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“The web of our life is of a Mingled Yarn, good and ill together. Our virtues

would be proud if our faults whipped them not, and our crimes would despair if they

were not cherished by our virtues”- William Shakespeare
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Abstract

The work presented here is concerned about the theoretical study of static properties

of different hadronic systems using statistical models and effective theories. The var-

ious aspects of spin 1
2

+
baryonic systems and heavy-light mesons are analyzed deeply.

This thesis is dedicated to the some of the basic questions which are yet unanswered.

For example, proton spin crisis and presence of strange quark content inside the

nucleonic system. Therefore, the strange quark contributions are explicitly added in

the present work by modifying the principle of detailed balance. Statistical model is

used to find the answers of some of the queries by using the statistical techniques.

The hyperons are also checked against the impact of SU(3) breaking on the different

properties of baryons. In addition to this, the latest resonances in the heavy-light

mesonic sector are analyzed and few basic properties like masses, splittings and decay

widths of some of the charm and bottom mesons are calculated using heavy hadron

chiral perturbation theory. The thesis is organized into the following seven chapters.

Chapter I gives a brief account of the underlying principles of QCD and its

Lagrangian. It also includes the summary of various experimental investigations

regarding the structure of proton and experimental status of very famous anomaly

regarding the spin of proton. Chapter I presents a brief idea of perturbative and

1
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non-perturbative aspects of QCD and how the running coupling constant leads to

interesting features of QCD like quark confinement and asymptotic freedom. The

basic symmetries of QCD and their breakings is discussed in brief. One of the

importance of breaking lies in the fact that spontaneous breaking of well known chiral

symmetry leads to the formulation of chiral perturbation theory. Similarly, the limit

mQ → ∞ leads to heavy quark flavor and spin symmetry. These symmetries help to

analyze the basic properties of a heavy hadronic system using effective theory which

is famous as heavy quark effective theory. Heavy quark effective theory and chiral

perturbation theory can be combined to form heavy hadron chiral perturbation theory.

A brief introduction to heavy hadron chiral perturbation theory is also included.

Chapter II gives relevant details of the statistical model applied to study the

static properties of spin 1
2

+
baryonic systems. The statistical model is based on

the assumption that hadronic structure can be assumed to be made up of quark-

gluon Fock states. The Fock states can be single gluon and multi-gluon states along-

with quark-antiquark pairs. The hadronic structure consists of two parts, one is

q3 core and other is sea containing quark-gluon Fock states multi-connected non-

perturbatively through gluons. Since, the baryon should be colorless, a q3 can have

the color quantum numbers 1c, 8c, 10c so as to make suitable combinations for color

quantum numbers of sea. The statistical model is aimed at finding the relative prob-

abilities in flavor, spin and color space. The probabilities in flavor are computed by

using principle of detailed balance while the probabilities in spin and color space is

estimated using relative multiplicities in the form of ratios. The present work uses

three different types of statistical models named as Model C, P(Model assuming sea

with pseudoscalars) and D(Model assuming sea with suppressed multiplicity). Chap-
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ter II also discusses the various low energy properties in brief.

In Chapter III, the strange and non-strange quark-gluon Fock states are analyzed

for the low energy properties of nucleonic system. The low energy properties include

magnetic moments, distribution of spin among quarks, axial-vector form factors etc.

To add contribution of strange quark-gluon Fock states, principle of detailed balance

is modified. The strange sea contribution comes out to be negligible but it affects the

spin distribution of quarks inside the nucleons. Thus, the spin polarization densities

of three quarks has been studied with strange and without strange sea. On the basis

of statistical modeling, the contribution from various parts of sea has been analyzed.

We name the sea as scalar, vector and tensor sea with Fock states having spin 0,

1 and 2 respectively. The statistically determined properties of a nucleonic system

favors a vector dominated sea where the sea also includes strange quark anti-quark

pairs. The obtained results for all the properties are compared with different theo-

retical models and experimental data. Model D comes with more authentic results

when strange sea is taken into consideration.

In Chapter IV, statistical model is applied to a system with strange quarks in the

valence part i.e. lambda and other hyperons. The role of strange quark mass in the

structure of hyperon is to break the SU(3) symmetry in the baryon spectrum. The

effects of symmetry breaking in sea as well as valence part on all the properties of

hyperons is checked in the present work. The strange mass corrections are parame-

terized through the correction factor ”r”. Here ”r” depends on the ratio of mass of

s and u quark. Symmetry breaking corrections are applied and effects of symmetry

breaking lead to modified values of spin distribution among quarks and axial vector

form factors. The results are compared with the available theoretical and experimen-
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tal data. The strange mass corrections also help in finding the corrected values of

axial vector coupling constants F and D. The ratio F
D

is found to be deviating by

17% from the experimental data.

Chapter V deals with the heavy light mesons using heavy hadron chiral pertur-

bation theory. Masses, splittings, decays and branching ratios are the fundamental

properties of heavy mesons. Heavy hadron chiral perturbation theory uses both chiral

as well as heavy quark spin and flavor symmetry to form an effective Lagrangian to

calculate masses in this theory and it describes the interplay of these two symme-

tries in the form of low energy gradients. This Lagrangian produces a residual mass

formula in terms of the light quark masses along with some unknown parameters.

These parameters are constrained using experimental data and masses of the ground

as well as low lying excited states of heavy charm meson are calculated. Similarly,

B meson masses in the heavy quark effective theory are given in terms of a sin-

gle non-perturbative parameter Λ̄ and non-perturbative QCD parameters λ1 and λ2.

The best fit of λ1 and λ2 helps to find out masses of excited bottom mesons masses.

Thus, both charm and bottom meson masses and their splittings have been found to

be matching well with the experimental results.

In Chapter VI, we study the spectra of several newly observed resonances by dif-

ferent collaborations. Using an effective Lagrangian approach based on heavy quark

symmetry and chiral dynamics, we explore the strong decay widths and branching ra-

tios of various resonances and suggest their Jp values. We try to fit the experimental

data to find the coupling constants involved in the strong decays through pseudoscalar
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mesons. The present work also discusses about the possible spin-parity assignments

of recently observed states by LHCb collaboration. The tentative assignment of

newly discovered state D∗
J(3000) can be natural parity states (0+, 1−, 2+, 3−....) while

DJ(3000) can be identified with unnatural parity states like (0−, 1+, 2−, 3+....). There-

fore, the missing doublets 2S,2D,1F,2P and 3S can be thought of filled up with these

states. We study the two-body strong decay widths and branching ratios of missing

doublets and plot branching ratios vs mass of decaying particle. These plots are used

to analyze all assignments to DJ(3000) deeply and various possibilities for JP values.

Finally, in chapter VII, conclusions are summarized and an outlook of our

work is presented.



Chapter 1

Introduction

The study of modern physics is focussed on achieving the answers of basic questions

of nature and an understanding of fundamental constituents of matter and interac-

tions. Most of the matter in this universe is, however, made up of nucleons that

form the nuclei of atoms around us. The study of these building blocks of matter

has been found to be carrying utmost importance to us. Protons and neutrons have

been studied in detail since their discovery in the beginning of twentieth century. The

fundamental structure of these nucleons still lacks proper understanding. Rutherford

discovery of structure of atom that is atoms consist of nucleons bound in the nucleus

surrounded by the clouds of electrons, led to the prolonged deep analysis of struc-

ture of basic units of atom through experimental discoveries. After more than 50

years of Rutherford’s discovery, the experimentalists at SLAC [1] provided evidence

for sub-structure of proton and neutrons. The first progress in nuclear forces came

with the work of H. Yukawa in 1935 who proposed a scalar meson exchange model

for the interactions between nucleons. These scalar mesons were later identified as

neutral pions. This concept led to the development of the initial ideas. Feynman [2]

6
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also favored the above situation by suggesting that proton can be thought of made

up of small particles named as partons and the now a days the model is famous as

quark-parton model. The quark model was given by Gellmann [3] and Zweing [4] in

1964. The strange particles brought a new additive quantum number to the hadron

physics. This new quantum number was strangeness, S and was proposed indepen-

dently by M. Gell-Mann and Nishijima. The grounds for this proposal were the fact

that these particles appeared in pairs in pion-proton collisions and that some of these

particles had unexpectedly large lifetimes when compared with the time scale of the

strong interactions, in spite of the fact that their expected decays did not violate ei-

ther charge nor baryon number conservation. However, this thesis is concerned with

the theoretical and phenomenological studies of hadrons. Hadrons are bound state of

quarks. The first part of thesis is devoted to the study of nucleons and other spin 1
2

hyperons whereas the second part of this thesis is dedicated to the heavy mesons and

their interactions. The present theory of elementary particle physics is known as

standard model. This theory is so called gauge theory and underlying gauge symme-

try group is SU(3)color ⊗ SU(2)L ⊗ U(1). The SU(3)color part of the group is gauge

group of strong interactions and quantum gauge group is known as quantum chro-

modynamics. QCD describes these composite particles in terms of their constituent

particle known as quarks and the carriers of strong force as gluons. This chapter is

dedicated to a survey of particles having strong interactions. These particles are now

a days famous as hadrons. Hadrons are divided into mesons and baryons. Mesons

are bosons with integral spin and baryons are fermions having spin 1
2
and 3

2
. As for

today, we are still not in a situation to describe completely the structure of nucleon

at low energy and high energy momentum transfers. The structure of nucleon has
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been investigated since many years using lepton beams. These experiments have pro-

vided a useful data which helps to explore more and more the nucleonic structure.

Despite having been investigated by various experimental collaborations [5], [6], the

spin structure of nucleon remain a mystery. The first anomaly regarding spin struc-

ture of nucleons was reported by European Muon Collaboration [7] and later on

confirmed by Spin Muon Collaboration [8]. The well-known ”spin crisis” came into

existence. At small Q2, the hadronic properties can be explained by quark model

in terms of massive constituent quarks but at higher Q2 and at comparably smaller

distances, hadronic structure reveals a pattern of weakly interacting gluons, nearly

mass-less current quarks and a sea of quark-antiquark pairs. The present report is

devoted to the deep analysis of various aspects of hadronic properties at low energy.

In the first part of thesis, several properties of spin 1
2

+
baryons have been studied in

various statistical models whereas the second part is devoted to the study of low en-

ergy properties like masses, splittings for charm and bottom mesonic systems using

an effective approach. The thesis begins with introductory review of all phenomenon

related to the statistical models and effective theories.

1.1 Special Unitary Groups(SU(2) and SU(3))

Group theory is the branch of physics which underlies the treatment of symmetry

and symmetry is defined as the operation which do not change the state of system.

The special unitary group SU(2) is the group of all 2 × 2 unitary matrices with

determinant equal to one. Each group element of U(1) is represented by the pure

phase factor eiα. Every element of U(2) is a product of phase factor eiα, which is
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element of both U(1) and SU(2). Under a symmetry operation R, the Hamiltonian

of the system is unchanged.

⟨ϕ | H | ψ⟩ = ⟨ϕ | U †HU | ψ⟩ = ⟨ϕ | H | ψ⟩ (1.1)

All the group properties follow from the infinitesimal rotations in the neighborhood

of the identity. It is written as U = 1 − ϵJ3 where J3 is the generator of rotations.

In SU(2) group, the simplest example of a multiplet of SU(2) is the fundamental

or two-dimensional representation which is an object that can occur in two states

labeled up and down or (u, d). The proton and neutron form an example of such

a representation of the SU(2) isospin group. In the lowest-dimension non-trivial

representation of the group (j = 1
2
), the generators are written as Ji = 1

2
σi with

i=1,2,3 and σi are the Pauli-spin matrices. The Pauli-spin matrices are hermitian

and transformation matrices Ui = e
−iθiσi

2 are unitary. This set of unitary traceless

matrices form a subgroup SU(2). The set of unitary 3×3 matrices with det U=1 form

a subgroup of SU(3). The generators are taken to be 8 hermitian traceless matrices.

The fundamental representation of SU(3) is a triplet. The generators are taken as

3 × 3 matrices denoted as λi for i=1 to 8. The matrix representation of the λi are

[λi, λj] = i
∑

k fijk
λk

2
. In the quark picture of hadrons, internal symmetries refer to

the fact that particle come in families known as multiplet having nearly degenerate

masses. Among the hadrons, hypercharge is defined as the sum of baryon number

and strangeness i.e Y=B+S and electric charge, Q is related to third component

of isospin(I3) and electric charge Q as Q = I3 +
Y
2
which is called as GellMann-

Nishijima [9] [10] formula. SU(3) flavor group of hadrons was formulated with the
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existence of additional quantum number called ”S” and it groups n,p,λ,Σ,Ξ baryons

in SU(3) octet representation. Another group is formed as a doublet with 10 baryons

in the lowest lying state.

1.2 Non-relativistic Quark Model for Hadrons

The basic well-known SU(6) model along with its necessary details is given below.

The idea of quark structure of hadrons was first put forward by GellMann [3] and

Zweing [4] which assume hadrons as composed of basic elementary particles known

as quarks with certain internal symmetries. The basis for their hypothesis was eight-

fold SU(3) symmetry. In the quark picture of hadrons, the mesons consist of quark-

antiquark pair whereas baryons consist of three quarks. Each multiplet can be realized

as irreducible representation of internal symmetry group. In the non-relativistic

model, light quarks realize the fundamental representation of larger symmetric group

which acts in the space of spin and flavors. SU(6) interpretation can be fulfilled in

terms of composite system of quarks which require introduction of a new quantum

number which is color quantum number. The idea of color was introduced in mid

1960’s by MooYoung Han and Yoichiro Nambu [11] as well as Oscar W Greenburg

[12]. Later on, it was shown by Kenneth G Williams [13] that for sufficiently strong

coupling, quarks exhibit confinement of color. The color group is SU(3)c where

the indices make the difference between flavor SU(3) and color SU(3). Also, it

was postulated that hadrons are singlets of color group SU(3)c group. Neglecting

the mass-difference between strange and non-strange quarks leads to fundamental

representation of SU(3) as SU(3)flavor where antiquarks belong to the conjugate
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Figure 1.1The Jp = 1
2

+
, 3
2

+
baryon octet and decuplet

representation 3∗. Baryons and mesons involve the following group presentation

products:

3⊗ 3⊗ 3 = 1⊕ 8⊕ 8⊕ 10 (1.2)

Thus, baryons appear as octets and decuplets whereas mesons appear as singlets and

octets.

3⊗ 3∗ = 8⊕ 1 (1.3)

1⊕8 represents 0−, 1−, 1+, 2+ mesons and the masses of particles can be predicted by

observing the breaking of SU(3)symmetry. In terms of weight diagram, the baryon

octet and decuplet are represented in the 1.1 The present thesis is concerned in

the studies of lowest lying baryon octet states and heavy light mesons. The wave-

functions are often labeled with N, the number of quanta and lp represents the total

angular momentum and parity with the dimension of SU(6) representation. SU(6)

becomes exact in the limit of equal light quark masses and when hyperfine interac-

tions are neglected. In non-relativistic quark model, hadrons are considered as bound

colorless system of three quarks which are fermionic particle with flavor, spin and
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color degrees of freedom. Taking into account the relevant degrees of freedom, the

wave-functions can be written as;

Ψh =| ϕ⟩ | ψ⟩ | χ⟩ | ξ⟩ (1.4)

where | ϕ⟩ denotes the flavor part of wave-function, | χ⟩ represents spin of valence

part in the wave-function,| ψ⟩ is for color and | ξ⟩ is for space contribution to the

whole wave-function. From direct product of q ⊗ q states, we get 6 ⊗ 6 = 1 ⊕ 35

where 1 and 35 are two irreducible representations in SU(6). The subgroup of SU(6)

is SU(3)⊗SU(2) therefore 35 meson states can be described in terms of their [SU(3),

SU(2)] content. SU(2) refers to the ordinary spin group. The decomposition of 35

can be described as:35 = (8, 1)⊕ (1, 3)⊕ (8, 3).

Out of 35, the vector (J=1) nonet has 27 meson states, three states form vec-

tor meson singlet and 24 states form vector meson octet. Other 8 states form

the pseudoscalar octet. Considering baryon as qqq state, flavor and spin can

be combined with an approximate SU(6) symmetry in which six quark states are

u ↑, u ↓, d ↑, d ↓, s ↑, s ↓. The baryon states in SU(6) can be grouped in multiplet

whose dimension and symmetry properties are:

SU(6) : 6⊗ 6⊗ 6 = 20⊕ 70⊕ 70⊕ 56 (1.5)

In terms of decomposition of SU(6), it can be written as:6⊗ 6⊗ 6 = (3, 2)⊗ (3, 2)⊗

(3, 2). SU(2) decomposition of spin states that 2⊗ 2⊗ 2 = 4s+2ms+2ma. Similarly,

3 ⊗ 3 ⊗ 3 = 10s ⊗ 8ms ⊗ 8ma ⊗ 1a for three flavor u,d,s. The spin-flavor content

of each SU(6) state can be easily reconstructed. For instance, proton wave-function
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can be written as:

| p ↑⟩ = 1√
18
ϵijk({u↓†i d

↑†
j − u↑†i d

↓†
j })u↑†k | 0⟩ (1.6)

The simplified SU(6) wave-function in terms of permutation among the flavor can

be written as:

| p ↑⟩ = − 1√
18
[u ↑ u ↓ d ↑ +u ↓ u ↑ d ↑ −2u ↑ u ↑ d ↓

+ u ↑ d ↑ u ↓ +u ↓ d ↑ u ↑ −2u ↑ d ↓ u ↑

+ d ↑ u ↓ u ↑ +d ↑ u ↑ u ↓ −2d ↓ u ↑ u ↑]

From this wave-function, one can count the average number of quark flavors with

spin parallel and anti-parallel to the spin of proton. The general form of SU(6)

wave-function for all baryons in baryon octet is represented as:

| B ↑ (p, q, q)⟩ = 1√
18
[q ↑ q ↓ p ↑ +q ↓ q ↑ p ↑ −2q ↑ q ↑ p ↓

+q ↑ p ↑ q ↓ +q ↓ p ↑ q ↑ −2q ↑ p ↓ q ↑

+q ↑ p ↓ p ↑ +q ↑ p ↑ q ↓ −2q ↓ q ↑ p ↑]

| B ↑ (p, q, r)⟩ = 1
6
[p ↑ q ↓ r ↑ +q ↓ r ↑ p ↑ +r ↑ p ↑ q ↓

+q ↓ p ↑ r ↑ +p ↑ r ↑ q ↓ +r ↑ q ↓ p ↑ −2(q ↑ r ↓ p ↑

+p ↑ r ↓ q ↑ +p ↑ q ↑ r ↓ +r ↓ q ↑ p ↑ +r ↓ p ↑ q ↑ +q ↑ p ↑ r ↓)]

1.3 Parton Model

The quark parton model was invented by Feynman [2] and Bjorken [14] and it was

born to describe DIS on a nucleon as sum of elastic scattering amplitudes on non-

interacting point like partons. These partons are assumed to carry a four momentum

of fraction x of the nucleon in infinite momentum frame such that rest masses of the
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partons as well as transverse momenta to the direction of motion can be neglected.

In the limit Q2 → ∞ and ν → ∞, in which quark parton model is applicable, the

structure function does not depend upon Q2, but become a function of x2 only. The

structure functions are written in quark parton model.

F1(x) =
1

2
Σfe

2
f (qf (x) + q̄f (x)) (1.7)

F2(x) = xΣfe
2
f (qf (x) + q̄f (x)) (1.8)

g1(x) =
1

2
Σfe

2
f (∆qf (x) + ∆qf (x)) (1.9)

g2(x) =
1

2
Σfe

2
f (∆qf (x) + ∆qf (x)) (1.10)

where ef is the fractional charge of quark flavor f. The distribution q(x) are the

unpolarized parton density function(PDF) or quark distribution function and ∆q(x)

are the polarized quark distribution function.

q(x) = q↑↑(x) + q↑↓(x) (1.11)

∆q(x) = q↑↑(x)− q↑↓(x) (1.12)

If the constituents of nucleon behave like free and are point like then structure func-

tions should not depend upon Q2. This phenomenon is called Bjorken scaling. For

small value of x < 0.05 and x > 0.3, the structure function F p
2 (x,Q

2) shows a depen-

dence on Q2. This observation is not expected in naive quark model. The structure

function F p
2 (x,Q

2) decreases with increasing Q2 for large x values while for small x

values, the structure functions increases with increasing Q2. This can be explained by
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the existence of sea quarks arising from gluon splitting, which carry a small fraction

x of the nucleon momentum. For higher Q2 values, the sea quarks can be resolved

in the scattering process resulting in an increase of the structure function F2. The

structure functions F2 and g1 vary with Q2.

1.4 Basic Concepts in QCD

QCD(Quantum Chromodynamics) is quantum field theory of strong interactions,

with quark-gluon being its elementary degree of freedom. A non-abelian color SU(3)

gauge theory which is represented by quark-gluon as degrees of freedom. Quarks are

structureless and point like fermions and can be characterized by their color quantum

numbers. Gluons are neutral and massless bosons mediating the strong interaction

among the quarks, analogous to photons in quantum electrodynamics. The short dis-

tance physics when calculated in QCD, agrees well with the deep inelastic scattering

experiments. With increasing momentum transfer, decreasing distances, the quark-

gluon effective coupling is reduced with the tendency to converge to the zero value.

This phenomenon is called ”asymptotic freedom”. Thus, QCD can be referred as a

well tested theory in high energy regime but at larger distances, or at low Q2 the effec-

tive coupling constant becomes too large for the perturbative expansion to converge.

The lack of knowledge of non-perturbative nature of interaction of quarks with gluons

makes the internal structure of nucleons a mystery. There are many approaches that

emerged in past decades to describe the interaction among the fundamental particles.

These approaches are either based upon certain assumptions or some theories appli-

cable at certain scale. For instance, quark models have been applied successfully to
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describe many of the properties of hadrons. These days most of the available mod-

els make the assumption to reproduce the experimental data. Strong interactions in

standard model are well described by the following terms of the Lagrangian which

is famous as QCD Lagrangian. The Lagrangian is based on invariance under a lo-

cal gauge group i.e. SU(3)color and to explain the fundamental interactions among

quarks and gluons; each quark can exist in three color states while each gluon can

exist in eight color states. Under an SU(3)color group, quarks and gluons form a

triplet and octet. The Lagrangian in terms of quark, gluon degrees can be written

as:

LQCD = −1

4
Gµν

a G
a
µν + q(i /D −M)q (1.13)

where q is Nf multiplet containing Nf flavors of spin 1
2
quark fields and M =

diag{Mu,Md,Ms} the corresponding mass matrix. The operator Dµ is SU(3) color

covariant derivative and given by:

(Dµ)ab = (δab)µ + igs(t
cAc

µ)ab (1.14)

Gµν
a is quark-gluon field strength tensor. ta are the color matrices (tc = λc

2
) and

Ac
µ are the gauge fields. The gluonic field tensor gets the term due to non-abelian

property of the QCD.

Ga
µν = ∂µA

a
ν − ∂νA

a
µ + gs[ta, tb]A

a
µA

b
ν (1.15)

Extra term in Ga
µν makes it invariant under non-abelian gauge transformations.

QCD can be said to possess similar structure as QED except the difference that
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gauge group is non-abelian SU(3) and self-interacting gluons. Three quarks (u,d,s)

are having mass less than 1GeV and therefore known as light quarks whereas other

three (c,b,t) are known as heavy quarks. The scale which separates these two regimes

is called as ΛQCD. QCD exhibits two important properties that is quark confinement

and asymptotic freedom. QCD has a peculiar property according to which coupling

strength decreases at short distance. This occurs due to presence of gluons which

carry color charge. Because of the asymptotic freedom, the strong interaction physics

can be calculated when momentum transfer is large. At high energies, we are at the

asymptotic freedom regime. In this regime, quarks interact weekly and the pertur-

bative calculations are possible. The discovery of asymptotic freedom was a break

through for non-abelian gauge theories in the development of quantum field theories.

In QED, the shielding of a trial charge source due to polarization by virtual pairs

created in the field of this trial charge source. A similar kind of shielding takes place

in QCD as well. However, in this case, gluons themselves carry the color charge

and therefore spread out the color charge of the source. This can be elaborated in

the manner as follows: In QCD, in addition to the processes similar to QED, the

additional processes come into foreplay due to couplings among three gluons. The

emission of a gluon leaks away the color charge of the heavy particle into the cloud

of virtual particles. The anti-screening of QCD expects d
dt0

(αs(t0)) < 0. If we define

µ2 = −t0,µ d
dαs(µ)

= β(αs(µ)) where αs is the coupling constant in QCD and µ is

the renormalization scale. The lowest order αs(µ
2) is written in terms of a single

variable αs(µ
2) = 4π

β1ln
µ2

Λ2

. This Λ sets the scale of running coupling constant. This

new phenomenon, leads to the asymptotic freedom in QCD. The asymptotic freedom

in QCD i.e. the logarithmic decrease of QCD coupling constant αs at large momen-
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tum transfers Q2 → ∞ allows one to perform reliable computation of hard processes

in QCD using perturbation theory. However, the same property of QCD implies an

increase in the running coupling constant in QCD at small momentum transfers i.e

at larger distances. This leads to the remarkable property of QCD which is known as

quark confinement due to which quarks and gluons can not leave the region of their

strong interactions and cannot be observed as the real physical objects, only baryons

and mesons are observed. Hadron spectra are very well described by the quark model,

but quarks have never been seen in isolation. Any effort in scattering experiment

leads only to the production of the familiar mesons and baryons. Evidently, the forces

between quarks are strong. For studying the system of quarks, baryon or meson, the

two approaches in our hand are perturbative and non perturbative approach. The

faith in QCD as a true physics theory is founded, on the successes of perturbative

quantum chromodynamics(PQCD) where its wide-ranging predictions are compared

to the experimental data on high energy processes, at variety of experimental fa-

cilities, covering numerous physical processes in lepton-lepton, lepton-hadron, and

hadron-hadron collisions.

1.5 Perturbative and Non-perturbative QCD

studies at Low Energy

Quantum Chromodynamics (QCD) is the universally accepted theory of strong in-

teraction physics. The theory of QCD has a remarkable simplicity and elegance at

the classical level, with its under-lying non-abelian SU(3) color symmetry and un-

matched richness after quantization, as revealed by a whole spectrum of contrasting
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Figure 1.2 Feynman Diagram

behaviors over a wide range of energy scales, from confinement to asymptotic free-

dom. As said earlier when the coupling is small, the interactions can be defined as

perturbations to the free field solution.

The first step is to divide the Lagrangian into a free term and interaction pieces.

The action principle then calculates the Green function which is called a propaga-

tor for the free term using Feynman diagrams. The second one is the interaction

Lagrangian which is proportional to the coupling constant. The Green function are

now called as vertices. The transition matrix elements involve addition of external

lines for fermions that is the Dirac spinors u(p), v(p) and polarization vector eµ(k)

for the gluons. The perturbative QCD leads to computation of reaction amplitudes

from the fundamental vertices and propagators using the Feynman rules. The QCD

Feynman diagram for quark-antiquark scattering amplitude is shown in figure 1.2.

For studying the system of quarks, baryon or meson, the two approaches in our

hand are perturbative and non perturbative approach. Due to asymptotic freedom,

the perturbation series expansion of QCD breaks down at low energy. The expansion

parameter, the coupling constant, becomes too large and therefore we cannot rely

on results anymore. The value of the coupling constant approaches the order of 1
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at an energy of several hundred MeV, a scale referred to as ΛQCD. Perturbation

theory becomes reliable at several GeV above this scale. There is a variety of inter-

esting phenomena at a relatively low energy scale. This means that a perturbative

approach in the conventional sense (expansion in the coupling constant) is not suf-

ficient to gain a complete picture of QCD. On the one hand, there are traditional

approaches, for example lattice QCD, where it is assumed that dynamics takes place

on a discrete lattice and solve problems numerically. On the other hand, there are

novel approaches like the so-called AdS/QCD duality, which is a manifestation of the

AdS/CFT correspondence. It applies the holographic principle and maps a strongly

coupled field theory (which is similar to QCD) to a string theory in its weak-coupling

limit which allows for the treatment of problems which would be otherwise inaccessi-

ble. Also experiments such as ALICE at LHC in CERN and RHIC are studying the

collisions that should, theoretically, produce quark-gluon plasma. A state, theoreti-

cally, where quarks and gluons are decoupled: since in nature, quarks are never on

their own, they are either in meson ’state’ - two coupled quarks, or baryon ’state’ -

three coupled quarks (both part of hadrons - family of coupled quarks). But it is still

not clear how this happens and what could be the mechanism behind it. As is well

known, the unique feature of the underlying quantum field theory which makes the

perturbative approach useful in QCD, is asymptotic freedom. Equally important are

the crucial concepts of infrared safety and factorization, without which it would not

be possible to apply the results of perturbative calculations on partons (quark, gluons,

vector bosons etc.) to the world of observed hadrons, electro-weak bosons, Higgs

and other new physics particles. In fact, the proof of factorization establishes the

theoretical foundation of the QCD parton model which provides the basic language
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and picture for describing all high energy interactions involving hadrons nowadays

in particle physics. Due to asymptotic freedom, the perturbation series expansion of

QCD breaks down at low energy. The expansion parameter, the coupling constant

becomes too large and therefore we cannot rely on results anymore. The value of the

coupling constant approaches the order of 1 at an energy of several hundred MeV, a

scale referred to as ΛQCD. Perturbation theory becomes reliable several GeV above

this scale. The perturbative QCD approach helps to construct the scattering cross-

sections for hadrons. There is a variety of interesting phenomena at a relatively

low energy scale. This means that a perturbative approach in the conventional sense

(expansion in the coupling constant) is not sufficient to gain a complete picture of

QCD. Phenomena like the transition to quark-gluon plasma, color-superconductivity

and color-flavor-locking are out of reach. And quark-gluon plasma is theoretically

assumed to have been existed microseconds after the universe was created (because

of high temperatures at the beginning of the ’Big Bang’).

Non-perturbative QCD refers to the study of interactions among the hadrons in

a regime where the direct theoretical approaches are hard to be applied. The value of

running coupling constant α(Q2) increases at small momentum transfers, reaching

a value comparable equal to 1, at the momenta value of around Q ∼ 500MeV .

This leads to the general problem in QCD that it becomes non-perturbative at small

momenta or energies E ≤ 1GeV . For example, the properties of hadrons at low

energy cannot be studied via simple perturbative methods. One has to look for other

approaches to study the properties of hadrons. Various non-perturbative techniques

are lattice gauge theory, sum rules, phenomenological models and effective theories.

Some situations arise when the symmetries and dynamics of QCD gives birth to
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new constants other than coupling constants in the form of expansion parameters.

Thus non-perturbative effects arise in the form of low energy parameters. A lot of

experimental data can help to extract these low energy parameters. Effective field

theories becomes useful technique to implement the above said idea. Another way

of simplifying the hadron structure is to chose phenomenological model and to study

the low energy parameters associated with it. The first part of present thesis is

concerned with application of phenomenological models to find different low energy

signatures of spin 1
2
baryonic systems. Another category of particles of our interest

is a heavy-light system. This interest is growing rapidly with advancements in the

experimental facilities and discoveries of new resonances at different energy levels.

To explore the decay widths and masses of newly observed resonances in heavy-light

sector, an effective theory is the most helpful.

1.6 Phenomenological Models

Particle physics phenomenology is a part of theoretical particle physics which deals

with their application of theory to the calculation of quantities that in principle can

be directly compared with observations. Our currently observed theories of particle

physics and their interactions is represented by standard model of particle physics.

