Carnegie Mellon University
MELLON COLLEGE OF SCIENCE

THESIS
SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY IN THE FIELD OF PHYSICS

TITLE: "Masses and Weak Decay Properties of Heavy-quark Baryons from QCD
Sum Rules and Production of Heavy Mesons in High Energy Collisions."

PRESENTED BY: Bijit Singha

ACCEPTED BY THE DEPARTMENT OF PHYSICS

Leonard Kisslinger 8/22/19
LEONARD KISSLINGER, CHAIR PROFESSOR DATE
Scott Dodelson 8/21/19
SCOTT DODELSON, DEPT HEAD DATE

APPROVED BY THE COLLEGE COUNCIL

Rebecca Doerge 8/22/19

REBECCA DOERGE, DEAN DATE



Masses and Weak Decay Properties of Heavy-quark Baryons from
QCD Sum Rules and Production of Heavy Mesons in High Energy

Collisions

Bijit Singha

Dissertation submitted to the Faculty of the
Carnegie Mellon University

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Physics

Leonard S. Kisslinger, Chair
Eric S. Swanson
Ira Z. Rothstein

Scott Dodelson

August, 2019
Pittsburgh, Pennsylvania
Copyright 2019, Bijit Singha



Masses and Weak Decay Properties of Heavy-quark Baryons from
QCD Sum Rules and Production of Heavy Mesons in High Energy

Collisions

Bijit Singha

(ABSTRACT)

Quantum Chromodynamics Sum Rules (QCD Sum Rules) is a non-perturbative technique
which uses Wilson’s Operator Product Expansion of n-point functions and quark-hadron
duality together to extract various physical properties of hadrons. In this dissertation, we use
QCD Sum Rules to calculate the masses of charmed lambda (A[), strange lambda (A°), and
bottom lambda (AY) baryons. We extend this framework to consider charm to strange quark
transition in the presence of an external pion field to estimate the coupling corresponding
to the Cabibbo-favored weak decay process: AF — AY + 7. This framework can be used
further to estimate the Cabibbo-favored and Cabibbo-suppressed decays of the heavy-quark
baryons. In the second part of this dissertation, we calculate the production cross-section of
B mesons in unpolarized proton-proton and and heavy-ion collisions at /s = 200 GeV with
the main aspect being the fragmentation of a color-octet bottom-antibottom quark pair to

create B mesons.
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Chapter 1

Introduction

In order to categorize the huge number of strongly interacting particles already discovered
by the end of 1960’s, Murray Gell-Mann [1] and George Zweig [2] independently proposed
the existence of quarks. The categorization scheme, famously called ‘the eightfold way’, led
Gell-Mann and Ne’eman to predict the existence of yet another hadron (€27) and its mass,
and its decay products. Q~ was discovered in 1964 [3] in accord with these predictions.
Shortly after the quark model was proposed, Oscar W. Greenberg introduced the idea of
color charge in order to allow the quarks in baryons to be in symmetric configuration in the
space, spin and flavor degrees of freedom [4]. Following this work, in two separate papers by
Nambu [5], and Han and Nambu [6], an octet of gluons as the mediator of strong interaction
between the three-valued color charges of the quarks were introduced, leading to the present

form of Quantum Chromodynamics(QCD) as a SU(3) gauge theory.

1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is now widely accepted to be the theory of strong interac-
tions, where the hadrons are assumed to be bound states of more fundamental, constituent
particles called quarks interacting with each other through the exchange of force-carriers
called gluons. Quarks come in six flavors: up, down, charm, strange, top and bottom.

Mathematically, QCD is formalized as a non-Abelian gauge theory with a local (gauge)

1



2 Chapter 1. Introduction

symmetry group SU(3). Much like quantum electrodynamics (QED), where the subset of
global symmetries among the U(1) gauge symmetry led to conservation of electric charge,
SU(3) symmetry group in QCD leads to another kind of conservation law called conservation
of color charge. The constituent particles of QCD are three-colored quarks (red, blue and
green), that lives in the fundamental representation of SU(3) of color and they interact with
each other, in the simplest case, through exchanging a massless gauge boson (called gluon)
that lives in the adjoint representation of SU(3). Unlike QED where photons are uncharged
and locally don’t interact with each other, gluon fields are, in general, color-charged and
self-interacting. The strength of interaction of quark fields with the gluon field as well as
self-interactions of the gluon field, are parametrized by a coupling constant g. The dynamics
of QCD is dictated by the lagrangian [7]

£y = 3205 70 + igA,) — mgl 9! — {FSE (11)

!

where ¢;(x) is the quark field of flavor f and mass my, A, is the gluon field which can be

expanded in the basis of Gell-Mann matrices (generators of SU(3) color group)

Au(z) =D N AL(x), (1.2)

a

where a is color index, and F*(x) is the gluon field strength tensor:

Fu(x) =Y X'Fi (2) (1.3)
and is related to the gluon field through the following relation:

Fi, = 0,A% = 0,A% + g fane A A, (1.4)
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Like any renormalizable theories, the mass and the coupling parameters in QCD get a scale
dependence after the renormalization procedure in such a way that the lagrangian is un-
changed. The invariance of a theory under such a continuous transformation is referred to
as Renormalization Group (RG) transformation. This scale dependence of the parameters
in the theory can be expressed by a differential equation, called RG equation. The physical
processes in QCD are described by the dependence of the coupling g on energy scale. If we
define oy = %, then, for QCD with N, colors and Ny flavors the running of o, assumes the
form

g*(P?) 47 11N, — 2Ny

where b =

(P?) = =
) = = AL, 3

(1.5)

Agep is a parameter in QCD that breaks the scale invariance of QCD even in the limit of
vanishing quark masses. Due to this fall-off of the effective coupling with the increase in
momenta P? as shown in Eq. (1.5), the coupling vanishes at sufficiently high energy scale.
This phenomenon is famously called asymptotic freedom. So, at very high energy or short-
distance scale, as becomes very small, allowing us to treat the theory of QCD as quark-gluon

interaction perturbatively.

