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ABSTRACT

Low energy properties of Baryon octet are analyzed here by using various approaches. We take
nucleons in addition to other baryon octets for determining fundamental properties. Here the baryon is
considered to be made up of the sea and valence part where sea is assumed to have various fock states in
addition to the three valence quarks. Here the sea comes with the different contents contributing to the spin
0,1,2 depending whether scalar, vector and tensor sea. Here we have a statistical approach to study the
behavior of nucleons in contributing to these properties and hence the different approaches where the similar
framework has been used is studied for the respective properties. We have used a statistical model in which a
nucleon is taken as an ensemble of quark-gluon Fock states and where a probability to find a Fock state is
decided by the principle of balance or principle of detailed balance. Within this framework, various models
have been discussed for these properties and their domain of validity is check for calculating these parameter
to find the effects of the sea for them.

Our aim in the thesis is to find out various approaches to calculate these fundamental properties of
the baryon octets and to analyze the difference in various approached based on the dynamics of the sea
contributions. We calculate the coefficient coming from this sea in terms of o & B. We see the effect of sea
contribution on different models just by considering the sea or by suppressing it. Hence we get the different
values of a & B for both the approaches which show the importance of these contributions coming from
various fock states and hence put a contain on the values of alpha and beta. The results for these properties
baryon showing the different values in different models. For betterment for our analysis we have also taken
few other theoretical models and properties calculated in them and then we have shown a comparison
between these models. Some shows higher relevancy to the experimental values while some shows less.
Thus we tabulate the different results validating these models.
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Greek Alphabets

Alpha A A
Beta B B
Gamma r r
Delta A A
Epsilon E E
Zeta = Z
Eta H H
Theta C] 0
lota 1 1
Lamda A A
Mu vl M
Pi 11 11
Rho P P
Sigma z z
Tau T T
Phi D (0]
Chi X X
Psi 0] ¥
Table I. Greek alphabets
Baryons (JP=1/2")

BARYONS QUARK CONTENT CHARGE MASS(MeV)
P uud +1 938.280
N udd 0 939.573
A uds 0 1115.6
Pl uus +1 1189.4
P dds -1 1197.3
>’ uds 0 1192.5
=° uus 0 1314.9
= dss -1 1321.3

A udc +1 2281

Table.ll Baryons octet




Baryons (J°=3/2")

BARYONS QUARK CONTENTS CHARGE MASS(Mev)
N uuu +2 1232
A" uud +1 1232
A° udd 0 1232
A ddd -1 1232
> uus +1 1382.8
X’ uds 0 1383.7
) dds -1 1387.2
g uss 0 1531.80
g dss -1 1535
(0} SSS -1 1672
Table. 111 Baryons decouplet
Leptons
LEPTONS CHARGE MASS
Electron (e) -1 511
Muon (W) -1 105.6
Tau (1) -1 1777
Electron neutrino(v 0 <.000003
Muon neutrino(v,) 0 <0.19
Tau neutrino(v,) 0 <18.2
Table. IV Leptons
Mesons
PARTICLES SYMBOL QUARK CONTENT] MASS(MeV)
Charged pion I ud 139.6
Neutral pion I’ uii—dd 135.0
V2
Charged kaon K* us 493.7




Neutral kaon K° ds 497.7
Eta H ui+dd—2ss 547.8

VB
Eta prime n uti+dd-2ss 957.6

3
Negative pion T ud 139.6
Negative kaon K us 493.7
Neutral kaon bar Kk © ds 497.7

Table. V Meson Nonet

Natural Units

h=C=1

Mass Mc?/c’

GeV

Length he/Mc?

GeV'=0.1975 fm

Time he/Mc®

Gev'=6.59*107% s




Chapter 1

Introduction

Subatomic particles, also known as elementary particle, Subatomic particles include electrons, the
negatively charged and they include the heavier building blocks of the small but very dense nucleus
of the atom, the positively charged protons and the electrically neutral neutrons. For instance
Protons and neutrons, are themselves made up of elementary particles called quarks, and the
electron is only one member that includes the muon and the neutrino. More-unusual subatomic
particles—such as the positron, that is the antimatter of electron have been detected in cosmic-ray
interactions in the Earth’s atmosphere. The field of elementary particles has dramatically extended
with the construction of powerful particle accelerators to study high-energy collisions of electrons,
protons, and other particles with matter.

As particles collide at high energy, the collision energy becomes available for the creation of
subatomic particles such as mesons and hyperons. The study of subatomic particles has been
transformed by the discovery that the actions of forces are due to the exchange of “force” particles
such as photons and gluons. More than 200 subatomic particles have been detected most of them
highly unstable. As a result of collisions produced in cosmic-ray reactions or particle-accelerator
experiments. Theoretical and experimental research in particle physics, has given scientists a clearer
understanding of the nature of matter and energy and of the origin of the universe. The current
understanding of the state of particle physics is expended within a conceptual framework known as
the Standard Model. The Standard Model provides a classification scheme for all the known
subatomic particles based on theoretical descriptions of the basic forces of matter.

High Energy Physics

High-energy physics is the study of the smallest components of matter and how they interact.
These fundamental particles are the stuff from which our entire world is made. Invisible to the
naked eye so tiny that the most powerful electron microscope can’t see them these particles, and
only these, compose our homes, the cells of our bodies, and the warm rays of light on a summer’s
day. Some are not even particles of matter: they’re bundles of pure energy. In studying them, high-
energy physicists seek to learn what our world is made of, how it is put together, and how it works.
Since molecules & atoms are basic elements of familiar substances that we can see & feel, we have
to look within atoms in order to learn about “elementary” subatomic particles and to understand the
nature of our universe. The science of this study is called particle physics, elementary particle
physics or sometime high energy physics (HEP) [1], because it involves energies of hundreds of
giga electron volts or more. The phenomena of antimatter and annihilation are very important to
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particle physicists, who often produce and collide particles and antiparticles in the laboratory, and
use the resulting “mini-explosions” as a tool for concentrating a lot of energy in a very small region.
Out of these bursts of energy, many new particles may be produced. In order to explore the possible
existence of new phenomena, physicists try to produce them in higher and higher energy collisions,
hence the name High Energy Physics. Elementary particles can detected and created during
energetic collisions of other particles [2].
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Fig 1.1 Collisions of particles

1.1) Motivation

The driving motivation behind particle physics experiments is the desire to uncover the true
nature of fundamental forces and particles. The standard model is believed to be an effective theory,
which has a deeper underlying theory reachable in the next generation of experiments. In the
electroweak sector, where great successes of the past decades have predicted and verified the
unification of the electromagnetic and weak nuclear forces, precision measurements at the CERN
large electron positron collider (LEP) and the Fermilab proton-antiproton collider demand that there
be either a light Higgs particle with a mass less than about 200 GeV and concern with flavor also, a
decade of increasingly precise measurements of the properties of heavy quarks has shown
remarkable agreement with the standard model predictions, and now moving a steps into an era of
precise investigations of the neutrino sector. The demonstration by the Japanese neutrinos flavors
oscillate but that their masses are likely much smaller than those of the other elementary particles
suggests that there are critical phenomena in particle physics which cannot be explained by the
standard model. This physics also have a significant role in cosmology. There are some hints that
this new physics might be accessible to upcoming experiments. In the strong field, the theory of
quantum chromodynamics (QCD) has been successfully used to predict the behavior of quarks and
gluons at high energies observed at the HERA collider at DESY Hamburg and many more
theoretically and experimentally challenging which requires further investigation.

1.2) Fundamental Particles and Interactions



The central nucleus contains protons and neutrons which in turn contains quarks. Quarks
constitute all hadrons (baryons and mesons)--i.e., all particles that interact by means of the strong
force. The objects which carry color force between quarks and hence glue them into hadrons are
called gluons. Unlike photons, gluons can interact with each other. As a consequences the force
increases with the distance, and quarks are confined inside hadrons. So that free individual quarks
have not been observed.

Why'd you ignore 1 do not interact
the g{uy who just with other
walked past?

r photons!