In a few recent years, some important limitations of standard model have come into

picture and some of the extended models were defined to explain the theories beyond

the standard model. These extended models usually have a large number of unknown

parameters and in order to predict their accurate predictions and to distinguish from

one-another, the phenomenologist’s work play an important part. These models aim
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towards computing, for a given model, the predictions for observable quantities and

compare them with measured data. The main focus while framing a phenomenological

model is to keep in mind all the basic interactions of the system and a phenomenol-

ogist work in order to find the answers of some of the basic questions like- Which

measurement has a larger sensitivity to unknown model parameter? Which is the

best way to measure an unknown signatures of particle? How can one distinguish

one model from others using experimental predictions?

1.6.1 Survey of Models

The most common among all ranges of quark models are constituent quark models.

These models assume baryons to be made up of three constituent quarks bound in

a confining potential. One of the most important successes of these models is that

these models help to explain the anomalous magnetic moment of proton and deu-

tron. Isgur and Karl Model [16] suggested that the interaction between quarks lies in

terms of harmonic oscillator combined with anharmonic perturbation and hyperfine

interactions. Soliton models view the nucleon as a localized lump of energy density

formed out of mesons and quarks. Bag Model [17] considers the region of space with

hadronic fields and having constant energy per unit volume. This region of space is

assumed as a ”Bag”. A bag model is based on the assumption that quarks are as-

sumed to be moving freely with in a cavity of radius R. The radius is determined by

the condition that the quark field ’pressure’ on the surfaces of the cavity are balanced

by a universal pressure B which comes by adding a term to the stress energy tensor

for hadronic constituents. The MIT bag model was constructed by dividing the space

into two regions, one is the interior of bag in which quarks had very small masses
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and felt only weak forces and exterior in which quarks were not allowed to propagate

and having different vacuum energy. In the chiral quark model [18] quarks move

along with qq condensates and an octet of Goldstone bosons is said to be generated

as a result of spontaneous broken global symmetry. Integration over meson fields

in baryon wave-function gives rise to simple QQQ Fock component with constituent

quark condensates. The chiral quark soliton model are based on the observation that

there exists an energetically favored configuration of chiral fields which binds valence

quarks in a well localized object, called as soliton. Another renowned approach where

the visualization of hadronic structure occurs fundamental quarks (as valence part)

interacting through gluons and quark-antiquark pairs. Relativistic models requires

modification in the form of confining potential. The model with relativistic correc-

tion uses generally Bethe-Salpeter equation.

1.7 Effective Theories

In case of processes where the energy scales are widely separated and several different

scales are involved, effective field theories play an important role. An effective field

theory in particle physics is a field theory where low energy physics is described by a

simplified approach. The low energy physics refers to the low compared to some cut-

off scale or Λ. Therefore, an effective field theory is a theory which only describes the

physics below some scale Λ, as opposed to a fundamental field theory which should

be valid at arbitrary higher scale of energies. For example, an effective theory is

applicable to a heavy hadron decaying into lighter mesons because its low energy be-

havior can be looked upon independent of higher energy. Effective field theories are
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approximations by nature. In view of particle physics, an effective theory can be

implemented to make it applicable in a convenient way. An effective theory, if ap-

plicable to some scale Λ, only finite number of parameters can describe the physical

process. An EFT is also useful because of the necessity of ultra-violet regularization.

This makes the process of constructing the effective theory nontrivial because the

limit in which the small distance scales are taken to zero, must be handled carefully.

One consequence of the ultraviolet behavior is the renormalization group running of

coupling constants with the renormalization scale, µ. Going to the effective theory

actually changes the running of coupling constants by trading logarithmic dependence

on heavy particle masses for scale dependence. The theoretical basis of effective field

theories can be formulated [19] as a theorem: for a given set of asymptotic states,

perturbation theory with the most general Lagrangian containing all terms allowed

by the assumed symmetries will yield the most general S-matrix elements consistent

with analyticity, perturbative unitarity, cluster decomposition and the assumed sym-

metries. Thus, an effective field theory can be implemented by writing down fields

for all the relevant degrees of freedom and constructing an effective Lagrangian. The

Lagrangian includes all possible terms that transform correctly under the symme-

tries. Number of terms can be infinite which leads to typically non-renormalizable

in nature. Various terms in the Lagrangian are of the type CµOµ which encodes

short distance and long distance physics respectively. µ is the renormalization scale

separating the two regimes. This is essentially known as operator product expansion.
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1.7.1 Operator Product Expansion

An effective field theory Lagrangian can be written on operator expansion form like

L = ΣiCµOµ (1.16)

where Oµ are the operators constructed out of the light quark fields and Cµ are the

couplings that contains all the heavy degrees of freedom. These co-efficients are

referred to as Wilson co-efficients. The operator-product expansion is a technique in

which the singularities of the operator products are expressed as a sum of nonsingular

operators with the coefficients being singular c-number functions. The physical basis

for operator product expansion is that all the operators product of local operators

at distances small compared to the characteristic length of the system should look

like a local operator. It also enables us to extract a short distance piece in the

scattering cross section which is calculable through the QCD Lagrangian by using

renormalization group method. OPE can be defined using proper renormalization

scale which is used to separate hard and soft momenta. Wilson hypothesized that the

singular part of the product A(x)B(y) of two operators is given by a sum over other

local operators Oi.

A(x)B(y) = Cij(x− y)Oi(
1

2
(x− y)) (1.17)

where Cij(x−y) are the co-efficient functions which are singular in the limit of x→ y.

Such expansion were proven to be held in renormalizable field theories. According to

Wilson’s picture, all the parameters in a renormalizable theory can be thought of being

the scale dependent quantities. A renormalizable theory may depend upon the cut-off

parameter scale Λ. By introducing a cut-off, Lagrangian Leff can be rewritten. The
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terms in Leff is a set of local operators, Oi, that can be added as perturbations to

full scale Lagrangian L0. We begin with a theory where the low energy dynamics are

separated from the high energy by a chosen energy scale. Depending on what scale

we are working, the different techniques can be used for the calculations; at high

energy we can put the low energy scales to zero, and when working at low scales we

put the heavy scales to infinity. The non-local heavy interactions are then replaced

with local non-renormalizable interactions. As mentioned before, we still have the

infrared behavior at low scales but the ultraviolet behavior will be changed as these

levels and the high energy dynamics will be imbedded in the low energy couplings. To

understand the low and high energy dynamics of elementary particles, symmetries

and anomalies play an important role in particle physics.

1.8 Fundamental Symmetries and their Breaking

Transformations which do not change the physics of a system are symmetry trans-

formations. In classical physics, this means that the equations of motion are un-

changed. Symmetries of a physical system provide useful constraints on the possible

forms of its Lagrangian. In a path integral formalism, a symmetry is given if the

Lagrangian and the path integral measure are invariant under the respective trans-

formations. The relationship between symmetries and conversation laws is expressed

via the Noether theorem which says that for every continuous transformation that

leaves the action invariant then there exists a time independent classical charge Q

and a corresponding conserved current ∂µJ
µ = 0.

(1)Symmetries can be internal symmetries and can be space-time symmetries. The
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symmetry transformations related to space-time connect fields at different space-time

points. For instance, a Lorentz invariant quantity remains invariant under Lorentz

transformation whereas transformation connecting different fields, or connecting dif-

ferent components of the field at the same space-time point can be internal symme-

tries. Gauge transformation in QED is an example of internal symmetry.

(2)One more classification is related to discrete and continuous symmetries. Sym-

metries are discrete when parameters under symmetry transformation can take only

discrete values. Examples of such symmetries are parity, time reversal, charge con-

jugation etc. On the other hand, symmetries are of continuous type if the parameters

can take continuous values. Examples of such symmetries are invariance of various

free Lagrangian under phase rotations of the field involved.

(3)Symmetry is said to be in exact in nature if a number of fields transform like a

multiplet under a given symmetry, the quanta of those fields should have the same

mass. For example, if proton and neutron form a doublet under an isospin sym-

metric group, proton and neutron would have the same mass under exact symmetry.

But in reality, masses of proton and neutron vary by a little amount thus isospin

symmetry is an approximate symmetry.

1.9 Chiral Symmetry

Quarks are the fundamental building block for hadrons. Chiral Symmetry is an in-

ternal symmetry of right and left handed spinors. Its spontaneous breaking generates

Goldstone bosons with negative parity, zero spin, unit isospin and zero baryon num-

ber called pions. Thus, a broken approximate chiral symmetry entails the existence
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of pions where u and d quarks have small but non-zero masses whereby sponta-

neous breaking of a symmetry is expressed as the non-vanishing of the vacuum when

operated by the charge Q. In the low energy limit, where masses of light quarks ap-

proaches to zero, the left handed and right handed quark fields can be separated from

each other in QCD Lagrangian.The gluons couple identically to all quark flavors. If

all the masses are equal for nF flavors we have a SU(nF )V ×U(1)V symmetry. The

U(1)V symmetry changes the phase of all quark fields simultaneously. The SU(nF )V

symmetry acts as q(x) → Uq(x) where UϵSU(nF )V

Considering QCD Lagrangian in the form:

L = Σi=u,d,si /̄qiL /DqiL + i /̄qiR /DqiR −mi ¯qiRqiL −miq̄iLqiR (1.18)

Here D is the co-variant derivative with the gluon field and the dots indicate the

purely gluonic terms. The left and right handed quark fields are given by

qR = 1
2
(1 + γ5q)

qL = 1
2
(1− γ5q)

Left and right-handed column vectors qL and qR modifies the QCD Lagrangian as:

LQCD = iq̄L /DqL + iq̄R /DqR − q̄RMqL − q̄LMqR (1.19)

The above form of equation exhibits large symmetry whenever quark masses are equal

to 0. Lagrangian in QCD is:

LQCD = q̄ii /DqL + q̄Ri /DqR (1.20)
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would be invariant under left and right handed rotations. Defining the chiral symme-

try group, G = SU(3)L × SU(3)R × U(1)V × U(1)A with qR → exp(iΣjλjβj)qR and

qL → exp(iΣjλjαj)qL. Continuing to neglect quark masses, chiral symmetry would

lead to sixteen conserved quark currents, q̄Lγµ
1
2
λiqL and qRγµ

1
2
λiqR which leads to

eight vector and eight axial conserved currents V i
µ = q̄γµ

1
2
λiq and Ai

µ = q̄γµγ5
1
2
λiq

Under the condition of masslessness, vector and axial currents are conserved. The

same is true for a vector singlet current but the axial singlet current has an anomaly.

Under U(1)V all quarks have the same change in phase while under U(1)A the right

and left-handed quarks have opposite change in phase.

1.10 Spontaneous Symmetry Breaking

A symmetry is said to be spontaneously broken if its ground state of the system is no

longer invariant under the full group of the Hamiltonian. Quantum field theory and

statistical mechanics have some analogies between them for example, a scalar field

theory can be seen as a continuum description of a system that allows second order

phase transitions. If we continue this analogue, the QFT system, like the statistical

system, might therefore have a field that has non-zero global value. As this global

field might also have a direction, it will then violate the symmetry of the Lagrangian.

The spontaneous symmetry breaking can be considered as:

L =
1

2
m(R2 + θ̇ + ω2R2 sin2 θ) +mgR cos θ (1.21)

where θ measures the angular displacement of the bead from the nadir. L is symmet-

ric under the angular parity transformation L(θ) = L(−θ), but for the equilibrium
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condition is found to be more complex than the displaced oscillator. In equilibrium

condition, the equation ∂L
∂θ

= mω2R2 sin(θ)(cos(θ) − g
ωR

), leads to equilibrium posi-

tion at higher angular velocities when θE = ± arcsin( g
ωR

) and here the choice of +

vs. - is not determined by the physics but rather by the history of motion of the

system as the critical angular velocity was reached. Neither of these equilibrium po-

sitions exhibits the symmetry of the underlying potential, which is invariant under

the exchange of θ and −θ. This is an example of spontaneous symmetry breaking,

wherein the Lagrangian of a system possess a symmetry, but this symmetry is bro-

ken by the ground (equilibrium) state of the system. In particle physics, the force

carrier particles are normally specified by field equations with gauge symmetry; their

equations predict that certain measurements will be the same at any point in the

field. The symmetry of the equations is not reflected by the individual solutions but

it is reflected by the range of solutions. An actual measurement reflects only one

solution representing a breakdown in the symmetry of the underlying theory. This is

so called as spontaneous symmetry breaking. Examples are breaking of chiral sym-

metry and Higgs mechanism. The Lagrangian used in motivating the phenomenon

of spontaneous symmetry breakdown are typically constructed in such a manner that

the degeneracy of the ground state is built into potential at the classical level(i. e.

Maxican Hat Potential)

1.10.1 Chiral Symmetry Breaking and Goldstone Theorem

Consider the case of weak decays of pions. In the simple Fermi theory, weak inter-

action Hamiltonian is represented by sum of axial and vector currents. Because of

the parity, weak decay of pion is controlled by the axial current between pion and
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vacuum i.e. ⟨0 | Aa
µ(x) | πbfq⟩ = ifπqµδ

ab exp−iq.x. The smallness of pions is directly

related to partial conservation of axial current. On the one hand, meson mass spec-

trum does not reflect the axial-vector symmetry and on the other side, weak decay

of pion seems to be consistent with the partial conservation of axial current. This

leads to the conclusion that axial current is spontaneously broken. The finite value

of u-, d- and s- quark masses in the QCD lagrangian explicitly break the chiral sym-

metry, resulting in divergences of symmetry currents. Recall the quark mass term,

LM = −q̄Mq = −q̄LMqR + q̄RMqL mixes the right-handed and left-handed fields.

The symmetry breaking group transforms under SU(3)L × SU(3)R as a member of

(3, 3∗) and (3∗, 3) representation. Thus, it can also be stated that axial symmetry is

spontaneously broken and Goldstone theorem states that when a continuous symme-

try is spontaneously broken, there must also be generated massless bosons having the

quantum numbers of broken generator, especially in this case, a pseudoscalar boson.

Also, when the axial-charge acts on a single particle eigen state of opposite parity

in return, thus one or more pseudo-scalar bosons are generated. The number of

Goldstone bosons depend upon the structure of the symmetrical group. According to

this, one would expect eight pseudo-scalar mass states which are called as Goldstone

bosons in QCD.

1.11 Chiral Perturbation Theory

Chiral perturbation theory is the low energy effective theory of QCD where the de-

grees of freedom, taken into account are the Goldstone bosons from the spontaneous

breakdown of chiral symmetry and their interactions. It is a kind of low energy
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effective theory and is valid in terms of expansion of momenta. The Lagrangian

is represented as a series of terms with increasing powers of momenta. In case of

chiral symmetry with its parity transformation, Goldstone fields can be collected in

a unitary matrix field U(ϕ) transforming as: U(ϕ) → gRU(ϕ)g
−1
L ,(gL, gR)ϵG under

chiral rotations. The exponential parametrization of U(ϕ) for Nf = 3, can be written

as:

Σ =
exp(2iλaϕ

a)

f
(1.22)

and Π =


1√
2
π0 + 1√

6
η π+ K+

π− −1√
2
π0 + 1√

6
η K0

K− K
0 −2√

6
η


In the above equation f ∼ fπ = 131MeV , where fπ is the pion decay constant,

⟨0 | ūγµγ5d | π−(p)⟩ = −ifπpµ. Chiral perturbation theory is the low energy effective

theory of standard model. The non-zero quark masses mq = diag(mu,md,ms) break

the chiral symmetry. To include mq in the low energy Lagrangian term is required

that transforms the same way as the light quark mass term in LQCD. The Lagrangian

with the fewest derivatives and powers of mq that satisfies the symmetry constrains

is:

L(2)
χ =

f 2

8
(Tr∂µΣ∂µΣ

† +
f 2B0

4
Tr(mqΣ +mqΣ

†) (1.23)

Expanding the Σ fields in terms of Π gives a canonically normalized kinetic term

and an infinite number of interaction terms with determined co-efficients. The La-

grangian is not the most general one that is invariant under the desired symmetries.

An operator with dimension m and involving more derivatives or powers of mq and

a coupling of dimension 4−m can be added. Along with higher dimension operators,
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loop corrections must be considered. The chiral power counting is applied to loop

diagrams.

1.12 Heavy Quark Symmetry

For quarks with masses mQ greater than the non-perturbative scale of QCD, it is a

good approximation to take the limit mQ → ∞. At this approximations, the heavy

quark possess a special kind of symmetry which is known as heavy quark symmetry.

For a system containing heavy quarks, the effective coupling constant αs becomes

weak which implies that on length scales comparable to Compton wave-length λQ ∼

1
mQ

the strong interactions becomes perturbative in nature. Thus, a charmonium

system can be compared to the system like that of hydrogen atom. This symmetry

has some important implications for the hadrons containing a heavy quark and a light

quark. The QCD Lagrangian describes the strong interaction of quarks and gluons

and a non-perturbative scale ΛQCD is dynamically generated by QCD. Consider a

Qq̄ meson that contains a heavy quark with mass mQ >> ΛQCD and a light quark

with mass mq << ΛQCD. In the infinite limit of heavy quark mass, the heavy quark

can be labeled by four velocity vector vµ. The size of such systems is determined by

Rhad and typical momenta of such systems are of the order of ΛQCD. The heavy

quark is surrounded by a system of light degrees of freedom consisting of light quarks

interacting with gluons. In this case, λQ << Rhad and a hard probe is needed to

resolve the quantum numbers of heavy quark. Thus, light degrees of freedom are

blind to spin and flavor of heavy quark. They can experience only its color field. It

follows that hadronic systems containing a quark with mass mQ >> 0 and which only
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differ in their flavor and spin quantum numbers, will have the same constituents of

light degrees of freedom. The configuration of light degrees of freedom in a hadronic

system with a single heavy quark does not change if this heavy quark with velocity

”v” does not change if the heavy quark is replaced by another heavy quark due to

static velocity and flavor-spin symmetries. The heavy quark SU(2)spin symmetry

and U(Nh) flavor symmetries can be embedded into a larger group U(2Nh) spin-

flavor symmetry in the mQ → infinity.

1.13 Heavy Quark Effective Theory

The QCD Lagrangian does not manifest heavy quark spin and flavor symmetry when

mQ → ∞ therefore it is convenient to use an effective field theory which manifests

such kind of symmetries in the mQ → ∞. This effective field theory is famous as

heavy quark effective field theory. HQET is helpful in explaining the dynamics of

heavy hadrons containing a light quark. The theory is constructed in such a way that

inverse powers of mQ appears in the effective Lagrangian leading to the independence

on mass of heavy quark in the mQ → ∞ regime.

1.13.1 Quantum Numbers of Heavy Hadronic System

A heavy-light hadronic system contains heavy hadron and light quarks-antiquarks and

gluons. All the degrees of freedom other than heavy quark are known as light degrees

of freedom. The total angular momentum of the hadron J is conserved and in the

limit mQ → ∞, SQ is also a conserved quantity, then the spin of light degrees of

freedom can be related to other angular momentum operators as : Sl = J − SQ. J,
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SQ and Sl. In the infinite heavy quark mass limit, a heavy light system Qq can be

classified into doublets depending upon their quantum numbers. A heavy hadronic

system containing heavy quark with spin quantum number SQ and light degrees of

freedom where light degrees of freedom include light quark and gluons interacting

through quark-anti quark pairs. It should have the quantum number of light quark

that is Sl in order to have total conserved quantum number J where J = SQ + Sl.

Defining J as J2 = j(j + 1) and S2
Q = (sQ)(sQ + 1) and S2

l = (sl)(sl + 1), the total

spin j± .
= sl ± 1

2
can be obtained by combining the spin of heavy quark with spin of

light degrees of freedom. The ground state heavy mesonic system form a degenerate

doublet with j
.
= 0 ± 1 and negative parity denoted as D and D∗ for charm meson.

The first excited states 0+ and 1+ heavy mesons are the quantum numbers of the

jP
.
= 1

2

+
doublet. There also exists an excited doublet of heavy mesons with JP .

= 1+

and 2+. Latest discoveries of charm and bottom mesons include higher and radially

excited states too.

1.13.2 Covariant Representation of Fields and Effective La-

grangian

The ground-state Qq̄ hadrons can be represented by fields H
(Q)
v . Since heavy quark

symmetry implies that the heavy quark doublets may be treated as a single object

transforming linearly under heavy quark symmetries. Thus, the field HQ
v is a com-

bination of pseudoscalar field and vector field.

H(
vQ) =

1 + /v

2
[/P

∗Q
v + iP (Q)

v γ5] (1.24)
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where /vHQ
v = HQ

v and HQ
v /v = −HQ

v . A single heavy quark with velocity v interacting

with external fields, momentum of an on-shell quark is defined by p = mQv+ k, k is

the residual momentum of the order of ΛQCD and determines the amount by which

the quark is off-shell. In heavy quark effective theory,usual quark field can be written

as:

Q(x) = e−imQv.x[Qv(x) + Ωv(x)] (1.25)

where Qv(x) = expimQv.x 1+/v

2
Q(x),Ωv(x) = expimQv.x 1−/v

2
Q(x) are the large compo-

nent and small component fields respectively. One can use these fields to rewrite

QCD Lagrangian as follows:

LQCD = LQ + Lq (1.26)

where Q and q corresponds to heavy and light quarks respectively. This leads to

LQ = Q̄(i /D −mQ)Q

= e−imQv.x(Qv(x) + Ωv(x))(i /D −mQ)e
imQv.x(Qv(x) + Ωv(x))

= Q̄v(x)i /DQv(x) + Ω̄v(x)(i /D − 2mQ)Ωv(x) + Q̄v(x)(i /D − 2mQ)Ωv(x) + Ω̄v(x)i /DQv(x)

Using the relation: Ωv(x) =
1

2mQ+iv.D
i /D⊥Qv(x) where D

µ
⊥ = Dµ+vµv.D. The Qv(x)

produces effects at the leading order whereas effects of Ωv(x) are suppressed by the

powers of mQ. The effective Lagrangian in the limit mQ → ∞ can be rewritten as:

Leff = ΣNh
i=1Qv(iv.D)Qv (1.27)

The above Lagrangian exhibits the spin and flavor symmetry and Nh is the number

of heavy quark flavors all having the same four-velocity v.
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1.14 Heavy Hadron Chiral Perturbation Theory

Heavy Hadron Chiral Perturbation theory ia a theory which is well applied to a system

with one heavy and other light quark. This theory unites two important theories, one

is chiral perturbation theory and other is heavy quark effective theory. Heavy-light

mesons come in triplets under the SU(3) symmetry, (D0, D+, Ds). Two velocity

dependent fields PQ
a (v) and P ∗(Q)µ destroys a meson with velocity v can be included

in a 4× 4 matrix as:

Ha =
1 + /v

2
(P ∗µ

a γµ − Paγ5) (1.28)

Here a is the SU(3) index. In charm mesons sector Ha consists of the D0, D+, D+
s

pseudo-scalar mesons and D∗0, D∗+, D∗+
s vector mesons. HQ

a transforms linearly

under a heavy quark spin and flavor transformation. The pion octet is introduced by

the vector and axial combinations V µ = 1
2
ξ∂µξ

† + ξ†∂µξ and Aµ = 1
2
ξ∂µξ

† − ξ†∂µξ.

The lowest lying excited states are the JP = 0+ and 1+ i.e. sPl = 1
2

+
doublet and

represented by the fields Sa. The fields for excited spin doublets are mentioned below:

Sa =
1 + /v

2
(P µ

1aγµγ5 − P0a) (1.29)

The lowest order Lagrangian invariant under these symmetries is:

L
(1)
H = −TrH̄aiv.DbaHb + gTrH̄aHbγµγ5A

µ
ba (1.30)

where the chiral co-variant derivative is Dµ
ab = δab∂

µ − V µ
ab. Terms in LH involves

expansion in powers of 1
mQ

, where terms at order 1
mQ

break heavy quark symmetry.

The propagators for heavy pseudo-scalar meson is iδab
2(v.k+iϵ)

and of the order is 1
p
.
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1.15 Organization of Thesis

The thesis is organized in the following manner.

Chapter II describes the detailed methodology used, that is statistical model which

assumes the hadronic structure to be made up of fundamental quarks (known as

valence quarks) interacting with sea quark-antiquark pairs through gluons. Thus, a

hadronic system consists of a number of quark-gluon Fock states multi-connected

non-perturbatively through gluons. These Fock states are in agrrement with the total

anti-symmetric spin 1
2
colorless nature of the baryonic systems. Moreover, sea is

assumed to be in relative s-wave. A suitable wave-function [20] can be framed with

suitable quantum numbers in such a way that each term in the wave-function should

produce an anti-symmetric spin 1
2
wave-function. The main feature of the statistical

model is that sea also act as an active participant and contributes to all the low energy

properties of hadrons. A detailed methodology for calculation of relevant probabilities

for all possible Fock states has been included in chapter II. Three different versions of

statistical model named as C, P and D are discussed in detail. A brief introduction

to all the static properties is also discussed in this chapter.

Chapter III describes the application of statistical model to a nucleonic system

without and with strange sea to find the low energy properties. The low energy prop-

erties include magnetic moments, distribution of spin among quarks, axial-vector

form factors etc. The calculated results are compared with the available experimen-

tal data [21] and other theoretical models [20, 22]. The results have been computed

in the three different cases. The importance of all low energy parameters have been

analyzed and it has been found that vector sea is the most dominant contributor to

the most of the low energy properties of baryons. Based on the statistical approach
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and using principle of detailed balance, strange sea contributions are calculated for

nucleon’s low energy properties. The comparison of our data in different cases with

experimental results show that although strange contribution in sea is negligible, yet

its effects can be seen in the data of the static properties. Inclusion of strange sea

gives the data more close to experiments. The principle of detailed balance finds the

values of strange quark content ratio to be 2s
(u+d)

= 0.37; 2s
(u+d)

= 0.03 which are found

to be agree well with results of the NuTeV Collaboration [24].

In Chapter IV statistical model is applied to a system with strange quarks i.e.

lambda and other hyperons. The suitable modifications in the principle of detailed

balance leads to inclusion of the strange quark-antiquark pairs in the sea. The non-

negligible mass of strange quark affects the probability of all the Fock states. It also

restricts the total number of partons in the sea. The probabilities are helpful in

finding the low energy properties for these hyperons. In this chapter, all the low

energy observables include only the symmetry breaking effects in the sea part only.

The strange sea seems to favor the experimental values [21], there by suggesting the

gluons in the sea to be generating strange quark condensates with similar quantum

numbers. SU(3) breaking corrections in valence part were applied to the all strange

baryons. Symmetry breaking corrections in valence part is applied and effects of

symmetry breaking leads to modified values of magnetic moment, spin distribution

among quarks and axial vector form factors. The strange mass corrections also

helps in finding the corrected values of axial vector coupling constants F and D.

The ratio F
D

comes out to be 0.676 and found to be deviating about 17% from the

experimental value 0.575±0.016 [25]. In case of SU(3) symmetry, we find ∆u = 0.91,

∆d = −0.24 and ∆s = 0 respectively. Also, when ms corrections are applied, the spin
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polarized densities change to ∆u = 0.76, ∆d = −0.18 and ∆s = −0.019 respectively.

This leads to the conclusion that even in SU(3) symmetry breaking, strange quark

contribution to the spin of proton is very small.

Chapter V deals with the detailed formalism of heavy hadron chiral perturba-

tion theory. Here an effective Lagrangian is framed using approximate symmetries.

The two global approximate symmetries of QCD can be employed to explain the var-

ious properties of a hadronic bound state having one heavy quark interacting via

the exchange of light pseudoscalar meson like pions, kaons and eta mesons using

systematic expansions in light quark masses mq and heavy quark mass expansion

as 1
mQ

. Effective Lagrangian here describes the interplay between the chiral sym-

metry and heavy quark symmetry in the form of low energy gradients with heavy

and light fields as operators. At tree level, the residual masses are given by a gen-

eralized formula [26, 27] where the residual masses are defined to be the difference

between the real mass and an arbitrarily chosen reference mass. The residual mass

formula involves simultaneous fitting of 8 parameters which is performed by using

a fitting program in Mathematica. Also, the values of the mass splitting are avail-

able at various experiments; we also try to fit these mass splittings over a range of

the parameters. The effect of variation in the values of the parameters on various

splittings through graphical interpretations is also studied. The possible range of

some parameters is available from various experiments. Moreover, the importance

of non-perturbative QCD parameters is included by looking at the masses of bottom

meson masses of different excited states. In the same chapter, we also try to find

the masses of the non-strange excited states for bottom mesons from the observed

experimental values of all the ground states and excited strange mesons. The excited
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meson spectra has thus been found to be matching well with other models [28,29].

Chapter VI describes the latest resonances discovered in the heavy meson

sector which are D(2550), D(2600), D(2750)and D(2760)in the decay channels

D0(2550) → D∗+π−, D0(2600) → D∗+π−, D+π−,D0(2750) → D+π−,D+(2600) →

D0π+ and D+(2760) → D0π+ in the inclusive e+e− → cc̄ interactions by BaBar

Collaboration [30]. Using heavy hadron chiral perturbation theory, the decay widths

of these recent states are computed and using a MINUIT fitting program, the rele-

vant coupling constants are found out. The most suitable spin-parity assignments

for D(2750),D(2760)is (2−, 3−) or 1D and for D(2550), D(2600) are (0−, 1−) i.e 2S

state respectively. The present work estimates the coupling constants for all these

recently observed states by using a Chi-Square minimization technique in MINUIT

and finds the suitable Jp values for all the states. Similarly,for the DJ(3000) state,

various possibilities include 31S0, 2P (1
+) and 2D(2−) and 1F etc.. However, if we

consider the DJ(3000) as the spin partner of D∗
J(3000) then the only possibility can

be that 2P(1+) in (0+, 1+) doublet overlaps with that with 1+ in (1+, 2+) doublet.

In Chapter VII, the summary and significance of the work of this thesis and

the scope for possible extension of present work is discussed.



Bibliography

[1] H. W. Kendall,”Deep Inelatic Scattering:Experiments on proton and observa-

tion of Scaling”,Rev. Mod. Phys. 63,597(1991).

[2] R. P. Feynman, ”Very High Energy Collisions of Hadrons”,Phy. Rev. Lett.

23,1415(1969).

[3] M. M. Gellmann,”A Schematic Model of Baryons and Mesons”,Phys.

Lett.8,214(1964).

[4] G. Zweing, ”An SU(3) model for strong interaction symmetry and its breaking

II”,CERN-8419-TH-412,(1964).

[5] J. Ashmann et al.[European Muon Collaboration],”A Measurement of Spin

Asymmetry and Determination of Structure Function g1 in Deep Inelastic

Muon-Proton Scattering”,Phys. Lett. B 206,364(1988).

[6] D. Adams et al.[Spin Muon Collaboration],”Spin structure of the proton

from polarized inclusive deep-inelastic muon-proton scattering”,Phys. Rev. D

56,5330(1997)

43



44 BIBLIOGRAPHY

[7] J. Ashmann et al.[European Muon Collaboration],”An Investigation of Spin

Structure of Proton in Deep-Inelastic Scattering of Polarized Muon on Polar-

ized Proton”, Nucl. Phys. B 328,1(1989).

[8] D. L. Adams et al.[FNAL E581/704 Collaboration],”Measurement of Double-

Spin-Asymmetry ALL for Inclusive Multi γ-pair production with 200GeV
c

Polar-

ized Proton Beam with Polarized Proton Target”,Phys. Lett. B 633,25(2006).

[9] M. Gellmann,”The Interpretation of New Particles as Displaced Charged Mul-

tiplets”,Nuovo Cimento Suppl. 4,848(1956).

[10] K. Nishijima,”Charge Independance Theory of V Particles”,Prog. Theor. Phys.

13,285(1955).

[11] M. Y. Han and Y. Nambu,”Three Triplet Model with Double SU(3) Symme-

try”, Phys. Rev. 139,B1006(1965).

[12] O. W. Greenburg,”Spin and Unitary-Spin Independance in a Paraquark Model

of Baryons”, Phys. Rev. Lett. 13,598(1964).