But a,(P?) becomes very large at a distance scale ~ 1 fm and larger, or an energy scale
~ 1 GeV and smaller and non-perturbative effects of the interactions start to dominate in
this regime. Thus, although we start with a fairly simple QCD lagrangian, the complex
infrared structure arising from asymptotic freedom poses significant challenge to extract any

information about the low-lying energy spectrum assumed by the theory.

A few more things about QCD are: color symmetry, as we know so far, is an exact symmetry,
and we can observe only the color-singlet bound states of QCD. We call them hadrons. These

hadrons, although they are comprised of color-ed quarks, are always color-singlet. Note that



4 Chapter 1. Introduction

an isolated color charge will require an infinite amount of energy due to the non-Abelian

nature of the interaction which is why a physical meson or baryon must be a color-singlet.

1.2 Charm in the Standard Model

The charm quark (charge +2, spin 3, running mass 1.2751)032 GeV in the MS scheme) is
a up-type quark of the second of the three generations and is the third most massive quark
in the standard model (SM) of particles and can decay through strong, electromagnetic and
weak interactions. Charm quantum number is conserved in strong and electromagnetic in-
teractions while it is violated in weak interactions. Strong and electromagnetic decays can
occur for a charmed hadron if its mass is not the lowest in the corresponding symmetry chan-
nel, otherwise the same hadron can decay via weak interactions through emission, exchange
or absorption of weak gauge bosons. Thus, for example, charmed lambda (A}) can decay
only through weak interactions. Charmness is violated in weak decays, where a charm quark
(c) decays to either a strange (s) or a down quark (d). The strength of these flavor-changing
weak interactions is modelled through the Cabibbo-Kobayashi-Maskawa (CKM) matrix [8].
The CKM matrix element V_, that parametrizes the charm to strange transition is close to

1, thus this transition is called Cabibbo-favored. The element V.4 is much smaller compared

to Vs, thus charm to down transition is called Cabiboo-suppressed [9].

In order to explain the non-existence of flavor-changing neutral currents in decay such as
K°® — ptp~ [10, 11], the observation of the mixing of neutral kaons [12, 13, 14], and to
properly order the divergences appearing in the weak interaction, Glashow, Iliopoulos and
Maiani proposed the existence of charm quark [15]. Charm was subsequently interpreted to
be hidden in the J /1 state discovered in SLAC and Brookhaven [16, 17]. These observations

followed the first possible detection of open charm decay in cosmic ray [18]. Open charmed
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baryons (A}) and mesons (D°, DT, D) were discovered soon with the observation of various

decay modes of these particles.

Charm physics garnered attention again after the discovery of open charmed mesons [19, 20]
that the conventional QCD could not explain [21, 22]. This opened up a whole new area
of excited charmonia states which are still being explored. The resurgence of charm physics
happened for the third time when BaBar and Belle reported the mixing of neutral charm
mesons [23, 24]. Since this discovery, a lot of effort has been put into searching for C'P
violation in the charm sector as well as precision calculations and experiments. These recent
developments in charm spectroscopy, decay constants and new physics with charmed mesons
compelled Tkaros Bigi to wonder [25]: “Could Charm’s ‘Third Time’ Be the Real Charm?”

in hope for the ‘intervention of New Physics’.

Study of charm physics is so important mainly because it plays the unique role of opening
up the door to heavy quark physics. Almost all the theoretical models and speculations of
heavy quark physics have been first implemented to the charm sector. Furthermore, the
beauty or bottom quark (b quark) decays predominantly to charm quark, making charm an

indispensable part of b-physics as well.

1.3 Scope of the Thesis

In the first part of this thesis, we focus on estimating the mass and nonleptonic decay prop-
erties of Af(udc), the lightest charmed baryon. For this purpose, we use a non-perturbative
method called Quantum Chromodynamics Sum Rules (QCD Sum Rules) (for a detailed dis-
cussion, see Chapter 3). Although A} was the first charmed baryon ever to be discovered
[26], the knowledge of A} physics is much limited, primarily because it has many available

modes of decay. Studies of charmed baryon decays provide important information about
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Figure 1.1: Baryon family predicted by the Standard Model for J¥ = 1/2% (top) and
JP = 3/2% (bottom) with different charmness. Baryons in the same plane have broken

SU(3) flavor symmetry in light quark (u,d,s) sector while particles in different horizontal
planes have different charmness.



1.3. Scope of the Thesis 7

both strong and weak interactions. As discussed above, measurements of A" decay can pro-
vide us input on A hadronic decays because the dominant branching fraction of AY involves
decaying to A} [27]. Furthermore, they can help us to constrain the fragmentation function

of ¢ and b quarks in heavy-quark baryons [28].

Significant progress of technologies in particle tracking, identification and luminosity recently
has enabled us to detect a number of missing modes [29]-[35]. However, we know only
about 68% of the total branching ratio [36], mostly measured against the Cabibbo-favored
channel A7 — pK 7. The first model-independent measurements of the absolute branching
fraction of this golden channel, A} — pK 7", have been made by Belle [37] and BESIII [38]
only recently. Studying these decays of Al is important because it provides us important
insights on subjects such as the internal dynamics between heavy and light quarks within
hadrons. Additionally, all other charmed baryons eventually decay to Al because it is the
lightest charmed baryon, thus studying the decay modes of this particle makes it possible to

study the decay properties of heavier charmed baryons as well.

Using QCD Sum Rules discussed in Chapter 3, we estimate the charmed lambda (A[)
baryon mass in Chapter 4 using a two-point correlation function of A} current operator.
The same calculations also help us to estimate the baryonic mass of A’ and A by replacing
charm quark mass with strange and bottom quark masses respectively. In Chapter 5, we
extend this framework to consider a three-point function comprised of the A} and A) current
operators (used in Chapter 4) and weak Hamiltonian in the presence of an external pion field
to estimate the coupling constant corresponding to the decay process A7 — A°r ™. The Sum
Rule framework developed in Chapter 5 can be used further to estimate both the Cabibbo-
favored and Cabibbo-suppressed decays of heavy-quark baryons even for the cases when the

masses of the parent and product baryons are not close.