Fig 1.2: Interaction of Photons with Electron

The set of particles also includes their antiparticles. Initially quarks are “up”,”down”,”strange”
upto 1963.In 1974 a new particle was unexpectedly discovered at SLAC(Stanford linear accelerator
center).it was given the dual name J/Psi that shows the bound state of quark-antiquarks pair so the
new fourth quark called “charm ” quark. This quark scheme was extended to its present state of six
quarks by the addition of new pair. The six quark prediction was fulfilled when in 1977 a new
heavy meson called the upsilon was discovered in fermilab and later shown to be a bound state of
bottom and antibottom quark pair. so the six quarks are:-Up, Down, Strange, Charm, Bottom, Top
and these are denoted by: ‘u’, ‘d’, ‘s’, ‘c’, ‘b’, ‘t’ respectively and also six leptons are Electron,
Muon, Tau, Electron neutrino, Muon neutrino, Tau neutrino. Leptons are also a group of subatomic
particles. Hadrons are made up of 3 quarks and are further subdivided according to the spin.
Hadrons having half spin(1/2,3/2) are called fermions or baryons and having integral spin(1,2,3)
are called bosons or mesons so these quarks combine to form heavier particles called Baryons,
quarks and anti-quarks combine to form Mesons.

c, .
Ceo @6

Positive Kaon

=

u
Fratan Meutron )
@,

Megative Kaon

Baryons Mesons




Fig 1.3: Baryons and Mesons

Quarks and leptons are building blocks of matter. The universe, which we know exists because
the fundamental particles interact. These interactions include attractive and repulsive forces, decay,
and annihilation. Four fundamental interactions between particles are Gravitational interaction,
Electromagnetic interaction, Strong interaction, Weak interaction and all forces in the world can be
attributed to these four interactions.

1.2.1) Gravitational forces

In subatomic world in which we are dealing with very small masses, gravity is weak as to be
negligible. So this force is not included in the standard model of particle physics, that describes the
role of fundamental particles and interactions between them. Graviton is the carrier particle for
gravitational force.

Strength Range (m}) Particle
4 graviton 7
Gravity ."“‘. 8 x 100 Infinite R

gpin=2

Fig 1.4: Properties of gravitational force
1.2.2) Electromagnetic force

Electromagnetism combines both the effect of electrical charge and magnetism, as different
aspects of a single force.

Strength Range (m) Particle
EIEC#G" “"'". ."" 11? Infinite maasrl o
magnetic @@ =1

Fig 1.5: Properties of electromagnetic force

Its strength is 100 times weaker than the strong interaction. photons (y) are the exchange
particles of this force. It has a infinite range and obey inverse square law. Electromagnetic
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interactions are also responsible for electric and magnetic field formation around electric charges
and electric currents. All these phenomena are electromagnetic waves and differ only in
wavelength. In the quantum field theory, any changing electromagnetic fields or electromagnetic
waves can be described in terms of photons. When there are many photons involved, the effects are
equally correct given by the earlier non-quantum theory, namely Maxwell's equations. Theory of
electromagnetic interaction is quantum electrodynamics (QED).QED is the generalization of
quantum mechanics to include the special relativity (where the particle travel almost closed to the
velocity of light). It is a field theory of electromagnetic field force. Thus it is applied to all
electromagnetic phenomenon associated with the fundamental charge particle.

1.2.3) Strong force

A force which can hold the nucleus together against the forces of repulsion of proton is strong
indeed. The carrier particles of strong force are called gluons, because they glues the quarks
together. This force acts between the quarks only. It acts over a very short distance. Coupling
constant (o) =g52/47t<=1.G1u0n is a mass less like a photon, but it has a color charge. Gluons only
interact with the objects which having a color charge, they can interact among themselves.

"‘ Strength Range (m) Particle
Forca which
Sa‘rﬂng T bk nusciel s 1 1 D-15 gluons,
‘ .m““' tdiamster of a mnucleor:s)
madium sired nucleas)

Fig 1.6: Properties of strong force

Beyond a hadron separation of about 1.7 femto meters (10 "> meters), the strong nuclear force
becomes negligibly small. Quantum Chromodynamics (QCD) is the theory of strong interaction. It
deals with quarks, gluons, & their interaction & is part of the standard model of particle physics [3].
Two peculiar properties of QCD: Asymptotic freedom and Confinement. Confinement means force
between quarks does not diminish as they are separated because of this it would take an infinite
amount of energy to separate two quarks however they bound into hadrons. Asymptotic means that
in very high energy reactions, quarks and gluons interact very weakly means nearly free, when the
exchange momentum is very big. Confinement is dominant in low-energy scales but as energy
increases, asymptotic freedom becomes dominant.

1.2.4) Weak force
}"' Strength Range [m) Partichks
],‘1.? W - 18 Imamediate
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Fig 1.7: Properties of weak force
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The weak interaction acts between both quarks and leptons. It is mediated by intermediate
vector bosons w+, w- and z. The charge of weak interaction is called weak charge. Since the W’s
have a charge of +1 and —1 they cause a “charge-changing” interaction. That is when they are
emitted or absorbed, to conserve charge, the “emitting” or “absorbing” particle changes charge by
+1 or —1 unit. It’s a short range force. Coupling strength (o) =¢%/4m =1/137. It accounts for certain
type of radioactivity that are classed together as beta decay. The neutrino has no strong or
electromagnetic interaction and feels only the weak force. That is why neutrinos are so elusive that
they can pass through the entire earth without interacting.

1.3) Standard Model

Standard model is renormalisable field theory. It comes in 1978.1t describes the universe in
terms of Matter (fermions) and Force (bosons).The Fundamental particle interactions described by
the Standard Model are the electromagnetic, weak and strong nuclear forces[4].The Standard Model
describes role of fundamental particles and their interactions between them. S.M. using
17 fundamental particles, all of which are fermions or bosons: 6 quarks (fermions),
6 leptons (fermions), 4 force-carrying particles (bosons), which are physical manifestations of the
forces through which particles interact. The graviton is not included. Attempts to include gravity in
the Standard Model have failed. and the hypothetical Higgs boson. Unlike the force-carrying
particles, the matter particles have associated antimatter particles, such as the antielectron called
positron and antiquarks.

FORCE

=S =B

A SGacrge Bosorrs
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Fig 1.8: Quarks and Leptons

O Limitations of standard model

1. Does not attempt to explain gravitational interactions.


http://www.britannica.com/EBchecked/topic/63194/beta-decay

2. A fraction (1/4) of the matter in the Universe is cold, dark matter which is not SM particles.

3. There is no explanation given in the SM, why the weak interactions should be short range
mediated by massive gauge bosons while the EM and strong forces are mediated by mass
less gauge bosons.

4. The total number of free parameters is 19, which is too large.

5. Although, the model unifies the strong, weak and the electromagnetic interactions, the SM does
not complete this unification because the strengths of these interactions are not related by the
model.

6. There is no explanation given in the SM, why the weak interactions should be short range
mediated by massive gauge bosons while the EM and strong forces are mediated by mass less
gauge bosons.

O Challenges to standard model

1.There is some experimental evidence consistent with neutrinos having mass, which the Standard
Model does not allow. To accommodate such findings, the Standard Model can be modified.

2.There is one elementary particle predicted by the Standard Model that has yet to be observed: the
Higgs boson.

O Beyond Standard Model

Theories called the “ Grand Unification theory” have been proposed to unify the electroweak
force with the strong force. Unfortunately we still are not able to unite gravitation into unified
model. If in future we have a quantum theory of gravitation, we may unite gravitation also with the
other forces. The unification is accomplish under an SU(3) ® SU(2) ® U(1).
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all the forces of INature should be capable of being described by a single theory. But only
at high energies should the behavior of the forces combine, this is called unification

gravitational force

weak force

Supergravity Eleciroweak
(quantim gravity) force

eleciromagnetic force

Grand Unified
Theory ((GUT)

strong nuclear force

44— more energy

before the unification point, the forces are indistinguishable and have symmetry. After the
unification point, the forces act differently and the synmmeiry is broken.