[13] K. G. Wilson,”Confinement of Quarks”, Phys. Rev. D 10,245(1974).

[14] D. Bjorken and E. A. Paschos,”Inelastic-Electron-Proton and γ− scattering

and the Structure of Nucleon”, Phys. Rev. 185,1975(1969).

[15] J. Ellis, M. Karliner,”Determination of αs and the Nucleon Spin Decom-

position Using Recent Polarized Structure Function Data”, Phys. Lett. B

341,397(1993).



BIBLIOGRAPHY 45

[16] N. Isgur, G. Karl et al.,”p-wave Baryons in Quark Model”, Phys. Rev. D

18,4187(1978).

[17] A. Chodos et al.,”Chiral Hedgehogs In The Bag Theory”, Phys. Rev. D

12,2733(1975).

[18] A. Manohar,H. Georgi,”Chiral Quarks and the Non-relativistic Quark Model”,

Nucl. Phys. B 259,335(1991).

[19] H. Leutweyler,”On the Foundations of Chiral Perturbation Theory”, Annals.

of Phys. 235,165(1994).

[20] X. Song,V. Gupta,”Sea Contributions and Nucleonic Structure”, Phys. Rev.

D 49,2211(1994).

[21] J. Beringer et al.,”Review of Particle Physics”, Phys. Rev. D

86,010001,(2012).

[22] T. P. Cheng,L. F. Li,”Chiral Quark Model of Nucleon Spin-Flavor Structure

with SU(3) and Axial-U(1) Breakings”, Phys. Rev. D 57,344,(1998).

[23] K. Abe et al.[E143 Collaboration],”Precision Measurement of Deutron Spin

Structure Function gd1”, Phys. Rev. Lett 75,255(1995).

[24] M. Goncharov et al.(NuTeV Collaboration),”Precise Measurement of Dimuon

Production Cross Sections in νµFe and νµ̄Fe Deep Inelastic Scattering at the

Fermilab Tevatron”, Phys. Rev. D 64,112006(2001).

[25] H. C. Kim, M. Praszalowicz, K. Goeke,”Spin Content of Lambda Hyperon”,

Acta Physica Polonica B 32,1343(2001).



46 BIBLIOGRAPHY

[26] T. Mehen and R. P. Springer, Even and Odd-parity Charmed Meson

Masses in Heavy Hadron Chiral Perturbation Theory”, Phys. Rev. D

72,034006(2005).

[27] B. Ananthnarayan,S. Benarjee,K. ShivRaj,A. Upadhyay,”Puzzles of Open

Charm Meson Spectroscopy”, Phys. Lett. B 65,124(2007).

[28] D. Ebert, V. O. Galkin, Mass Spectrum of Orbitally and Radially Ex-

cited Heavy-light Mesons in the Relativistic Quark Model”, Phys Rev. D

57,5663(1998).

[29] T. Matsuki and T. Morii,”0+ and 1+ states of B and Bs Mesons”, Phys. Lett.

B 606,329,(2005).

[30] P. del Amo Sanchez et al.,”Observation of New Resonances Decaying to Dπ

and D∗π in Inclusive e+e− Collisions Near
√
s = 10.58GeV ”,Phys. Rev. D

82,111101(2010).

[31] R. Aaij et al.[LHCb Collaboration],”Study of DJ Meson Decays to D+π−,

D0π+ and D∗+π− Final States in pp Collision”,J High Energy Phys.

1309,145(2013).

[32] C. W. Bauer et al.,”Global Analysis of Inclusive B Decays”, Phys. Rev. D

70,094017(2004).



Chapter 2

Methodology

The structure of hadrons in form of quarks was first put forward by Gell-Mann [1]

and Zweing [2]. They stated that hadrons could be built up of as a composite system

of three quarks (u, d, s) and with fractional charge so as to obey SU(3) symmetry.

The picture of colored quarks was formulated by Gell-Mann [3]. It was postulated that

hadrons are singlet of SU(3)color group. The first historical step in understanding

of quark gluon nature is the constituent quark model [4]. SU(3) flavor states are

combined with the SU(2) states of spin and leads to the six fold symmetry known as

SU(6). The model uses six quark states to constitute and classify the hadrons into

mesons and baryons and known as SU(6) quark model. SU(6) model explains some

of the low energy properties of nucleonic system like magnetic moment ratio of proton

and neutron is found to be matching with experimental data, still there are some low

energy parameters for which extension of SU(6) quark model is needed. One such big

question in the mind of researchers is the proton spin problem. Recent experiments

at CERN, RHIC, HERMES and COMPASS collaborations [5] [6] [7] measured the

spin structure of proton and deuteron system which elaborates the concept of missing

47
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spin inside the nucleon. Phenomenologist also tries to propose different models in

more reliable ways so as to satisfy the experimental data. As a result, a vast range

of models are available in hand.

2.1 Wave-Function For Spin 1
2 Baryons

The hadronic structure is assumed to be made up of two parts, one is valence part and

other is sea-part where sea has the structure of quark-antiquark pair multi-connected

non-perturbatively through gluons. The three core quarks in hadronic state can be

thought of as embedded by the quark-antiquark pair through gluons which is referred

as sea-stuff. Since the hadron should be colorless and a q3 state can be in color state 1,

8 and 10 respectively. This restricts sea to be in specific color state to make hadrons

as a colorless entity. Similarly, if sea is assumed to be in more general form like

quark-antiquark pair and gluon or a mixture of both then in S-wave state, sea can be

of spin 0, 1 or 2. Sea-part is initially assumed to be in S-wave and of non-relativistic

nature. The q3 core part is also assumed to be in ground state initially but in future

we may also try to include orbital angular momentum corrections for a nucleonic

system. Therefore, a total flavor-spin-color-space wave-function with all possibilities

of quark-gluon Fock states is required to be constructed. The wave-function for the

valence part is denoted by ψ = Φ[| ϕ⟩ | ψ⟩ | χ⟩] | ξ⟩ where | ϕ⟩ denotes the flavor

part of q3 wave-function for baryons, | χ⟩ represents spin of valence part in the

wave-function, | ψ⟩ is for color and | ξ⟩ is for space contribution to the whole wave-

function [8]. We now write wave-function for baryon-octet. Let λ denotes symmetric

under interchange of any two quarks in q3 wave-function whereas ρ denotes anti-
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symmetric for q1 → q2. Then Φ[| ϕ⟩ | χ⟩ | ψ⟩] denotes flavor-color-spin part of

q3 wave-function and ξ denotes the space-part in complete wave-function which is

symmetric under exchange of any two quarks for lowest lying baryon states. This

makes Φ[| ϕ⟩ | ξ⟩ | ψ⟩] antisymmetric in nature in order for complete function to

be antisymmetric. In order to maintain the antisymmetry property of the baryonic

system, all possible combinations of flavor, spin and color are included. Since, we are

assuming a more general situation where the color quantum number has the freedom

to acquire values other than one for the valence part, it also frees the sea quarks to

have possibilities of color quantum numbers as 8,1̄0 in addition to one.

ϕ
1
2
1 = ϕ(8,

1

2
, 1c) = FSψ

A
1 (2.1)

where

FS =
1√
2
(ϕλχλ + ϕρχρ) (2.2)

ϕ
1
2
1 function is for spin 1

2
color singlet and 8 represents the flavor part and it can

be written as product of two functions FS and ψA
1 (contributing for color of baryons

being anti-symmetric in nature) and FS denotes flavor and spin of the q3 wave-

function. The subscripts S and A represents the symmetry and anti-symmetry of

wave-function. For FS to be symmetric, ϕ and χ should either be both symmetric or

antisymmetric in nature.

ϕ
1
2
8 = ϕ(8,

1

2
, 8c) =

1√
2
(FMSψ

ρ
8 − FMAψ

λ
8 ) (2.3)
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where

FMS =
1√
2
(ϕρχρ − ϕλχλ) (2.4)

ϕ
1
2
10 = ϕ(8,

1

2
, 10c) = FAψ

S
10 (2.5)

where

FA =
1√
(2)

(ϕλχρ − ϕρχλ) (2.6)

ϕ
3
2
8 = ϕ(8,

3

2
, 8c) = F 8

Aχ
3
2 (2.7)

F 8
A =

1√
(2)

(ϕλψρ − ϕρψλ) (2.8)

In above equations, ϕ
1
2
1 represents wave-function for JP = 1

2

+
baryons in such a way

that it gives total spin 1
2
-color singlet state. Similarly ϕ

1
2
8 , ϕ

1
2
10 denotes the wave-

function with spin 1
2
, color quantum numbers 8 and 10 whereas ϕ

3
2
8 is for spin 3

2

respectively. Each wave-function is a composition of two parts such that one is

symmetric and other is anti-symmetric. Further, if sea is assumed to be flavorless

and in S-wave then spin can be 0, 1, 2 and color can be (1c, 8c, (10c). Let H0,1,2 and

G(1, 8, 10c) and denote spin and color sea wave function, which satisfy ⟨Hi | Hj⟩ =

δij, ⟨Gk | Gl⟩ = δkl. Now, two gluons each with spin 1 have the following possibilities.

Similar kind of possibilities are expected for sea containing two qq̄ pairs. This is due

to the assumption in our model that a gluon and qq̄ carry the same quantum numbers.

Spin : 1⊗ 1 = 0s ⊕ 1a ⊕ 2s (2.9)
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The color space includes the following symmetric and anti-symmetric states because

of the gluon being a color octet.

Color : 8⊗ 8 = 1s ⊕ 8s ⊕ 8a ⊕ 1̄0a ⊕ 10a ⊕ 27s (2.10)

The subscripts s and a represents the symmetry and antisymmetry combinations of

the states respectively. The possible combinations of q3 and sea which can give a

spin 1
2
, flavor octet, color singlet state are ϕ

1
2
1H0G1, ϕ

1
2
8H0G8, ϕ

1
2
10H0G10, ϕ

1
2
1H1G1,

ϕ
1
2
8H1G8, ϕ

1
2
10H1G10 and ϕ

3
2
8H1G8, ϕ

3
2
8H2G8, Here ϕ

3
2
8 wave-function can only give spin

resultant 1
2
only if sea-part is having spin either one or two. All other possibilities like

H2G1,H2G10 are excluded because of their failure in giving rise to color singlet states.

Contributions from states like H0G27, H2G27 are ignored due to higher multiplicities

and less contribution. The total flavor-spin-color wave function of a spin up baryon

which consist of three-valence quarks and sea in the form of various components can

be written as:

| ϕ↑
1⟩ =

1

N
[ϕ

( 1
2
)↑

1 H0G1 + a8ϕ
( 1
2
)↑

8 H0G8 + a10ϕ
( 1
2
)↑

10 H0G10

+ b1[ϕ
1
2
1 ⊗H1]

↑G1 + b8(ϕ
1
2
8 ⊗H1)

↑G10

+ c8(ϕ
3
2
8 ⊗H1)

↑G8 + d8(ϕ
3
2
8 ⊗H2)

↑G8] (2.11)

where N2 = 1 + a28 + a210 + b21 + b28 + b210 + c28 + d28

The three terms in above equation are obtained by combining q3 wave-function with

spin 0 (scalar sea) and other three are as a result of coupling with spin 1(vector sea)
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such as

(ϕ
1
2
1 ⊗H1)

↑ = ϕ
( 1
2
)↑

b1 ψA
1 (2.12)

ϕ
1
2
8 ⊗H↑

1 = ϕ
( 1
2
)

b8 (2.13)

ϕ
1
2
10 ⊗H↑

1 = ϕ
( 1
2
)↑

b10 ψ
S
10 (2.14)

where

ϕ
( 1
2
)↑

b1 =

√
2

3
H1,1F

( 1
2
)↓

S −
√

1

3
H1,0F

( 1
2
)↑

S (2.15)

ϕ
( 1
2
)↑

b8 =

√
1

2
[ϕ

( 1
2
)↑

b8S ψ
ρ
8 − ϕ

( 1
2
)↑

b8A ψ
λ
8 ] (2.16)

ϕ
( 1
2
)↑

b10 =

√
2

3
H1,1F

( 1
2
)↓

A −
√

1

3
H1,0F

( 1
2
)↑

A (2.17)

The final two c8, d8 terms come from spin (3
2
)(q3)⊗ spin 1(vector sea) and spin

(3
2
)(q3) spin 2(tensor sea)respectively. Their expressions are

ϕ
( 3
2
)

8 ⊗H↑
1 = ϕ

( 1
2
)↑

c8 (2.18)

ϕ
( 3
2
)

8 ⊗H↑
2 = ϕ

( 1
2
)↑

d8 (2.19)

where

ϕ
( 1
2
)↑

c8 = [

√
1

2
H1,−1χ

3
2
3
2

−
√

1

3
H1,0χ

1
2
3
2

+
1

6
H1,1χ

3
2
−1
2

]F ′
A (2.20)

ϕ
( 1
2
)↑

d8 = [

√
2

3
H2,2χ

3
2
−3
2

−
√

3

10
H2,1χ

3
2
−1
2

+
1

5
H2,−1χ

3
2
3
2

]F ′
A (2.21)

Wave-functions ϕ
( 1
2
)↑

b1 , ϕ
( 1
2
)↑

b8 , ϕ
( 1
2
)↑

b10 , ϕ
( 1
2
)↑

c8 , ϕ
( 1
2
)↑

d8 are written by taking coupling between

spins of sea part and flavor-spin part of q3 wave-function along with suitable nor-

malization constant. For example, in ϕ
( 1
2
)↑

b1
wave-function, spin 1 of sea content can
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result in spin 1
2
only by coupling with valence part with spin 1

2
. Also, spin 0 sea-

parts can give rise to total spin 1
2
only by combining with valence part having spin 1

2
.

Properties of all baryonic systems are studied using flavor-spin-color wave-function

of baryonic system with possible combination of q3 and sea such as to give spin 1
2
and

flavor-octet and color-singlet state. The wave-function implies that the coefficients

associated with each possible combination need to be found out statistically. The

first three terms in the wave-function describe a spin 1
2
q3 coupled to a spin(0) scalar

sea and the other terms with co-efficients (b1, b8, b10, c8) coupled to spin 1(vector sea)

where d8 is signifying a tensor contribution. The above mentioned wave-function can

also be rewritten in the form of ϕvalϕsea and the co-efficients a0, a8, a10, b1, b8, b10, d8

by a factor
∑
n∗
µνcsea in the wave-function | ϕ↑

1
2

⟩ =
∑

µ,ν(n
∗
µνcsea)ϕvalϕsea. Here

µ = 2 goes only with ν = 8 in a view to maintain the anti-symmetrization of the

wave-function. This means that, in spite of nine terms we are left with seven terms

in the wave-function with seven coefficients. The last co-efficient c8 comes as a re-

sult of coupling between ϕ
( 3
2
)

val and spin one color octet sea. A table for
∑
nµνcsea

can be constructed for strange as well as non-strange baryon which produces all the

co-efficients. Each co-efficient will have a particular value of ”nc” combination de-

pending upon the Fock component.

a8 = (n08csea)|gg⟩ + (n08csea)|ūug⟩ + (n08csea)d̄dg⟩ + ....... (2.22)

b1 = (n11csea)|gg⟩ + (n11csea)|ūug⟩ + (n11csea)d̄dg⟩ + ....... (2.23)

b1̄0 = (n11̄0csea)|gg⟩ + (n11̄0csea)|ūug⟩ + (n11̄0csea)d̄dg⟩ + ....... (2.24)
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The vector contributions are found to be dominant over scalar and tensor part for low

energy properties of non-strange baryons [10] [8]. To calculate the static properties

of the baryonic systems, the above mentioned co-efficients should be calculated. For

this, first task is the computation of csea and other is to find all n′
µνs. Each baryon

octet contains set of different possible Fock states | gg⟩,| ūug⟩,| ggg,| d̄dg etc. The

generalized expressions in terms of two parameters α and β are useful for studying

the above said low energy properties of a hadronic system.

α =
1

N2

4

9
(2a+ 2b+ 3d+

√
2e) (2.25)

β =
1

N2

1

9
(2a− 4b− 6c− 6d+ 4

√
2e) (2.26)

where the following coefficients are defined as

a = 1
2

(1−(b21)

3
, b = 1

4
(a28)−

(b28)

3
, c = 1

2
(a210 −

(b210)

3
,d = 1

18
(5c28 − 3d28),e =

√
2
3
b8c8. Thus,

it can be stated as:

α =
2

27
(
6 + 3a28 − 2b21 − b28 + 4b8c8 + 5c28 − 3d28

1 + a210 + a28 + b21 + b28 + c28 + d28
) (2.27)

β =
1

27
(
3− 9a210 − 3a28 − b21 + b28 + 8b8c8 − 5c28 + 3d28 + 3b210

1 + a210 + a28 + b21 + b28 + c28 + d28
) (2.28)

The importance of these two parameters lies in the fact that the parameters are di-

rectly related to number of spin up (n(q ↑)) and spin-down (n(q ↓)) baryons. If

∆q = n(q ↑) + n(q̄ ↑)− n(q ↓)− n(q̄ ↓) where (q=u,d,s) then the quark spin polariz-

abilities ∆u and ∆d can be directly related to the parameters α and β. It is estimated

from the above wave-function that ∆u = 3α and ∆d = −3β. The other important

low energy properties are directly related to the polarized quark spin distributions.
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Thus, it becomes important to define all the properties in terms of α and β. To find

the suitable expression in terms of α and β, suitable operator is defined depending

upon flavor and spin and assuming the wave-function as color symmetric then

⟨ϕ↑
1
2

| ô | ϕ↑
1
2

⟩ =
1

N2
⟨ϕ↑

1
2

| ô | ϕ↑
1
2

⟩+
∑
i=8,10

a2i ⟨ϕ
↑
1
2

| ô | ϕ↑
1
2

⟩+
∑

i=1,8,10

b2i ⟨ϕ
↑
1
2

| ô | ϕ↑
1
2

⟩

+ 2b8c8⟨ϕ↑
1
2

| ô | ϕ↑
1
2

⟩+ c28⟨ϕ
↑
1
2

| ô | ϕ↑
1
2

⟩+ d28⟨ϕ
↑
1
2

| ô | ϕ↑
1
2

⟩

Any operator ô =
∑

i

ˆ
oif σ̂

i
z where ôif depends upon on the flavor of ith quark and

σ̂i
z is the spin projection operator of ith quark where ⟨ôif⟩λλ = ⟨ϕλ | ôif | ϕλ⟩ and

⟨σ̂i
z⟩ρ↑ρ↑ = ⟨χρ↑ | σ̂i

z | χρ↑⟩ , ⟨ôif⟩λρ = ⟨ϕλ | ôif | ϕρ⟩ where λ denotes the symmetric

wave-function and ρ denotes the antisymmetry of the wave-function. The wave-

function mentioned above are rewritten in terms of parameters a, b, c, d and e.

⟨ϕ↑
1
2

| ô | ϕ↑
1
2

⟩ = 1

N2
[a
∑
i

[⟨ôif⟩
λλ⟨σ̂i

z⟩λ↑λ↑ + ⟨ôif⟩
ρρ⟨σ̂i

z⟩ρ↑ρ↑ + 2⟨ôif⟩
λρ⟨σ̂i

z⟩
λ↑ρ↑

]

+b
∑
i

[⟨ôif⟩
λλ + ⟨ôif⟩

ρρ⟨σ̂i
z⟩λ↑λ↑ + ⟨σ̂i

z⟩ρ↑ρ↑] + c
∑
i

[⟨ôif⟩
λλ⟨σ̂i

z⟩λ↑λ↑] + d
∑
i

[⟨ôif⟩
λλ +

∑
i

⟨ôif⟩
ρρ]

+e
∑
i

[(⟨ôif⟩
ρρ − ⟨ôif⟩

λλ)⟨σ̂i
z⟩λ↑

3
2
↑ + 2

∑
i

⟨ôif
λρ
⟨σ̂i

z⟩ρ↑
3
2
↑]

Suitable expressions are obtained from the eigen values coming from the above de-

fined operators. For instance, substituting the spin operator in spin 1
2
baryon wave-

function when it operates on symmetric part of wave-function gives 2
3
and operating

on antisymmetric wave-function gives 0.

⟨χλ↑ | σi
z | χλ↑⟩ = ⟨ 1√

6
(↑↓ + ↓↑) ↑ −2 ↑↑↓| σ(1)

z | 1√
6
(↑↓ + ↓↑) ↑ −2 ↑↑↓| σ(1)

z ⟩ = 2

3
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⟨χρ↑ | σi
z | χρ↑⟩ = ⟨ 1√

2
(↑↓ − ↓↑) ↑| σ(1)

z | 1√
2
(↑↓ − ↓↑) ↑⟩ = 0

For static properties like magnetic moments, the suitable operator is defined as Oi
f =

ei

2mi
, ”i” refers to (u,d,s). In this way, by defining a suitable operator, the magnetic

moments and other static properties at low energy for all lowest lying baryonic states

with spin 1
2
are expressed in the form of α and β.

2.2 Hadronic Properties at Low Energy

Low energy properties of hadrons are an important tool to understand the struc-

ture of hadrons. The properties at low energy can be magnetic moments, masses,

distribution of spin among quarks, axial vector form factors and coupling constant

ratios etc. One of the important question for particle physicists since last 20 years

is: How is the proton’s spin built from constituent quarks and gluons? A historical

discovery in this context regarding the measurement of spin structure function g1

was that of European Muon Collaboration [EMC] [11] and flavor singlet axial cur-

rents through Deep Inelastic Scattering Experiments. The results predicted that the

quark’s intrinsic spin contributes very little to the total spin of proton. The results

were found contrary to the non-relativistic quark model predictions which assumes

that whole of the proton spin comes from the constituent quarks. This led the phe-

nomenologist and experimentalists to think beyond the non-relativistic quark model.

The story of proton’s spin dates from the discovery by Dennison(1927) that proton

is a fermion of spin 1
2
. Six years later Estermann and Stern in 1933 measured

the proton’s anomalous magnetic moment, κp = 1.79 Bohr Magneton recalling that

proton is not point like and has internal structure. The first polarized deep inelas-
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tic scattering experiments were performed by SLAC-Yale Collaboration by Baum et

al. [12] in the early 1980’s using an electron beam and proton target and measured g1

down to x=0.1. The EMC experiment at CERN used a muon beam and extended the

inclusive measurement to x=0.01. These findings triggered a whole program of DIS

with electron beams at SLAC [13], muon beams at CERN[SMC] [14] and the electron

ring at HERA collider on an internal target(HERMES Collaboration) [Ackerstaff et

al.(1997) [15]; Airapetian et al. (1998)] [7] at DESY. A direct measurement of gluon

polarization ∆g in the region x ∼ 0.1 has been measured by COMPASS collabora-

tions [17]. One of the possible solution to proton spin puzzle can be from anomalous

gluon effect arising from the axial anomaly. Thus, in the low-energy processes, the

proton behaves like a system of three massive constituent-quark quasi-particles in-

teracting self-consistently with a cloud of virtual pions and condensates generated

through spontaneous breaking of the chiral symmetry between left and right handed

quarks. When probed at high resolution the proton looks like three valence ”current”

quarks plus a sea of quark-antiquark pairs and gluons. The current quarks probed in

high-resolution processes are almost massless whereas the constituent quarks are the

quasi-particles of low-energy QCD such that each have a mass about one third of the

mass of the proton. Nucleonic spin can be thought of distributed among the gluons,

valence and sea quarks and also their angular momenta. The same spin crisis can

be imagined for other particles too. Another interesting point is to note that the

quark contribution of spin among quarks can be directly related to other low energy

properties of hadrons. Thus, it gives us motivation to look into details of all the low

energy observables using either effective theories or phenomenological models.
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2.2.1 Spin Structure of Hadron

The SU(6) wave-function for hadron can be helpful in counting the average number

of particle with spin parallel and anti-parallel to the spin of the baryon. For instance,

for a protonic system a non-relativistic model predicts that the number n(u ↑) = 5
3
,

n(u ↓) = 1
3
, n(d ↑) = 1

3
and n(d ↓) = 2

3
. The differences are: ∆u = 4

3
, ∆d = −1

3

and ∆s = 0. The sum of these differences is ∆Σ = ∆u + ∆d + ∆s = 1. In 1988,

very firstly EMC collaboration [11,18] measured the total spin carried by the quarks

and it was claimed that ∆Σ ≃= 0 and ∆s ̸= 0. The experimental results [19] may

be summarized as: ∆Σ = 0.31 ± 0.07, ∆u = 0.83 ± 0.03, ∆d = −0.43 ± 0.03,

∆s = −0.10 ± 0.03. The E143 collaboration [13] also found the total contribution

from all quarks to be ∆Σ = 0.30 ± 0.06 and the contributions from the strange sea

in a nucleonic system has been found to be ∆s = −0.09 ± 0.02. The nucleon spin

can be decomposed into contributions from different components and can be written

as:

1

2
=

1

2
∆Σ +∆G+ Lg + Lq (2.29)

where ∆Σ is contribution from quark and anti-quarks, ∆G is contribution from

gluons. Lq and Lg are the angular momenta of quarks and gluons respectively. In

the modified MS, ∆G does not contribute to first moment in quark parton model.

There are many other schemes such as Adler and Bardeen [20], Carlitz, Collins and

Mueller schemes [21] and Jet scheme [22]. In these approaches, ∆Σ is independent of

Q2 and this leads to the suggestion that polarized quark structure function ∆Σ should

be modified so as to include anomalous gluonic contribution. Lots of experiments

are taking data to measure gluonic contribution to the spin of nucleon. A first
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measurement of the gluon polarization was reported by the E581/704 experiment at

Fermilab [23] measuring p0 production with high transverse momentum pT . Most

recently, COMPASS [46] has announced a new determination via the asymmetry in

high pT hadron-pair production, which yields ∆G
G

= 0.024± 0.089(stat)± 0.057(syst)

at an average ⟨x⟩ = 0.095. However, all measurements of the gluon polarization have

still large uncertainties both systematic and statistical. Therefore, more additional

information about ∆G with greater accuracy is necessary for conclusive statements.

Phenomenologically, the quark spin polarizations, ∆qB, where q=u,d,s, is defined as:

∆qB = ⟨B ↑| σi
z | B ↑⟩ = nq↑(B)− nq↓(B) (2.30)

where σi
z is the third Pauli spin matrix of quark q. The quark spin polarizations

are: ∆qB = ∆qB + ∆qB. Thus, quark spin polarizations can be defined as sum

of quark and anti-quark polarization densities. To investigate the spin structure of

proton experimentally, longitudinal polarized leptonic beams are scattered off targets

by longitudinal or transversely polarized nucleons. Polarized deep inelastic scattering

has been the key tool for probing the internal structure of nucleon. The exchange of

a virtual vector bosons between the leptons and one of the partons inside the target

nucleon exchanges a high four-momentum that breaks up the nucleon and forms a

final hadronic state. In our model, the polarized quark and anti-quark densities have

been computed for spin 1
2
baryons using SU(3) flavor symmetry. Later on the impact

of strange mass corrections have also been checked on the polarized spin densities

using the same model.
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2.2.2 Total Distribution of Spin

The total contribution of spin among quarks for a baryonic system is given by: ∆Σ =

∆u+∆d+∆s. The total contribution of spin of quarks among the nucleon can also

be derived from the integration of g1 over x, which is called first moment of g1 over

x, which is called first moment. The first moment of g1 is given by:

Γ1 =

∫ 1

0

g1(x)dx =
1

2

∫ 1

0

Σfe
2
f∆qf (x)dx (2.31)

Under the SU(3)f symmetry, flavor symmetry of the axial current in the spin 1
2

baryon octet, the matrix elements can be defined as:

Γp,n
1 = ± 1

12
(∆u−∆d) +

1

36
(∆u+∆d− 2∆s) +

1

9
(∆u+∆d+∆s) (2.32)

The matrix elements a0, a3 and a8 are linked with polarized quark and anti-quark

distributions. The matrix elements a0, a3 and a8 are related to the polarized distri-

butions.

a0 = ∆u+∆d+∆s+∆ū+∆d̄+∆s̄ (2.33)

a3 = ∆u−∆d+∆ū−∆d̄ (2.34)

a8 = ∆u+∆d+∆ū+∆d̄− 2(∆s+∆s̄) (2.35)

The matrix elements a3 and a8 are related to weak decay constants. The matrix

elements a3 and a8 are calculated from neutron decay constant and hyperon decay

constants. However, QCD corrections induce a Q2 dependence which breaks Bjorken

scaling. This implies that ∆Σ should be corrected due to an anomalous gluon con-
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tribution.

∆Σ1 = ∆Σ− nf
αs

2π
∆G(Q2) (2.36)

Inclusive Deep Inelastic Experiments on polarized proton targets with polarized elec-

trons at SLAC [25] have already measured Γ1. Very first result for Γ1 was reported at

EMC [11] and later on confirmed by some other experiments. The quark contribution

∆Σ to the nucleonic spin was found to be ∆ΣDIS = ∆u+∆u+∆d+∆d+∆s+∆s =

0.29 ± 0.06 at ⟨Q2⟩ = 5GeV 2

c2
[23]. To calculate the first moment of Γ1 and ∆q for

all member of spin structure of all spin 1
2
baryon octet, matrix elements need to be

calculated. The SU(3) flavor symmetry is used in terms of their current operators

and baryon state. The current operators of the axial vector can be written as:

jiµ = ψγµγ5(
λi
2
)ψ, i = 0, 1, 2...8. (2.37)

ψ is quark field triplet and the conjugate quark field ψ is constructed to find the

wave-function of baryon octets.

ψ =

(u

d

s)

ψ = (ud− du, ds− sd, us− su)

λi are the hermitian traceless Gellmann matrices and act as the generators of the

elements of the group SU(3). The hadronic matrix elements from a0 to a8 for a

specific baryon with spin S, mass mB and momentum P are ⟨P, S | J0
µ | P, S⟩ =

2MBSµa0,⟨P, S | J i
µ | P, S⟩ = 2MBSµai, i = 1, 2...8 with the flavor-singlet axial-
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vector currents. The axial singlet a0 corresponds to the expectation value of the

z-component of all quark spins in naive QPM. The baryon matrix B sums up each

3× 3 matrix of baryon octet fields.

B =


1√
2
Σ0 + 1√

6
Λ Σ+ P

Σ− − 1√
2
Σ0 + 1√

6
Λ N

Σ− Σ0 −2√
6
Λ

 The baryon octets are constructed

with each matrix element of the octet axial current for two baryon states Bj and

Bk. Three matrices can be combined to form an SU(3) flavor singlet involving com-

mutator and anti-commutator of two of the matrices and defining F and D such

that ⟨Bj;P, S | J i
µ | Bk;P, S⟩ = Dtr(J i

µ{Bk, Bj}) + Ftr(J i
µ[Bk, Bj]). All the spinors,

momentum dependence and the rest of the matrix elements are contained in F and

D. Thus, this enables us to relate the invariants in one matrix elements to those

in another. From the definition of Bj and J i
µ, one can see the similarity to the

λ-matrices because Bi ∼ λi and J
i ∼ λi

2
, which leads to:

tr(J i
µ{Bk, Bj}) ∼

1

2
tr(λi, [λk, λj]) = −ifijk , tr(J i

µ[Bk ,Bj ]) ∼
1

2
tr(λi , {λk , λj}) = dijk

(2.38)

where dijk and fijk are the usual SU(3) group structure constants. The F coupling is

proportional to structure constant fijk which is fully antisymmetric under interchange

of any pair of indices, while D coupling is proportional to the symmetric invariant

tensor dijk . It can be found out that:

⟨Bj;P, S | J i
µ | Bk;P, S⟩ = 2MBSµ(Ddijk − iF fijk) (2.39)
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F and D have been determined experimentally from the hyperon β-decay because of

the involvement of the same currents where F=0.463±0.08 and D=0.804±0.008 [26].