Publications:
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o Leonard S. Kisslinger, Bijit Singha. Charm, Bottom, Strange Baryon Masses Using
QCD Sum Rules. Int. J. Mod. Phys. A 33 (2018) 1850139: discussed in Chapter 4,

o Leonard S. Kisslinger, Bijit Singha. Charmed Baryon Decay to a Strange Baryon Plus
a Pion Using QCD Sum Rules. Int. J. Mod. Phys. A 34 (2019) 1950015: discussed

in Chapter 5.

In the second part of the thesis, we extend our previous work on the charmed mesons
D7 (cd) and D°(cu) production from proton-proton (p-p) and heavy-ion (A-A) collisions [39)]
to consider B°(bd) and B~ (bii) production via unpolarized p-p and A-A collisions at 200
GeV in Chapter 6. Two main new aspects of this work are that a gluon can create a heavy
quark-antiquark pair bb and then a fragmentation process converts a bb into a bd — db. We
also use the color octet model which assumes that the bb pairs created from the gluons are
predominantly color-octet. At the proton-proton energies of the Fermilab, BNL-RHIC, or
the Large Hadron Collider, the color-octet mechanism [40, 41, 42] dominates the color-singlet
mechanism, as shown in studies of .J/¢ production at /s = 200 GeV at BNL [43, 44]. Our

estimates of the B-production cross-section are expected to be tested by heavy-ion collision

experiments in the near future.

Publication:

o Leonard S. Kisslinger, Bijit Singha. B Production In p-p and A-A Collisions. Int. J.
Theor. Phys. 56 (2017) 3648: discussed in Chapter 6.



Chapter 2

On the Origin of Hadronic Mass

Over a few centuries, our understanding about mass has changed gradually from a founda-
tional extensive parameter of an object to an emergent property. In Newtonian mechanics,
mass is defined as ‘the quantity of matter’. It is the measure of the matter arising from
its density and volume conjointly [46]. Newton assumed mass as a conserved quantity of
any object that is not altered, created or destroyed during its motion through the absolute
space and time. Newton, then, went on to define momentum as the ‘quantity of motion” and

expressed it as the product of the mass of any object times its velocity.

This notion of mass changed substantially during the early twentieth century with the advent
of the special and general theory of relativity. In relativity, mass is essentially defined as the
Minkowski norm of the four-momentum which is to say, two observers sitting in different
reference frames will measure different energy (£) and momentum (pgr) of any object but
they will agree upon the fact that E? — (prc) ? = (mc?)? is an invariant quantity, where m

is the particle’s proper mass or rest mass and c is the speed of light. Consequently,

o Unlike Newtonian mechanics where the momentum of any object was defined through
its mass: py = mu, relativity allows even a particle with zero rest mass to have a
non-zero momentum through the relation pp = E/c # 0 even if m — 0. Also, it is the
energy of a set of objects and not the mass that is conserved as assumed in Newtonian

mechanics.
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o In general relativity, the cause of curvature in spacetime is attributed to the energy-
momentum tensor and not just the mass. Thus, the importance of mass as the central
parameter to determine the inertia and thus the motion of any object through an ab-
solute space-time in the classical Newtonian description is weakened in the relativistic

formulation of physics.

However, both Newtonian and relativistic mechanics treat mass (or specifically, the rest
mass) as a parameter and do not give us any information about the origin of it. Furthermore,
both the theories fail to provide the reason behind identical particles and their identical
mass. If we observe two electrons that were created in different galaxies at different time,
they will have the same mass. Not only that, different subatomic particles (e.g. electron
and positron) are found in nature that have different quantum numbers but same mass.
Newtonian mechanics and Einstein’s theory of relativity fail to provide any fundamental
reason behind this universality. In order to address these issues we need quantum field
theory, which assumes that any fundamental particle can be thought of as quanta of an
underlying field prevalent in spacetime across the universe. Thus, the matter and energy
content of the universe and their chemistries that we perceive around us are nothing but
excitations of a few quantum fields spanning across the whole universe and their interactions

consistent with a few basic symmetries!

From the following section onward, we are going to narrow down our focus to describe the
emergence of mass in the specific area of nuclear and hadronic physics. We will start with
the nuclear mass and its relationship to the mass of the nucleons. Then, we will discuss the
origin of mass of nucleons and hadrons in general using QCD. We will also discuss different
symmetries of QCD that exist in the limit where QCD contains no mass parameters and
how they get broken by the introduction of mass in the theory. Discussion on Higgs physics,

although it is an important topic in the context of the current section, is beyond the scope
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of this thesis and we will not discuss it here. For more discussions on this topic, see [47, 48].

2.1 Origin of Mass within Nucleus and Low-lying Hadron

Spectrum

A nucleus is the dense center of an atom, a few fermi in size and is comprised of protons
and neutrons (together called nucleons). The mass of a nucleus is approximately the sum of
the masses of its individual nucleons. Thus, if mass of proton and a neutron is M, and M,,

then the mass of the ground state nucleon, My, is given by
My(Z,A) = ZM,+ (A—Z)M, + A(Z,A) (2.1)

where A is nucleon number and Z is atomic number. The quantity A(Z, A) < My is
called the mass defect of a nucleon and is related to the interaction energy between nucleons
inside a nucleus through the expression: A = —Fpg/c? where Ep is the binding energy
and the negative sign signifies that the nuclear force is attractive inside a stable nucleus.
A(Z,A) can be modelled by the semi-empirical Bethe-Weizsécker formula [49]. One may
also ask, from the perspective of QCD, why there exists a separation between nucleons in
the nucleus if every nucleon is made of three light quarks and the inter-nucleon separation is
of the same size as the size of the nucleons. This is because, although scalar (spin 0) meson
exchange between two nucleons is the main source of attraction between two nucleons at
around the equilibrium distance, vector (spin 1) meson exchange dominates at the nearer
distances contributing to short-range repulsion. Also, the nucleons are fermions, thus there
exists an effective repulsion arising from Fermi-Dirac statistics. These two reasons give us

a qualitative explanation behind the fact that the nucleons inside a nucleus do not merge
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together to form a quark-commune. An important development towards the understanding
of this phenomenon has been through an effective field theory of the nuclear force, namely
Quantum Hadrodynamics [50]. Attempts have been made to understand nuclear interactions
in terms of quark degrees of freedom (e.g. [51, 52, 53, 54] where the authors have used QCD
Sum Rules), however, a full quantitative description of nuclear medium from QCD is still

missing in the literature.