Fig 1.9: Beyond Standard Model

1.4) Groups and Symmetries

In physics, a symmetry of a physical system is a physical or mathematical feature of the system
that is “preserved” under some change. The standard model of physics is based on a combination of
three internal symmetries, U(1) x SU(2) x SU(3). SU(2) group determines the isospin invariance
and SU(3) is a eight fold way theory of Gell-Mann and Ne’eman [5]. An understanding of these
symmetries requires that we know something about the mathematical behavior of symmetrical
groups. A group is a set of elements having closure, associative, identity and inverse properties. The
unitary group U(n), is the set of n x n unitary matrices :UU" = U'U=1.The group of n x n unitary
matrices with a unit determinant is called the special unitary group, SU(n).

SU(2) Symmetry

The Special Unitary group of dimension 2, SU(2) is group of matrices. There are three isospin- 1/2
matrices so the three Pauli spin matrices generate the group SU(2) [6]. The group structure of
isospin symmetry is very similar to that of usual spin. The elements(matrices) of SU(2) group have
their determinant= +1. The generators of this must be hermitian and traceless matrices of order n
and maximum number of traceless hermitian matrices of order n are n> 1. The isospin generator T;
satisfy the lie algebra of SU(2) as:

[Tia Tj]:igi,j, ka
Where indices ranges from 1 to 3. The proton & neutron from an isospin double (p, n) means that



Ts|p> =1/2|p>, T3n>=-1/2|n>
Strong interactions Hamiltonian Hs has the property:
[Ti HJ=0 i=1,2,3

SU(3) Symmetry

A symmetry provides the kind of grouping of hadrons that is observed in nature. The
mathematical symmetry is SU(3), which stands for “special unitary group in 3-D”. Gell-Mann and
Ne’eman feels that the basic subgroups of SU(3) contain either 8 or 10 members and the observed
hadrons can be grouped together in 8s or 10s in the same way generators of SU(3) in terms of eight
gell-mann matrices A*

T%=1/2)°
The generator T? of SU(3) satisfies the commutation relation:
[Ta,-l-b]=-|-a-|-b_-|-b-|-a:i28c=1fabc-|-c

Where 2 is the structure constant of SU(3) are real numbers. The Eightfold Way classification
is named after the following fact. If we take three flavors of quarks, then the quarks lie in the
fundamental representation, 3 (called the triplet) of flavor SU (3). The antiquarks lie in the
complex conjugate representation 3. The nine states (nonet) made out of a pair can be
decomposed into 1 (called the singlet), and the 8 (called the octet). The notation for this
decomposition is

303=801

The antisymmetric wave function is obtained by making it fully antisymmetric in color and
symmetric in flavor, spin and space put together. With three flavors, the decomposition in flavor is

32323 =105sF 8y &8y B 1,y

SU(3) flavor symmetry is not an exact symmetry because masses of u,d & s quark are not same
& so the quark flavor are distinguishable. SU(3) color group is an exact symmetry of standard
model, which accounts for the strong interaction of quarks & gluons.

1.5) Experimental Setups

There are many experimental setups in India and abroad also, related with particle physics which
are helpful in producing the remarkable and unpredictable results. some are below:

a)  ATLAS
b)  HERA


http://en.wikipedia.org/wiki/Fundamental_representation
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C) LHCb
d) EMC

ATLAS: The ATLAS experiment is one of the two general-purpose detectors at the LHC at
CERN, the European Laboratory for Particle Physics. The LHC is designed to accelerate intense
beams consisting of thousands of bunches, each containing up to 10 protons, to an energy of 7
TeV about 7 times more energy than the present world record. The protons will collide in the heart
of the detectors, allowing their constituent partons to annihilate and liberate up to 14 TeV per
collision for the creation of new particles. Bunches will collide 40 million times every second,
giving a luminosity of 10** cm?s™. This unprecedented combination of centre-of-mass energy and
luminosity will allow the LHC to produce previously undiscovered particles with masses of a TeV
(such as the Higgs) and more in sufficient numbers to ensure their discovery, probing the phase
space crucial to understanding how electroweak symmetry is broken and mass is generated. This, in
turn, is expected to contribute to an understanding of the connection of gravity to the three forces
already described by the standard model. Among other outstanding issues, which the LHC is
designed to address, are the nature of dark matter and the preponderance of matter over anti-matter
in the composition of our universe.

HERA: We are continuing to use electron scattering to learn about quarks and the particles they
form. One of the laboratories at the forefront of this research is DESY (Deutsches Elektronen-
Synchrotron) in Hamburg, where electrons and protons collide in HERA (Hadron Electron Ring
Accelerator). In HERA, electrons are accelerated in a ring in one direction, the protons in another
ring, in the opposite direction. The two accelerator rings occupy the same tunnel which forms a
circle 6.3km in circumference. The rings intersect at four points around the tunnel, where the
electrons and protons collide head on. There are two main experiments for studying deep inelastic
scattering, called H1 and ZEUS

Fig 1.10: The pictorial view of HERA- the proton ring with electron ring below.

LHCDb: The Large Hadron Collider beauty (LHCb) experiment at CERN observed two new excited
states of the A, beauty baryon. The Standard Model of particle physics predicts the existence of
these new states and the first time they have been confirmed in an experiment. Baryons are
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subatomic particles whose mass is equal to or greater than that of a proton. Like protons and
neutrons, the Ap beauty baryon is composed of three quarks. In Ay, these are up, down and beauty
quarks.

LHCD physicists found the signals for the Ay particlesin a sample of about 60 trillion proton—
proton collisions which were delivered by the LHC operating at a centre-of-mass energy of 7 TeV
in 2011. They measured the masses of the new excited states as 5912 MeV/c2 and 5920 MeV/c2
respectively. which are five times greater than the mass of a proton or neutron.

EMC: The European Muon Collaboration conducted experiments at CERN related with high
energy physics. The EMC experiment took a high energy muon beam produced by colliding high
energy protons of a solid target at CERN accelerator and selected muon energies so that the spin of
the muon pointed along its momentum [7]. So in 1983, it discovered that nucleons inside a nucleus
have a different distribution of momentum among their component quarks. This is the original so-
called "EMC Effect". The muon beam is directed on to a polarized ammonia target in which the
protons in the ammonia have their own spins aligned either parallel or anti-parallel to the muon
beam direction. After one year of collecting data, the EMC experimentalists analyzed a few million
events and extracted the proton spin structure function. It was thought that when the muons
interacted and transferred a large energy to the proton, the proton would break up and the fraction
of spin carried by the broken pieces would be less than by the entire proton. So the spin dependence
would get smaller at higher energies. This surprising effect was that the EMC experiment found in
1987 that only a small part of the proton spin is carried by quarks, and that the strange quark sea is
probably polarized are sometimes called as proton spin crisis.

1.6) Deep Inelastic Scattering

The clarity for the presence of quarks inside the proton is given by deep inelastic scattering. The
proton is composed of point like, spin-1/2 particles - quarks; this is the quark hypothesis. At
sufficiently high energies it should be possible to model inelastic electron scattering off a proton as
the sum of several elastic scatterings with free quarks. Electron-proton scattering at these energies is
called deep inelastic scattering as seen in figure.
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Fig 1.11: Deep Inelastic scattering

At high energies, proton size is larger as compared to the wavelength associated with the
electron. So the electron can probes deep within the proton. High energies tends to alter the proton
so that the new particles can be produced. Deep inelastic scattering can be seen in two different
ways: as inelastic scattering off a proton because it has constituents inside, or as elastic scattering
from one of the constituents inside, avoiding the whole proton. The measurements of polarized
structure functions of proton in the deep inelastic scattering (DIS) experiments [8,9,10] showing
that the valence quarks of the proton carry only about 30% of its spin, many interesting facts have
been seen regarding the polarized structure functions of the nucleon as well as the quark
distribution functions in these experiments. DIS experiments have given good deal of information
about the quark distribution functions.
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Chapter 2

Various Models

2.1) Theoretical and Experimental aspects of studying particle physics

Particle physics phenomenology is the part of theoretical particle physics that deals with the
application of theory to high-energy particle physics experiments. Phenomenology means the
experimental consequences of models: how their new particles could be searched for, how the
model parameters could be measured, and how the model could be distinguished from other,
competing model.

