spontaneous Symmetry Breaking

UR Ultra-Relativistic

UV Ultra Violet

VEV Vacuum Expectation Value

WFE Weak Field Expansion

WM Walecka Model

WRT With Respect To

xvi



Symbols

(t, x⃗) space-time coordinate

B magnetic field

E electric field

µ chemical potential

p and n proton and neutron

T Temperature

q and q̄ quark and antiquark

ρB baryon density

ρ0 nuclear matter saturation density

η isospin asymmetry parameter

|eB| magnetic field strength in natural unit

N nucleon

Σ self-energy

µ⃗ magnetic moment

xvii