The calculation of matrix elements can lead to ⟨| J i
µ |⟩ =MBSµ(Ddijk − iF fijk), (i =

1 ...8 ), to calculate the ΓB
1 , one needs to create the axial current representation.

From the above discussion, it is concluded that the polarized quark distributions,

total spin distribution and matrix elements F and D are related. The calculation

of matrix elements result in relevant expressions for the first moment and polarized

quark densities respectively. The table 2.2.2 presents the polarized quark densities

and first moment of g1 in terms of F,D and ∆Σ under SU(3)f symmetry.

Table 2.1

Baryon Γ1 ∆u ∆d ∆s

p 1
∆Σ

(2∆Σ +D + 3F ) 1
3
(∆Σ +D + 3F ) 1

3
(∆Σ− 2D) 1

3
(∆Σ +D − 3F )

n 1
9
(∆Σ−D) 1

3
(∆Σ− 2D) 1

3
(∆Σ +D + 3F ) 1

3
(∆Σ +D − 3F )

Λ 1
18
(2∆Σ−D) 1

3
(∆Σ−D) 1

3
(∆Σ−D) 1

3
(∆Σ + 2D)

Σ+ 1
18
(2∆Σ +D + 3F ) 1

3
(∆Σ +D + 3F ) 1

3
(∆Σ +D − 3F ) 1

3
(∆Σ− 2D)

Σ0 1
18
(2∆Σ +D) 1

3
(∆Σ +D) 1

3
(∆Σ + 3D) 1

3
(∆Σ− 2D)

Σ− 1
18
(2∆Σ +D − 3F ) 1

18
(2∆Σ +D − 3F ) 1

3
(∆Σ +D + 3F ) 1

3
(∆Σ− 2D)

Ξ0 1
9
(2∆Σ−D) 1

3
(∆Σ− 2D) 1

3
(∆Σ +D − 3F ) 1

3
(∆Σ +D + 3F )

Ξ− 1
18
(2∆Σ +D − 3F ) 1

3
(∆Σ− 2D) 1

3
(2∆Σ− 2D) 1

3
(∆Σ +D + 3F )

Table 2.1 Polarized Quark Densities and their First moments in SU(3)
symmetry
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In our approach, total spin distributions is determined using the operator 1
2
e2iσ

i
z

where ei is the charge of quark and σi
z is the spin projection operator. This produces

the values in terms of α and β for all the baryons. F and D are the two universal

parameters which have their own significance. These parameters are proportional to

structure constant fijk and antisymmetric invariant tensor dijk. We find F = 3(α)
2

and D = 3(α+2β)
2

in our model.

2.2.3 Axial Vector form factors for Baryon

Another fundamental property of a nucleonic system is its axial vector form factors

which determines the matrix element for beta-decay. In quark model gA is expressed

in terms of the axial current contributions from each quark. The axial current is

Aa
µ = ψγµγ5

λa

2
ψ with a = 3, 8 and along with this,flavor singlet current (A0

µ =

ψγµγ5ψ). For the semileptonic decays of B → B′l−νl, the matrix element of weak

V-A current for lowest order can be written as:

⟨B′ | Jµ
weak | B⟩ = ψ

′
(f1γµ − g1γµγ5)ψ (2.40)

where ψ(ψ′) and B(B′) are the Dirac spinor and baryon state(internal and external),

f1 and g1 are the vector and axial form factors of SU(6) quark-wave-function for

baryon. The axial-vector form factor gA = g1
f1

and all axial vector form factors can
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be explained in the form of F and D. They can be expressed as for ∆s = 0 decays:

gA(n→ p) = F +D = ∆u−∆d

gA(Σ
− → Σ0) = F =

1

2
(∆u−∆s)

gA(Σ
+ → Λ) =

2

3
D =

1√
(6)

(∆u− 2∆d+∆s)

gA(Ξ
− → Ξ0) = F −D = ∆d−∆s

For ∆s = 1 decays:

gA(Σ
− → n) = F −D = ∆d−∆s

gA(Ξ
− → Λ) = F − D

3
=

1

3
(∆u+∆d− 2∆s)

gA(Ξ
− → Σ0) = F +D = ∆u−∆d

gA(Λ → p) = F +
D

3
=

1

3
(2∆u−∆d−∆s)

gA(Ξ
0 → Σ+) = F +D = ∆u−∆d

In all the expressions above F and D has already been defined in terms of α and

β. The quark spin polarization densities can be directly related to matrix elements

F and D by the relation as: F + D = ∆u − ∆d and 3F − D = ∆u + ∆d − 2∆s.

Thus, the beauty of statistical model lies in the fact that once the information about

the two key parameters α and β is in hand, it becomes very easy to compute all

the static properties easily. Moreover, by looking at the individual probabilities, the

contributions from each Fock state can be analyzed and a more viable picture of
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hadronic structures can be achieved.

2.2.4 u− d Asymmetry

The u − d asymmetry is called as quark-anti-quark flavor asymmetry and it is de-

scribed as difference and ratio between anti-quarks u− d and u
d
. The idea of flavor

asymmetry comes from the presence of sea quarks inside the baryons. The excess of

d̄ over ū is due to gluon splitting into ūu and d̄d pairs. The very first experiment for

the measurement of experimental data was at SLAC [27] in 1975 and a significant

deviation was observed from that of expected vanishing value. The next experiment

was E288 collaboration with the Drell-Yan experiment at Fermilab in 1981 [28] to

measure u− d asymmetry. The more accurate x-dependent prediction of u
d
were ob-

tained by FermiLab/E866 collaboration [29–31] using 800 GeV protons interacting

with liquid hydrogen and deuterium targets. The HERMES collaboration at DESY

obtained results through semi-inclusive DIS experiments and results were found to be

consistent with that of NMC, NuSea collaborations. The basic mechanism involves

generation of sea by splittings into quark-antiquark pairs. Field and Feymann [32]

suggested that the presence of extra uū in the sea can lead to suppression of extra

g → uū via Pauli blocking. There are several phenomenological models to find fla-

vor symmetry like meson cloud and chiral quark model. One of the recent approach

suggested by Zhang et al. [34] to calculate flavor asymmetry in sea using principle

of detailed balance. This principle was successful in explaining the ū − d̄ asymme-

try and predicted the value of 0.118 [33] which matches with experimental value of

0.124 [31].
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2.2.5 Baryon Magnetic Moments

The magnetic moment can be defined as expectation value of z-component of magnetic

moment operator with maximal spin projection along z-axis.

µ(B) = ⟨B; J ; Jz = J | µz | B; J ; Jz = J⟩ (2.41)

where µz is z-component of magnetic moment operator. In the absence of orbital

motion of quarks, for a spin 1
2
charged particle,the magnetic moment operator can be

defined as: µq =
eqσi

z

2mq
. The parameters eq,mq are the electric charge and mass of the

quarks respectively. For example,the magnetic moment operator over the proton(↑)

state is µp = ⟨p(↑) | Σ3
i=1µi(σ3)i | p(↑)⟩ and the wave-function for a proton up state

in SU(6) model is: | p ↑⟩ = 1√
2
(pmsχms + pmaχma) where pms and pma are mixed

symmetric and mixed anti-symmetric wave-function for proton.

pmsχms =
1

6
√
2
(u ↑ d ↓ u ↑ +d ↓ u ↑ u ↑ −2u ↑ u ↑ d ↓)

pmaχma =
1

2
√
2
(u ↑ d ↓ u ↑ −d ↓ u ↑ u ↑)

Thus,the magnetic moment of baryonic system can be parameterized as:

µB =
∑

i=u,d,s

⟨B | eiσ
i
z

2m
| B⟩
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Magnetic moment of a baryonic system can also be defined in terms of quark polar-

izations:

µ(B) = Σq=u,d,s∆q
Bµq = ∆uµu +∆dµd +∆sµs (2.42)

The magnetic moment of all baryons lead to verification of the famous Coleman-

Glashow sum rule [47].

µ(p)− µ(n) + µ(Σ−)− µ(Σ+) + µ(Ξ0)− µ(Ξ−) = 0 (2.43)

The expressions for magnetic moment is written in terms of α and β statistically. In

all the expressions, µu, µd, µs are the magnetic moments of u,d,s quark respectively.

Magnetic Moments of Baryon with jp = 1
2

+

Baryon Expression

p µp = 3(µuα− µdβ)

n µn = 3(µdα− µuβ)

Σ+ µΣ+ = 3(µuα− µsβ)

Σ− µΣ− = 3(µdα− µsβ)

Σ0 µ0
Σ = 1

2
(µΣ+ + µΣ−)

Ξ0 µΞ0 = 3(µsα− µuβ)

Ξ− µΞ− = 3(µsα− µdβ)

Table 2.2 Magnetic Moment Expressions

In the forthcoming chapters, magnetic moments of all lowest lying baryonic

strange as well as non-strange states have been calculated with in a statistical ap-

proach.
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2.3 Statistical Model

Quarks obey the Fermi-Dirac distribution functions whereas gluons obey Bose-

Einstein statistics. Different statistical approaches [37] are applied to study parton

distribution functions. Statistical models provide intuitive appeal and physical sim-

plicity that have made amazing success in describing the parton structure functions

for nucleons. It can be speculated that wee partons being bound inside the nucleon,

does possess some statistical properties. Bhalero et al. [38] introduced finite size cor-

rections to the PDF’s in an infinite momentum frame. The main advantage of using

statistical models is that no additional input parameters are required, the quantities

can be expressed in terms of the most common statistical quantities. Recently, a

new statistical model has been used by Zhang et al. [33, 34] in which a nucleon is

taken as an ensemble of quark gluon Fock states. In this model, principle of de-

tailed balance [33] is applied to find the probability of all Fock states. Principle of

detailed balance assumes that every Fock state should be balanced with nearby Fock

state. The model provides a better explanation of flavor asymmetry of the sea and

provides results matching with the experimental results. The quarks and gluons in

the Fock states are the intrinsic partons of the baryon and they are multi-connected

non-perturbatively to the gluons. Such partons are different from the extrinsic par-

tons generated from QCD hard bremsstrahlung and gluon splitting as a part of lepton

scattering interaction. Thus, the statistical model is expected to work at scale of in-

trinsic partons which is Q2 ≃ 1GeV 2. This explains the feasibility of statistical

model at low energy. Also, the basic property of ensemble assumption of the baryon

is that the probability of finding the baryon in a Fock state should not change during

the time. The same assumption for the ensemble can be assumed only at low energy.
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Thus, a more general description of above model can be imagined where in addition

to flavor, each Fock state has a definite spin and color quantum number and a partic-

ular symmetry property [9]. The resulting formalism is based purely on a statistical

formalism to explore the light quark spin content of nucleons, magnetic moments and

semi-leptonic decay constant of neutron etc. The most interesting point to note here

is that all the properties are directly linked with the probabilities associated with each

Fock state in definite spin-color-flavor space. In this model, all n′
µ,νs (defined in the

previous wave-function) are calculated from multiplicities of each Fock state in spin

and color space. These multiplicities are expressed in the form of ρj1j2 where the

core quark part has spin j1 and the sea quark-gluons carry spin j2 so that resultant

spin is 1
2
. The method is based on the counting of multiplicities in spin and color

space for all possible sets of Fock states in valence as well as sea and defining these

multiplicities in the form of suitable ratios. Such a comparison of multiplicities in

Fock states serves two purposes. The first one is to find a common multiplier (”c”)

for each particular combination of valence and sea to realize a baryon. The second is

to calculate probability of each substate with specified spin and color quantum num-

bers. For instance, a simple two gluon sea can have spin (0, 1, 2) and color (1, 8,

1̄0) and similar is the case for higher number of gluons. A general way to present

comparison of such probabilities can be written as:

ρj1j2
ρj′1j′2

=
x(r1)y(r2)z(r(3))

x′(r′1)y
′(r′2)z

′(r′3)
(2.44)

Coefficients are nothing but the sum of product of multiplicities with common factor

for each feasible combination of the sea. A detailed comparison of the all such
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probabilities on a purely statistical basis is given. The model given below is named

as ”Model C”. Different Fock states involve computation of relative multiplicities.

2.3.1 Model C

Consider the decomposition of the state | gg⟩ sea then on the basis of decomposition

in spin and color space:

ρ 1
2
0s

ρ 1
2
1a

=
(4
8
).(1

9
).1

(4
8
)(3

9
)(2

6
)
= 1

ρ 1
2
0s

ρ 3
2
2s

= 2

ρ 3
2
1a

ρ 3
2
2s

= 1

ρ 1
2
1a

ρ 3
2
1a

= 2

Similarly, we can compare the probabilities for the q3 core and gg to be in different

color substates which finally give a color singlet hadron.

ρ11s
ρ88s

=
1

2
=

ρ11s
ρ88a

ρ11s
ρ1010

=
( 1
27
).( 1

64
).1

(10
27
)(10

64
)( 1

100
)
= 1

The product of probabilities in spin and color space can be written in terms of com-

mon parameter ”c” as

ρ 1
2
0s
[ρ11s , ρ8,8s ] = 2c(1, 2)

ρ 1
2
1a
[ρ88a , ρ10,10] = 2c(1, 2)

ρ 3
2
1a
[ρ88a ] = 2c,ρ 3

2
2s
[ρ8,8s ] = 2c



72 Chapter 2 Methodology

There is no contribution from two gluon states to H0G1̄0. Similar decomposition

holds good for all other possibilities of sea. Proceeding in a similar way for decom-

position of | uudd⟩:

ρ 1
2
0s
[ρ11s , ρ88s ]; ρ 1

2
1a
[ρ88a , ρ1010]; ρ 3

2
2s
[ρ88s ] = 2c(1, 2; 2, 1; 2; 2)

If we consider the decomposition of a state | u, d, s, 1, 0, 1, 0⟩ or | uu, ss⟩: Different

cases of probabilities in spin and color space include:

ρ 1
2
,0

ρ 1
2
,1

= 1,
ρ 1

2
,0

ρ 3
2
,1

= 2,

ρ 1
2
,0

ρ 3
2
,2

= 2,
ρ1,1
ρ8,8

=
1

4
,
ρ1,1
ρ10,1̄0

= 1

These are the probabilities of finding the three core quarks in spin 1
2
and color singlet

states with sea in a specific combination of spin and color quantum numbers. Here

qq̄ carries the quantum number of a gluon due to sub processes g ⇔ qq̄ therefore no

symmetry conditions can be applied. For the computation of a common factor ’c’,

relative probabilities are represented as given below:

ρ 1
2
,0[ρ1,1, ρ8,8, ρ10,1̄0]; ρ 1

2
,1[ρ1,1, ρ8,8, ρ10,10]; ρ 3

2
,1[ρ8,8]; ρ 3

2
,2[ρ8,8] = 2c[1, 2, 1; 1, 2, 1; 2; 2]

For decomposition of the | gqq and | uudd⟩, symmetry considerations is not needed.

We have considered that qq carries the quantum numbers of a gluon due to the

subprocesses g 
 qq. The products of densities in spin and color space comes out to

be:

ρ 1
2
,0[ρ1,1, ρ8,8, ρ10,1̄0]; ρ 1

2
,1[ρ1,1, ρ8,8, ρ10,10]; ρ 3

2
,1[ρ8,8]; ρ 3

2
,2[ρ8,8] = 2c[1, 4, 1; 1, 4, 1; 2; 2]
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For a three gluon sea:The following are the possibilities.

Spin : (1⊗ 1)⊗ 1 = (0⊕ 1⊕ 2)⊗ 1

and1⊗ 2 = 1⊕ 2⊕ 3

Color : (8⊗ 8⊗) = (1⊕ 8⊕ 8 + 10⊕ 1̄0⊕ 27)⊗ 8

10⊗ 8 = 8⊕ 10⊕ 27⊕ 35

27⊗ 8 = 8⊕ 10⊕ 1̄0⊕ 2(27)⊕ 2(35)⊕ 64

The relative probability densities in spin and color space becomes:

ρ 1
2
0

ρ 1
2
1a

=
( 1
27
).1

( 3
27
).(2

6
)
= 1,

ρ 1
2
0a

ρ 1
2
1a

=
( 1
27
).1

( 6
27
).( 4

12
)
=

1

2
,

ρ 1
2
1a

ρ 3
2
1s

=
( 3
27
).(1

3
)

( 3
27
).(1

6
)
= 2 =

ρ 1
2
1a

ρ 3
2
1a

,

ρ 3
2
1a

ρ 3
2
2a

=
( 3
27
). 2

12

( 5
27
).( 2

20
)
= 1,

ρ 3
2
1a

ρ 3
2
2s

=
( 6
27
).( 4

24
)

( 5
27
).( 2

20
)
= 2

ρ11s
ρ88s

=
( 1
27
).( 1

512
).(1)

(16
27
).( 32

512
).( 1

64
)
=

1

8
,

ρ11s
ρ1010a

=
( 1
27
).( 1

512
).(1)

(16
27
).( 32

512
).( 1

64
)
=

1

8

The combined probabilities in spin and color space for uugg etc. are written as:

ρ 1
2
0a
[ρ11a , ρ88a , ρ10,10a ]; ρ 1

2
1a
[ρ11a , ρ88a , ρ10,10a ]; ρ 1

2
1s
[ρ11s , ρ88s , ρ10,10s ]; ρ 3

2
1a
[ρ88a ];
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ρ 3
2
1s
[ρ88s ]; ρ 3

2
2a
[ρ88a ] = 2c(1, 8, 2; 1, 8, 2; 2, 16, 4; 4; 8; 4) Next, considering the case of

| uuddg sea: There is no symmetry requirement. The ratios of probability densities

in spin and color space are:

ρ 1
2
0[ρ11, ρ88, ρ10,10]; ρ 1

2
1[ρ11, ρ88, ρ1010]; ρ 3

2
1[ρ88]; ρ 3

2
2[ρ88] = 2c(1, 8, 2; 3, 24, 6; 12; 8)

| ggg⟩ sea: The wave-function for this sea should be completely symmetric under the

exchange of any two gluons. Among the product color functions, there is one color

singlet state and one color octet state which are completely antisymmetric, there is

no color singlet state and one color octet state which are completely symmetric. This

gives us the product of probabilities in spin and color space as:

ρ 1
2
0a
[ρ11a , ρ88a ]; ρ 1

2
1s
[ρ11s , ρ88s ]; ρ 3

2
1s[ρ88s ]

= 2c(1, 2; 1, 2; 1)

The Fock states with a single gluon in the sea may be considered as consisting of TE

gluon [36]. A gluon in the sea will contribute to H1G8 component of the sea. Tak-

ing the sum of all probabilities , common factor is obtained. On the R.H.S, values

present in the indices are the multiplicities for the particular Fock state. States like

| uūg⟩,| dd̄g⟩,| ss̄g⟩,| dd̄ss̄⟩ and | uūdd̄⟩ will follow the same symmetry conditions.

But for | gḡ⟩ the symmetry conditions should be taken into account:

ρ 1
2
0s [ρ11s , ρ8,8s ]; ρ 1

2a
[ρ8,8a , ρ10,1̄0]; ρ 3

2a
[ρ8,8a ]; ρ 3

2
2s [ρ8,8s ] = 2c[1, 2; 2, 1; 1, 1] The treat-

ment of single qq pair in the sea requires special attention which may require the

special knowledge of the space wave-function. In this case, to keep the parity of the

system positive, one of the parton from five partons must be in p-wave state. This

may require the knowledge of space wave-function in detail but the contribution of
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a single qq̄ in flavor space is calculated using the principle of detailed balance and

scaled it to give the same probability. The computed value of multiplicities of various

Fock states is given in table 2.3.1.

Table 2.3

States Value of n for different values of c

H0G1 H0G8 H0G1̄0 H1G1 H1G8 H1G1̄0 H2G8 H1G
3
2
8

| gg⟩ 2 4 0 0 4 2 2 2

| uūg⟩ 2 8 2 2 8 2 4 4

| dd̄g⟩ 2 8 2 2 8 2 4 4

| ss̄g⟩ 2 8 2 2 8 2 4 4

| uūdd̄⟩ 2 8 2 2 8 2 4 4

| dd̄dd̄⟩ 2 8 2 2 8 2 4 4

| ggg⟩ 1 4 0 1 2 0 0 0

| uūss̄g⟩ 1 2 2 3 24 6 8 12

| dd̄ss̄g⟩ 1 2 2 3 24 6 8 12

| dd̄dd̄g⟩ 2 16 4 6 48 12 8 12

| uūgg⟩ 2 16 4 6 48 12 8 24

| dd̄gg⟩ 2 16 4 6 48 12 8 24

| ss̄gg⟩ 2 16 4 6 48 12 8 24

| uūuū⟩ 2 4 0 0 4 2 2 2

| uūuūg⟩ 2 16 4 6 48 12 8 12

| uūdd̄ss̄⟩ 1 16 0 3 48 0 24 0

Table 2.3Table showing different values of ”n” in Model ”C”
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Thus, statistical approach is one of the successful approaches to compute the low

energy hadronic observables. In addition to this, confining forces also play a crucial

role in contributing to low energy properties therefore it becomes plausible that some

changes may be applied in order to check the stability of results. On the basis of

above point of view, some modifications may be applied via the following two models.

2.3.2 Model P

In the statistical formulation, quark-antiquark pair created from gluon, naturally

carries the quantum numbers of gluon but a situation may arise where the pair

on exchange of a soft gluon with the rest of the system, also possibly on a spin-

flip may evolve to a colorless pseudo-scalar form, well known as internal Goldstone

bosons. Therefore, it is worth to say that a model is having sea in the form of

pseudoscalar bosons. If all the qq pairs are in one or the other pseudoscalar form

then no contribution can be expected for spin and color charge of baryon. With this

assumption, the quark-gluon Fock states can be decomposed as:

(1). If a quark-antiquark pair is in one or other pseudo-scalar form then the only

possibility for a | qq̄⟩ to have spin and color quantum numbers equal to one thus only

possibility for qq̄ ∼ H1G1.

(2). Similarly, | uūdd̄⟩ and | qq̄qq̄⟩ sea can have the only possibility H0G1.

(3). In the case of | gūud̄d, | qq̄g⟩, | qq̄g⟩, | qq̄qq̄⟩ and | g⟩, both share the same

quantum number.

(4). For | qq̄gg⟩: The decomposition of Fock states in spin and color space can be

written as:

ρ 1
2
0a
[ρ11, ρ88, ρ10,10]; ρ 1

2
1[ρ11, ρ88, ρ10,10]; ρ 3

2
1[ρ88]; ρ 3

2
2[ρ88] = 2c(1, 4, 1; 1, 4, 1; 2, 2)
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Thus, the sea will not actively contribute to static properties of baryons.

2.3.3 Model D

Another modification to the basic model, has been proposed in which the contribution

to the states with higher multiplicities can be suppressed. The solid ground for such

an assumption arises from the fact that when a ”set” of intrinsic gluons exist in a

hadronic system, their preference is to remain in the similar state. Moreover, the

larger is the color multiplicity of the sea, larger will be the probability of interac-

tion and smaller is the probability of survival. The parametrization can be made to

achieve by assuming that probability of a system is inversely proportional to multi-

plicity both in spin and color of the state. The new probability factor is additional

to the previously incorporated factors.

(i)Consider the decomposition of the state | gg⟩ sea then on the basis of decomposi-

tion in spin and color space:

ρ 1
2
0s
[ρ11s , ρ8,8s ]; ρ 1

2
1a
[ρ11a , ρ8,8a ]; ρ 3

2
1a
[ρ8,8a ]; ρ 3

2
2a
[ρ8,8s ] = 2c(2, 1

16
; 1
48
, 1
50
; 1
192

; 1
320

) for

| gg⟩,for | uuuu⟩,for | dddd⟩

(ii)| qq⟩,| uudd⟩:

ρ 1
2
0[ρ11, ρ8,8, ρ10,10]; ρ 1

2
1[ρ11, ρ8,8, ρ10,10]; ρ 3

2
1[ρ8,8]; ρ 3

2
2[ρ8,8] = 2c(2, 1

8
, 1
50
; 1
24
, 1
150

; 1
96
; 1
160

)

(iii)| ggqq⟩,| qqqqg⟩:

ρ 1
2
0s
[ρ11a , ρ8,8a , ρ10,10a ]; ρ 1

2
1s
[ρ11s , ρ8,8a , ρ10,10a ];

ρ 3
2
1a
[ρ8,8s ]; ρ 3

2
1s
[ρ88s ]ρ 3

2
2a
[ρ8,8a ] = 2c(1, 1

8
, 1
50
; 1, 1

8
, 1
50
, 1
32
; 1
32
; 1
160

)

(iv)| guudd⟩:

ρ 1
2
0s
[ρ11, ρ8,8, ρ10,10]; ρ 1

2
1[ρ11, ρ8,8, ρ10,10]; ρ 3

2
2[ρ8,8] = 2c(1

2
, 1
16
, 1
100

; 1
2
, 1
16
, 1
100

; 1
160

)

(v)| ggg⟩: ρ 1
2
0a
[ρ11a , ρ8,8a ]; ρ 1

2
1s
[ρ11s , ρ8,8s ]; ρ 3

2
1s
[ρ8,8s ] = 2c(1, 1

32
; 1, 1

3
, 1
96
; 1
384

)



78 Chapter 2 Methodology

The various Fock states and their multiplicities is shown in 2.3.3.

Table 2.4

States Value of n for different values of c

H0G1 H0G8 H0G1̄0 H1G1 H1G8 H1G1̄0 H2G8 H1G
3
2
8

| gg⟩ 2 1
16

0 0 1
48

1
150

1
192

1
320

| uūg⟩ 2 1
8

1
150

2
3

1
24

1
150

1
96

1
160

| dd̄g⟩ 2 1
8

1
150

2
3

1
24

1
150

1
96

1
160

| ss̄g⟩ 2 1
8

1
150

2
3

1
24

1
150

1
96

1
160

| uūdd̄⟩ 2 1
8

1
150

2
3

1
24

1
150

1
96

1
160

| dd̄dd̄⟩ 2 1
16

0 0 1
48

1
150

1
192

1
320

| ggg⟩ 1 1
32

0 1
3

1
96

0 0 1
192

| uūss̄g⟩ 1 1
8

2
100

1 24
192

6
300

8
320

12
192

| dd̄ss̄g⟩ 1 1
8

2
100

1 24
192

6
300

8
320

12
192

| dd̄dd̄g⟩ 2 2
8

2
50

1 1
8

1
50

1
32

1
160

| uūgg⟩ 1 1
8

1
50

1 1
8

1
50

1
32

1
160

| dd̄gg⟩ 1 1
8

1
50

1 1
8

1
50

1
32

1
160

| ss̄gg⟩ 1 1
8

1
50

1 1
8

1
50

1
32

1
160

| uūuū⟩ 2 1
16

0 0 1
48

1
150

1
192

1
320

| uūuūg⟩ 2 2
8

2
50

1 1
8

1
50

1
32

1
160

Table 2.4 Table with differnt values of ”n” in model ”D”

Thus, we have different forms of statistical models, sufficient to analyze the con-

tributions of sea quarks to several static properties. The different forms of the statis-
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tical model also helps to cross-check the role of dynamism in the case of sea-quarks.

In the coming chapters, we apply the above said methodology with certain modifica-

tions to all the baryonic systems having spin 1
2

+
. The above mentioned wave-function

and statistical model is found to be the suitable for all lowest lying states of baryon

octet. In the forthcoming chapters, we will look at the application of above said

models to nucleons as well as hyperons.
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Chapter 3

Strange and Non-strange Sea

Quark-gluon Effects for Nucleon

3.1 Introduction

The structure of nucleons is the most well known hadronic structure till now due to

the reason that a variety of parton distribution functions have been generated from

the available data from different experiments. The latest studies predict that only

30% of total spin of proton is carried by quarks itself. The spin structure of the

proton is one of the key examples that confirm the presence of gluons which provide

non-negligible contribution to spin of proton. The non-perturbative QCD dynamics

is reflected in nucleon’s intrinsic sea of quarks and gluons. The sea in the form

of quark-antiquark pairs and gluons plays a crucial role in visualizing the hadronic

structure. The different measurement of g1 [1, 2] sum rule indicates that quark sea

is strongly polarized in a nucleon. In recent years, there lies a great deal of interest

in measuring and understanding the strangeness content of the nucleon. There are

86
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some experimentally observed phenomenon like Gottfried Sum Rule [3] and flavor

asymmetry [4] which can only be described in the non-perturbative regime of QCD.

Some predictions (experimental as well as theoretical) confirm the presence of hidden

strange and anti-strange components in the nucleonic wave-function. CERN and

SLAC observed large violation of Ellis and Jaffe sum rules [5] which shows that only

a small fraction of proton’s helicity is carried by the quarks itself. The discovery of

the large and negative polarization of the strange quark in polarized deep inelastic

scattering [6] which led to a small flavor-singlet g0A about 1
4
− 1

3
of that predicted by the

non-relativistic quark model. This discrepancy is not satisfactorily explained in any

hadronic valence quark model. Thus, the distribution of non-strange and strange

sea is another non-trivial aspect of protonic structure. The evidences for s − s̄

asymmetry has also been found in the literature [7]. In fact, there is no fundamental

symmetry which suggests that s(x) = s̄(x). The evidence for hidden strangeness

are also obtained from pion-nucleon sigma terms [8] and deep polarized scattering

experiments. Another possibility to explore the strange components of the sea in a

nucleonic system is by looking at their strange spin. The strange spin distribution

is calculated via the quantities ∆s = s ↑ +s̄ ↑ −s ↓ −s̄ ↓. However, HERMES

collaboration have measured ∆s as 0.03±0.03±0.01 [9]. NuTeV collaboration [10] at

FermiLab predicted the non-zero value of the quark contribution to the spin of nucleon

via the strange-quark content ratio which is the fraction of nucleon momentum that

is carried by strange quarks to that carried by non-strange quarks 2(s+s̄)

u+ū+d+d̄
= 0.477±

0.063±0.053 [11]. This ratio implies the existence of strange quarks in the sea. Thus,

in the present chapter, we investigate the strange sea of the nucleonic system in detail.

R. Bijker et al. [12] have concluded that a strange quark-antiquark pair contributes
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very slightly to the magnetic moment of the nucleon and also have suggested that

the inclusion of higher Fock components is very small. Despite much experimental

and theoretical data, the spin content of the nucleon is still not clearly understood.

At present there are phenomenological models available in hand, whose domains of

validity must be checked using the available experimental data. It is a well-known

fact that hadrons can be assumed as an ensemble of quark-gluon Fock states. The

composition of nucleons in terms of quark-gluon degrees of freedom has been modeled

in chapter II in statistical way to gather information about the sub-structure of

nucleons and various low energy properties. The effect of sea on nucleon properties

such as weak decay coupling ratios, magnetic moments and masses can be studied via

these models. Our goal is to extend the basic statistical model described in chapter II

so as to include the strange and non-strange Fock states and calculate the relevant

probabilities in flavor, spin and color. As described earlier in chapter II, Zhang et

al. [13] calculated probabilities in flavor space based on statistical approach without

introducing any external parameter to find the ū − d̄ asymmetry of the sea. Thus,

we can think of an extension of approach defined by Zhang et al. [13] in such a

way so as to include the Fock states with strange quark-antiquark pair in the sea.

The modified expressions for calculating the relevant probabilities using principle of

detailed balance are mentioned in the next section. The nucleonic state is expanded

in a complete set of quark-gluon Fock states as:

| p⟩ =
∑
i,j,k,l

Ci,j,k,l | uud, i, j, k, l⟩ (3.1)
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where i is the number of uū pairs, j is the number of dd̄ pairs, l is the number of ss̄

pairs and k represents the number of gluons. The probability of finding the proton

in the Fock states | uud, i, j, k, l⟩ is ρi,j,k,l =| Ci,j,k,l |2 and satisfies the following

normalization condition
∑

i,j,k,l ρi,j,k,l = 1. The complete version of the above wave-

function for spin-up proton consisting of three quarks in the core and quark-antiquark

pairs and gluons in the sea in such a way that it maintains the total antisymmetry

of the proton which is mentioned in equation(2.11) in section II of chapter II. The

basic statistical model and its relevant details are already described in chapter II.