Hirh energy physics

mental Theory

| | | |

Instrumental Simulation Effecti\ve theories Mo\dels Lattice

Exper

HQET & CPT ‘ ‘
Phenomenological models  Potential models

Here we are discussing only about phenomenological models some are: Simple Quark Model,
Chiral Quark Model, Statistical Model and Non-Relativistic model. There are various hadronic
models in high energy physics whose remarkable contribution in different parametres results
produces a good results. To study the low energy properties of nucleons use models. We are
discussing here only four different models.

2.2) Phenomenological Models

+* Simple Quark Model
+ Chiral Quark Model
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+ Statistical Model
+ Non-Relativistic Quark Model

The mainly Simple Quark Model and Statistical Model uses the same wavefunction.
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When we apply this operator 8, to get the eigenvalues in terms of certain properties that can
explain phenomenon at low energies. These properties are based on SU(3) flavor and SU(2) spin
space. For the same purpose, to get the whole idea about these properties we have calculated some
of the quantum numbers like charge, spin and isospin, charge square using their respective
operators. Some of the solved examples are shown below in appendix.

2.2.1) Simple Quark Model

Quark model is a classification scheme for hadrons in terms of their valence quarks-quarks and
antiquarks which give rise to the quantum number of hadrons. These quantum number are of two
kinds-one set comes Poincare symmetry- J° where J is a total angular momentum, p is symmetry
and c is symmetry respectively. Other set comes flavor quantum number such as isospin,
strangeness, charm and so on. Quark model is follow up to eight-fold way classification scheme.

Quark model asserts that:

1. Every baryon is composed of three quarks (antibaryons composed of antiquarks) [1].
2. Every meson composed of quark and antiquarks.
Quark Charge Baryon number Strangeness
Up +(2/3)e 1/3 0
Down -(1/3)e 1/3 0




Strange -(1/3)e 1/3 -1
Charm +(2/3)e 1/3 0
Bottom -(1/3)e 1/3 0

Top +(2/3)e 1/3 0

Table. VI Properties of Quarks

Eight fold way:

In the eight-fold symmetry the mesons and baryons were arranged into various geometrical patterns
on the basis of their charge and strangeness.

o The baryons were fit into a hexagonal array with two particles at the centre. This is called
BARYON OCTET.

Fl y 2
AU et U U
0 d
N
/ \0 /X'Q
Addd 172 ud 12 fuaun1
s S s
XTI\ T
\ 1 \ /
s P s
=— Sv .

Fig 2.1: Baryon octet

o The eight mesons fill the similar hexagonal pattern called MESON OCTET.




Fig 2.2: Meson octet

Quark model requires mesons with Q=0 & S=0,such a particle had already been found
experimentally-the 7.the 8-fold way has been classified the 1 as a singlet.according to quark model
it properly belongs with the eight mesons to form meson nonet.

In 1961, after the discovery of ‘hypercharge’, the strangeness was replaced by hypercharge ,
which is equal to S for mesons and S+1 for baryons.

For heavier baryons, a triangular array incorporating 10 baryons was introduced called the
BARYON DECOUPLET.

g dpp —

e d-gi
E-_XF' \E\ /
- sd | s
_ 1 3\1 /u::m
s (@8 <
i

Fig 2.3: Baryon decouplet

» Limitations of Quark Model

No combination of the three quarks (u, d, s) can form a baryon with S=0 Q=-2.And a meson with
S= -3 Q=+2. These particles were called exotic particles. But were not found even after long
experimental searches.

. Free quarks doesn’t exists. i.e. quarks are confined in hadrons.
. Pauli principle violated in (D™= (uuu)).

In 1964, this dilemma was ruled out by Greenberg by formulating that quarks have different
color .i.e. A™ =Ug Ug Us.

o How many different types of quarks exist? (6?)



These additions to quark model gives that total number of quarks becomes six with their
corresponding anti-quarks.

» More Additions in Quark Model

Quark Date Mass [GeV/c’]
Up, 1968 ~ 0.005
Down 1964 ~0.010
Strange 1947 ~0.200
Charm 1974 ~1.500
Bottom 1977 ~4.500
Top 1995 ~175.0

Table. VII Origin of quarks

2.2.2) Chiral Quark Model

These models are designed to give us insight into some aspects of hadron structure &
spectroscopy. A Chiral quark model should be investigated that relies essentially on those degrees
of freedom that are brought about by the spontaneous breaking of chiral symmetry, namely
constituent quarks and Goldstone bosons. Goldstone bosons are bosons that appear necessarily in
models exhibiting spontaneous breakdown of continuous symmetries. These spin-less bosons
correspond to the spontaneously broken internal symmetry generators, and are characterized by the
quantum numbers of these. Goldstone bosons are infraparticles. An infraparticle is an electrically
charged particle and its surrounding cloud of soft photons. That is, it is a dressed particle rather than
a bare particle. The yQM as formulated by Manohar and Georgi find a good deal of attention as it
not only provides a valuable description of depolarization of valence quarks through the emission of
a Goldstone boson [2] which causes a modification in the flavor content along it also able to
account for the 1 — d asymmetry existence of significant strange quark content s in the nucleon
various quark flavor contributions to the proton spin, baryon magnetic moments etc. They are done
by including the parameters of the yQM without configuration mixing are fixed by incorporating
the latest data pertaining to u - d asymmetry and the spin polarization functions, [3] in the case of
octet magnetic moments the results not only show improvement over the nonrelativistic quark
model results but also give a nonzero value for the right hand side of the Coleman Glashow sum
rule, usually zero in most of the models. So in the case of the octet, the predictions of the YQM
with the generalized Cheng-Li mechanism show remarkable improvements in general when the
effects of configuration mixing and ‘‘mass adjustments’” due to confinement are included. It has
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been shown that invoking configuration mixing, having its origin in spin-spin forces, in the yQM
(referred to as yQMgem) with SU(3) and U(1) symmetry breakings improves the predictions of
¥QM regarding the spin and quark distribution functions [4].

The basic process in the yQM is the emission of a GB by a constituent quark which further splits

intoa qq pair, for example,

q. >GB’+q;' —>(qq') +q'’

where (qq’)+q’ constitute the ‘‘quark sea’” The effective Lagrangian describing interaction between
quarks and a nonet of GBs, consisting of the octet and a singlet, can be expressed as

L = g8q¢q’
- o z _
4 _‘+§_‘ + K*
r~ ﬂ — \/_ O 7T a
— — - 7 ‘,} Z}I 0
= , ¢ = T = _ 4 p L gL aK
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where & =gl /g8 and gl and g8 are the coupling constants for the singlet and octet GBs,

respectively. SU(3) symmetry breaking is introduced by considering Ms>Mu,d as well as by
considering the masses of GBs to be non-degenerate (Mk.,>M) , whereas the axial U(1) breaking is
introduced by M, >Mg, .The parameter a(=|g8|%) denotes the transition probability of chiral
fluctuation of the splittings u(d) —>d(u)+x*? whereas o’a, p%a, and &%, respectively, denote the
probabilities of transitions of u(d) —s+K©, u(d,s) > u(d,s)+n , and u(d,s) — u(d,s)+n".

2.2.3) Statistical Model

Hadrons are composite particles its composition is one of the central issues of hadronic physics
and can be handled in two terms, i.e., in terms of quark-gluon degrees of freedom or meson-baryon
degrees of freedom.[5]The proton is the simple in which the three colors of QCD neutralize into a
colorless bound state, still its difficult how to describe the proton in terms of its fundamental quark
and gluon degrees of freedom from basic principles. The structure of the proton is complicated due
to the non-perturbative and relativistic nature of the quark and gluon in the protons and also for the
sea quarks contribution in it.[6].
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Fig 2.4: Valence and Sea contribution

In the statistical approach, the nucleon is treated as a collection of massless quarks, antiquarks
and gluons in thermal equilibrium within a finite size volume. A statistical model consider a
nucleon as an ensemble of quark-gluon Fock states. This model, uses the principle of balance that
every Fock state should be balanced with all of the nearby Fock states or using the principle of
detailed balance that any two nearby Fock states should be balanced with each other. It has been
seen that the model gives an excellent details of the light flavor sea asymmetry (i.e., u # d ) without
any parameter. In this article, this model can be used to calculate the light quark spin content of
nucleons, the ratio of their magnetic moments, the semi-leptonic decay constant of neutron, and the
ratio of SU(3) reduced matrix elements for the axial current.