In order to understand the origin of nucleon mass we try to calculate, using the theory of
QCD, how the chromoelectric and chromomagnetic fields from gluons and quarks can have
back-reactions resisting the acceleration of the quarks and gluons in a hadron. This is chal-
lenging especially because around 1 GeV the coupling parameter becomes of the order of
unity making the QCD processes non-perturbative. One way to make quantitative predic-
tions of these non-perturbative processes is lattice QCD which uses Markov Chain Monte
Carlo methods to evaluate the path integrals formulated in a four-dimensional spacetime lat-
tice. In fact, there has been significant progress in calculating the low-lying hadron spectrum

through this procedure as shown in Fig. 2.1.

To calculate the same spectrum analytically, we must try to understand the nontrivial struc-
ture of the QCD vacuum. Due to the non-perturbative nature of QCD in the infrared regime,
non-zero quantum fluctuations of quark and gluon fields persist in QCD vacuum and man-
ifest themselves through different vacuum condensates. These condensates break a number
of symmetries (e.g. chiral and dilatation symmetries) many of which are present in the QCD
lagrangian. The true nature of these condensates is not well understood yet. In fact, even
basic questions such as whether these condensates are properties of the QCD vacuum or just

the property of the hadrons themselves are still being debated [56, 57, 58, 59].

From here onwards, we use natural units: h = ¢ = 1.
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Figure 2.1: Low-lying hadron spectrum derived from ab initio calculations in lattice QCD
[55]. m and K masses fix the masses of the light quarks (u, d, s) and = sets the overall scale,
thus these three hadrons do not have any error bar. Three lattice spacings were used for
extrapolating the results to continuum.
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2.2 Formation of Quark Condensates

The vacuum expectation value (VEV) of an antiquark-quark operator is called quark con-

densate. These condensates are formed in the ground state |2(U)) and are given by
(QUO)arg” 1(V)) = —oUT (2.2)

where f and f’ are flavor indices and U € SU(Ny). We get a ground state for any given
choice of U and all these ground states are orthogonal and degenerate. The long-wavelength
ripples generated due to the small variations of U over spacetime are the Nambu-Goldstone

modes and can be parametrized as

U(z) = exp {%WG(JZ)TQ] : a=12, .., NJ% —1. (2.3)

Here 7%(z) are the corresponding fields, {7} are the generators of SU(Ny), and fr is the
pion decay constant. A full quantitative understanding of why these condensates form is
still lacking but let me try to provide a heuristic picture here. The tree level gluon exchange
processes that are dominating in the UV regime (g% < 1) are shown in Figure 2.2. The anti-
symmetric diagram of the quark-antiquark pairs leads to attraction while the symmetric

diagrams of color-adjoint quark pair lead to repulsion.

Figure 2.2: Tree-level gluon exchange diagrams dominant in the high energy limit, ¢? < 1.

But these diagrams do not give us non-zero matrix elements between the vacuum and the
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quark-antiquark pairs. The ones that give such matrix elements is shown in Figure 2.3.
In the infrared regime (g% ~ 1), these diagrams dominate and change the total number of
quarks and antiquarks in the system. As a result, the QCD vacuum gets populated with
such pairs leading to a non-zero VEV of ¢ — ¢q. Also, the Lorentz invariance is still preserved

in this process constraining the momentum and the angular momentum of the quark and

antiquark to be opposite.

Figure 2.3: Tree-level gluon exchange diagrams dominant in the low energy limit, g% ~ 1.

2.3 Formation of Gluon Condensates

Another condensate that appears in QCD Sum Rules is of mass dimension four and is called
the gluon condensate, (2=GY, G*), where G*" denotes the gluon field. Unlike the quark
condensates, this is not an order parameter of any spontaneous symmetry breaking and to

understand the origin of this condensate, see Ref. [61].

Within hadrons exist unphysical quarks with spacelike momentum p where —p? = P? >
AéOD. The uncertainty principle tells us that such quarks can propagate only for a small
amount of time ¢ ~ (P?)~'/2. Figure 2.4 shows such quark propagators created and ab-
sorbed by external currents within a hadron. These quarks can exchange gluons with soft
momentum k? < P? (where k denotes momentum of the gluon). The soft gluons, due to their
high uncertainty in spacetime, can propagate a very long distance before getting absorbed

by other quarks. Furthermore, these gluons are mostly modified due to strong coupling in
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the infrared regime and their behavior cannot be explained within the realm of perturbative
QCD but can be characterized by the so-called gluon condensates. This phenomenon will

also contribute to the vacuum energy density, €, through the relation

m s ~q auv
€ = ST“?B(CYS)<?GNVG H > N (24)
where [3(ay) is the beta function.
~ P/2
k<@ / |
E— _— ——)3 ; !
i P
\\\.’//
~ P/2

Figure 2.4: Feynman diagram of injected quark-antiquark current with one soft gluon ex-
change. If the momentum of the gluon is much smaller compared to that of the quark
propagators, the gluon can travel far away and is modified strongly by confinement, giving
rise to gluon condensate. This diagram is taken from [61].

Since a negative value of the energy density is expected from bag model and instanton gas
model calculations and (ay) is negative, the gluon condensate has a positive value. We use

Lorentz invariance and anti-symmetry of G to write

Qg a .
<?Gusz)\> =Co b(g;mgu)\ - gu/\gm/) 5 (25)

where we must determine the constant C'. Contracting Eq. (2.5) gives

5ab UK 1/)\< Ga G > — C(Sab un VA (gw{.gu)\ _gu/\gm/) :960,

1 s
C = %<?G> (2.6)
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allowing us to write

b
o 0

(ogu,6imy = (2262 (2.7)

™

In the next section, we will discuss the different QCD condensates and recent progress in

their evaluation through experiments, lattice simulations, and chiral perturbation theory.