This approach is applied to explore the structure of proton in terms of quark-gluon

Fock states. The basic model is named as Model ”C”. The confining forces among

the constituents play a significant role in determining the low energy observables and

this fact forces us to check the stability of statistical approach with respect to certain

modifications. Model ”P” is based on the constrain that a quark-antiquark pair can

reside in the form of colorless pseudo-scalar Goldstone bosons which may appear

because of soft gluonic exchange interactions and spin-flip processes. These internal

pseudoscalar bosons contribute to some additional symmetry in the quark-gluon Fock

states and the sea is no-longer active participant now. To compensate for the odd

parity of qq pair, one of the gluons is assumed to be in TE(Transverse Electric) mode

while the other is assumed to be in TM(Transverse Magnetic) mode. In this model,

decomposition of Fock states leads to equivalence among a single gluon Fock state

and states with any number of (qq) with g. The assumption for two gluon states is

similar. A state with a single quark-antiquark pair is assumed to be a color-singlet

state carrying spin 1 and states with two qq pairs have zero spin and color singlet

states. Model D assumes the suppression of Fock states with higher multiplicities. A
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sea with greater color multiplicity has a lower probability of survival because of the

larger likelihood of interaction. This model can be assumed to be a special case of

model ”C” in which suppression can be achieved by assuming that the probability of

a system in a spin and color sub-state is inversely proportional to the multiplicity of

the state.

3.2 Principle of Detailed Balance

Assuming hadrons as a complete set of quark-gluon Fock states, principle of detailed

balance is concerned with calculation of probability of every Fock state inside the

hadrons. It assumes that equal probability for arriving in from one state is equal

to probability of leaving out. The composition of hadrons is expanded by Fock state

description in terms of complete set of quark-gluon Fock states as

| h⟩ =
∑
i,j,l,k

ci,j,l,k | {q}, {i, j, l}, {k}⟩ (3.2)

where {q} represents the valence quarks of the baryon,i is the number of quark-

antiquark uu pairs, j is the number of quark-antiquark dd, k is the number of gluons

and l can be the number of ss pairs. The density operator of the ensemble is:

ρ̂ =
∑
i,j,l,k

ρi,j,l,k | qqq, i, j, l, k⟩⟨qqq, i, j, l, k |
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Taking the hadron system as an ensemble of Fock states where ρi,j,l,k is the probability

associated to find the quark-gluon Fock states

ρi,j,l,k =| ci,j,l,k |2 (3.3)

Also, ρi,j,l,k satisfy the normalization condition
∑

i,j,l,k ρi,j,l,k = 1. We apply the

principle of detailed balance to find the probability distributions where the balancing

of any two ensembles with each other can be expressed in the form

ρi,j,l,k | {q}, {i, j, l, k}⟩ ⇐⇒ ρi′,j′,l′,k′ | {q}, {i′, j′, l′, k′}⟩

The transition between two states involve two kinds of processes: splitting and recom-

bination. In the splitting process, the transition probability is proportional to number

of partons splitting in that state. This leads to Rq=⇒qg ∝ Nq and Rg=⇒qq̄ ∝ Ng. The

recombination processes involves the transition probability depending upon the num-

ber of two kinds of partons that recombine to form a final state. Thus, it can be

stated that Rqg=⇒q ∝ NqNg and Rqq̄=⇒g ∝ NqNq̄. These probabilities in flavor space

is further needed to calculate probabilities in spin and color space [14] [15]. The

decomposition of baryonic states in various quark-gluon Fock states with relevant

operators acting on the valence and sea part is used to find probabilities for all pos-

sible spin and color sub-states so as to produce spin 1
2
and color singlet state of the

baryon. The procedure can be applied to states like | uug⟩, | ddg⟩, | ssg⟩, | uudd⟩, | gg⟩

etc. Moreover, non-zero mass of s-quark limits the free energy of gluon and hence

the states with strange quark-antiquark pairs are assumed to be less probable. To

accommodate the strange quark and to allow processes such as g ⇐⇒ ss̄, we should
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have a system with energy greater than twice that of the strange quark mass. For

this, we first extend the principle of detailed balance to obtain the probability of each

Fock state that include ss̄ content with due consideration of the mass of the strange

quark. Three types of processes must require balancing.

(i) When q ⇔ qg is considered: The addition of s⇔ sg gives the general expression

of probability as follows:

ρi,j,l,k
ρi,j,l,k−1

=
1

k
(3.4)

(ii) When both the processes q ⇔ qg and g ⇔ gg are included. We can write

ρi,j,l,k
ρi,j,l,k−1

=
3 + 2i+ 2j + 2l + k − 1

(3 + 2i+ 2j + 2l)k + k(k−1)
2

(3.5)

(iii) When the processes g ⇔ qq are involved: The transition probabilities involving

g ⇔ qq depend upon the valence quark content and differ in all baryons. The gener-

ation of ss pair from gluons is restricted due to non-negligible mass of s-quark. The

constraint on the free energy of gluon comes in the form of factor k(1−Cl)
n−1 [16]

where k is the number of gluons and n represents the total number of partons present

in that state. Therefore, the splitting and recombination for the processes involving

g ⇔ qq undergoes SU(3) symmetric breaking in sea where q is for some heavier

quark flavor. In general, n = 3 + 2i+ 2j + 2l + k and Cl−1 =
2Ms

MB−sMs−2(l−1)Ms
, Ms

is the mass of s-quark and MB is the mass of the baryon.

| {q}, g⟩
1(1−C3

0 )⇐===⇒
2.1

| q, s̄s |

| {q}, uūg⟩
1(1−C5

0 )⇐===⇒
1.2

| q, uūs̄s |
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Generalizing to a number of gluons ”k” and numbers of quark-antiquark pairs ”i”,

”j” and ”l” for proton.

{| {q}, i, j, l − 1, k⟩}
k(1−Cn−1

l−1 )
⇐=====⇒

l.(l+1)
{| {q}, i, j, l, k⟩}

ρi,j,l,k
ρi,j,l−1,k

=
k(1− Cn−1

l−1 )

l(l + 1)

Suppose, initially no ss̄ is present and that the generation of one ss̄ pair require

gluon to have sufficient energy then the condition becomes:

| {q}, i, j, 0, k⟩
k(1−Cn−2l−1

0 )
⇐======⇒

1(1+1)
| {q}, i, j, 1, k − 1⟩

ρij1k−1

ρij0k
=
k(1− C0)

n−2l−1

1(1 + 1)

| {q}, i, j, 1, k − 1⟩
(k−1)(1−Cn−2l

1 )
⇐========⇒

2(2+1)
| {q}, i, j, 2, k − 2⟩

The go-out probability depends upon the number of partons that are present at that

time. The similar treatment can be extended until all gluons have been converted

into strange quark-antiquark pairs.

| {q}, i, j, k − 1, 1⟩
1(1−Cn−k−2

k−1 )
⇐======⇒

k(k+1)
| {q}, i, j, k, 0⟩

Thus,

ρi,j,l,0
ρi,j,0,l

=
(k(k − 1)(k − 2)...1)(1(1− Cn−2l−1

0 )(1− Cn−2l
1 )...(1− Cn−k−2

l−1 ))

k!(k + 1)!
(3.6)
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Generalizing it to ”k” number of gluons, the ratio becomes:

ρi,j,l,k
ρi,j,l+k,0

=
(k)(k − 1)−−1(1− C0)

n+k−2

(l + 1)(l + 2)−−− (l + k)(l + k + 1)
(3.7)

The condition of normalization,
∑

i,j,k,l ρi,j,k,l = 1 is used to determine the individual

probabilities which requires ρi,j,k,l to be expressed in terms of ρ0,0,0,0.

ρi,j,l+k,0

ρ0,0,0,0
=

2

i!(i+ 2)!j!(j + 1)!(l + k)!(l + k)!
(3.8)

Using the condition of normalization, the sets of individual probabilities of all Fock

states can be computed. The contribution to various Fock states in terms of proba-

bilities in flavor space using principle of detailed balance is mentioned below. The

entire table for all ρi,j,l,k in terms of ρ0,0,0,0 is shown in table 3.2. From the table 3.2,

it is clear that the presence of gluon in the sea gives rise to positive finite probabil-

ity for strange sea. Hidden strangeness can be said to be generated via the process

quarks → g → ss̄. The non-negligible mass of strange quark leads to constraint on

total number of strange quark-antiquark pair equal to one. Thus, we have Fock states

with number of strange quark-antiquark limited to one. The flavor probabilities in

the form of table given above is used to show graphically the variation of number of

ss̄ pairs with the mass of strange quark. The graph showing the variation of mass of

strange quark with the number of ss̄ pairs is shown in figure 3.1. With in the mass

range of 100-150 MeV, the number of ss̄ pairs lies in the range of 0.6−0.8 only. The

probabilities in spin and color space is calculated using the relevant multiplicities in

statistical model, the relevant operators act on the sea-part as well and the probabili-

ties in spin and color space are the outcomes of the active participation of sea quarks
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as well. Various multiplicities for all quark-gluon Fock states are mentioned in sec-

tion II of chapter II. The statistical model and several approaches to it are used to

identify the separate contributions from the scalar, vector and tensor sea. The table

given below presents the probabilities in flavor space and the common parameters in

different forms of statistical model. One table presents the ”common” parameters in

model ”C” and other for model ”D”. In case of strange sea, Fock states with a single

gluon Fock state shows a remarkable decrease in probability due to possibility of a

gluon into strange quark anti-quark pair. The Fock states with more than one gluon

shows an increasing trend because of the restriction of single strange-antiquark pair

can be accommodated in the sea. The common factors are calculated from the spin

and color multiplicities and depends indirectly on flavor probabilities too.

Table 3.1
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50 100 150 200 250 300 350 400
Mass of strange quarkHMeVL

0.2

0.4

0.6

0.8

1.0

Number of s-quark

Figure 3.1 The number of ss̄ pair Vs mass of strange quark(MeV)

i j l ρi,j,l k=0 k=1

0 0 0 ρ0,0,0 0.095 0.045

0 0 1 ρ0,0,1 .... 0.095

0 1 0 ρ0,1,0 0.047 0.014

1 0 0 ρ1,0,0 0.032 0.009

0 1 1 ρ0,1,1 0.014 0.047

1 0 1 ρ1,0,1 0.032 0.032

1 1 0 ρ1,1,0 0.029 0.03

1 1 1 ρ1,1,1 0.015 ....

0 2 0 ρ0,2,0 0.032 0.014

2 0 0 ρ2,0,0 0.039 0.007

Table 3.1 Table for flavor probabilities with strange sea

Computed values of co-efficients in the three models and in two forms (with ss̄ and

without ss̄) in the model C, P and D are given below where model ”P” assumes sea
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as an inactive contributor, so the inclusion of the strange quark does not modify the

results. These co-efficients carry the utmost importance in themselves because these

co-efficients are identified with over-all probability of Fock states.

Table 3.2

States Without ss̄ With ss̄

Probability Value of c Value of d Probability Value of c Value of d

| gg⟩ 0.082 0.005 0.039 0.070 0.004 0.034

| uūg⟩ 0.055 0.002 0.020 0.009 0.003 0.003

| dd̄g⟩ 0.083 0.003 0.028 0.014 0.0004 0.005

| ss̄g⟩ ...... ..... .... 0.096 0.0099 0.0047

| uūdd̄⟩ 0.029 0.0009 0.010 0.016 0.0005 0.0056

| dd̄dd̄⟩ 0.015 0.0009 0.007 0.032 0.014 0.004

| ggg⟩ 0.032 0.0046 0.024 0.045 0.0064 0.0038

| uūss̄g⟩ ..... .... .... 0.032 0.00049 0.020

| dd̄ss̄g⟩ .... ..... .... 0.048 0.0007 0.0016

| dd̄dd̄g⟩ 0.015 0.0013 0.003 0.014 0.00011 0.0068

| uūgg⟩ 0.03 0.0002 0.019 0.014 0.0001 0.03

| dd̄gg⟩ 0.045 0.00038 0.0096 0.020 0.00017 0.045

| ss̄gg⟩ .... ..... ..... 0.052 0.0004 0.011

| uūuū⟩ 0.007 0.00045 0.0034 0.004 0.009 0.002

| uūdd̄ss̄⟩ ..... ..... .... 0.015 0.0014 0.055

| g⟩+| qq̄⟩ 0.350 ..... .... 0.220 ..... .....

Table 3.2 Multiplicities of various Fock states
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Table 3.3

Sr. No. Co-efficients Statistical Model withoutss̄ Statistical Model with ss̄

C P D C D

1. a0 1 1 1 1 1

2. a8 0.520 0.470 0.200 0.970 0.230

3. a10 0.082 0.150 0.076 0.400 0.090

4. b1 0.120 0.200 0.470 0.490 0.610

5. b8 1.760 1.120 0.050 1.580 0.059

6. b10 0.190 0.260 0.064 0.590 0.073

7. d8 0.850 0.790 0.055 0.680 0.074

8. c8 0.240 0.300 0.350 1.090 0.410

Table 3.3 The computed values of the co-efficients

3.3 Nucleonic Parameters at Low Energy

A nucleon is described as composed of three valence quarks surrounded by quark-

gluon sea multi-connected to each other. This sea plays an important role at long

distance scales. This sea is filled with quark-antiquark pairs (uu, dd, ss) and the im-

portance of sea is realized from the fact that half of the nucleon spin can be carried by

gluons. The overall spin of nucleon also receives contribution from quark-antiquark

pairs in the sea. The strange quark-antiquark pairs present in the sea also provides

contribution to the total spin of nucleon. Polarized quark distribution function in
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the nucleon when integrated over x yields the fraction of spin carried by the quarks

i.e. ∆q =
∫ 1

0
∆q(x)dx where q(x) and ∆q(x) are interpreted as probability of finding

the unpolarized and polarized quark with a certain flavor in the nucleon. ∆q + ∆q̄

is called the axial charge of the nucleon. The fraction of spin carried by quarks is

predicted in the form of three flavors with u, d and s quark. Although the overall

strangeness to the nucleon is zero, but there can be a non-uniform distribution of

strangeness due to strange sea. The strange quark contribution to sea is studied

using polarized deep-inelastic scattering experiments of the electrons or muons from

nucleons. The spin polarization measurement can be made to archive by two struc-

ture functions g1(x,Q2), g2(x,Q2) respectively. As mentioned in the chapter II,the

first moment of proton is defined as:

Γ1 =

∫ 1

0

g1(x)dx (3.9)

Under the assumption of SU(3) symmetry, the axial vector current in spin 1
2
baryon

octet can be rewritten in terms of matrix elements a0,a3 and a8 as follows:

Γ1(p) =
1

12
(±a3 +

1√
3
a8) +

1

9
a0

= ±(∆u−∆d) +
1

36
(∆u+∆d− 2∆s) +

1

9
(∆u+∆d+∆s)

The above expression highlights the importance of polarized spin quark densities

∆u,∆d and ∆s respectively. The spin structure function Γ1(p) is also important,

as it could further be utilized to obtain the three matrix elements a0, a3 and a8 under

SU(3) flavor symmetry. It is also written in terms of the polarized quark and anti-

quark densities. The matrix element a0 gives the contribution ∆Σ = ∆u+∆d+∆s.
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An SU(6) model predicts the value of ∆Σ to be 0.75 but the polarized DIS scattering

experiments find this flavor singlet axial current value to be 0.27 [17]. This chapter

is dedicated to the analysis of the spin polarized densities from the three quarks indi-

vidually. The strange quark spin distribution is an open challenge from recent years

for phenomenologist as well as experimentalists. Thus, we check the validity of the

different models C, P and D to find the distribution of spin among the constituent

quarks. In first case, the flavor singlet axial current coupling constant is calculated

assuming that there is no sea content. In this case, the flavor singlet axial current

coupling constant reads the values same as in conventional quark model results. In

addition to this, the individual spin polarized densities for u and d quark in first

case also produces the same results matching with the non-relativistic quark model

results. Further, to check the contributions from strange and non-strange quark po-

larized spin densities, strange sea is being added. Table 3.3 provides the results for

axial coupling constants and quark spin content of the nucleon and their comparison

with the experimental results and non-relativistic quark model. We see in table 3.3

that strange quark contributions are although very negligible but the value comes out

to be different from zero when the strange sea is included in the sea. Non-strange

quark spin content is also giving closer results to the experimental data. The flavor

singlet axial current coupling constant is the quark spin content of the nucleon and

DIS scattering experiments read its value very less than that of non-relativistic quark

model. This anomaly is better known as proton spin crisis. When the strange sea

is added in the sea, this value is found to be closer to the experimental value. This

comes as a surprise to previous quark model predictions and it can be claimed that

strange sea is an important part of the nucleonic structure.
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Table 3.4

Without strange sea With strange sea NRQM Experiments

∆u 0.65 0.78 4
3

0.82 [6]

∆d -0.21 -0.37 −1
3

-0.44 [6]

∆s 0 -0.03 0 -0.10 [6]

g0A = ∆u+∆d+∆s 0.44 0.38 1 0.28 [17]

g8A = ∆u+∆d− 2∆s 0.44 0.47 1 0.754 [18]

Table 3.4Polarized quark spin densities

The polarized s-quark distribution at Q2 = 2.5(GeV
c
)2 is compatible with ∆s =

0.03± 0.03± 0.01 [19]. But the results are said to be affected by a large amount of

corrections due to di-quark fragmentation.

3.3.1 Importance of Sea Contributions to Nucleons

The statistical model provides us the feature to check the effect of individual contri-

butions of the different Fock states of sea. Each Fock state has associated probability

which helps to analyze the importance of various states of sea contributions. This

section also highlights the effect of suppressing the contribution from scalar and vec-

tor sea in statistical model and vice-versa. The table 3.5 shows the comparison of

the calculated magnetic moment ratios, spin distribution and weak decay coupling

constant for nucleons in different approaches (C,P,D) of the statistical model and

the simple quark model.

Table-3.5
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Para Stat Model Without SQM Without Stat Model Exp.

meters (all sea) scalar and (all sea) scalar with strange Results

tensor sea and tensor sea

C P D C P D C D

α 0.216 0.297 0.299 0.255 0.285 0.378 0.214 0.341 0.19 0.26

β 0.07 0.08 0.081 0.092 0.10 0.11 0.039 0.074 0.061 0.073

µp

µn
-1.4 -1.47 -1.46 -1.37 -1.38 -1.46 -1.59 -1.53 -1.41 -1.46 -1.46 [20]

gA
gV

0.86 1.13 1.14 1.04 1.16 1.45 0.76 1.26 0.75 1.02 1.25± 0.03 [20] [21]

F
D

0.61 0.65 0.65 0.58 0.59 0.64 0.73 0.68 0.61 0.59 0.575± 0.016 [20] [22]

Ip1 0.132 0.184 0.185 0.155 0.173 0.233 0.136 0.215 0.115 0.16 0.127± 0.004 [23]

I1n -0.011 -0.043 -0.047 -0.018 -0.019 -0.008 0.009 0.005 -0.01 -0.006 -0.030 [23]

Table 3.5 Table showing static properties in various cases

The static properties (obtained without ss̄ and with the strange quark conden-

sates) in all of these approaches are shown in table 3.5. To check the contributions

from the scalar sea alone, we suppress the vector and tensor sea contributions and

we use a similar approach to find the individual contributions from the vector and

tensor sea. As the sea part is dominated by the emission of virtual gluons, we can

expect b8 and c8 to be more dominant. If only the vector sea is assumed to contribute,

then nucleonic properties such as the coupling constant ratios and F
D

ratios are pri-

marily affected by parameters b8 and c8 for sea without strange quarks. It can be

seen from table 3.5 that for the simple quark model, if we consider non-zero scalar

and tensor sea contributions from the available statistical data then the percentage

error increases to 7− 8% except in case of the spin distribution of the nucleons for
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which deviation decreases from ∼ 58% to 6 − 7% approximately. The tensor sea

appears to be less dominating because of quark spin-flip processes but cannot be ne-

glected in all cases. The vector sea plays an important role in determining values

that are close to those found in experiments. Some of the properties such as the

spin distribution and gA
gV

ratio seem to be more strongly affected by changes in the

values of these coefficients. The extent, to which the sea contribution affects the

nucleon properties, is illustrated in table 3.5. For instance, when the scalar and ten-

sor sea are neglected in statistical model(C, P, D)and the simple quark model, the

magnetic moment ratio deviates by 6% from experimental data [20] shown in table

3.5. The weak decay matrix element ratio deviates by 30 − 40% from the original

value when the sea contribution is included in statistical model as well as in simple

quark model. However in this case, when the sea is excluded, the ratio is fairly sim-

ilar to the experimental results, the deviation is 0 − 17%. The F
D

ratio is closer to

the experimental data when the sea is excluded in all the approaches but when the

sea is taken into account, the statistical approach yields much better results, the C

model in particular performs better than the other. As we go from the simple quark

model to statistical, the sea becomes the dominant contributor to the spin distribu-

tion, therefore, the results are better matched to the experimental results in the latter

case. A similar observation holds when we move from the exclusion of the sea to

the inclusion of the sea in C model. The inclusion of strange quark condensates

in the sea produces results that are more similar to experimental observations. The

extension of the principle of detailed balance can be compared to flavor asymmetry

with a value 0.71 and 0.124 for u
d
and ū− d̄, respectively [24] which have been found

to be agreed well with the experiments and with other theoretical models. Also, Gao
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and Ma [25] showed that neutrino induced DIS experiments can be more sensitive

towards strange quark-antiquark asymmetry. The principle of detailed balance finds

the values of strange quark content ratio to be 2s
(u+d)

= 0.37; 2s
(u+d)

= 0.03 which are

found to be agree well with results of the NuTeV Collaboration [11].

3.4 Graphical Analysis of Low Energy Observ-

ables

Moreover, a graphical analysis of low energy properties with respect to different pa-

rameters like a8, a10, b1, b8, b10 is shown in figure 3.2 for strange as well as non-

strange sea. The importance of these parameters lie in the fact that they are directly

related with the various probabilities of quark-gluon Fock states. Here to check the

contributions from the scalar sea, we suppress the vector and tensor sea contributions

and apply the similar approach to find the individual contributions from vector and

tensor sea. The graphical analysis for sea with strange and non-strange quarks shows

that weak decay coupling constant ratio decrease to a large extent for the parameter

a10 but axial vector matrix element shows a sufficient increase with increasing value

in a10. This shows the significance of parameter a10. The graphical interpretation

shows that maximum variation of parameters can be seen either due to suppression

of vector sea or the parameters a8 and a10. As the sea part is dominated by emission

of virtual gluons so we can expect b8 and c8 to be more varying in nature for strange

as well as non-strange sea. If only vector sea is assumed to be dominating, nucleonic

properties like coupling constant and F
D

ratios are mainly affected with parameters

b8 and c8 for sea constituents. This may be due to the reason that the probability
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for g ⇔ ss̄ affects the emission of virtual gluon. Tensor sea appears to be less dom-

inating due to quark-spin flip process but cannot be neglected in all cases. Some

of the properties like gA
gV

are the most affected by the change in the values of these

coefficients. Thus, it can be stated that the distribution of spin among the quarks get

influenced by the change in probability of various quark-gluon Fock states .

3.5 Conclusion

Thus, we study a statistical model that assumes that the sea contains an admixture

of gluons and quark antiquark pairs in addition to the three valence quarks. This

statistical approach is based on the principle of detailed balance [13]. The calcu-

lation for strange quark is based on application of constraint with a mass of 110

MeV and analysis is summarized in for three different versions of statistical model

C, P and D. Our calculations hold for the scale of order 1GeV 2. The comparison of

our data in different cases to the corresponding experimental results demonstrates

that although the strange contribution in sea is negligible, yet its effects can still

be seen in the data of the static properties. The inclusion of strange sea yields re-

sults that are closer to the experimental observations. The strange contribution to

various static properties is also mentioned in the table. The sum of the probabili-

ties of Fock states in flavor, spin and color space(model D) with the strange sea is∑
s̄sg+s̄s+s̄sggP(flavor,spin,color)=0.099. This small value suits the recent experimen-

tal data [30], [32] that indicates the strange sea contribution is very small. Moreover,

the suppression of higher Fock components in the sea is applied in model D. Model D

includes more dynamism than the other considered models and thus produces data in
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Figure 3.2Low energy parameters for nucleons vs coefficients contributing
to various types of sea

a more authentic manner when strange sea is being considered. This may be due to

the reason that states with larger number of gluons are having corresponding smaller

probabilities and approximate with saturated gluons. The saturated gluons possess

a color neutrality scale known as saturation scale. The uniqueness of the statistical

framework lies in the fact that the same model is expected to work well for all spin

1
2
strange baryons. Additionally, the individual probabilities from all Fock states can

be obtained allowing to check the impact of the presence of various possibilities of

sea configurations to be investigated individually.
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Chapter 4

Hyperonic Properties in Statistical

Model

4.1 Introduction

The discovery of strange particles brought a new additive quantum number to the

hadronic physics. These particles appeared in pairs during proton-proton collisions

and had an unexpected large life-time. In order to have a deeper understanding of

strange hadrons at low energy, it becomes substantially important to have a detailed

knowledge of the structure. The properties and interactions of ground state baryons

are essential to understand those of the atomic nuclei or of more exotic kinds of sys-

tems like the strange matter, which is believed to play a key role in the macroscopic

properties of astrophysical objects, e.g. neutron stars. Besides that, baryon phe-

nomenology allows to study the non-perturbative regime of Quantum Chromodynam-

ics (QCD). In spite of hard efforts to study baryon spectra, we do not have complete

information about several resonances observed at different experiments. The unstable
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nature of these particles and the non-perturbative aspects of QCD put constraints on

a detailed view of the structure. Recently, cascade physics and its related researches

are getting their importance and the interest is increasing for the experimentalists.

KTeV Collaboration [1] and NA48/1 Collaboration [2] reported the new activities

in weak decays of Ξ0 hyperons. Also, recent research activities on Ξ resonances in

relativistic heavy-ion collisions can be found in Ref. [3]. In addition, the cascade

physics program of the CLAS Collaboration at the Thomas Jefferson National Ac-

celerator Facility has been launched and some preliminary results has already been

reported [4] [5] [6]. The purpose of this program includes searching for and confirm-

ing Ξ resonances as well as understanding their properties through electromagnetic

production processes. Thus, many of the models are predicting various resonances

in strange baryonic spectrum. It is a well known fact that hadrons are a composite

system of quarks and gluons with three core quarks and a cluster of different flavors

of quark-antiquark and gluons. The sea content of hadrons has always been of special

interest for particle physicists since last 20 years. Presently, there are various ways

(experimental as well as theoretical) to measure or calculate the quantities related to

spin and flavor structure of nucleons. One of the most suitable ways is through the

study of lambda. This is the lightest particle with one strange quark in valence part.

A detailed knowledge of Λ and Λ̄ polarizations are potentially a powerful tool for

probing s and s̄ quark densities of nucleons. The non-zero polarizations of strange

quark in nucleons comes from violation of Ellis and Jaffe sum rule [7]. Moreover,

experimental results and SU(3) flavor symmetry tell us that the contribution from

non-strange and strange components to the spin of lambda is in the ratio 4:6. u and

d quarks have negative polarizations but in several models, it has also been claimed
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that SU(3) breaking at large x can also lead to change of sign of polarizations [8–10].

Lambda differs from that of proton due to presence of strange quark in valence part

which leads to SU(3) breaking corrections. This motivates us to throw some light on

the spin and flavor structure of lambda. The importance of spin structure of lambda

also lies in the fact that it acts as a frontier for studies strange quark-antiquark

symmetry of nucleon sea which can be justified from decays of lambda. Various phe-

nomenologist have suggested different kinds of models [11,12] to study the details of

spin and quark content for Λ and other hyperons. B. Q. Ma et al. suggested that

the charged baryon such as Σ+ may be used as a beam to measure the structure if

the structure of target is completely known. Thus, flavor asymmetries for the va-

lence and sea quarks of the Σ± can be obtained from Drell-Yan experiments using

charged hyperon beams on proton and deuteron targets. Mary Alberg [13] predicted

that flavor asymmetry for Σ+ is expected to be larger than the proton. It is very

interesting to note that flavor asymmetry for Σ+ baryons in a model based on meson

cloud, the excess of ū over d̄ has been found to be in comparison to SU(3) predic-

tions. From the above observations, a substantial interest is generated in studying

the flavor asymmetry and spin structure of hyperons.

4.2 Principle of Detailed Balance Revisited for

Hyperons

The statistical approach finds the individual contributions from strange and non-

strange components of all strange baryonic systems. This approach assumes that

the hadrons can be expanded in terms of the quark-gluon Fock states. Principle of
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detailed balance [14] assumes balancing of splitting and recombination of all Fock

states inside the hadrons. This principle can provide the probability associated with

each Fock states where each Fock state can be written as | {q}, {i, j, l, k}⟩. {q}

represents the valence quarks and {i, j, l, k} refers to number of quark-antiquark pairs

and gluons. The details of the procedure for calculation of probabilities of various

Fock states is already mentioned in the section II of chapter III. The generation of

ss pair from gluons is restricted to either one or two due to non-negligible mass

of s-quark. The constraint on the free energy of gluon comes in the form of factor

k(1−Cl)
n−1 [14] where k is the number of gluons and n represents the total number

of partons present in that state. Therefore, the splitting and recombination for the

processes involving g 
 qq undergoes SU(3) symmetric breaking in sea where q is

for some heavier quark flavor. In general, n = 3 + 2i + 2j + 2l + k and Cl−1 =

2Ms

MB−sMs−2(l−1)Ms
, Ms is the mass of s-quark and MB is the mass of the baryon.

ρi,j,l,k
ρi,j,l+k,0

=
(k)(k − 1)−−1(1− C0)

n+k−2

(l + 1)(l + 2)−−− (l + k)(l + k + 1)
(4.1)

The above expression produces all the probabilities in the form of ratios which can

be expressed as:

Baryon Expression

Σ0orλ0(uds)
ρi,j,l+k,0

ρ0,0,0,0
= 1

(i)!(i+1)!(j)!(j+1)!(l+k)!(l+k+1)!

Σ−(dds)
ρi,j,l+k,0

ρ0,0,0,0
= 2

(i)!(i)!(j)!(j+2)!(l+k)!(l+k+1)!

Σ+(uus)
ρi,j,l+k,0

ρ0,0,0,0
= 2

(i)!(i+2)!(j)!(j)!(l+k)!(l+k+1)!

Ξ0(uss)
ρi,j,l+k,0

ρ0,0,0,0
= 2

(i)!(i+1)!(j)!(j)!(l+k)!(l+k+2)!

Ξ−(dss)
ρi,j,l+k

ρ0,0,0,0
= 2

(i)!(i)!(j)!(j+1)!(l+k)!(l+k+2)!
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Table 4.1 Probability Expressions

These probabilities in flavor space is further needed to calculate probabilities in spin

and color space [15,16]. Our aim is to calculate individual contributions from strange

as well as non-strange components inside the Jp = (1
2
)+ baryonic states. The non-

negligible mass of strange quark enters while calculating the probability of all the Fock

states. Chiral symmetry for strong interactions is almost exact in the light of u and

d flavor sector, but it becomes approximate when strangeness is included in the sea.