2.2.4) Non-Relativistic Quark Model

A very simple non-relativistic potential model pioneer by Zweig and Gell-mann and further
developed by Dalitz and Greenberg and many others to make it successful. Inspite of simplicity,
this model is successfully analysis the baryon spectrum. NRQM are based on the assumption that
baryons are composed of three massive constituents quarks bound in a confining potential[7]. One
of the success of this model is that it gives a simple description of anomalous magnetic moment of
proton and neutron together with those of the hyperons. It can also explain most of the observed
baryon spectrum. The basic hypothesis of NRQM is the existence of constituents quarks as quasi
particle degree of freedom inside hadron. CQ share with the fundamental QCD quarks their
conserved charges and quantum numbers: electric charge, baryon number, color and flavor. A
constituents quark may be viewed as an object in which a “bare” valence quark is dressed by clouds
of quarks-antiquarks pairs and gluons.

2.3) Low Energy Properties in phenomenological models
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Spin Distribution:

Its a essential parameter for classification of particles or intrinsic angular momentum. In fact, the
spin of a planet is the sum of the spins and the orbital angular momenta of all its elementary
particles. So are the spins of other composite objects such as atoms and protons (which are made of
quarks). Half-integer spin fermions are constrained by the Pauli Exclusion Principle whereas
particles having integer spin bosons are not. The spin classification of particles determines the
nature of the energy distribution in a collection of the particles. Particles of integer spin obey Bose-
Einstein statistics, whereas those of half-integer spin behave according to Fermi-Dirac statistics.
spin is basically something about symmetry:-

o The multiparticle wave function is antisymmetric under exchange of identical fermions
because fermions have half spin particles.
o The multiparticle wave function is symmetric under exchange of identical bosons because

bosons have integral spin particles.

The spin “crisis” in high-energy physics began in 1988. As it has been learned since from
accelerator-based experiments with polarized protons at lower energies, quark spin only accounts
for one quarter of the proton’s spin. The remaining three-quarters of a proton’s spin may be carried
by particles called gluons, which bind quarks inside the proton, or by something called orbital
angular momentum, or by both.

In this below diagram representing the head-on collision of a quark (red ball) from one proton
(orange ball) with a gluon (green ball) from another proton with opposite spin, spin is represented
by the blue arrows circling the protons and the quark.


http://hyperphysics.phy-astr.gsu.edu/hbase/spin.html#c3
http://hyperphysics.phy-astr.gsu.edu/hbase/particles/spinc.html#c2
http://hyperphysics.phy-astr.gsu.edu/hbase/pauli.html#c2
http://hyperphysics.phy-astr.gsu.edu/hbase/particles/spinc.html#c3
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/disfcn.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/disbe.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/disbe.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/disfd.html#c1

B

Vb

— P \. — @/ — Gl N
& K

e

Fig 2.5: Collision of quark and gluon
Magnetic Moment

The electromagnetic properties like magnetic moment gives the valuable information regarding
the internal structure of baryons. Magnetic moment of baryon is simply a sum of moments of three
constituents quarks: W= 1+ H2+ p3

It depends on quark flavor and spin configuration because three quarks carry different magnetic
moments and spin that determines the relative orientations of three dipoles. The magnetic dipole
moment of spin % particles of charge g and mass m is:

pH=—5
mc

T> =:uiSz
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H T)= mczm

z

As for mesons have no spin so zero magnetic moment. The magnetic moment of a given baryon
receives contributions from the valence quarks, “quark sea” and orbital angular momentum of the
“quark sea” following Cheng and Li [7,8] and is expressed as

:u(B)totaI = /u(B)vaI + lu(B)Sea + zu(B)orbit, !

where pW(B)va and w(B)sea represent the contributions of the valence quarks and the “quark sea” to
the magnetic moments due to spin polarizations. The term p(B)omic COrresponds to the orbital
angular momentum contribution of the “quark sea”. In terms of quark magnetic moments and spin
polarizations, the valence, sea and orbital contributions can be defined as

/u(B)vaI = ZAqvaI:uq /u(B)sea = qusea/uq

g=u,d,s g=u,d,s



IU(B)orbit = quahu(q+ - q—)

g=u,d,s,c

where u, =eq/2Mq ,(q = U, d, s, c) is the quark magnetic moment, »=q, —q_ is the orbital

moment for any chiral fluctuation, eq and Mq are the electric charge and the mass respectively for
the quark g.

GA/GV:

According to standard model the charge weak current is left handed means it is an equal
admixture of axial vector(A) and polar vector(v) currents of quarks and leptons. Vector current
give rise to Fermi B-transitions with couplings constant G, and having a spin parity selection rule is
Al = 0. Axial current give gammow-teller B-transitions with coupling constant Ga and having
selection rule is AI=0, £ 1

7\, = GA/GV

Determination of A and thus Gy and Ga can each be determined in both sign and magnitude from
neutron decay alone. F and D are the weak matrix elements in beta decay
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Chapter 3

Fundamental Properties of Baryon Octet In various Approaches

3.1) Framework for Various Approaches

The composition of nucleons, in terms of fundamental quarks and gluons degrees of freedom
have been modeled variously to account for its observed properties.[1] It is important to calculate as
many nucleonic parameters as possible in these models to check their merits and their domains of
validity. Proton is the simple system which have the three colors of QCD which neutralize into a
colorless bound state. In many models we consider only valence quarks of proton which contributes
to spin and mass of nucleon. The structure of the proton is rather complicated due to the non-
perturbative and relativistic nature of the quark and gluon in the protons. The proton is also
complicated due to the presence of sea quarks. Since proton and neutron are fermions, they should
obey Fermi statistic and hence both valence and sea should combine to give the proton an
antisymmetric wave function.

Many possible attempts have been made to describe the origin of the nucleon sea and its
antiquark asymmetry. Sea part can be generated by gluon splitting into tu and dd pairs . In order to
understand the sea flavor asymmetry of the proton is from a “statistical balance model” The sea
quark-antiquark tu and dd pairs can be produced by gluon splitting with equal probabilities , the
processes of the annihilation of the antiquarks with their quark into gluons are not flavor symmetric
because of net excess of u quarks over d quarks . Thus the U quarks have a larger probability to
annihilate with the u quarks than that of the d qu arks, and this brings an excess of d over U inside
the proton. In a statistical model, a nucleon is taken as an ensemble of quark-gluon Fock states
[2][3]. This model, using the principle of detailed balance that every Fock state should be balanced
with all of the nearby Fock states, or using the principle of detailed balance that any two nearby
Fock states should be balanced with each other[3], the probability of finding every Fock state of the
proton accounting upto ~ 90% of the total Fock state has been obtained. We construct such Fock
states of a nucleon which have definite color and spin quantum numbers. Now , Take the proton as
an ensemble of a complete set of quark-gluon Fock states, and these different Fock states can be
written as:

|y 1> = Juud> = |{uud}, {0, 0, 0}> (1)
[y2> = Juudg> = [{uud}, {0, 0, 1}> (2)
|y3> = |uuduu> = [{uud}, {1, 0, 0}> (3)

(4)



"> = [uud Gu ...du dd...dd g...g}> = {uud} {i,j k3> (5)

where {uud} are the valence quarks of the proton , i is the number of quark antiquark (tiu pairs), j

is the number of quark -antiquark (dd pairs ), and k is the number of gluons. Then the density
operator of the ensemble is

P = po,o,0luud> <uud| + poo1|uudg> <uudg| + ... (6)

= X pijkl{uud}, {i, j, K}> <{uud}, {i, j, K}, (7)

where pi,j,k is the probability of finding a proton in the state [{uud}, {i, j, k}> .Theses probability
can help to find the alpha and beta parameter and should satisfy the normalization condition,

zpi,j,k =1 (8)

ijk

pijk can be calculated by using the principle of detailed balance without any parameter as shown
below from which values of o & B are calculated. Then on this basis we analyze the value of low
energy properties in the context of the different models. Statistical and simple quark model used the
same basic idea but in their approach, the values of parameters are different.