2.4 Estimating the QCD Condensates

The chiral condensate or quark condensate (Gq) is defined as the average of up and down

quark condensates:
((au) + (dd)) (2.8)
and is estimated by using the Gell-Mann-Oakes-Renner relation [62]:

f2m? = —2m, (0|410) - (2.9)

™

Here, m, is the pion mass, m, is the averaged u and d quark mass. This can also be estimated

in lattice QCD and its present averaged value is given by [63]
(@q) = — [272(5) MeV]? (2.10)

with 2 4+ 1 flavors in M S scheme at a renormalization scale of 2 GeV. The strange quark
condensate is found from QCD Sum Rule analysis of baryon energy level splitting and has

a value (0|55]0)/(0]gq|0) = 0.8 £ 0.1 [64]. All the other vacuum condensates cannot be
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estimated analytically from first principles calculations.

A recent estimate has been made for (2:G?) by using stochastic perturbation theory [65]
where this quantity was calculated in perturbative series to order a2® and subsequently was
subtracted from the lattice observable. The final values of the gluon condensate obtained by

this procedure is given below:

S

(%G2> = 0.077 GeV* (uncertainty 0.087 GeV*) (up to a’?), (2.11)
m

where the uncertainty arose due to the truncation prescription in the perturbative series.

There exist condensates of higher dimensions such as (Go.Gq), (4q)(2G?) etc.. In the dis-
cussion for QCD Sum Rules in Chapter 3, we will expand the n-point functions of the time-
ordered product of hadron currents in terms of these condensates. The non-perturbative

contributions to the n-point function will be captured in these condensates.



Chapter 3

Quantum Chromodynamics Sum

Rules

If we can deal with the unsatisfaction of assuming only the phenomenon of color-confinement,
we would be able to produce a large amount of predictions using Quantum Chromodynamics
(QCD) Sum Rules [66]. The main idea is to attack the bound state problem from the short
distance side and gradually move to larger distances where asymptotic freedom starts to
break down, making the QCD vacuum non-trivial quantified by the emergence of power

corrections.

The method of QCD Sum Rules developed in 1979 has become an important tool in hadron
phenomenology in which hadrons are represented by their interpolating quark current con-
sidered at large virtualities instead of treating the hadrons in a model-independent way in
terms of constituent quarks. We write a two-point correlator using the hadron operator
and treat the correlator in the framework of Operator Product Expansion (OPE), where the
short and large distance contributions are dealt separately. The former is represented by a
vacuum condensate while the latter is called Wilson’s coefficient and evaluated using pertur-
bative QCD. The condensates carry information about the infrared behavior of the quark
and gluon Green’s functions. We further use quark-hadron duality to relate the spectral
density obtained by treating quarks and gluons as the fundamental degrees of freedom with

the phenomenological model of hadron spectrum. A review of this method is given in [64].

19
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In order to illustrate QCD Sum Rules, let’s consider a meson current of the general form
jr(z) = ¢;I'q;, where the subscript ¢ and j denote the flavors and I" encodes a tensor structure.

JPC quantum numbers. Additionally, we have to create

This current is projected to definite
the right combination of flavors to create a current of definite isospin. This current will

polarize the vacuum and this phenomenon is quantified by the two-point function

Z/ d'ze™*(0|T {jr(2)jr(0)}|0) = T... IV (p*) . (3.1)

where we have denoted the time-ordered product of the meson currents on the left hand side
by T, I (p?) is a scalar function (possibly) related to vacuum polarization, T}, is tensor

arising from the tensor structure of the current.

Mentioned below is a list of meson currents corresponding to different JZ¢ channels [66, 67]

jscalar = QlQJ > JPC = 0++a
jpseudoscalar = Z67275q] s JPO = 07+,
jvector = giPY/LQj ) JPC = 1777
(3.2)

Jaxial = nuu(jif)/u’YSQj > JPC = 1++>
Joaa - = GO JFe =17,

. o 2
Jtensor = 14 (YO + YO + §”uv‘?)Qi ; JPC =2t

where 7, = p"p”/p* — g,,. We can construct baryon current operators in a similar way, for

example
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7M@) = eape [u(2) Oy (2)] y57ud?(2), (3-3)

jAH(:)s) = €upe [u“(m)C%ub(I)} u(z), (3.4)

m

where C denotes the charge conjugation matrix, NV stands for nucleon, and A%+ stands for

JPC

delta baryon. We want to mention here that the choice of current for a given is not

unique and a number of currents can couple to a physical state of a given channel.

Notice that we are including non-perturbative effects through the condensates which do not
take into account the leading non-perturbative contributions coming from the instantons.
However, it has been shown that the assumptions behind the OPE are valid in Eq. (3.6) and

they break down only at higher orders in P2 [66].

3.1 Operator Product Expansion

The theoretical basis of QCD Sum Rules relies on the OPE for n-point correlation function.
We start at short distances, assuming that OPE is valid for the time-ordered product of

hadron currents allowing one to write, in coordinate space

(T{T(@)J(0) om0 = Y Cula; m)(On(p)) - (3.5)

w1 is an artificial momentum that sets the normalization scale, meaning all fluctuations
higher than p are assumed to be hard while fluctuations lower than p are soft processes.

Thus, the modes lower than p that are responsible for the non-perturbative effects will
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remain in the condensates while the higher modes will contribute to the Wilson coefficients.
Because the physical processes of our consideration are p-independent, the p-dependence of

the condensates are cancelled by the pu-dependence of the Wilson coefficients.