The role of strange quark mass in the structure of baryon is to break the SU(3) sym-

metry in the baryon spectrum. Thus, we are motivated to explore the sea content and

its contribution to the various properties of baryon octet. Several models present the

effect of symmetry breakings via various ways. Yang et al. [17] studied the hyperon

polarization effects and claimed that the experimental data on hyperon polarization

seems to favor the theoretical predictions of SU(3) symmetry breaking. The Chiral

quark soliton model studied breaking in SU(3) by describing the baryons as rotating

solitons adiabatically in flavor space. This model uses a collective Hamiltonian term

which includes the flavor rotation degrees of freedom and strange mass correction

linear in Ms [18]. On the other hand, chiral constituent quark model in ref. [19]

adds the strange quark mass contribution to the weak decay ratios by considering the

Goldstone boson masses as non-degenerate. Various phenomenologist have suggested

different models [20] [21] [22] [23] [24] to extract Vus from semi-leptonic decays but

different models have their own limitations. A high-precision measurement of axial-

vector coupling ratios like Σ− → n [30] and Λ → p [31] demands an approach for the

analysis of SU(3) breaking in detail. In fact, the ratio g1
f1

in the limit of SU(3) break-

ing matches with the latest data of the NA48/1 Collaboration [32]. Various stud-
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ies [18], [19], [20], [21], [22], [23], [24], [28] [29], [25], [26], [27] on SU(3) breaking

for the matrix elements F and D, suggest the importance of strange mass corrections

in the static properties of baryon. Avenarious [28] suggested that SU(3) symmetry

breaking in constituent quark level gives F
D
= 0.73±0.09, which is larger than that of

SU(3) symmetric value 0.59± 0.02. Ratcliffe [29] using weak decay ratios compared

the values of F and D in both the cases and claimed that the difference of these two

values is found to be 0.012. In order to have an accurate prediction of matrix ele-

ments F and D, elaborated data related to the individual contribution of the valence

and the sea quark gluon Fock state is needed. In light of the above investigations, we

studied the SU(3) symmetry breaking effects using statistical approach. The discus-

sion given below is associated with both ∆s = 0 and ∆s = 1 decays. To study SU(3)

breaking in detail, we need to incorporate the effects of strange quark mass into the

probabilities associated with these Fock states. Thus, we choose a framework where

the constrains due to non-negligible mass of strange quark in terms of the state den-

sities is calculated from principle of detailed balance [14]. The unique combination

of possible states forming baryon wave function with strange mass corrections in the

valence and the sea part leads to justified analysis of the quark dynamics.

4.3 SU(3) Symmetry for Static Properties of

Strange Baryons

The importance of spin structure of baryons also lies in the fact that it acts as a

frontier for the studies related to strange quark-antiquark asymmetry of nucleon sea

which can be justified from decays of lambda. Baryons with spin 1
2
are assigned
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to a SU(3) flavor octet to deduce the relations between weak matrix elements and

spin distribution densities. Naive quark model predicts that all the spin for lambda

baryon is carried by s-quark, the contribution from u, d quarks are zero but the recent

studies are in favor of non-zero contribution from u and d quark too. Under SU(3)

flavor symmetry, the matrix elements can be calculated using current algebra, already

discussed in chapter II. The current operator for axial vector is Jσ
µ = ψ̄γµγ5λ

σ
2ψ,

where σ = 0 to 8 with ψ as the quark-field triplet and ψ̄ as the conjugate quark

field. The baryon states are constructed with each matrix element of the octet axial

currents for Bj and Bk so that

⟨Bj | Jσ
µ | Bk⟩ = Dtr(J i

µ{Bk, B̄J}) + Ftr(J i
µ[Bk, B̄J ]).

F and D couplings are proportional to structure constant fijk and symmetric invari-

ant tensor dijk where fijk and dijk are usual SU(3) group structure constants. The

experimental values for F and D come out to be 0.46 and 0.80 respectively [33]. The

two reduced matrix elements F and D can also be related to polarized quark distribu-

tions ∆q. F and D can be related to (α, β) in the statistical model via the relation

F = 3α
2

and D = 3(α+2β)
2

. From the semi-leptonic decays like B → B
′
eν, all bary-

onic vector and axial coupling constant ratios can be related to F and D and also the

parameters of the statistical model. For each baryon, the SU(3) symmetry analysis

provides the relation between the spin-polarized densities and the axial-vector matrix

elements. The axial vector coupling constant ratio gA
gV
(Σ− → n) = F−D = ∆d−∆s,

gA
gV
(n → p) = F + D = ∆u − ∆d and other decay ratios are also defined in terms

of the F and D. For each baryon, the SU(3) symmetry analysis provides the rela-
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tion between the spin-polarized densities and the axial-vector matrix elements. The

relative expressions for SU(3) symmetric case are defined in section-IV in chapter

II.

4.4 SU(3) Symmetry Breaking in Sea and Valence

The importance of studying symmetry breaking has already been mentioned previ-

ously. In our case, strange sea being an active contributor to the static properties

of baryon, it becomes essential for us to check the impact of symmetry breaking both

in sea as well as valence quarks. The table 4.3 and 4.4 depicts the effect of strange

mass corrections in two different cases.

(i) When strange mass corrections are applied to sea containing strange quark-

antiquark pair,

(ii) When strange mass corrections are applied to both sea and valence.

Flavor breaking in sea is said to be broken by mass difference between u- and s-

quark. Need for broken sea in SU(3) comes from the sufficient higher value of mass

of strange quark. Strange quark mass limits the exchange of gluon into strange

quark and antiquark pair. We, therefore, propose to include SU(3) breaking in sea

for spin 1
2
strange baryons like lambda and other hyperons. In order to include sea

contribution, the probability in flavor space was calculated using principle of detailed

balance [14]. The details of the processes have been included in the section II of

chapter III. The general expression for calculating the probability from this princi-

ple includes breaking effects for SU(3) while calculating free energy of gluons. Free

energy of gluon is restricted by factors such as k and Cl which shows dependence of
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mass of strange quark. Thus, the statistical method with broken sea calculates new

values of α and β and information about the spin and semileptonic decay constants

can be obtained from these two universal parameters. Several static properties are

calculated in both the cases. One of the most peculiar feature of nuclear structure is

that sea exhibits a kind of flavor asymmetry. The excess of d̄ over ū in case of proton

is predicted experimentally [34] and phenomenologically [14]. The evidence for this

kind of asymmetry comes from Deep-Inelastic scattering and Drell-Yan experiments.

Similar kind of asymmetry can be expected for sigma hyperons composed of uus and

dds quarks. Thus, it becomes interesting to check above said arguement by using

principle of detailed balance. Principle of detailed balance [14] is very much sucess-

ful in explaning the flavor asymmetry of proton. The same principle with addition of

strange quark-antiquark pairs in the sea exclusively calculates the ū− d̄ asymmetry.

Another constraint is applied here by limiting the maximum number of ss̄ pairs as

1 − 2 due to momenta and mass of s-quark which limits the gluons to have larger

free energy. The table given below presents the results for flavor asymmetry of the

sea for sigma and lambda baryons with spin 1
2
.

Baryon ū d̄ ū− d̄

Σ+ 0.315 0.723 0.408

Σ− 0.712 0.316 0.396

Σ0 or Λ 0.439 0.439 0

Table 4.2 Flavor Asymmetry

Table 4.3 lists all the calculated values of above mentioned properties and com-

pares with the results from other phenomenological models.

Table 4.3



4.4 SU(3) Symmetry Breaking in Sea and Valence 121

Co-efficients a8 a10 b1 b8 b10 c8 d8 F D

Σ− 0.20 0.09 0.54 0.51 0.06 0.32 0.06 0.41 0.65

0.18 0.06 0.36 0.58 0.04 0.41 0.04 0.44 0.72

Σ+ 0.22 0.09 0.56 0.66 0.07 0.46 0.07 0.40 0.63

0.17 0.06 0.35 0.74 0.04 0.52 0.04 0.46 0.75

Σ0 0.20 0.09 0.54 0.29 0.07 0.18 0.06 0.41 0.64

0.17 0.06 0.35 0.74 0.04 0.52 0.04 0.46 0.75

Ξ0 0.20 0.09 0.53 0.16 0.06 0.16 0.06 0.41 0.63

0.19 0.07 0.42 0.30 0.05 0.21 0.05 0.51 0.77

Ξ− 0.23 0.1 0.16 0.52 0.08 0.52 0.07 0.41 0.64

0.19 0.07 0.42 0.5 0.05 0.50 0.046 0.47 0.64

Table 4.3 Parameters for spin 1
2
strange baryons in SU(3) symmetric sea

and its breaking

It is clear that from the table 4.3 that the contributions from various parts of

the sea get reduced except for case of the spin-1 and color-octet sea. Thus, SU(3)

breaking in sea favors spin-1 and color-octet sea. This may be due to the lesser

splitting and recombination between gluon and a strange quark-antiquark pair. The

effect of breaking in the sea for axial-vector matrix elements and spin distribution has

been shown in tables 4.4 and 4.5. Conventionally, axial-vector coupling ratios gA
gV

are

directly expressed in terms of the weak decay matrix elements F and D. It is worth

to express the symmetry breaking effects in valence part in terms of conventional

parameters F and D and symmetry breaking parameter r. Here r can be stated as

the symmetry breaking parameter and defined as the r = µs

µd
[35] where µs is the
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magnetic moment of strange quark and µd is the magnetic moment of the d quark.

Clearly, ”r” involves a direct dependence of ms and m1 along with some constant

of proportionality. Here m1 = mu or md under isospin symmetry. An operator

ô = ΣiO
i
fσ

i
z is defined to find a suitable dependence on ”r” where oif depends upon

the flavor of ith quark and σi
z is the spin projection of ith quark. For the case of weak

decay coupling constant ratios, the operator for gA
gV

must include an isospin raising or

lowering operator in either of T, U and V space in case of SU(3)symmetry. But, for

the case of symmetry breaking corrections in valence part, the same isospin raising

or lowering operator must be accompanied by symmetry breaking operator ”r”. In the

case of breaking in SU(3), the eigenvalues obtained have the form of seven coefficients

and symmetry breaking operator ”r”, due to which the expressions modify in terms

of F, D and r. Once the eigenvalues are obtained for all the properties, it can be

expressed in the form of α and β. But we find it more useful to denote the semi-

leptonic decay ratios and the spin distribution of quarks in terms of more general

parameters, that is the weak decay matrix elements (F and D). gA
gV

is plotted against

”r” for each decay. The estimated value of ”r” from experimental values [37] for

semileptonic decays is depicted in figure 4.1. To find the unknown ”r”, the graph

for gA
gV

versus the parameter ”r” has been plotted for different strange baryons. The

experimental values for each decay is taken from Particle Data Group and values of

”r” are fitted from these experimental values. The best-fit value of ”r” is obtained

by using a suitable fitting algorithm and found to be ”r”=0.859. The best-fit value

of ”r” will give the theoretical results for spin distribution and weak decay constants,

provided that we know the axial-vector matrix elements calculated from the statistical

approach using the principle of the detailed balance. The results are discussed on the
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basis of the SU(3) broken sea. This study makes a platform for the analysis of the

low-energy properties of the strange baryons.
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Figure 4.1Graph between weak decay coupling constant Vs the parameter
”r”
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Hyperons Spin polarized Statistical model Chiral Quark Solitan Model

Densities Exact SU(3)breaking SU(3)breaking Exact SU(3) Symmetry

SU(3)symmetry (sea) (valence+sea) symmetry Breaking

Σ+ ∆u = 1
3
F (r + 6)− 1

9
Dr 0.81 0.87 0.99 +0.98± 0.023 +0.73± 0.17

∆d = −1
9
(D − 3F ) 0 0 -0.07 −0.02± 0.09 −0.37± 0.019

∆s = 1
3
F (r + 3)− 1

9
D(r + 9) -0.23 -0.26 -0.185 −0.29± 0.13 −0.18± 0.39

Σ− ∆u = −1
9
r(D − 3F ) 0 0.042 0.072 −0.02± 0.09 −0.18± 0.39

∆d = 1
3
F (r + 6)− 1

9
Dr 0.88 0.91 1.07 0.98± 0.23 +0.73± 0.17

∆s = 1
3
F (r + 3)− 1

9
D(r + 9) -0.22 -0.28 -0.18 −0.29± 0.13 −0.18± 0.39

Σ0 ∆u = −1
9
r(D) + Fr

3
+ F 0.41 0.46 0.44 +0.48± 0.16 +0.18± 0.08

∆d = −1
9
(Dr) + 1

3
Dr + F 0.41 0.46 0.44 +0.48± 0.16 +0.18± 0.08

∆s = 1
3
F (r + 3)− 1

9
D(r + 9) -0.23 -0.28 -0.27 −0.29± 0.13 −0.18± 0.39

Ξ0 ∆u = 1
3
F (r + 3)− 1

9
D(r + 9) -0.21 -0.25 -0.15 −0.29± 0.13 −0.14± 0.21

∆d = −1
9
r(D − 3F ) 0 0 0.008 −0.02± 0.09 −0.37± 0.19

∆s = 1
9
(3(D + F (r + 6))−D(r + 3)) 0.89 1.03 1.06 0.98± 0.23 1.50± 0.60

Ξ− ∆u = −1
9
r(D − 3F ) 0 -0.06 -0.07 −0.02± 0.09 −0.37± 0.19

∆d = 1
3
F (r + 3)− 1

9
D(r + 9) -0.19 -0.18 -0.17 −0.29± 0.13 −0.14± 0.21

∆s = 1
9
(3F (r + 6)−D(r − 3)) 0.77 1.19 1.2 0.98± 0.23 1.50± 0.60

Table 4.4 The spin polarized densities and modified expressions for SU(3)
symmetry breaking

4.5 Results and Discussions

Various static properties for Jp = 1
2

+
baryons are calculated in three different cases

and compared with other theoretical models. In the present work, we focus on the

semileptonic decays and axial vector coupling ratios in SU(3) symmetry and its break-
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ing using statistical approach. The sea acts as an active participant with direct inclu-

sion of strange mass corrections and one body operator directly involves the strange

quark mass in the form of parameter ”r”. We provide a best fit for the axial vector

matrix elements F and D and find the contribution of strange quark to the spin of

proton. Table shows the axial-vector coupling constant ratios for ∆s = 1 decays and

mention the calculated values in different theoretical models.

Table 4.5

Ratio Statistical Symmetry Symmetry Theoretical [35] Chiral [18] [36] Exp. [37] Chiral [19] [24]

Model Breaking Breaking Values Quark Results Constituent

in sea in valence+sea Solitan Model Quark Model

gA
gV Ξ−→Σ0

1.03 1.14 1.15 .... 1.29 ... 0.95 1.27

gA
gV Ξ−→Λ

0.20 0.22 0.23 0.33 0.21 0.25± 0.5 0.21 0.21

gA
gV Σ−→n

-0.24 -0.28 -0.27 ... -0.31 −0.34± 0.17 -0.16 -0.31

gA
gV Ξ0→Σ+

1.04 1.28 1.22 .... .... 1.21± 0.05 0.95 1.27

gA
gV Ξ−→Ξ0

-0.21 -0.27 -0.27 -0.333 -0.31 ... -0.16 -0.31

gA
gV Λ→p

0.764 0.783 0.744 .... 0.78 0.718± 0.0015 0.58 0.74

gA
gV Σ+→Λ

0.52 0.61 0.61 .... .... .... 0.45 0.65

Table 4.5 gA
gV

computed for strange baryons in various cases

It is quite interesting to mention here that strange mass corrections when applied

in sea, shows a remarkable increase in the value of polarized quark-antiquark densi-

ties. Our data is found to be consistent with ref. [18] for the polarization densities

of strange quark ∆s but it shows deviation for ∆u,∆d in few cases. However, there

is lack of available data for spin polarized densities for comparison. As far as the

available data for weak decay ratios is considered, our results match the experimental

value in most of the cases. However, decays like Σ− → n, Ξ− → Λ produce results
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closer to experimental data, when breaking in sea part is concerned. The other decay

channels are in favor of the corrections in the valence part too. The deviation in

our results from experimental values [37] is below 1% for Ξ0 → Σ+ and is up to 20%

for Σ− → n. The statistical model produces favorable results for decays involving

lambda baryon too. For Λ → p, the calculation of weak decay coupling constant ratio

gives an error of 3.5%. The results go well with other theoretical models for most

of the decays and provide even better matching with Ξ0 → Σ+. Quarks and gluons

in the statistical model are considered as intrinsic and the principle of detailed bal-

ance provides complete details of the intrinsic structure of the baryon. This leads

to the statement that the statistical model can be chosen as a strong base to study

hadronic properties. Additionally, our results match with those of ref. [28] where a

remarkable increase in the value of F
D

is observed for broken symmetry. Ehrnsperger

and Schafer [38] led to the conclusion that the effects of symmetry breaking lead to a

reduction in the values of axial matrix elements. Philip G. Ratcliffe [29] re-examined

the data of hyperonic decays and parameterized the matrix parameters F and D. He

calculated the deviation due to symmetry breaking to be just 2%. Different authors

suggest either increase or decrease in the new fitted values of F and D, but Cheng

and Li [25] mentioned that there exists no a priori reason to expect the corrections

to either increase or decrease the ratio. The best-fitted values of F and D are found

to be 0.48 and 0.71, respectively. The ratio F
D

comes out to be 0.676 and found to be

deviating about 17% from the experimental value of 0.575 ± 0.016 [36]. It is worth

to mention that authors of ref. [26] suggested a 20% contribution in SU(3) breakings

in octet axial-charge currents. The extracted values of F and D are further useful

to find the total spin distribution of nucleon, especially Γp
1 and ∆Σ of a nucleonic
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system. In case of SU(3) symmetry, we find ∆u = 0.91,∆d = −0.24 and ∆s = 0 re-

spectively. Also, when ms corrections are applied, the spin polarized densities change

to ∆u = 0.76, ∆d = −0.18 and ∆s = −0.019 repectively. This leads to the conclu-

sion that even in SU(3) symmetry breaking, strange quark contribution to the spin

of proton is very small.

4.6 Conclusion

The validity of the statistical model in the hadronic sector has already been proved

for various cases. In our work, the corrections in SU(3) symmetry comes in the

form of single parameter. The results provide a deeper understanding for the baryon

structure thereby motivating experiments for further inspection, especially the spin

distribution among the quarks and gluons. It can be mentioned here that ∆s,∆Σ

get more affected by the symmetry breaking. The spin distribution due to strange

quarks in strange baryons matches with the chiral solitan model, both for SU(3) and

for its breaking. The strange sea seems favoring the experimental data, thereby,

seems to the proof of the fact that gluons undergo quark-antiquark pair anhilation

and construction. The data shifts by 7 to 46% approaching the experimental value

favoring the strangeness in the sea. Here the vector strange sea dominates and favors

the results. The present framework suggests a stronger base to choose the model with

the suggested cases to verify the experimental and other theoretical values and hence

provide a deeper understanding to the strange baryon structure. Our calculation work

holds good for energy scale ∼ 1GeV 2 and may hold good for higher energy scales too.

We have tried to construct a sea wave function in the baryonic rest frame but it may
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be further modified to include the transverse motion of quarks inside the nucleons.

We conclude that the strange sea provides a better SU(3) analysis for semileptonic

decays and the spin distribution in terms of quark polarization in the strange baryon

sector. Its contribution plays a significant role in determining the validity of the

present approach.
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Chapter 5

Heavy-Light Mesons in Effective

Theories

5.1 Introduction

It has been discussed earlier that hadrons are the bound particles and confined as color

singlets. It is worth to mention that lightest quark masses mu,md,ms are small com-

pared to non-perturbative scale ΛQCD which is of the order of 0.2 GeV. The QCD

gauge coupling constant is not small for distance and energy scales involved in the

structural properties of these hadrons. The non-perturbative QCD dynamics is re-

flected in nucleon’s intrinsic sea of quarks and gluons. The mass of heavy quark

is mQ > ΛQCD. Taking limit mQ → ∞ as a good approximation, heavy quark

spin and flavor symmetries are manifested in QCD Lagrangian. The interactions

of a heavy and light quark system are also of the order of ΛQCD and governed by

non-perturbative QCD. A deep understanding of non-perturbative QCD can lead to

the understanding of the most common anomalies regarding the structure of hadronic

135
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systems. The question like ”What carries the proton spin?” is still an alarming prob-

lem for researchers in particle physics. For this, we may rely upon non-perturbative

QCD approaches like phenomenological models, effective theories and lattice QCD

etc. We have discussed in the previous chapters the use of statistical ideas to find

the quark contribution to the spin of a nucleonic system. Further, the presence of

ss̄ in the nucleonic system is also confirmed in the sea. The ss̄ in the sea is said

to be generated via the basic quark mechanism but suppressed by the strange quark

mass factor ms > mu,d. On the similar grounds, the impact of presence of sea is

checked for the low energy properties of hyperons. These low energy properties are

weak decay coupling constant ratios, axial vector form factors and magnetic mo-

ments. The present thesis is aimed towards exploring the low energy properties of

different hadronic systems. Another hadronic system of our interest is the study of

heavy light mesons. The heavy meson spectrum is one of the basic motivations to

search for the various particles at different resonances and energies. Various models

like quark models, potential models and lattice studies were used to calculate meson

masses earlier times but the calculated charm masses were found to be of higher val-

ues as compared with experiments [1] [2]. The approximate symmetries of QCD for

heavy quarks can be incorporated to get information about the heavy-light system of

mesons like charm and bottom mesons. Heavy meson spectroscopy can be analyzed

by electron collider experiments but observations of such a long range of resonances

lead to different puzzles. The one of the most important evidence of cs broad states

was provided by CLEO Collaboration [3], which observed a state of mass 2460 MeV

and width 290 MeV. The BaBar Collaboration observed another narrow peak in the

D+
s π

0 invariant mass distribution, corresponding to a state of mass 2.317 GeV [4].
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Both of these states are confirmed by FOCUS and Belle Collaborations [5]. Recent

experimental evidence lies in DsJ(2860) which was observed by BaBar Collabora-

tions [6] with mass 2856.6±1.5±50MeV and Belle Collaboration measured another

peak in B+ decays with mass as M(Dj
s(2715) = 2715 ± 11+11

−14MeV . Moreover, in

the DK mass distribution, BaBar Collaboration noticed a broad structure with mass,

M = 2688 ± 4 ± 3MeV [7] and width Γ = 112 ± 7 ± 36MeV , the same resonance

(DsJ(2700)) was found by Belle. Most recent state in the charm strange meson sector

was (announced in 2009) DSJ(3040) with mass M
.
= 3044±8(stat)+30

−5 (sys)MeV [8].

This state was observed in D∗K channel mode not DK bound state. Recently, the

charm meson states in the non-strange sector with higher quantum numbers have

been discovered and verified by both BaBar [9] and LHCb collaboration [10]. There-

fore in the spirit of this work, we include strange and non-strange mesons both to

calculate mass and mass splittings. The status of bottom meson spectroscopy on

experimental grounds is slightly at a lower position than charm mesons. Some p-

wave bottom and their strange counterpart mesons have been discovered earlier by

collaborations like DELPHI [11] and ALEPH [12]. Some excited measurement of

excited bottom mesons have been reported by D0 and CDF in 2005 [14]. D0 has

also observed evidence for the B∗
2s meson at a mass of (5839.1MeV) [15]. But there

are other measurements of excited B meson masses Bs1(5829.4 ± 0.7) and B∗
s2 re-

ported by D0 [15] and CDF [18] which differ significantly and more data are needed

to get precise masses and widths. V. M. Abazov (D0 Collaboration) [16] in 2008

presented first strong evidence for resolution of excited B mesons B1 and B∗
2 . The

mass of B1 is measured to be 5720± 1.4MeV
c2

and B∗
2 = 5746.8± 2.4± 1.7MeV

c2
. Very

recently, the new states have been predicted for orbitally excited bottom mesons by
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CDF collaboration. The mass of this new resonance is found to be 5978± 12Mev
c2

for

neutral states and 5961 ± 5 ± 12MeV
c2

for charged state [17]. A lot of experiments

investigated for charm and bottom meson spectrum and the old theories have also

been revived. One of these theories is heavy quark effective theory ’HQET’ [19] [20]

to study heavy-light hadrons. To summarize, the experimental determinations of

heavy-light mesons remain inconsistent, although, the variety of states have been

predicted. We are interested in a situation where the interaction of a heavy quark

with mass mQ occurs with light degress of freedom where light degrees carry a mo-

mentum much less than mQ. In such a situation, the limit of QCD is taken where

mQ → ∞ provided four velocity of heavy quark remains fixed. The interactions of

heavy quarks are independent of the heavy quark mass. Thus, there exists a SU(N)

flavor symmetry for N heavy flavors. The effective theory for the interaction of the

light degrees of freedom with heavy quark has SU(2) spin symmetry generated by the

spin of heavy quark. These two symmetries help to determine the hadronic matrix

elements involved in various types of decays and masses.

5.1.1 Charm and Bottom Mesons and their Spectrum

In the infinite heavy quark mass limit, a heavy light system Qq can be classified

into doublets depending upon their quantum numbers. A heavy hadronic system

containing heavy quark with spin quantum number SQ and light degrees of freedom

where light degrees of freedom include light quark and gluons interacting through

quark-anti quark pairs. It should have the quantum number of light quark that is Sl

in order to have total conserved quantum number J where J = SQ + Sl. Defining

J as J2 = j(j + 1) and S2
Q = (sQ)(sQ + 1) and S2

l = (sl)(sl + 1), the total spin
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j± .
= sl ± 1

2
can be obtained by combining the spin of heavy quark spin 1

2
with

spin of light degrees of freedom. The ground state heavy mesonic system form a

degenerate doublet with j
.
= 0±1 and negative parity denoted as D and D∗ for charm

meson. The first excited states 0+ and 1+ heavy mesons are the quantum numbers

of the jP
.
= 1/2+ doublet. The two doublets D∗

0, D1 and D1, D
∗
2 have spin parity

Jp = (0+, 1+) and JP = (1+, 2+) respectively for L=1; the two doublets D1, D
∗
2 and

D∗
2, D3 have spin parity Jp = (1−, 2−) and JP = (2−, 3−) for L=2 mesons. States

with radial excitations i.e. n=2, 3, 4 have spin and parity analogous to n=1. Similar

states are expected for bottom mesons.

Table 5.1

Sr. No. Mesonic State JP

1. D0,+ 0−

2. D0
s 0−

3. D0
0 0+

4. D0
s0 0+

5. D∗0+ 1−

6. D∗+
s 1−

7. D0
1 1+

8. D+
s1 1+

Table 5.1 Masses of strange and non-strange charm mesonic states

Masses, splittings, decay widths and branching ratios are the fundamental pa-

rameters in describing a hadronic system. The experimental data for heavy light
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systems comes in the form of these parameters. The properties of hadrons with a

heavy quark coupled with light degrees of freedom can be explained on the basis of

symmetry occurring in heavy quark limit which takes a particular simpler form in

the limit mQ. It is also well known that the interaction among Goldstone bosons

can be described by the low momentum expansion in terms of momenta and meson

masses. Thus, the effective Lagrangian must include terms exhibiting the chiral sym-

metry which is based on SU(3)L × SU(3)R global symmetry and other heavy quark

symmetry assuming charm, bottom and top quark masses as infinite as compared

to intrinsic scale ΛQCD ∼ 0.2 GeV. This separates two classes of quarks (u, d, s)

as light quarks whose masses are very less than this scale and considered as zero,

on the other hand, heavy quarks whose masses are greater than ΛQCD, considered

as infinite. Therefore, heavy degrees of freedom can be removed from the system.

Two theories related to two symmetries, chiral symmetry for light quarks u, d, s and

heavy quark spin and flavor symmetry for heavy quarks c and b can be exploited to

explain a system with one heavy quark and other light one. The two global approx-

imate symmetries of QCD can be employed to explain the various properties of a

hadronic bound states having one heavy quark interacting via the exchange of light

pseudoscalar meson like pions, kaons and eta mesons using systematic expansions in

light quark masses mq and heavy quark mass expansion as 1/mQ. Heavy light mesons

can be studied by implementing both the chiral symmetry and heavy quark spin and

flavor symmetry in the form of an effective Lagrangian. Effective Lagrangian de-

scribes the interplay between the chiral symmetry and heavy quark symmetry in the

form of low energy gradients with heavy and light fields as operators. Thus, chiral

Lagrangian for heavy mesons incorporating the heavy quark and chiral symmetry
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can be written by including a kinematic term and all the possible interactions with

the Goldstone bosons and fields in which both the symmetry breaking and conserv-

ing terms are expected. In this chapter, we use heavy hadron chiral perturbation

theory to analyze masses of the low lying states with total angular momentum J=0

and 1. The idea of synthesis of two symmetries has become more important as the

low energy theorems can be more useful to define the matrix elements in the decay

of D∗ → Dπ and other soft pion or electromagnetic decays. We first review the

construction of leading order Lagrangian, then O(1/mQ) corrections to Lagrangian

are incorporated to develop a generalized mass formula. The main purpose of the

present work is to find significance of several parameters involved in relation to the

masses of the charm mesons.

5.2 The Interaction Lagrangian for Heavy Light

Mesons

In heavy meson chiral perturbation theory, it is required to deal with two types of

mesons, the heavy mesons interacting through light pseudo-scalar mesons and they

appear in spin doublets. Therefore, it becomes convenient to express the two fields in

a single term Ha where it collects two mesons in doublets, one represents the vector

mesons and other is the scalar meson. A single field Ha where it annihilates the

sl =
1
2

−
meson doublet, scalar and vector mesons can be mentioned as [1].

Ha =
1 + /v

2
(P ∗µ

a γµ − Paγ5) (5.1)
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Here a is the SU(3) index. In charm mesons sector Pa consists of the D0, D+, D+
s

pseudo-scalar mesons and P µ
a are the D∗0, D∗+,D∗+

s vector mesons. The lowest lying

excited states are the JP = 0+ and 1+ i.e. jP = 1
2

+
doublet and represented by the

fields [21].

Sa =
1 + /v

2
(P µ

1aγµγ5 − P0a) (5.2)

The interaction of heavy light mesons through exchange of pseudo-Goldstone bosons

is shown though one loop diagram

The low energy interactions of heavy light meson interacting with pions are de-

scribed by chiral Lagrangian which respects heavy quark spin flavor symmetry [22]

and it is formulated using the velocity dependent field and a loop expansion in terms

of 1/mQ. The total Lagrangian involves various terms like kinetic term, axial term,

mass term, terms preserving symmetries (like heavy quark spin symmetry), sym-

metry violating terms etc. The interactions among heavy and light mesons are ob-
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tained by expanding the field ξ = e(iπ)/f in terms of π, η,K fields. The pion octet

is here introduced by the vector and axial combinations V µ = 1
2
ξ∂µξ

† + ξ†∂µξ and

Aµ = 1
2
ξ∂µξ

† − ξ†∂µξ. Π =


1√
2
π0 + 1√

6
η π+ K+

π− −1√
2
π0 + 1√

6
η K0

K− K
0 −2√

6


The leading order chiral Lagrangian for heavy light mesons interacting with pions

is given by:

Lv0 = −iT rH̄v(v.∂)Hv + iT rH̄vHv(v.V ) + 2gTrH̄vHv(Slv.A) (5.3)

Here all traces are taken over Dirac spinor indices, light quark SU(3)V flavor indices

a = u, d, s and heavy quark flavor indices Q = c, b and the Dirac structure of chiral

Lagrangian has been replaced by velocity vector v.

Higher order terms in chiral Lagrangian break heavy quark spin and flavor sym-

metry involve factors of 1
mQ

or insertions of light mass matrix. The total Lagrangian

involves various terms like kinetic term, axial term, mass term, terms preserving

symmetries (like heavy quark spin symmetry), symmetry violating terms etc.