Here the total probability for the occupancy of various fock states is based on the principle of
detailed balance and there by we can get the generalized term for the probability. The principle of
detailed balance means that any two states balance each other when changes occur between them.
So the number of events that changed from state A to state B (hna——sg) equals the number of events
that changed from state B to state A

(NB—>A).

ie. NaA——B=Ng—— A. (9)
Here shows some cases by using these ways probabilities can be calculated:

@ The first process involving the creation or annihilation of gluon, only g < qg will be
considered while g & gg neglected. So we get

3
luud> = |uudg>, (10)
1x3



|uudg> = |uudgg>,
2%3

3

luudgg> = |uudggg>,
3x3

And so on in general we get

3+2i+2j
Ha}{iik-1}>= Ha}.{i.jk}>
(3+2i+2)j)k
In general we get formula:

Pi, ik 1
Pij k-1 k

Piik 1
Pijo k!

2)Now consider g & {q, it gives as shown :

3
|uudg>=|uuduu>,
1x3

1
luudg>=|uudd>
1x2

1

[{a}.{i—1,j, 1}> = {a}.{i.j,0}>,

i(i+2)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)



1

[{a} i, 113> = Kqh{ij.0)>, (19)
iG+1)
In, General we get formula ,
s o 2 (20)
Pi-1j1 i(i+2)
Pus __1 (21)
Pij-11 i(j+1)

Using relation p, ,, = p, ; , from formula (15), we get

Puie - ____1__ (22)
Pooo 1M1+ 2)!jI(j+1)!
By combining (15) & (22) we get the general formula,

Piik _ 2 (23)
Pooo  WA+2)'(j+1)K!

Now check whether the including of g < gg can change the above calculation or not by analysis
on two kinds of similar relation:

3) Detailed balance involving g & qg and g < gg gives the relation

3
luud> = |uudg>, (24)
1x3
3+1
|uudg> = |uudgg>, (25)

2x3+1



3+2

luudgg> = |uudggg>, (26)
3x3+3
oo e
342+ 2j+k-1
Generally, {a}{ijk-1}> = {a}.{i.j.k}> (27)

(3+2i+2j)k+c
Where c¢%=k(k-1)/2 ,Generally we get a formula:

Pijk  (B+2i+2j+2k-1)

- 28
Piiks @+2i+2))+k(k-1)/2 (28)

Detailed balance involving g <qq has no effect by the process g <gg so the Eq. (28) remains
unchanged. So shows that detailed balance involving g < gg has no effect on above conclusion
general formula remains unchanged.

As seen further, similar basic idea can be using for calculating the low energy properties in
context of another model by Song & Gupta. It considering the different way to calculate these
properties by applying constraints as a four or three parameter fit.

Hadrons (Baryons & Mesons) are color-singlet combinations of three quarks or quark-antiquark
pairs in the appropriate flavor and spin combinations.
The three (valence) quark wave function of the baryon can be written as:

P= (lo >[x>le>) (15>)

D, %, ¢, & denote flavor, spin, color, and space-time q wave functions. The wave function Flavor,
spin-color part should be total anti-symmetric because the wave function & be total symmetric part.
Sea is supposed to be flavorless and in s- wave, spin of sea part are chosen 0,1,2 and color can be
1.,8¢,10; The possible combinations of g° and sea wave functions, which can give a spin 1/2, flavor
octet, color singlet state, for a flavor octet baryons are:

®1*HoGo , ©5"*HoGs , @10"*HoGio , @1"°HiG1 , @5 ?H:1Gg , ®10"*H1 G,
®5*?H;Gg , 05*°H;Gs

Total flavor-spin-color wave function of a spin up baryons which consists of three valence
quarks and a sea component can be given:



|CI)1/2(T)> =1 [ (I)l(l/ZT) Ho.Gy + aS(DS(l/zT)_HO Gg + alO(Dlo(l/zT) .Ho .G1o

N + bl((Dl(l/Z) ® Hl)T .G+ bg(q)g(llz) ® Hl)T Gg + blo((Dlo(llz) ® H1)T . Gqp
+C3 (052 ®Hy)' . Gg + dg(@s™? @ Hp)1. Gs |

Where
N2 — 1+ a8(2) + alO(Z) + b1(2) + b8(2) + blO(Z) + 08(2) + d8(2)

These are seven correction terms first three terms come from scalar sea and next three terms
come from vector sea and cgds tensor sea . O is any operator which depends on the flavor of ith
quark and o', is the spin projection operator of ith quark . Oislikea O = %; O o', . The suitable
operators are switched for flavor and spin so as to get a simplified relation for each of parameter in
the wave function.

Some notations are used for this operator are listed below:

1- < Olf >7\.7\. =< ¢7\.| Oif |¢7\.>’ < Giz >)\4T)\4T =< X}LT | Giz | X}LT >
2. <O =<¢P| O [§P>, <o > =<y oy | T >
3. For magnetic moments, O's = e'/2m; (i=u,d, s)

The baryonic magnetic moments can be expressed in terms of quark magnetic moments (py, W,
Us) and two parametres o &p as shown:

tp= 3( tuo — uap), tn= 3(paot — puf), ua = 172 (a - 4B)(pu +ua) + (200 +B)ps,
ps+ = 3(puet — psP), s = 3(pa0 — psP), ps’ = 1/2(ps” + py),
1z = 3(ks0 ), iz = 3(1s0 — paP)

Where pq = e/2my (q = u,d,s)
o= 1/N%(4/9) (2a +2b +3d + \2¢)
B = 1/N? (1/9) (2a -4b — 6¢ -6d+ 412¢)
Seven parametres contribute in the wave function through the combinations given by a & . The
Physical reason for that is a & P are connected with number of spin-up and spin-down quarks in the

spin-up proton.
If, Aq=n(g;) —n(q;) + n(gy) —n(q,), g=u,d,s then Au=3a & Ad =-38.



3.2) Experimental Value v/s Theoretical

For baryons spin distribution, flavors and spin may be combined in an appropriate flavor-spin
SU(6) symmetry ,in which three basic quark states are u' ,ut, d",d*, s"and s'. The simplifies wave
function for proton

p™> =176 (2[u'u’d*> - | u" ut d'> - |ut uT d'>)

From this wave function, we can count the number of quark flavors with spin parallel and anti
parallel to the total spin of the proton. The result is

nu(p) =5/3, ny(P)=1/3, ng(P) =1/3 , n 4(P) = 2/3

These numbers are the Eigen values of the quark number operator with respect to helicity and sum
up to two u quark and one d quark. From the differences, which are exactly the expectation values
of twice the quark spin operator, one obtains the contribution by each of the quark flavors to the
proton helicity . The differences are according to the non- Relativistic Quark Model:

AuP =4/3 Ad’=-1/3 , AsP=0
Sum of these differences is in NQM :
AZP= AuP+ Ad°+ AP =1

In 1988 the European muon collaboration (EMC)[4,5] announced that it had measured the
fraction of the proton spin carried by the quarks AX=0, also As# 0.this was the beginning of what
was to be called the “nucleon spin crisis”. A lot of research has been going on and the present
experimental results may be summarized as[6].

Au = 0.83+0.03,
Ad=-0.43%0.03,
As=-0.10+0.03,
A¥=0.31+0.07.

If AX = 1 means that the spin is carried by the quark alone. If AX<1, then the remainder spin could
be built by something else.