Taking the Fourier transform of Eq. (3.5) will give us
i / d*ze™ T {jr(2)jr(0)} = CF (p; )T + Y Ch (05 11){On(p)) - (3.6)

Here I is the identity operator, (O) = (0|0,,|0) with O,,’s gauge invariant operators comprised
of quark and gluon fields. These operators are arranged in the order of increasing mass
dimension, so the mass dimension of the Wilson coefficients C,,’s decrease in power of p?.
So, at high virtualities, the operator with the low dimensions will dominate and subsequently
give power corrections to the perturbative contribution coming from the unit operator. Since,
we are dealing with only the Vacuum Expectation Value(VEV) of the operators, we consider
only the spin-0 operators. Mentioned below is a list of all such operators of mass dimensions

less than equal to 6:

I d = o,
mqq, d = 4a
GZVGZV, d = 4,

q_qu (jFQQ, d = 67

a

mqawquzw d = 6,
fachZle;ngw d = 6,

where \* are Gell-Mann matrices, o, = %z [Yus 7] Thus, in Eq. (3.6), we consider VEV of

the operators O,, which are zero in perturbation theory. This is due to the nature of the QCD
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vacuum that it has non-perturbative fluctuations of the quark and gluon fields. But non-zero
values of these VEVs are a well-known phenomenon in QCD, for example, chiral symmetry
breaking is attributed to the VEV (0|gq|0) # 0 and we had an extensive discussion about
this in the last chapter. As we will see next, all the soft, non-perturbative contributions to

the correlation function will be manifested through these VEV elements.

The most important expression in this section is Eq. (3.6) and it has a very clear interpreta-
tion. In order to calculate the correlator, we start at short distances (with the perturbative
term corresponding to the identity operator) and approach to large distance dynamics step

by step by introducing the vacuum condensates of increasingly higher orders.

To understand this parametrization of the non-perturbative effects caused by the vacuum,
let’s start with a heuristic picture of injecting a quark-antiquark pair through external (vector
or axial vector) current in the vacuum and analyzing its evolution. As a matter of fact, this
kind of currents exist in nature and the effect of this current on the vacuum is not substantial
if it can propagate only a small distance. In the realm of OPE, it just means that we have to
deal with only a few vacuum condensates in order to explain the physics arising from these
currents. Also, the momentum scale associated with the fluctuations of the valence quarks
and gluons inside a hadron must be much larger than the fictitious scale, u, that we have

introduced in OPE.

The lowest-order gauge- and Lorentz-invariant condensate that we encounter in our for-
malism is the quark condensate (Gq), which can be thought of as the order parameter of
spontaneous breaking of chiral symmetry responsible for generating massles pions. Thus, we
can interprete the contributions coming from the condensate terms as deviations from per-

turbation theory. The most evident reason behind this statement is the gluon condensate,

as (Ya a
=G G-
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The gluon field can fluctuate with all possible frequencies ranging from very high (UV or
hard) to very low (IR or soft) modes. The normalization scale p seperates out these two
regions. The hard modes contributes in a perturbative manner to the correlator, while the
soft modes saturates the gluon condensate. So, for example, the power divergence of the
energy density that we talked about in the last paragraph goes to the perturbative term of

the expansion allowing us to construct the condensates only with soft modes.

3.2 Dispersion Relations

In this subsection, we derive a dispersion relation that relate the resonances to the analytic
property of a two-point function. For this, we use Lehmann-Kallen spectral representation
to write the propagator of an interacting field as

A = L [Tae_ ) (3.7)

T Jo p? — 52+ i€’ ‘

which is basically showing that the full propagator in momentum space is a superposition of
free single-particle propagators, each with different mass, weighted with a positive definite
function p(s?) which is the spectral density of the theory. If we assume that the lowest single

particle state in the theory is massive with s> = m?, then the spectral density assumes the

following form:
p(s?) = wZ(s* —m?) + p(s*)O(s* — mi#) . (3.8)

where 7 is normalization factor. Using this spectral density in Eq. (3.7), we get

A(p?) = __Z + l/Oo dsZLSQ) : (3.9)

pP—m?+ie ™2 p? — s2 + e
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Now we use Sokhotski-Plemelj theorem to write

- 1 1 s 2
el—lgin—sziie_Pp?—ﬁ:Fmé(p =)

This allows to write the full propagator as

7z 1 > p(s?) [
A 2 = — — L S d 25 2 2 2
) = et [ E—i a4 - )
A£1 A#£1
Z 1 < p(s?) 2 2 2
= —F+— — O(p” — i
p? —m? +ie * Wp/mi;ﬂ p? — 82 ip(p)O(p” = mi)
Using the property of Lorentzian function,
lim F, () = lim ~—— = §(x)
el—r>% e\? 61—I>% %ZL’Q -+ 62 v
the imaginary part of this full propagator can be written as
v 1m p - 1€ (p2 . m2)2 + 62 prt. p
=Im A(p?) = — [Z7r5(p2 —m?) + Pa.t(pQ)} )

25

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

where po.(p*) = p(p*)O(p* —m3,) is the spectral density above the two-particle threshold.

Comparing Eq. (3.14) with Eq. (3.9), we can write

Im A(p®) = —p(p?) -

(3.16)
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Also, from Eq. (3.12) we get

Re A(p®) =

VA 2 2 1 o) 2
2(p QT)2+_P/ d82 p(S)
(P2—m2)2+e 7 J2

A#£1

= L+lp/oo dﬁﬂ

P2—m? 7 s P? — 52
_ 173 /°° 22 Zrd(s?* —m?) + p(s?)O(s* — m?\#)
™ 0 p* — s?
L[ 5 p(s?)
= = ds? . 1
P /O e (3.17)

Now using Eq. (3.16) in the above equation, we get the Kramers-Kronig dispersion relation

* ,Im A(s?)

1
Re A(p?) = %P/ ds® (3.18)
0

82—p2

We will use this dispersion relation in QCD Sum Rules to compare Wilson’s OPE of the

n-point function to the phenomenological model.