Lkinetic
v = −Tr[H̄a(iv.Dba − δHδab)Hb] + Tr[S̄a(iv.Dba − δSδab)Hb] (5.4)

where δH and δS are the residual masses of the H and S fields respectively and Dba

is the chiral covariant derivative. The axial couplings are included in the term given

below:

Laxial
v = gTr[H̄aHbAbaγµγ5] + g8Tr[S̄aSbAbaγµγ5] + hTr[H̄aSbAbaγµγ5] (5.5)
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Where g, g8 and h are the dimensionless constants. The other terms in the Lagrangian

are the higher order terms. Higher dimensional operators of the chiral Lagrangian

which break heavy quark spin-flavor symmetry and chiral symmetry involve factors

of 1
mQ

or the insertion of the light quark mass matrix M = diag(mu,md,ms). For

the calculation of the heavy light meson masses, it is useful to classify the symmetry-

violating operators by the number of insertions of the quark mass matrix and to

check whether they violate the heavy quark spin symmetry. Operators which respect

heavy quark spin symmetry have coefficients which start at O(1) in the 1
mQ

expansion,

whereas operators which violate heavy quark spin symmetry have coefficient which

start at 1
mQ

. Counter terms to the one loop calculations of the heavy light meson

masses are proportional to the power of the light quark masses. Thus, the chiral

Lagrangian contributing to mass include the following terms:

Lmass
v = −∆H

8
Tr[Haσ

µνHaσµν ] +
∆S

8
Tr[Saσ

µνSaσµν ] + aHTr[HaHb]m
ξ
ba

−aSTr[SaSb]m
ξ
ba − σSTr[SaSa]m

ξ
bb + σHTr[HaHa]m

ξ
bb −

∆
(a)
H

8
Tr[Haσ

µνHbσµν ]m
ξ
ba

+
∆

(a)
S

8
Tr[Saσ

µνSbσµν ]m
ξ
ba −

∆
(σ)
H

8
Tr[Haσ

µνHaσµν ]m
ξ
bb +

∆
(σ)
S

8
Tr[Saσ

µνSaσµν ]m
ξ
bb

Where the terms which do not contain the light quark mass matrix is

L1
v = −∆H

8
Tr[Haσ

µνHaσµν ] +
∆S

8
Tr[Saσ

µνSaσµν ] (5.6)

This term violates the heavy quark spin symmetry and is responsible for the hyperfine

mass splitting at the leading order. The parameter ∆ is a function of 1
mQ

which

results in hyperfine splitting P ∗ − P = ∆ at tree level. The terms depending upon
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the light quark masses and respect the heavy quark spin symmetry are given by

L2
v = aHTr[HaHb]m

ξ
ba − aSTr[SaSb]m

ξ
ba − σSTr[SaSa]m

ξ
bb + σHTr[HaHa]m

ξ
bb (5.7)

Where ”a” and σ are the functions of 1
mQ

which start at O(1). The term proportional

to ”a” results in SU(3)v violating mass splitting amongst the vector mesons. The

term proportional to σ leads to a singlet contribution to the masses which depends

linearly on the light quark masses.

5.3 Mass Formula for Charm Mesons

In the heavy quark limit, the heavy quark spin and angular momentum for light de-

grees of freedom are totally conserved. As an application of chiral perturbation theory

to masses of charm mesons, independent contribution to all the terms of effective La-

grangian are computed. In the framework of heavy hadron chiral perturbation theory,

chiral corrections and corrections due to heavy quark symmetry are encountered and

at tree level, the residual masses can be given by a generalized formula. The resid-

ual masses are defined to be the difference between the real mass and an arbitrarily

chosen reference mass of O(mq).

m0
Ra

= δR +
nJ

4
(∆R +∆σ

Rm+∆
(a)
R ma)+ σRm+ aRma +

g2R
f 2
cRaK1 +

h2

f 2
cRaK2 (5.8)

Where R is an index that labels the ground state (H) and excited state (S), each of

the ground state and excited states having members corresponding to J=0,1 where

nJ = n0 = −3 and n1 = 1. These coefficients come from SQ. Sl operator and
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gives −3
4

for pseudoscalar mesons and 1
4
for vector mesons. Here a = u, d, s and

m̄ = mu +md +ms. Thus in total, we obtain 12 equations representing the residual

masses at tree level for low lying doublets. In isospin symmetry, the equations re-

duce to eight in number. The index (a) labels the light flavor and runs over u, d, s

and K1 and K2 are the chiral loop functions defined as, and cRa are the coefficients.

The experimentally measured residual masses with reference to the non-strange spin

averaged (mH1 +
3
4
m∗

H1) are:

mH1 = −106.1MeV , mH3 = −4.75MeV , m∗
H1 = 35.4MeV , mH3 = 139.1MeV ,

mS1 = 335.0MeV , mS3 = 344.4MeV , m∗
S1 = 465.0MeV , m∗

S3 = 486.3MeV

The calculations here depend on eleven parameters g, g
′
, h, aH , aS,∆H

a,∆Sa, δH +

σHm̄, δS+σSm̄,∆H+∆H(σ)m̄,∆S+∆S(σ)m̄. The parameters σH, σS, δσ(H),δσ(S)

cannot be separately determined because they always appear in linear combination

with the parameters δH,δS,∆H,∆S respectively. So the contribution of these four

parameters is absorbed into measured values of δH, δS, ∆H and ∆S respectively.

The values of residual masses given above can be fitted by varying the values of these

parameters. Also, the values of the mass splitting are available at various experi-

ments; we also try to fit these mass splitting over a range of the parameters. The

possible range of some parameters is available from various experiments. Different

predictions from relativistic and non-relativistic quark model restrict the value of

coupling constants g and h to lie between 0 and 1 but g
′
ϵ[−1, 1] [22]. Taking an

indication from here, in our work, we vary these values over the range 0-1 so as

to include all possible values. We used f=120 MeV extracted in ref. [19]. We set

mu = md = 4MeV and ms = 90MeV while other parameters are unknown. Using

Mathematica 7.0 as a programming language to fit the values, a number of sets can
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be obtained. The parameter set that we used for calculating the mass and mass split-

ting are:

g = 0.1, g
′
= 0.1, h = 0.07, δH = 4, δS = 431,∆H = 144,∆S = 126, aH = 1.1, aS =

0.21,∆Ha = −0.04,∆Sa = 0.14. Below is given the table of masses calculated in our

work and compared to experimentally available masses. All the observed masses are

taken from Particle Data Group [24]. D0
0 mass has also been measured at Belle [7]

and is equal to 2308±36 similarly other masses are also available but our results are

matching more closely with that given in PDG [24] and the fitted masses are given

in table 5.2:

Table 5.2

Sr. No. State Mesonic State(JP ) Residual Mass(MeV) Real Mass(MeV) Exp. Mass(MeV)

1. mH1 D0,+(0−) -105.97 1867.04 1867.21

2. mH3 D0
s(0

−) -5.27 1967.74 1968.47± 0.33

3. mS1 D0
0(0

+) 329.27 2314.08 2318± 29

4. mS3 D0
s0(0

+) 341.07 2314.55 2317.8± 0.6

5. m∗
H1 D∗0+(1−) 44.46 2017.24 2008.6

6. m∗
H3 D∗+

s (1−) 136.48 2109.49 2112.1

7. m∗
S1 D0

1(1
+) 460.51 2433.52 2438± 22

8. m∗
S3 D+

s1(1
+) 483.28 2456.29 2459.5± 0.6

Table 5.2 Masses of strange and non-strange charm mesonic states

Similarly, the hyperfine and mass splittings for low lying charm mesonic states

are found using mass values and compared with experimental values on mass split-

tings. The table 5.3 with different states and their mass and hyperfine splittings is

shown.
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Table 5.3

Spin Splittings Mass Splittings

State Experimental Calculated State Experimental Calculated

Value(MeV) Value(MeV) Value(MeV) Value(MeV)

D∗
s −Ds(1

− − 0−) 143.8 141.4 D∗
s −D∗

u(1
− − 1−) 105.4 94.4

D∗
1s −D0s(1

+ − 0+) 141.9 138.7 D∗
0s −D∗

0u(0
+ − 0+) 98.8 96.6

D∗
u −Du(1

− − 0−) 142.2 143.9 D∗
1s −D∗

1u(1
+ − 1+) 21.3 20.3

D∗
1u −D0u(1

+ − 0+) 130 126.5 Ds −Du(0
− − 0−) 9.4 8.1

Table 5.3 Masses and hyperfine splittings

The residual mass difference δS − δH represents the shift between the center of

mass of even and odd parity mesons. The terms with ∆H and ∆S is with no in-

sertion of light quark mass matrix and is responsible for hyperfine splitting therefore

from experimental data of hyperfine splitting for low as well as excited states, we fit

the above mentioned parameters between 100-150 MeV. The terms proportional to

’aH’ and ’σ’ respects heavy quark spin symmetry and the terms proportional to ’a’

result in SU(3)V mass splitting among the vector mesons therefore sufficient vari-

ation for mass splitting is observed for this term. The same behavior is expected

for the term aS. Moreover, from mass splitting, s − u ∼ 100 therefore aH, aS and

other chiral contributions are taken of order unity. The coupling constants which

provides the strength of interaction between the heavy mesons and pseudoscalar light

mesons, is one of the basic parameters in heavy hadron chiral Lagrangian. The most

important parameter affecting the higher order corrections are the coupling constants

between different low and excited states respectively. Various models propose differ-

ent values of constants g, g‘and h. Coupling constants have been estimated by using



5.3 Mass Formula for Charm Mesons 149

several quark models [25] [26] [27]. QCD sum rule approach gives an estimate of

g = 0.44 ± 0.16 [28]. The combined fit from various relativistic and non relativis-

tic quark model along with QCD sum rule provide a best fit of g ∼ 0.38 with an

uncertainty around ±20% [28] [29]. The radiative and pion decay width of vector

mesons constrain g2 < 0.5 [29]. One more approach is to imbibe chiral corrections

to decays of heavy mesons and inclusion to counter terms provides the following best

fit data as g = +0.66+0.08
−0.06,g

′
= −0.06+0.03

−0.04 and h = +0.470.07−0.06 [27] where all these

parameters are computed through a renormalization scheme with a renormalization

scale set to µ = 1GeV . In the present work, we try to constrain these bare couplings

by analyzing the existing data available in literatures. In spite of these, various mass

and hyperfine splittings for different levels verifies that all the hyperfine splittings are

within range of 140-145 MeV and they can be unrelated by heavy quark symmetry.

The mass difference between strange and non-strange mesons whose quantum num-

bers are identical is expected to be of the order of 100 MeV. It is indeed the similar

case for the ground state, but for excited case the value decreases to small extent.

For heavy quarks, it is also possible to parameterize in HQET, the non-perturbative

affects to a given order in 1
mQ

expansion in terms of a few unknown constants where

these unknown constants can be obtained from the experiments. These unknown

constants are actually the non-perturbative QCD parameters and once their values

in hand, it is possible to calculate masses of various excited states in the heavy me-

son spectrum. We find it more suitable to obtain bottom meson spectrum due to

lesser values of mass splitting for bottom mesons than that of charm mesons. B

meson masses in the heavy quark effective theory are given in terms of a single

non-perturbative parameter Λ̄ and non-perturbative parameters of QCD, λ1 and λ2.
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5.4 Bottom Meson Masses

An interesting class of non-perturbative quantum chromodynamics, now a day, is

the study of mesons containing a heavy quark with a light meson using heavy quark

effective theory [HQET]. In the light of heavy quark effective theory, spin and parity

of the heavy quark decouples from that of light quark. Thus, the properties of heavy

hadrons are independent of spin and flavor of heavy meson and HQET provides

a basis for estimation of several properties of heavy mesons. HQET provides a

systematic expansion of mass of heavy quark in terms of QCD parameters in terms

of a few unknown constants where these unknown constants can be obtained from

the experiments. These un-known constants are actually the non-perturbative QCD

parameters and once their values in hand, it is possible to calculate masses of various

excited states in the heavy meson spectrum. We find it more suitable to obtain

bottom meson spectrum due to lesser values of mass splitting for bottom mesons

than that of charm mesons. B meson masses in the heavy quark effective theory are

given in terms of a single non-perturbative parameter Λ̄ and non-perturbative QCD

parameters λ1 and λ2. In general, the mass of a hadron containing a heavy quark Q

obey an expansion of the form:

mX = mQ + Λ̄ +
∆m2

2mQ

+O(
1

mQ

) (5.9)

where X is the hadron either in the ground state(H) and an excited state(S), mQ

is the mass of heavy quark whereas ∆m2 = −λ1 + 2[J(J + 1) − 3
2
]λ2. J is the

total spin of meson. The two parameters λ1 and λ2 are non-perturbative parameters

of QCD and can be estimated by fitting the theoretical and experimental data and
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their uncertainties [30] [31]. A good estimation of these parameters may reduce

theoretical errors and uncertainties up to significant level. Although there exists

several predicted values in literature [32] [33] for Λ̄ and λ1. In all the cases, the value

for λ1 lie close to 1.0 GeV. The lowest and highest bounds on the parameters set can

be found by using different values from the literature [34]. Λ̄ and λ1 can’t be measured

by simple mass measurements on dimensional grounds [35]. λ1 is independent of

mQ and λ2 depends on mQ logarithmically. λ1 and λ2 are considered to possess

same values for all states in a given spin-flavor multiplet and of the order of ΛQCD

[35]. The term λ1

mQ
arises from kinetic energy of the heavy quark inside hadrons.

The magnetic interaction term λ2 describes the interaction of the heavy quark spin

with the gluon field and responsible for B∗ − B and D∗ − D splitting [35]. The

parameters are here allowed to vary with in their allowed values and then some of

the sets that reproduce the masses with minimum error are chosen. One such set is

shown as Λ̄ = 0.6GeV which is close to global fitted value 0.57± 0.06 given by [32]

and λ1 = −0.18 + 0.06GeV 2 for u and d light quarks. Assuming SU(3) breaking,

λs = 0.7GeV and λ1s = −0.18 ± 0.06GeV 2. For the first excited and ground state

doublet of bottom and charm mesons, the formula for the difference of spin-averaged

masses of JP = 0−, 1− and JP = 0+, 1+ states in the bottom sector is:

m̄S(Q)− m̄H(Q) = Λ̄S − Λ̄H − λS1
2mQ

+
λH1
2mQ

(5.10)

We use charm meson results to find the masses of higher bottom meson states, the

hyperfine operators should be rescaled by mc

mb
. This leads to the formula for splitting
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of the even and odd-parity states in the bottom sector.

m̄S
b − m̄H

b = m̄S
c − m̄H

c − (λS1 − λH1 )(
1

2mc

− 1

2mb

) (5.11)

where m̄H
(Q) =

3(m
(Q)
H∗ +m

(Q)
H )

4
and m̄S

(Q) =
3(m

(Q)
S∗ +m

(Q)
S )

4

Using λH1 = −0.18 ± 0.06GeV 2,λ
3
2
1 − λH1 = −0.23GeV 2 where λ

3
2
1 is the λ1 matrix

element for the jp = 3
2

+
doublet. We expect that the kinetic energy of the heavy

quark in the jP = 1
2

+
state to be comparable to jp = 3

2

+
state. We take λs1 − λH1 =

−0.2± 0.1GeV 2. The mass of charm and bottom quarks, mc = 1.29+0.05
−0.11GeV ,mb =

4.67± 0.18GeV to find

m̄S
b − m̄H

b = m̄S
c − m̄H

c − 56.1± 25MeV (5.12)

m
∗(b)
H −mb

H

m
∗(c)
H −mc

H

=
m

∗(b)
S −mb

S

m
∗(c)
S −mc

S

=
mc

mb

(5.13)

Using Particle Data Group [24], we can calculate specifically their spin-averaged

masses of the jp = 1
2

−
and jp = 1

2

+
meson as,

m
∗(b)
H1 −m

(b)
H1 =

mc

mb

(m
∗(c)
H1 −m

(c)
H1) = 39.03± 0.12MeV

m
∗(b)
H3 −m

(b)
H3 =

mc

mb

(m
∗(c)
H3 −m

(c)
H3) = 39.03± 0.12MeV

m
∗(b)
S1 −m

(b)
S1 =

mc

mb

(m
∗(c)
S1 −m

(c)
S1) = 39.72± 0.5MeV

m
∗(b)
S3 −m

(b)
S3 =

mc

mb

(m
∗(c)
S3 −m

(c)
S3) = 39.08± 0.5MeV

Using the values from the bottom non-strange sector m
(b)
H1 = 5279.1 ± 0.4MeV and

m
∗(b)
H1 = 5325.1 ± 0.5MeV ,

¯
m

(b)
H1 is found out to be 5313.62 ± 0.03MeV , mb

H3 =



5.4 Bottom Meson Masses 153

5366.3± 0.6MeV is given in particle data group [24]. The value for m
(b)
H3∗ will be:

m
∗(b)
H3 =

mc

mb

(m
∗(c)
H3 −m

(c)
H3) +m

(b)
H3 = 5404.82± 0.7MeV (5.14)

From the relation, we get the spin-averaged masses of excited B-mesons:

m̄S1
(b) = (m̄S1

(c) − m̄H1
(c) − 56.1± 25MeV ) + m̄H1

(b) = 5705.44± 28MeV (5.15)

Similarly, for the strange bottom and charm mesons, the strange bottom meson re-

lation leads to:

m̄S3
(b) = (m̄S3

(c) − m̄H3
(c) − 56.1± 25MeV ) + m̄H1

(b) = 5691.8± 27MeV (5.16)

Equations are solved to get the values for the masses of excited B mesons as shown

in table 5.4:

Table 5.4

Sr. No. State Calculated Experimental [24] Potential [36] Relativistic [37]

Mass[MeV] Value[MeV] Model[MeV] Model[MeV]

1. m
(b)
S1 5691.6± 345 5366.7± 0.24 5697 5738

2. m
∗(b)
S1 5709.02± 50 5415.8± 1.8 5740 5757

3. m
(b)
S3 5662.48± 27 ..... 5716 5841

4. m
∗(b)
S3 5701.57± 27 5828.7± 0.4 5760 5859
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Table 5.4 Bottom meson masses

Comparison of our results with other models predicts the results to be matching

well. In the charm and bottom systems, one knows experimentally [24]

mB∗ −mB ∼ 46MeV,

mD∗ −mD ∼ 142MeV,

mDs∗ −mDs ∼ 142MeV

These mass splitting are in fact reasonably small. To be more specific, at order 1
mQ

one expects hyperfine corrections to resolve the degeneracy, for instance mB∗−mB ∝

1
mb

. This leads to the refined prediction:

m2
B∗ −m2

B ≈ m2
D∗ −m2

D ≈ const.

m2
B∗ −m2

B ≈ 0.8GeV 2

m2
D∗ −m2

D ≈ 0.8GeV 2

The spin symmetry also predicts that for strange mesons

m2
Bs∗ −m2

Bs ≈ m2
Ds∗ −m2

Ds ≈ constt. (5.17)

But this constant could in principle be different from that for non strange mesons,

since the flavor quantum numbers of the light degree of freedom are different in both

cases. Experimentally, however,

m2
Ds∗ −m2

Ds ≈ m2
D∗ −m2

D (5.18)
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Indicating that to first approximation, hyperfine corrections are independent of the

flavor of the ”brown muck”. One then expects the corresponding states in the bottom

sector is

m2
B2∗ −m2

B1 ≈ m2
D2∗ −m2

D1 ≈ 0.17GeV 2 (5.19)

The fact that above mass splitting is smaller for the ground-state mesons is not

unexpected. For instance, in the non-relativistic constituent quark model, the light

antiquark in these excited mesons is in a p-wave state and its wave function at the

location of the heavy quark vanishes. Hence, in this model hyperfine corrections

are strongly suppressed. A typical prediction of the flavor symmetry is that the

”excitation energies” for states with different quantum numbers of the light degrees of

freedom are approximately the same in the charm and bottom systems. For instance,

one expects

mBs −mB ≈ mDs −mD ≈ 100MeV (5.20)

mB1 −mB ≈ mD1 −mD ≈ 557MeV (5.21)

m∗
B2 −mB ≈ m∗

D2 −mD ≈ 593MeV (5.22)

The first relation has been confirmed very nicely by the discovery of the Bs meson

by the ALEPH collaboration at Large Electron Positron Collider [13]. The observed

mass,mBs = 5.369 ± 0.006GeV , corresponds to an excitation energy mBs − mB =

90± 6MeV .
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5.5 Conclusion

The spin-flavor symmetry in HQET leads to many interesting relations between the

properties of hadrons containing a heavy quark. The most direct consequences con-

cern the spectroscopy of such states. In the mQ → ∞ limit, the spin of the heavy

quark and the total angular momentum of the light degree of freedom are separately

conserved by the strong interactions. Because of heavy quark symmetry, the dynam-

ics is independent of the spin and mass of the heavy quark. Hadronic state can thus

be classified by the quantum numbers (flavor, spin, parity) of the light degrees of

freedom. The importance of QCD parameters lies in the fact that it becomes com-

paratively easier to find using data of mass splitting and hyperfine splitting of heavy

mesons. Since, Λ̄ has the same value for all particles in a spin-flavor multiplet, then

(Λ̄s − Λ̄H) can be taken to possess the same values for B and D mesons. The spin

symmetry predicts that for fixed j ̸= 0, there is a doublet of degenerate states with

total spin J± 1
2
and the flavor symmetry relates the properties of states with different

heavy-quark flavor. This leads to the prediction that mass splitting among the vari-

ous doublets are independent of heavy quark flavor. Our main purpose, in this work

is to find the masses of the non-strange excited states from the observed experimental

values of all the ground states and excited strange mesons using the consequences of

spin-flavor symmetry. Experimental data of ground state charmed meson is used to

constrain the symmetry conserving and symmetry breaking parameter in the effective

Lagrangian to predict the masses for non strange low lying excited states for even

and odd parities. The coupling constants and the mass parameters in effective La-

grangian reproduce QCD in specific limits and represent important input parameters

for the description of the hadrons properties like masses and mass splitting of charm
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meson have been calculated in HQET and matched with the available results. The

excited meson spectra calculated in the present chapter for bottom mesons is thus

found to be matching well with other models [13] [37]. Moreover, spin and flavor

symmetry leads to various predictions for mass and hyperfine splitting which also

has been discussed. We also discuss briefly the predictions that can be made related

to hyperfine splitting for strange as well as non-strange mesons. Since, Λ̄ has the

same value for all particles in a spin-flavor multiplet, then (Λ̄S−Λ̄H) can be taken to

possess the same values for B and D mesons. To summarize, it can also be said that

the extraction of various coupling constants from the masses of these mesons can be

further helpful to find other physical parameters like decay widths and form factors.

An improved measurement of branching ratios can be utilized to find accurate values

of coupling constants. Thus we are motivated to study the branching ratios of latest

resonances observed at BaBar and LHC collaborations.
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Chapter 6

Strong Decays of Charm Mesons

6.1 Introduction

In the previous chapter, the hadrons containing a single heavy quark were analyzed

in a framework which is formulated for Nf heavy quarks with mass mQ >> ΛQCD

using heavy quark effective theory [1] to find the masses of some of the charm and

bottom mesonic states. The heavy light meson spectrum is one of the recent interest

to place for the various particles at different resonances and energies. In the limit

mQ → ∞, heavy quark exhibits spin and flavor symmetry. The heavy quark spin-

flavor symmetry is exploited further to explore several hadronic properties like in

calculation of decay widths, branching ratios, masses etc. The typical energy scale of

QCD is ΛQCD. The light quarks have masses very smaller than ΛQCD whereas heavy

quarks have mass very much greater than the energy scale of QCD. The symmetry

exhibited by heavy quarks can be synthesized with symmetry of light quarks and can

leads to the calculation of various signatures like decays and form-factors for a heavy-

light system. In other words, spin and flavor symmetry of HQET is used together
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with chiral SU(3)LXSU(3)R symmetry to form an effective Lagrangian whose basic

fields are heavy and light quark operators. The basic Lagrangian terms include ki-

netic energy arising from the off-shell motion of heavy quark and chromo-magnetic

interaction of heavy quark spin with the gluon field. The effective Lagrangian de-

scribing strong interaction of heavy mesons with pionic fields by expanding the fields

ξ(x) and taking the traces. The heavy meson chiral Lagrangian at the leading order

is described in details in the next section. The motivation for present work arises due

to recently observed charm and bottom meson states by experimental collaborations

like BaBar, LHCb and CLEO [4]. Recently, some excited charm meson states were

observed which are D(2550),D(2600),D(2750)and D(2760) in the decay channels

D0(2550) → D∗+π−,D0(2600) → D∗+π−, D+π−,D0(2750) → D+π−,D+(2600) →

D0π+ and D+(2760) → D0π+ in the inclusive e+e− → cc̄ interactions by BaBar

Collaboration [2]. The most suitable spin-parity assignments for D(2750),D(2760)is

(2−, 3−) or 1D and for D(2550), D(2600)is (0−, 1−) i.e 2S state respectively. LHCb

collaboration [3] observed some new resonances in addition to above i.e. DJ(3000)
+,0

and D∗
J(3000)

0 around 3GeV in association with D∗
2(2460)

0 and D∗
J(2760)

0 and

exists in the D+π− invariant mass spectrum. The states, D∗
J(3000)

+,D∗
2(2460)

+

and D∗
J(2760)

+ were observed in D0π
+ spectrum whereas the states measured in

D∗+π− spectrum were D1(2420)
0,D∗

2(2460)
0,D∗

J(2760)
0,DJ(2580)

0, DJ(2740)
0 and

DJ(3000)
0 respectively. A table for the properties of recently observed states has

been shown in table 6.4. Similar is the case with beauty sector. Very recently CDF

Collaboration [4] has found evidence for a new resonance B(5970) simultaneously in

B0π+ and B+π− mass distributions with a significance of 4.4σ standard deviations

and further reported the first study of resonances with orbitally excited B+ mesons
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and updated measurement of orbitally excited B0 and B0
s mesons. The branching

ratio for B∗0
s2 → B∗+K− decays is also measured. The masses of new B(5970) [4]

measured resonances are 5978 ± 5(stat) ± 12(syst)MeV/c2 for neutral state and

5961± 5(stat)± 12(syst)MeV/c2 for charged asymmetry into Bπ states. This state

may be proposed as belonging to radially excited bottom meson family. Therefore, in

past decades, we faced several ground as well as excited states of charm meson family

such as discovery of DsJ(2460),DsJ(2632) and DsJ(3040) etc. In bottom meson fam-

ily, we witness some new states such as B(5279),B∗(5325) for n=1 family in (0−, 1−)

doublet. In the infinite heavy quark mass limit, a heavy light system Qq can be clas-

sified into doublets depending upon their quantum numbers. The heavy light mesonic

system form a degenerate doublet of ground state with J = 0, 1 and negative parity

denoted as D and D∗ for charm meson. The first excited states 0+ and 1+ heavy

light mesons are the quantum numbers of the spl =
1
2

+
doublet. There is also an ex-

cited doublet of heavy meson with JP = 1+ and 2+. Similarly, other excited mesonic

states have their JP states. In this article, we identify the recent charmed meson

states DJ(2550), D
∗
J(2600),DJ(2740), D

∗
J(2760),DJ(3000) and D

∗
J(3000) with their

JP assignment. These states were observed by LHCb collaboration and predicting

their decay widths and masses. We study strong decays of these charmed mesons to

ground state mesons along with the emission of pseudo-scalar pions in heavy quark

effective theory in the leading order approximations. Although the same work has

been studied by [16] but we extend their work by fitting the experimental data to find

the coupling constants in various strong decays. Also, we include two additional pos-

sibilities for assignment of JP states to D∗
J(3000) and DJ(3000). In the end, we also

try to justify all the possible assignments to D∗
J(3000) and DJ(3000) by analyzing
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their branching ratios graphically.

6.2 The Lagrangian for Strong Decays to Heavy

Mesons

A single field Ha where it annihilates the sl =
1
2

−
meson doublet, pseudoscalar and

vector mesons can be mentioned as:

Ha =
1 + /v

2
(P ∗µ

a γµ − Paγ5) (6.1)

Here a is the SU(3) index. In charm mesons sector, Ha consists of the D0, D+, D+
s

pseudo-scalar mesons and D∗0, D∗+, D∗+
s vector mesons. The lowest lying excited

states are the JP = 0+ and 1+ i.e. sPl = 1
2

+
doublet and represented by the fields

Sa [5]. The fields for excited spin doublets are mentioned below:

Sa =
1 + /v

2
(P µ

1aγµγ5 − P ∗
0a) (6.2)

T µ
a =

1 + /v

2
(P∗µν2aγµ − P1aν

√
3

2
γ5[g

µν − 1

3
γν(γµ − vµ)]) (6.3)

Xµ
a =

1 + /v

2
(P ∗µν

2a γ5γν − P ∗
1aµ

√
3

2
[gµν − 1

3
γν(γµ + vµ)]) (6.4)

Y µν
a =

1 + /v

2
(P ∗µνσ

3a γσ − Pαβ
2a

√
5

3
γ5[g

µ
αg

ν
β −

gνβγα(γ
µ − vµ)

5
− gµαγβ(γ

ν − vν)

5
] (6.5)

Zµν
a =

1 + /v

2
(P ∗µνσ

3a γ5γσ − P ∗αβ
2a

√
5

3
[gµαg

ν
β −

gνβγα(γ
µ + vµ)

5
− gµαγβ(γ

ν + vν)

5
]) (6.6)
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Rµνρ
a =

1 + /v

2
(P ∗µνρσ

4a γ5γσ−Pαβτ
3a

√
7

4
[gµαg

ν
βg

ρ
τ−

gνβg
ρ
τγα(γ

µ − vµ)

7
−g

ν
αg

ρ
τγβ(γ

µ − vµ)

7
−
gµαg

ν
βγτ (γ

ρ − vρ)

7
])

(6.7)

The super fields Ha contain s-wave mesons whereas Sa, Ta contain the p-wave mesons.

The light pseudoscalar mesons are described by the fields ξ = exp
iM
f . The pion

octet is introduced by the vector and axial combinations V µ = 1
2
ξ∂µξ† + ξ†∂µξ and

Aµ = 1
2
ξ∂µξ† − ξ†∂µξ We choose fπ = 130MeV . Here, all traces are taken over

Dirac spinor indices, light quark SU(3)V flavor indices a = u, d, s and heavy quark

flavor indices Q = c, b. The Dirac structure of chiral Lagrangian has been replaced

by velocity vector v. At the leading order, the heavy meson chiral Lagrangian terms

LH ,LS,LT ,LX ,LY ,LZ,LR for the strong decays to the D(∗)π,D(∗)η and D
(∗)
s K states

can be written as:

LH = gHTr{H̄aHbγµγ5A
µ
ba} (6.8)

LS = gSTr{H̄aSbγµγ5A
µ
ba}+ h.c., (6.9)

LT =
gT
Λ
Tr(H̄aT

µ
b (Dµ /A+ i /DAµ)baγ5) + h.c., (6.10)

LX =
gX
Λ
Tr(HaX

µ
b (iDµ /A+ i /DAµ)baγ5) + h.c., (6.11)

LY =
1

Λ2
Tr(H̄aY

µν
b [kY1 {Dµ,Dν}Aλ+k

Y
2 (DµDλAµ+DνDλAµ)]baγ

λγ5)+h.c., (6.12)

LZ =
1

Λ2
Tr(H̄aZ

µν
b [kz1{Dµ,Dν},Dν}Aλ + kZ2 (Dµ,DλAν +DνDλAµ)]baγ

λγ5) + h.c.,

(6.13)

where Dµ = ∂µ+νµ, {Dµ,Dν} = DµDν+DµDν,{Dµ,Dν ,Dρ} = DµDνDρ+DµDρDν+

DνDρDµ +DρDµDν +DρDνDµ, These terms describe the transitions of positive and

negative parity mesons with the emission of light pseudo-scalar mesons. The mixing
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angle between two states are determined by including spin symmetry violating cor-

rections in the Lagrangian. The term should respect parity and time reversal and

may be of generic form as written below.