Further as according to simple quark model, Song and Gupta [7] computed the low energy
properties of nucleons by evaluating o & B from the fits obtained using the experimental data of
magnetic moment with suppressed scalar & tensor sea. Even otherwise these values of a & B can be
calculated by choice of basic parametres as, aio, bs, bio etc. However song and gupta suppressed
some of the contributions just to get the good fit to reproduce the experimental values. It consider



the four parameter fit and three parameter fit to put constraints on values of a & B. We have used
their values of a & B to find the spin distribution function, as per the definition below :

By taking a = 0.3415, p = 0.0775 and putting the value in below formula’s:
I, = 1/6(4a - B) and I," = 1/6(a. - 4B) we get the values as 0.2147 & 0.00525 respectively.

However the statistical model by J.P Singh & A. Upadhyay[1] treated the proton as an ensemble
of quark gluon fock states by using the principle of detailed balance that every fock state should be
balanced. It consider the sub processes as q © , g © gg and g ©qq. By calculating the probability
associated with different fock states coming from the scalar, vector and tensor sea, a & 3 have been
determined. Thus using probabilities ratio, different coefficients are calculated where all
coefficients are expressed in terms of a & B. Hence the value for 1", I1, AI;” and Al;", F/D, ratio of
magnetic moment have been shown in table.

We can calculate the magnetic moment also as shown below. In the NQM, the magnetic moments
of octet baryons can be written as [8]

w(p) = Aupy, + Adpg +Asps ,
u(n) = Aupg + Adpy, +Asps ,
W) = Aupy + Adps +Aspg,
WZ) = Aupg + Adps +Aspy,
u(EO) = Aups + Adpy, +Aspyg ,

WE") = Aups + Adpg +Aspy, ,

H(A) = ps

HE) = A(UED + () -

In first six formulas the factors Au = 4/3, Ad =-1/3, As = 0 are the differences and p,, pq, s are
the quark magnetic moments. As assumption of isospin symmetry m, = my , one has py, = -2pq4. By
using the magnetic moment of proton and neutron are :

w(p) = -3pqg and p(d) = 2pq, and ratio between them is p(p)/w(n) =-1.5,
Which is close to the experimental value of -1.46.

The experimentally measured magnetic moments of octet baryons are shown in table below. Data
have been obtained from Ref.[9] and are given in units of nuclear magneton, uy



Particle Magnetic Moment

P 2.79 £ 0.00
N -1.91+ 0.00
A -0.61+ 0.01
iy -

T 2.46 +0.02
) -1.16+0.03
g -1.25+0.02
= -0.65+0.01

Table.VIII Magnetic moments of baryon octet
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Chapter 4

Results and Conclusions

Nucleon is a microscopic system, and its behavior at low energies is determined by perturbative
QCD. Hence model plays an important roles in studying nucleonic properties. Quantum chromo
dynamics allows the nucleon to have virtual quark antiquark pair and gluon into the sea in addition
to the three valence quarks. This type of sea plays an important and crucial role in determining
various properties. This type of sea plays an important and crucial role in determining various
properties. Here we have a statistical approach to study the behavior of nucleons in contributing to
these properties and hence the different approaches where the similar framework has been used is
studied for the respective properties. We have used a statistical model in which a nucleon is taken
as an ensemble of quark-gluon Fock states and where a probability to find a Fock state is decided
by the principle of balance or principle of detailed balance. These quarks and gluons have to be
understood as ‘intrinsic’ partons of the nucleon. The total flavor-spin-color wave function of a spin-
up nucleon has been decomposed in a three-quark core and a sea with definite spin and color
quantum numbers and the respective expansion coefficients have been determined. The sea is taken
to be flavorless but with angular momentum and color quantum numbers which, when combined
with the corresponding quantum numbers of three-quark core makes nucleon spin 1/2 and colorless
system respectively.

Within this framework, various models have been discussed for these properties and their
domain of validity is check for calculating these parameter to find the effects of the sea for them.
Here we took four models in general and two in specific for our analysis. Simple quark model and
the statistical model follow the same kind of approach and for enhances analysis other model and
their result are discussed.

Properties Theoretical value Experimental
Statisticall SQM
Model
1] 0.1677 0.2147 0.136
1] 0.0291 0.00525 -0.030
AlLP 0.03080 - -
Al 0.04059 - -
“, -1.4050 | -1.46 -1.4600
Hn
F/D 0.60330 | 0.6878 0.57500
GalGy 1.24328 | 1.66 1.2670

Table. IX Low Energy Properties In Different Models



Distribution of spin among the valence quarks and the sea quarks for the proton and neutron are
denoted by 1”& 1" and magnetic moments for proton and neutron is denoted by pp &y
respectively.

Here it is important to note that QCD based model are useful in study the baryonic properties.
Specially the low energy properties can be studied in the phenomenological model where baryon
has been taken to be combination of various condensates of quark in addition to the gluons with
limited numbers. Based on their multiplicities, the probability for finding these fock states have
been calculated which finally comes in terms of the coefficients that shows individual contribution
coming from scalar, vector and tensor sea. Here we have show the contribution from the sum of all
the sea in the statistical model and have compared them with the simple quark model where the sea
is supposed to be suppressed. We conclude here that these sea contribution here plays an important
role in studying these parameters and their inclusion is important for the study. Suppression of sea
helps in making the data better or we can say close to the experimental values for the spin
distribution in neutron as compared to proton. F/D ratio is deviating from the experimental data by
4% while SQM is showing an error of 19%. Spin distribution for proton is more accurate in
statistical with a divergence of 23% as compared to 57% divergence of SQM. The magnetic
moment ration seems to be accurate in both statistical model as well as simple quark model. The
errors for statistical model is 3.7% and for simple quark model it is 0%. The Ga/Gy ratio is more
accurate in statistical model as compared to SQM. Error in statistical model is 1% and in SQM is
31%.

Hence we conclude that for most of the QCD phenomenon the low energy properties need to take
sea part in addition to the valence quarks to get the better accuracy and the high experimental
match. Sea plays and important role in determining these parameters and they are consider to be
useful for at least low energy scale upto 1GeV?2.



Solved Appendix

() Spin projection operator

>  For <o > =<5@5M=2/3. <5,&>MM =13 (1)

By taking the mixed-symmetric wave function for “proton”. Where “A” denotes the symmetric

€ 9

and “c” is spin projection operator.

A=1A61] (1] +1])1-211] > By applying it on above equation (1) firstly on 1* then for 2" and
3" as shown below :

ING[(1L+1D1-2111 > [<a ST N6 [ (1L +1)1-2111 >
1/6(1-1+4(1)) = 2/3
Similarly for 2™ function we get 2/3.

For 3" function :

LN6 | (11 + 1012111 > | <o ST 1N6 [ (1] + 111211 >

1/6(1+1+4(-1)) = -1/3.

> For < Gz(l) >prT =< GZ(Z) >pTPT: 0 ; <GZ(3) >PTPT =1 (2)

By taking the mixed antisymmetric wave function for “p”. Where “p” denotes the anti -symmetric

(Y=

and “c” is spin projection operator.

p'=1/2|(1] - | 1)1 > By applying it on above equation (2) firstly on 1% then for 2" and 3" as
shown below :

<IN2 (1L - IDT > | <@ > IAR (1) - U1 >
1/2(1+ (-1)) = 0

Similarly for 2™ function, we get 0.



For 3" function:
<UN2 (1L - IDT > | <D >PIAR (1] - 1D >
1/2(1+1) = 1.

> <o SMPT =< @St 3 <o, > =0 3)

By taking the mixed-antisymmetric & mixed-symmetric wave function for “p”. Where “p” denotes

(Y

the anti-symmetric and ”A” denotes the symmetric. “c” is spin projection operator.

p'= 12|11 - INT> & A =16 (1] +1])1-211] > By applying it on above equation (3) firstly
on 1% then for 2" and 3" operator as shown below :

<IN6| (1L + 112111 > 1< 6O SMPTAR (1L - 1D1 >
IN12(1+0-2(1)) = 1/43.
Similarly for - < 6,® >"°" =143,

For 3" operator:

<ING [ (14 + 11211 > < 0P S PTAZ (1] - It >
1412(1-1) = 0.
Matrix elements in (1) & (2) satisfy

E3i:1 < Gz(i) >)"T)"T — Z3i:1 < Gz(i) >pTPT =1 (4)

In addition to that,

> <o,W M = 5 D SMIN = \py3 . < 6,8 SMI2T =3 (5)

(134 [YP=4)

By taking the mixed-symmetric wave function for “p” . Where “A” denotes the symmetric. “c” is
spin projection operator.