Chapter 4

Charmed, Bottom, Strange Lambda
Baryon Masses Using QCD Sum
Rules

The application of QCD Sum Rules to calculate the hadronic mass spectrum started with
B. L. Toffe [68] who observed that the dominant power correction to the two-point function
comes from the chiral symmetry breaking in the absence of any perturbative term. In this
work, Toffe found the masses of the A and nucleon and also considering the first order current
mass of the strange quark to be 150 MeV, he calculated the mass splitting in the decouplet
E*(%Jr) and A(%Jr) to be 125 MeV. In another work [69], Belyaev and loffe extended the
framework to calculate the mass splitting in different hyperon multiplets expressed in terms
of the current strange quark mass and the quark condensate (ss). QCD Sum Rules were
used in heavy-quark mesons to calculate the S— and P-wave charmonium masses and T —,
splitting [67]. In [72], Sum Rules were used in the heavy quark limit m¢ — oo to calculate the
mass gap between the resonances (%, 3;) and their heavy quarks. In [73], the neutron-proton

mass differences were estimated up to the operators of mass dimension 9.

QCD Sum Rules have been used to calculate the quark masses as well. Recently using the
Pseudoscalar Sum Rule, the strange quark mass m, was calculated (in MS scheme) to O(a?)

[74] ms(2 GeV) = (10526 |parameter £7 [hadron) MeV, where the subscript parameter denotes the

27
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Sum Rule parameters and hadron denotes hadronic inputs. In [75], the relativistic and non-
relativistic ratios of Laplace transform QCD Moment Sum Rules for charmonia were used to
calculate the on-shell charm quark mass m.(P? = m?) = 1.46 + 0.07 GeV. Narison studied
the effect of continuum phenomenological model on the spectral density to conclude that
the effect would be minimum for high enough moment of the n-point function and from this
feature, he extracted the value of the gluon condensate {(,G?) = (7.041.3) x 10~2 GeV* and
on-shell masses of charm quark, m.(m.) = 1261(16) MeV and of bottom quark, m,(m,) =
4173(10) MeV.

QCD Sum Rules have also found wide applications in providing essential information on the
exotic hadron spectroscopy. BaBar and Belle collaborations have detected a number of con-
troversial XY Z resonances such as X (3872), X(3940), Y (3930), Y (4008), Z(3930), Z*(4430)
etc. recently which can decay into final hadronic states that contain heavy quarks such as
charm and anticharm. These discoveries has opened up the possibilities that some of these
resonances are the exotics lying in the same region of the spectrum of heavy quarkonia. For

earlier works on this topic, see [77, 78, 79, 80] and for a recent review, see [81].

In this chapter, we present one of our research works where we use QCD Sum Rules to
estimate the lambda (A°), charmed lambda (AJ), bottom lambda (A}) baryon masses. We
use a lambda baryon current consistent with all the symmetries of the corresponding particle
and then use the two-point correlator of the lambda current operator. The terms containing
the light quark condensates will be exponentially suppressed in the Borel-transformed two-
point function, so the dominant contribution to the two-point function comes from the
perturbative diagram. Furthermore, we ignore all the terms that later give rise to power
divergences because those terms vanishes with Borel transformation. Eventually, as we
found in the last chapter, the hadronic mass of the baryon is found from the minima of the

graph of Borel-transformed two-point function. In this calculation, we have not used any
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free parameter in our calculations other than the current quark masses. Also, we have not
used any mass expansion of either the heavy- or the light-quark field propagator, thus the
expression we use for the perturbative term of the Borel-transformed two-point function is

exact.

4.1 Article

The following section (Section 4.2) has been adapted from:
Leonard S. Kisslinger, Bijit Singha. Charm, Bottom, Strange Baryon Masses Using QCD
Sum Rules. Int. J. Mod. Phys. A 33 no.23 (2018) 1850139

4.2 Estimating Masses of A", AT and A) Using QCD Sum

Rules

The two-point correlator in momentum space is used to estimate the mass of the At, a

Cc )

charmed baryon. The two-point correlator is

ta(p) =i [ d's 01 [y () 0)]10) (1.1
where 7, + is the current for A}:

e (@) = ¢ [u” (@) Ot (2)| P (@) (42

with e, f, g color indices, u, d are up and down quarks and ¢ is a charm quark, C'is the charge

conjugation matrix (C? = —1), and €%/9 is the totally antisymmetric tensor that makes Na+ @&
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¢
ki
u
AF > A}
ks

d p— ki — ks

Figure 4.1: Perturbative diagram for the two-point correlator of A}

color-singlet. The current operator in Eq. (4.2) is constructed with the appropriate quantum
number corresponding to the hadronic system (A here). The choice of the current operator
is not unique but as we will see, the charmed lambda resonance couples most strongly to this
current. The perturbative diagram that contributes to the two-point correlator is illustrated

in Figure (4.1).

Using the method of QCD Sum Rules[64], the time-ordered product in Eq. (4.1) is replaced

by a trace to give us

Iy(p) = / é:ﬂ %tf [Se(k1) 7" Su(k2)y " Salp — kr — ka)] (4.3)

where S, S,,Sq are the charm, up, and down quark propagators. Using the Dirac slash

notation p = p,7", we write

pEM

Se(p) = LE e (4.4)

where M. = 1.27 GeV is the on shell current charm quark mass. S,, S3 have similar
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expressions with m, ~ mg = m < M.. Using Eqs. (4.3, 4.4) in Eq. (4.1), we get

Ma(p) = / Ak ks b [(b+ M* " g+ mi* (P - — ot m)]

(2m)* 2m)t (K — M2)(k3 —m?)[(p — ky — k3)? — m?]

We use the trace identities of gamma matrices to evaluate the trace in the above equation.

We use the fact that the trace of odd number of gamma matrices is zero and

tr(v"9”) = 4g"", (4.6)

tr(y9"y"y) = 4(g"g™ — ¢"" g™ + g"g™) . (4.7)

Using the above identities in Eq. (4.5), we get

I ( ) . / d4k'1 d4l€2 2Mcm2 + Mckg.(p — kl - k’g) + kal(p — ]{?1 - kg) + mk’l.k2
2= 0 ) )t 2n) (k2 — M2)(k2 — m2) [(p — ky — k2)2 — m?]
= 8/ o I, (p) - (4.8)
@)tk — M) "

To evaluate this integral, we define p = p — k1 and k = ky. This gives us

[ d'k 2Mm® + M k.(p — k) + 2mky.(p — k) + mky .k
tr) = | G (07— 72 (5~ K — o] |

We define

Ium:/f% ! . (4.10)

2m)t (k2 —m?) [(p — k)* — m?]