Ld1 =
h1

2mΛ
Tr[H̄σµνTασµνγ

kγ5(iDαAκ + iDκAα)] + h.c. (6.14)

The corresponding operator for the mixing of 1+ in 2S and 1D respectively is due to

spin symmetry violating effect and can be written as: Lmix = g1Tr[
¯̃Hϕµν

s Xµσναv
α] +

h.c..

6.3 Strong Decay Width Formula and Coupling

Constants

From the chiral Lagrangian terms, we can obtain the decay widths Γ for strong decays

to final states D(∗)π, D(∗)η, D
(∗)
s K where the symmetry breaking scale ΛX = 1GeV .

The expression for decay widths if we consider various doublets which the decay-

ing meson belongs to are as follows where M denotes the emission of pseudoscalar

mesons i.e. π, K and η fields.

(0−, 1−) to (0−, 1−) +M

Γ(1− → 0−) = CM
g2H
6πf 2

π

Mf

Mi

| p⃗M |3 (6.15)

Γ(1− → 1−) = CM
g2H
3πf 2

π

Mf

Mi

| ⃗pM |
3

(6.16)
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(0+, 1+) to (0−, 1−) +M

Γ(1+ → 1−) = CM
g2S

2πf 2
π

Mf

Mi

| ⃗pM |[m2
M+ | p⃗M |2] (6.17)

Γ(1+ → 0−) = CM
g2S

2πf 2
π

Mf

Mi

| ⃗pM |[m2
M+ | p⃗M |2 (6.18)

(1+, 2+) to (0−, 1−) +M

Γ(1+ → 1−) = CM
2g2T

3πf 2
πΛ

2

Mf

Mi

| p⃗M 5 | (6.19)

Γ(2+ → 0−) = CM
4g2T

15πf 2
πΛ

2

Mf

Mi

| p⃗M 5 | (6.20)

Γ(2+ → 1−) = CM
2g2T

5πf 2
πΛ

2

Mf

Mi

| p⃗M 5 | (6.21)

(1−, 2−) to (0−, 1−) +M

Γ(1− → 0−) = CM
4g2X

9πf 2
πΛ

2

Mf

Mi

| p⃗M 3 | [m2
M+ | p⃗M |2] (6.22)

Γ(1− → 1−) = CM
2g2X

9πf 2
πΛ

2

Mf

Mi

| p⃗M 3 | [m2
M+ | p⃗M |2] (6.23)

Γ(2− → 1−) = CM
2g2X

3πf 2
πΛ

2

Mf

Mi

| p⃗M 5 | [m2
M+ | p⃗M |2] (6.24)
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(2−, 3−) to (0−, 1−) +M

Γ(2− → 1−) = CM
4g2Y

15πf 2
πΛ

4

Mf

Mi

| p⃗M 7 | (6.25)

Γ(3− → 0−) = CM
4g2Y

35πf 2
πΛ

4

Mf

Mi

| p⃗M 7 | (6.26)

Γ(3− → 1−) = CM
16g2Y

105πf 2
πΛ

4

Mf

Mi

| p⃗M 7 | (6.27)

The coefficients CM are different for the various light pseudoscalar mesons: Cπ+ =

CK+ = 1, Cπ0 = CKs = 1
2
, Cη = 1

6
. p⃗M is the three momentum of M. The higher

order corrections to heavy quark limit can also be considered by adding terms of the

order 1
mQ

with some un-known constants. The decay rates depend upon effective

coupling constants. The decay rates depend upon effective coupling constants. The

parameters used in the above expressions for decay widths are taken from the particle

data group [6]. Thus the numerical values of decay widths comes out in terms of

coupling constants gH , gY , gX etc. Here the first radial excitation of D∗ is represented

as D̃∗. The first radially excited state of H is governed by the decay constant g̃H which

can be fitted to experimental data within mass range of 2600-2700 MeV. Coupling

constants can either be determined theoretically or by fitting the experimental data.

However, various quark models [7, 8] and sum rule (eg. QCD sum rules) [9, 11, 13]

techniques predict the coupling constants. Another possible method is to use lattice

QCD [12] which incorporate QCD in their first principle. Using experimental data

of decay widths and branching ratios as input, one can fit the experimental data to

find the effective coupling constants. The coupling constants play an important role
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in heavy quark phenomenology. They are directly related to charm meson strong

decays and are further useful to explore other decays of charm mesons involving

pionic emissions.

6.4 Spin-parity Analysis for Non-strange Charm

Meson States

The recent experimental data of charm meson states from LHCb and BaBar collabo-

ration motivates us to find the best fit values of coupling constants in strong decays.

The table 6.4 mentions the recent experimental data of non-strange charm mesons.

Sr.No Charm Meson state Mass[MeV][LHCb] Mass[MeV][BaBar] Width[MeV][LHCb] Width[MeV][BaBar] Decay Channel

1 D∗
J(2650)

0 2649.2± 3.5± 3.5 2608.7± 2.4± 2.5 140.2± 17.1± 18.6 93± 6± 13 D∗+π−

2 D∗
J(2760)

0 2761.1± 5.1± 6.5 2763.3± 2.3± 2.3 74.4± 3.4± 37.0 60.9± 5.1± 3.6 D∗+π−

3 DJ(2580)
0 2579.5± 3.4± 5.5 2539.4± 4.5± 6.8 177.5± 17.8± 46.0 130± 12± 13 D∗+π−

4 DJ(2740)
0 2737.0± 3.5± 11.2 2752.4± 1.7± 2.7 73.2± 13.4± 25.0 71± 6± 11 D∗+π−

5 DJ(3000)
0 2971.8± 8.7 188.1± 44.8 D∗+π−

6 D∗
J(2760)

0 2760.1± 1.1± 3.7 74.4± 3.4± 19.1 D+π−

7 D∗
J(3000)

0 3008.1± 4.0 110.5± 11.5 D+π−

8 D∗
J(2760)

+ 2771.7± 1.7± 3.8 2769.7± 3.8± 1.5 66.7± 6.6± 10.5 60.9 D0π+

9 D∗
J(3000)

+ 3008.1 110.5 D0π+

Table 6.1 Experimental status of latest charm mesons and their masses

The states with JP = (0−, 1−, 0+, 1+, 1+, 2+) are well known. The doublets having

spin-parity assignments JP = 3
2

+
,consists of D1(2420) and D

∗
2(2460) in non-strange

sector. The states (D∗
0(2400), D

′
1(2430) belong to sPl = 1

2

+
charm doublet [2]. The

experimental data on decay widths suggest that states (0+, 1+) are quite broad, ex-
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pecting to decay via s-wave whereas the states belonging to (1+, 2+) doublets are quite

narrow and decay via d-wave. The measured branching ratio by BaBar Collaboration

is given as:

BR(D∗0
2 (2460) → D+π−)

BR(D∗0
2 (2460) → D∗+π−)

= 1.47± 0.03± 0.16 (6.28)

There are few more recent states whose branching ratios as measured by BaBar is

mentioned below.

BR(D0(2600) → D+π−)

BR(D0(2600) → D∗+π−)
= 0.32± 0.02± 0.09 (6.29)

BR(D0(2760) → D+π−)

BR(D0(2750) → D∗+π−)
= 0.42± 0.05± 0.11 (6.30)

The information from the BaBar Collaboration and the quark model suggests

that D0(2550) state lies in 0− state. The D0(2600) corresponds to 1− state either

in the 2S or 1D spectrum respectively because this state was observed in both Dπ

and D∗π channels. If we find the mass of these particular states using heavy quark

symmetry and other theoretical models [14], [15], it can be suggested that the state

D(2600) can be identified as either radial excitation of heavy quark doublet H or as

1D. The branching ratios for Dπ and D∗π for both the decay states are calculated as

BR(D0(2600)→D+π−)
BR(D0(2600)→D∗+π−)

= 0.82 for 2S and BR(D0(2600)→D+π−)
BR(D0(2600)→D∗+π−)

= 0.38 for 1D respectively.

The comparison with the experimental data results in favor of 1D assignment. There-

fore, the possible assignment for this particular state can be 1D respectively. The

theoretical estimation of coupling constant for the strong decay width of mesons in

this particular state is 0.53 ± 0.01. The theoretical estimation of branching ratios
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from the heavy quark effective theory [17] leads to the conclusion that there may be

possibility of violations in flavor and spin symmetry. In ref. [19], Sun et al. used

the 33P0 model to examine the strong decays of these states and they concluded that

D0(2600) state can be identified as the mixture of 23S1 and 13D1 state. Therefore,

the other possibility is that D(2600) may be considered as a mixing state of 2S and

1D respectively. The other two states D(2750) and D(2760) can be identified with

JP = (2−, 3−) assignment. It is very interesting to point out that non-strange part-

ner of DsJ(2860) can be associated with D(2760) due to mass gap which is about

150 MeV. There are also several references like [16], [17] which suggest possible as-

signment for D(2750) and D∗(2760) state with the l=2, n=1 state. Moreover, the

branching ratio measurement BR(D0(2760)→D+π−)
BR(D0(2750)→D∗+π−)

gives value 0.80 from the leading

order effective theory which is found to be matched with the experimental data. Sat-

urating the total decay width with the ground state to two body decays, we can fit

the experimental data of LHCb and BaBar to estimate the coupling constants. We

take the experimental data of decay widths of recent states as mentioned in table 6.4

to find the hadronic coupling constants. The decay widths are calculated using the

decay formulae given above. We can fit the experimental data of BaBar and LHCb

collaborations to estimate the coupling constants. The observed radially excited non-

strange charm meson states in the heavy meson spectrum are the two resonances

(D(2550),D∗(2600)). The values of coupling constant is obtained from the measured

width of (D(2550)) and the computed value is 0.35± 0.03 [17]. The calculated value

of coupling constants in our fitting program for D(2550) comes out to be 0.40±0.05.

The best fit value of these coupling constants is estimated with in experimental er-

ror using chi-square minimization technique. The errors are clearly dominated by
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the statistical and systematic uncertainties. To check the consistency of our fitting

algorithm, the coupling constant estimation is being carried out for the decays of

JP = (0+, 1+) and the fitted value comes out to be 0.53± 0.04. This value has been

found to be matching well with predictions from other theoretical approaches [17].

The value of coupling constants for D(2750) and D∗(2760) states are also estimated

in our fitting program which are 0.61 ± 0.01 and 0.79 ± 0.03. Let us consider new

states observed by LHCb in the Dπ and D∗π spectrum and from the strong decays,

the states are labeled as D∗
J(3000)

0 → D+π− and D∗
J(3000)

+ → D0π+. On the

basis of LHCb data [2], the angular distribution of DJ(3000) → D∗π is found to be

consistent with unnatural parity. The possible spin-parity assignment for DJ(3000)
0

can be JP = 0−, 1+, 2−, 3+... and D∗
J(3000) have possible spin-parity assignments

JP = 0+, 1−, 2+, 3−, 4+...... Thus, it can be stated that the two states can be higher

radial excitations or can belong to 1F states in the meson spectrum. Some possible in-

dications about the possible assignment of JP quantum numbers can be realized from

the masses of these states. One of the well known potential models [14] calculated

the masses of all possible excited mesonic states and we can suggest the possible spin

and parities assignments of these newly discovered states. To extract the detailed

information about the newly observed states, we present the summary of all D me-

son states and various possibilities of D∗
J(3000) and D

∗
J(3000)

0 in the table 6.2 below.



6.4 Spin-parity Analysis for Non-strange Charm Meson States 175

spl
1
2

− 1
2

+ 3
2

+ 3
2

− 5
2

+ 7
2

+ 5
2

−

n=1

D(1869)(JP = 0−) D∗
0(2400)(J

P = 0+) D1(2460)(J
P = 1+) D(2750)(JP = 1−) D∗

J(3000)(J
P = 2+)⋆ DJ(3000)(JP = 3+)⋆ DJ(3000)(J

P = 2−)⋆

D∗(2010)(JP = 1−) D8
1(2430)(J

P = 1+) D∗
2(2430)(J

P = 2+) D(2760)(JP = 2−) DJ(3000)(J
P = 3+)⋆ D∗

J(3000)(JP = 4+)⋆ D∗
J(3000)(J

P = 3−)⋆

n=2

D(2550)(JP = 0−) D∗
J(3000)(J

P = 0+)⋆ DJ(3000)(J
P = 1+)⋆ D∗

J(3000)(J
P = 1−)⋆

D(2600)(JP = 1−) DJ(3000)(J
P = 1+)⋆ D∗

J(3000)(J
P = 2+)⋆ DJ(3000)(J

P = 2−)⋆

n=3

DJ(3000)(J
P = 0−)⋆ D∗

J(3000)(J
P = 1−)⋆

Table 6.2 Table showing all non-strange charm meson states

Wang et al. [16] also suggested the various possibilities of D∗
J(3000) states and

calculated the decay widths of these states in terms of relevant coupling constants.

We also suggest the same but we add the two more possibilities i.e. (1−, 2−) and

(2−, 3−) lying in 1D spectrum. To analyze the spectrum of above JP states, we study

the two body decay behavior and calculate the branching ratios for the states for

which decay to PM and P ∗M both are allowed. Considering the branching ratios

for strong decays
BR(D∗

2→D∗+π−)

BR(D∗
2→D+π−)

and the decay occurs via relative f-wave and simi-

larly for other decay channels,the branching ratio and the relative wave is mentioned

in the table given below.

Table 6.3 Ratios of decay widths for D∗
J(3000) state in all possible assign-

ments.
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D∗
J(3000) D∗

J(3000) → D∗π
BR(D∗

J→D∗+π−)

BR(D∗
J→D+π−)

spl =
5
2

+
, JP = 2+ f-wave 0.343

spl =
7
2

+
, JP = 4+ f-wave 0.52

spl =
1
2

+
, JP = 0+ s-wave 0

spl =
3
2

+
, JP = 2+ d-wave 0.955

spl =
1
2

−
, JP = 1− p-wave 1.57

spl =
5
2

−
, JP = 3− f-wave 0.68

spl =
3
2

−
, JP = 1− p-wave 0.32

The table 6.3 collects the ratios of decay width for D∗
J(3000) state. Predicted ra-

tios along with graphs can be analyzed to exclude some of the assignments. The

graphs show the variation of branching ratios Vs mass of decaying particle. From

the graphs, it can be stated that the states lying in 3S doublet produce ratios more

than one around the mass values of 3000 MeV. The decay of D∗
J(3000) into D

∗+π− is

the dominant mode for 3S doublet which is inconsistent with the experimental obser-

vations. DJ(3000) is observed to decay via D+π− channel. However, if we assume

the DJ(3000) as the spin partner of D∗
J(3000) then D

∗π is the most dominant decay

mode. The other possible decay modes are DK and Dη. If DJ(3000) and D
∗
J(3000)

belongs to 2P (0+, 1+) doublet then the allowed decay mode for D∗
J(3000) forbids

D∗+π− decay channels which agrees well with the experimental observation. In all

other cases, decays to both the channels Dπ and D∗π are allowed. Moreover, the

theoretical calculation of branching ratios (
D∗

J (3000)→D+π−

D∗
J (3000)→D∗+π− ) for all possible doublets
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Figure 6.1 Graphs showing branching ratios (
BR(D∗

J→D∗+π−)

BR(D∗
J→D+π−)

) Vs mass of

decaying particle



178 Chapter 6 Strong Decays of Charm Mesons

and comparison with the mass spectrum observed by LHCb collaboration suggests

that the possible assignment of these two states can be either (JP = (1−, 2−)) or

(JP = (2+, 3+)) for D∗
J(3000) and DJ(3000) mesons. The state 33S1 state decays

to D∗π,Dπ,D∗
sK,DsK and Dη and the coupling constant for this particular state

lies near the value of ≃ 0.1. Also, the state 33S1 appears to be a narrow D meson

state. But its partial decay width to D∗π appears to be greater than that of Dπ mode

which is completely inconsistent with observations by LHCb collaboration. If we

assign 2P (JP = (1+, 2+)) doublet to D∗
J(3000) and DJ(3000) mesons than the cou-

pling constant for strong decays to π,K, η should lie between 0.12-0.15. For (23D3)

state, (Dπ,DK,Dη) are the other allowed decay modes. Additional decay channels

may include D(2460)π and D(2420)π. The additional information about these decay

channels may help to estimate coupling constant more precisely. In addition to this,

for the 23D1 state, the most prominent decay mode is Dπ therefore the ideal decay

mode to search for this state is Dπ. The ratio of total decay widths for D∗
J(3000)

and DJ(3000) can be calculated from the experimental data of LHCb collaboration.

Γ(D∗
J(3000))

Γ(DJ(3000))
= 0.587± 0.083 (6.31)

In our work,
Γ(D∗

J (3000))

Γ(DJ (3000))
is calculated in heavy quark effective theory. The comparison

of theoretical value with experimental data favors in (1−, 2−) assignment. Similar

analysis can be carried out for the DJ(3000) mesons. The various possibilities in-

clude 31S0, 2P (1+) and 2D(2−) and 1F etc. A closer look at the decay width of

all the above states in the D∗π spectrum suggests that the most possible assignment

for D∗
J(3000) and DJ(3000) belongs to either 2P or 2D state. The most prominent
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decay mode for 2P (1+) in (1+, 2+) doublet is found to be D∗π which matches well

with the experimental data on decay width for DJ(3000). However, if we consider

the DJ(3000) as the spin partner of D∗
J(3000) then the another possibility can be

that 2P(1+) in (0+, 1+) overlaps with that with 1+ in (1+, 2+) doublet.

6.5 Conclusion

We study the heavy meson decay width in the framework of heavy quark effective

theory that represents heavy quark and chiral symmetry at chiral symmetry breaking

scale Λχ ≃ 1GeV [5]. We studied the recent charm meson states with their Jp assign-

ment. The upcoming results at collaborations like LHCb produces the data for branch-

ing ratios that is used to calculate the decay width, coupling constants and suitable Jp

states. The coupling constants and their studies are important to study heavy meson

phenomenology. The accurate estimation of coupling constants help to study the de-

tailed interaction of heavy mesons. The present work calculates the coupling constant

for strong decays of non-strange charm meson states (D(2550),D(2600),D(2750)and

D(2760)) by using Chi-square minimization techniques. The numerical values of de-

cay widths from the collaborations like LHCb, BaBaR and CDF are used to extract

the values of coupling constants. The various assignments of Jp values to the above

mentioned states are also analyzed. The Jp assignment for D0(2550) state is 0−

while D0(2600) is identified as mixture of 23S1 and 13D1 state with Jp = 1−. The

states D(2750) and D(2760) are identified with JP = (2−, 3−) assignment. All as-

signments to DJ(3000) are analyzed deeply and various possibilities for JP states has

been checked. Two more possibilities i.e. (1−, 2−) and (2−, 3−) lying in 2D spectrum



180 Chapter 6 Strong Decays of Charm Mesons

have also been included for analysis. Most possible assignment in the present work is

favored in 2P(1+) for DJ(3000) state. While investigating for decays, it is concluded

that the results on decay widths are further helpful to search for un-known resonances

so that the excited meson spectrum for D meson family is clear to theorists as well

as experimentalists.
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Chapter 7

Summary and Outlook

In this thesis, various low energy properties of hadronic systems have been studied

either using the statistical model or effective theories. Quantum Chromodynamics

(QCD) is the universally accepted theory of strong interaction physics. The theory of

QCD has a remarkable simplicity and elegance at the classical level, with its under-

lying non-abelian SU(3) color symmetry. The faith in QCD as a true physics theory

is founded, on the successes of perturbative quantum chromodynamics(PQCD) where

its wide-ranging predictions are compared to the experimental data on high energy

processes, at variety of experimental facilities, covering numerous physical processes

in lepton-lepton, lepton-hadron and hadron-hadron collisions. Due to asymptotic

freedom, the perturbation series expansion of QCD breaks down at low energy. For

studying the system of quarks, baryons or mesons, the two approaches in our hand,

are the perturbative and non-perturbative approach. The value of the coupling con-

stant approaches the order of 1 at an energy of 1GeV, a scale referred to as ΛQCD.

There is variety of interesting phenomena at relatively low energy scale. This means

that a perturbative approach in conventional sense (expansion in the coupling con-

183



184 Chapter 7 Summary and Outlook

stant) is not sufficient to gain a complete picture of QCD. Non-perturbative QCD

refers to the study of interactions among the hadrons in a regime where the direct

theoretical approaches are hard to be applied. The value of running coupling constant

α(Q2) increases at small momentum transfers, reaching a value equal to 1, at the

momenta transfer of around Q2 ∼ 500MeV 2. This leads to the general problem in

QCD that it becomes non-perturbative at small momenta or energies E ≤ 1GeV .

For example, the properties of hadrons at low energy cannot be studied via simple

perturbative QCD methods. One has to look for other approaches to calculate the

properties of hadrons. Various non-perturbative techniques are lattice gauge theory,

sum rules, phenomenological models and effective theories. Some situations arise

when the symmetries and dynamics of QCD gives birth to new constants other than

coupling constants in the form of expansion parameters. Thus, non-perturbative ef-

fects arise in the form of low energy parameters. A lot of experimental data can

help to find constraints on these low energy parameters. Effective field theories can

be very useful to implement the above said idea. Another situation can be the use of

phenomenological models to find the low energy parameters. The first part of present

thesis focus on low energy properties. These properties can be calculated in various

relativistic and non-relativistic methods. Our concern is to find out these properties

using statistical models where strange and non-strange effects on sea can be studied.

Nucleons and hyperons are studied in a statistical framework using principle of de-

tailed balance. Another category of particles of our interest is a heavy-light D and B

system. This interest is due to rapid growth and advancements in the experimental

facilities and discoveries of new resonances at different energy levels. To explore

the decay widths and masses of newly observed resonances, an effective theory is the
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most helpful. An overview of basic information about the phenomenological mod-

els and effective theories is discussed in chapter-I. The basic symmetries and their

breaking also play an important role in explaining the structure and dynamics of

hadronic systems. The chapter I includes the discussion of such symmetries existing

in nature and their breakings .

The first historical step in the understanding of quark gluon nature was the con-

stituent quark model. SU(3) flavor states when combined with the SU(2) states of

spin, leads to the six fold symmetry known as SU(6). The well known SU(6) model

uses six quark states to constitute and classify the hadrons into mesons and baryons.

SU(6) model explains some of the low energy properties of nucleonic system like the

magnetic moment ratio of proton and neutron but there are some low energy param-

eters for which extension of SU(6) quark model is needed. One such big question

in the mind of researchers is the proton spin problem. It is speculated that partons

being bound inside the nucleon, does possess some statistical properties. Statistical

models provide intuitive appeal and physical simplicity, that have made success in

describing the parton structure functions for nucleons. Statistical model in our work

is based on the renowned approach where the visualization of hadronic structure oc-

curs through fundamental quarks (as valence part) interacting through gluons and

quark-antiquark pairs. The model assumes the hadronic structure to be made up of

two parts, one is valence part and another is sea-part, where sea has the structure of

quark-antiquark pair multi-connected non-perturbatively through gluons. Since the

hadron should be colorless and a q3 state can be in color state 1, 8 and 10 respec-

tively. This restricts sea to be in specific color state to make hadrons as a colorless

entity. Similarly, if sea is assumed to be in more general form like quark-antiquark
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pair and gluon or a mixture of both then in S-wave state, sea can be of spin 0, 1

or 2. The basic instructions about the statistical model and an overview of current

researches related to low energy properties of hadronic systems is given in chapter

II.

A new statistical model has been used by Zhang et al. in which a nucleon is taken

as an ensemble of quark gluon Fock states. In this model, principle of detailed

balance is applied to find the probability of all Fock states. Principle of detailed

balance assumes that every Fock state should be balanced with nearby Fock state.

The model explains flavor asymmetry of the sea and provides results matching with

the experimental results. Thus, a more general description of above model is proposed

in chapter II where in addition to flavor, each Fock state have a definite spin and

color quantum number and a particular symmetry property. The resulting formalism

is based purely on a statistical formalism to explore the light quark spin content of

nucleons, magnetic moments and semi-leptonic decay constant of neutron etc. The

most interesting point to note here is that, all the properties are directly linked with

the probabilities associated with each Fock state in definite spin-color-flavor spaces.

Therefore, a total flavor-spin-color-space wave-function with all possibilities of quark-

gluon Fock states is constructed. Properties of all baryonic systems are calculated

using flavor-spin-color wave-function of baryonic system with possible combination

of q3 and sea such as to give spin 1
2
, flavor-octet and color-singlet state. The wave-

function implies that the coefficients associated with each possible combination need

to be evaluated statistically. These coefficients are determined by using the probability

of each Fock state.

To check the effectiveness of statistical model, we have extended the principle of
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detailed balance to include the strange quark-antiquark pairs in the sea. Assuming

hadrons as a complete set of quark-gluon Fock states, principle of detailed balance

is concerned with calculation of probability of every Fock state inside the hadrons.

It assumes that probability for arriving in from one state is equal to probability of

leaving out from that state. The balancing of any two ensembles with each other can

be expressed in the form

ρi,j,l,k | {q}, {i, j, l, k}⟩ ⇐⇒ ρi′,j′,l′,k′ | {q}, {i, j, l, k}⟩

Moreover, non-zero mass of s-quark limits the free energy of gluon and hence the

states with strange quark-antiquark pairs are assumed to be less probable. To ac-

commodate the strange quark in sea and to allow processes such as g ⇐⇒ ss̄, a

system must have energy greater than twice that of the strange quark mass. Thus,

we have Fock states with number of strange quark-antiquark limited to one for a

nucleonic system. The probabilities in spin and color space is calculated using the

relevant multiplicities in statistical model, the relevant operators act on the sea-part

and the probabilities in spin and color space suggest the active participation of sea

quarks. These probabilities are further helpful to provide information about the static

properties of hadrons like magnetic moments of baryons, spin distribution of quarks

inside the baryon, total spin content, axial vector form factors etc. The results in

our model is found to be matching with the experimental data and other theoreti-

cal models. The present work shows that although the strange quark contribution

is negligible but if the strange quark is added in sea then the quark spin content of

the nucleon is found to be matching with the experimental data of Spin Muon Col-
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laboration. The polarized s-quark distribution at Q2 = 2.5(GeV
c
)2 is compatible with

∆s = 0.03 ± 0.03 ± 0.01. To highlight the presence of strange sea quarks inside the

nucleonic system and to analyze the importance of various contribution of sea com-

ponents, statistical model provides us the framework to check the effect of individual

contributions from the different Fock states of sea. The details of the results are

included in chapter III.

The uniqueness of the statistical framework lies in the fact that the same model is

expected to work well for all spin 1
2
strange baryons. The SU(3) breaking is expected

to be in valence as well as sea part. SU(3) breaking in sea comes due to strange

mass corrections of strange sea. To study SU(3) breaking for hyperons in detail, we

need to incorporate the effects of strange quark mass into the probabilities associated

with these Fock states. Here we define r as the symmetry breaking parameter and

r = µs

µd
where µs is the magnetic moment of strange quark and µd is the magnetic

moment of the d quark. It is quite interesting to mention here that strange mass

corrections when applied in sea, shows a remarkable increase in the value of polarized

quark-antiquark densities and our data is found to be consistent for the polarization

densities of strange quark but it shows deviation for ∆u, ∆d in few cases. As

far as the available data for weak decay ratios is concerned, our results match the

experimental value in most of the cases. The results go well with other theoretical

models for most of the decays and provide even better matching for decays like Ξ0 →

Σ+. The ratio F
D
comes out to be 0.676 and found to be deviating about 17% from the

experimental value 0.575 ± 0.016. In case of SU(3) symmetry, we find ∆u = 0.91,

∆d = −0.24 and ∆s = 0 respectively. Also, when ms corrections are applied, the spin

polarized densities change to ∆u = 0.76, ∆d = −0.18 and ∆s = −0.019 respectively.
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This leads to the conclusion that even in SU(3) symmetry breaking, strange quark

contribution to the spin of proton is very small.

Mass, splittings, decay widths and branching ratios are the fundamental parameters

in describing a hadronic system. The experimental data for heavy light systems

comes in the form of above said parameters. The properties of hadrons in which

a heavy quark is coupled with light degrees of freedom, is explained using the heavy

quark symmetry and chiral symmetry. The effective Lagrangian is based on SU(3)L×

SU(3)R global symmetry and other heavy quark symmetry assuming charm, bottom

and top quark masses as infinite and light quark masss as approaching to zero. Thus,

chiral Lagrangian for heavy light mesons incorporating the heavy quark symmetry

is written by including a kinematic term and all the possible interactions with the

Goldstone bosons. The fields include both the symmetry breaking and conserving

terms are taken. In the framework of heavy hadron chiral perturbation theory, chiral

corrections and corrections due to heavy quark symmetry are encountered and at

tree level the residual masses is given by a generalized formula given in chapter

V. The residual masses are defined to be the difference between the real mass and

an arbitrarily chosen reference mass of O(mq). The formula is written in terms

of various non-perturbative QCD parameters . These parameters can be fitted to

produce the masses of various heavy-light mesonic states. Taking the hyperfine and

mass splitting data, available at experiments, the symmetry conserving and violating

parameter’s ranges are predicted. The spin symmetry predicts that, for fixed j ̸= 0,

there is a doublet of degenerate states with total spin J ± 1
2
and the flavor symmetry

relates the properties of states with different heavy-quark flavor. This concludes that

mass splitting among the various doublets are independent of heavy quark flavor.
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Chapter 6 discusses the most recent study of charm non-strange mesonic states.

The latest upcoming results from the experimental collaboration motivates us to study

strong decays of D(2550),D(2600),D(2750),D(2760) and D(3000). From the heavy

meson chiral Lagrangian terms, we can obtain the strong decay widths Γ to final

states D(∗)π, D(∗)η, D
(∗)
s K where the symmetry breaking scale ΛX = 1GeV . The

study of strong decays of mesons is the key to understand the importance of coupling

constant. These effective coupling constants can either be determined theoretically

or by fitting the experimental data. The recent experimental data of above mentioned

states is used to estimate the effective strong coupling constants. The value of cou-

pling constants obtained for D(2750) and D∗(2760) are 0.61± 0.01 and 0.79± 0.03.

The tentative assignment of newly discovered state D∗
J(3000) can be natural par-

ity states (0+, 1−, 2+, 3−....) while DJ(3000) can be identified with unnatural parity

states like (0−, 1+, 2−, 3+....). Therefore, the missing doublets 2S,1D,1F,2P and 3S

can be thought of filled up with these states. We study the two-body strong decay

widths and branching ratios of missing doublets and plot branching ratios vs mass

of decaying particle. These plots are used to analyze all assignments to DJ(3000)

deeply and various possibilities for JP values.

Therefore, the above mentioned work is concerned with the properties of different

hadronic systems. These properties help to get into details of the structure of these

hadrons. Moreover, to match the experimental data with the theoretical predictions,

these properties need to be calculated. The present work concludes that at low energy,

the fundamental symmetries of QCD plays a crucial role to find the structural details

of the hadrons. The statistical model here is applied to spin 1
2
baryons but this model

can be extended to a system with spin 3
2
baryons. In addition to this, the orbital
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angular momentum of quarks can also be taken into account so as to check the

validity of the statistical techniques.

There are lots of upcoming data for radially excited strange and non-strange

charm and bottom meson states. The masses and decays of heavy-light systems can

be explored in details by using an effective Lagrangian including symmetry breaking

corrections and higher order correction terms so that more accurate predictions of

coupling constants can be obtained. We can also include some additional channels

like decays to vector mesons and decays to the states like 2420π and 2430π in our

work by introducing additional phenomenological Lagrangian terms. This will in-

clude more un-known constants and the experimental data of decay widths can be

confronted to fit these un-known constants. The heavy quark effective theory with

higher order terms and chiral loop corrections can be applied to verify the masses of

excited charm meson spectrum.