M =16 (1] +11)1-2111 > and for state 3/2, [I/N3(1]1 +/11 + 111)> by applying it on equation
(5) firstly on 1% then 2™ & 3 as shown below:

ING [ (1L + 101211 > 6P S PR IAB(TIT 4111+ 110) >
1/3\2(1-1-2(1)) = 2/3.

Similarly for < 6,® >*321 > we get , V2/3.

For 3" operator:

ING [ (1L +TD12110> 0P S TR 4111+ 110) >

1/3\2(1+1-2(-1)) = 2V2/3.

(i) Isospin Projection operator

For the X" - hyperon,

> < 10> = < 1,0 5. P = 512 - <1305 M = 1/6 (6)

+99

By taking the mixed-symmetric wave function for “X
spin projection operator.

. “A” denotes the symmetric. “I3” is iso-
Where =" = 1/V6[( us+su)u-2uus], By applying it on equation (6) firstly on 1% then 2" & 3™ as
shown below:
<1A6(( ustsuyu-2uus)| 153 >g ™ [1/46(( us+su)u-2uus)>

1/6[(1/2+(0) +4(1/2)] = 5/12.
Similarly for < 15? >¢,*, we get 5/12.
For 3" operator:

<1N6(( ustsuyu-2uus)| 15 > [1/V6(( us+su)u-2uus)>



1/6[(1/2) +(L/2) +4(0)] = 1/6.

> <P =< 1P > P =14 <Is¥>5 =172 (7)

LT IETSR T}

By taking the Mixed-anti symmetric wave function for “X™ . “p” denotes the anti-symmetric. “I3”
is Iso- spin projection operator.

¥ = 1/N2[( us-su)u], By applying it on equation (7) firstly on 1% then 2" & 3™ as shown below:
<1N2(( us-su)u)| 15® >5.PP |1/42(( us-su)u)>
1/2[(1/2)+(0)] = 1/4.
Similarly for the < 15 >5,” we get 1/4.
For the 3" operator:
<1A2(( us-su)u)| 152 >5." |1/2(( us-su)u)>
1/2[(1/2) +(1/2)] = 1/2.
> < 130> = < 139 >p = 1/443 <I¥>p* =0 (8)

By taking the Mixed-anti symmetric or mixed symmetric wave function for “X*” . “p” denotes the
anti-symmetric & “A” denotes the symmetric. “I3” is Iso- Spin projection operator.

<1N6(( us+suyu-2uus)| 153 >, 1/42(( us-su)u)>
INI12[(1/2)+(0)] = 1/43.
Similarly for the < 15%) >5.* we get, 1/473.
For the 3" operator:
1/N6(( us+su)u-2uus)| 132 >, ™| 1/72(( us-su)u)>

112[(1/2)-(1/2)] = 0.



All this is similar for £™ hyperon, the matrix elements reverse their signs. We can also solve it for
other baryon octets by taking their wave-functions.
(iif) Charge Operator With Symmetric Breaking Effect

For the Proton,

> < e(l)m/ml >pM =< e(z)m/m2 >pML: 1/2, < e(3)m/m3 >pM =0 (9)

By taking the mixed symmetric wave function for “proton” . “A” denotes the symmetric. “e” is

charge projection operator.

Where, P = 1/¥6((ud+du)u-2uud)). By applying it on equation (9), firstly on 1% then 2™ & 3" ,as
shown below:

<1A6((ud+du)u-2uud))| < €@y mi >1/6((ud+du)u-2uud)) >
1/6[(2/3)+(-1/3)+4(2/3)] = 1/2.

Similarly for the < €@, >, we get, 1/2.

For the 3" operator:
<1A6((ud+du)u-2uud))] < €@y m >p1/6((ud+du)u-2uud)) >

1/6[(2/3)+(2/3)+4(-1/3)] = 0.

> < 6@ > = < €@, > = 1/6; <e® /s > = 2/3 (10)

By taking the mixed anti-symmetric wave function for “proton” . “p” denotes the anti-symmetric.

[IP%2)

e” is charge projection operator.

Where, P = 1/\2(ud-du)u , By applying it on equation (10), firstly solved for 1% then 2™ & 3" as
shown below :

<1A2(ud-du)ul< e/ m1 >p™1/42(ud-du)u>



12[(2/3)+(-1/3)] = 1/6.
Similarly for the < €@,/ >,"" we get, 1/6.
For the 3" function:
<1A2(ud-duyul< €®/m1 >p™|1/A2(ud-du)u>

1/2[(2/3)+(2/3)] = 2/3.

> < e(l)m/ml >p7»p =< e(Z)m/m2 >pkp: 1/2\/3: < 6(3)m/m3 >pkp =0

By taking the mixed anti-symmetric & mixed symmetric wave function for “proton”

the anti-symmetric& “A” denotes the symmetric. “e” is charge projection operator.
<16((ud+du)u-2uud))| < e/ >p*|1/42(ud-du)u>
1N12[(2/3)-(-1/3)] = 1/273.
Similarly for the < €@, m >, we get, 1/2V3.
For the 3" function:
<1/N6((ud+du)u-2uud))| < €@/ >p*|1/42(ud-du)u>

1N12[(2/3)-(2/3)] = 0.

(11)

[IP2)

p” denotes

Where m = my = mg, so cancels out. For the Neutron the matrix elements in (9) reverse their signs.

But in (10) first two matrix elements do not change and 3" one becomes -1/3.

(iv) Charge Square Operator

For the Neutron,



> < W25 Mo £ o@2 5 M 6. <@ >pM =1/3 (12)

By taking the mixed symmetric wave function for “neutron” . “A” denotes the symmetric. “e®” is

charge square projection operator.

N = -1/V6((ud+du)d-2ddu), By applying it on equation (12),firstly solved for 1% then for 2" & 3"
function as shown below:

< -1N6((ud+du)d-2ddul< e®"? > *-1/76((ud+du)d-2ddu>
1/6[(2/3)%+(-1/3)?+4(-1/3)] = 1/6.
Similarly for the |< €@ > we get, 1/6.
For the 3" function:
< -1/N6((ud+du)d-2ddul< e > *-1/V6((ud+du)d-2ddu>

1/6[(-1/3)?+(-1/3)?+4(2/3)*] = 1/3.

> <eW?> =< o@?5 =518 <e®?2>rpr=1/9 (13)

2 [IP2)

By taking the anti-mixed symmetric wave function for “neutron” . “p” denotes the anti-symmetric.

13 2”

€™’ 1s charge square projection operator.

N= 1/72(ud-du)d, By applying it on equation(13),firstly solved for 1% then for 2" & 3" function, as
shown below:

< 1A2(ud-du)d|< e®"? > P 1/72(ud-du)d>
1/2[(2/3)?+(-1/3)?] = 5/18.
Similarly for the < e®™ > P we get, 5/18.

For the 3™ function:



< 1/A2(ud-du)d|< ¥ > "P|1/72(ud-du)d >

1/2[(-1/3)?+(-1/3)?] = 1/9.

> <e?500 =< @25 0= /643, <e®2> M= (14)
By taking the mixed symmetric & anti-mixed symmetric wave function for “neutron” . “p” denotes
the anti-symmetric & “A” denotes the symmetric. “e® is charge square projection operator.
< -1/N6((ud+du)d-2ddul< e®"? > 1/72(ud-du)d>
IN12[(2/3)%(-1/3)?] = 1/673.
Similarly for the < €@ > we get, 1/673.
For the 3" function :
< -1/\6((ud+du)d-2ddul< e®"? > *|1/72(ud-du)d>

1N12[(-1/3)%(-1/3)?] = 0.