In Eq. (4.10), there is a four-dimensional integral which is UV-divergent. We parametrize

all momentum-space propagators as

1
k2 — m2

= / do e =m?) m? #0 . (4.11)
0
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We then write all vector products over a complex D = 4 — e dimensional space. Eq. (4.10)
then reduces to generalized Gaussian integral which can easily be evaluated in the momentum

space:

/ %6_(“””“2 = 1/(4n(a+ B)P" (4.12)

We use this dimensional regularization technique [82, 83] with the substitution

k=k—Bp/(a+p), (4.13)

to evaluate the integral in Eq. (4.10):

oo 1 1 1 9 L
I (p) = / dp/ da/ Af——=57 PP (1 —a—p) pl’D/Qe_p[_m Fa(l-a)p?] (4.14)
0 0 0 (4m)

Integrating Eq. (4.14) by parts we obtain

m(p) = @w-ﬁ/zm(ﬁ) (4.15)
with Iy(p) = /Odaoz(l—a;pQ—ﬂ‘ﬂ' (4.16)

We use the same technique to evaluate the integral

W[ d% % P [ e T
W) = [ G T | PN 7| (417

We use Eq. (4.15) and Eq. (4.17) in Eq. (4.9) to get

Iy, (p) = 4’}()2 (ka‘l D+ szC)(QmQ _ pQ/Q)Io(ﬁ)

—~

7

(M = mky.5) (<m2 /) (p) z) | (4.18)
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From here we ignore the term % because it vanishes with Borel transform. Thus, we have

got the two-point function in terms of I,,(p) as:

8 ! 4 3 3 2 3m Mc
HMﬁzaa;AdaPmA%MM+&H&@%QWHWQ@%"ZQ@%—4&@)
(4.19)
where, for k = kq:
d*k 1
hip) = / @n) (12— 22) [ 1 ol — a)(p — ) (4.20
[ d% k(p — k)
L) = [ (2t (&2 — 212 [ + a(l — o) (p — )2 (4.21)
B d*k (p — k)2
W0~ | G e e )
[ d% k(p — k)0 — k)?
1= | @m) (2~ 2) [—m? + o1 — a)(p — M7 (4.23)
[ dk (p—k)*(p—k)?
0= | G e G o

If we neglect the power divergences that appear in any of the above integrals, we can write

L(p) = m*Li(p), (4.25)
L(p) = m*Ly(p), (4.26)
I5(p) = m*Ii(p), (4.27)

where m? = m?/a(1 — a). Let’s evaluate I;(p) and I(p) now. For the first one,

d*k 1
W0~ | G T e )
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We use here the same regularization technique mentioned in this section before to write

d*k > k(B2 — M2 A 1241 —a) (p—k)2
Jl(p):/w/o ded e—kK =MD -N-m?a(1-a)p-b)?] (4.29)

Now, we can evaluate the Gaussian integral over four-momenta to get

1 [ 1 br2
1) = G, |
X exp [—)\a(l —a)p® + kM2 4+ dm? + /-L)fg\lazla—)p(]x)} . (4.30)

Here we evaluate the one dimensional integral over A\ to get

1 > ' 1-D/2 1
hie) = W/o dp/o A e ey T

X exp [—p { :(j ;J)f‘g)(_loff) kM2 (1— KWH . (4.31)

Let’s define the quantity

r—wal-ap? o,
a_/{+01(1—0z)(1—l-€) M= (1=#) (432)

to write

W = g ) e [ e 49

To evaluate the integral over p, we use the following expression of gamma function as an

improper integral:

['(z) = /000 ¥ e dy . (4.34)
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With this, we get

h@%:M;J(E»A(fan+aﬂ—2ﬂ1—@P' (4:35)

With an infinitesimal ¢, we can Taylor-expand a=2z = e~ (/2@ = 1 — (¢/2)Ina to get

I 1
Li(p) = (am)? /0 dr rtald— o)1= X (—1Ina). (4.36)

We evaluate I5(p) in a similar way:

[ d% k(p— k)
o) = [ G e el ae (4.87)

B / d4]€ kH
— ) et e = M) [ + a(l—a)(p— k)]

d*k M?
_/ (27T)4 (kg _ MCZ) [_mZ + a(l _ Oé)(p _ k‘)Z] (438)
= puﬁlf(P) - ngl(p), (4.39)

Here II% is given by

— d4k & 2 2 2 2
G _ oz drd)\ e Fk*=Mg)=A[=m*+a(l-a)(p—k)?]
1 (p) / (271')4 /O K €

= [T [ B e[ s ra - (- oo Y

Aa(l —a)p)®
xa(l—ay? s M? )\2]. 4.40
Writing k* — k* + %, we get

I (p) = /Ooo d/id/\/ (;Z:; {k‘ - Hi_agla(_loi)l;)r X exp [— (k+ (1l —a)) k?

(Aa(1 — a)p)?
K+ Aa(l —a)

a(l — a)p? + + (M2 + )\mz)} . (4.41)
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We integrate over the four-momenta to get

N ! . a(l —a)(l —k) na
Hl(p)—(47T)2/0 d [/f+a(1—a)(1—/<;)]3x( Ina) . (4.42)

This gives us

Iy(p) = p*I(p) — M2 (p) , (4.43)
where
- 1 ! - a(l —a)(1l — k) na
) = (4@2/0 el )i —mp < ("1 (4.44)

We use the expressions in Eq. [4.36] and Eq. [4.42] to write the two-point function (Eq. [4.19])

) = o [ da [am () + 9 + St M) - S0 - e rip)
= (4i)4 /01 dov [2m* M Iy (p) + 3m® {p*11(p) — MZ11(p)} + %Mp)
) - ML)} - )
= i | o [{om e swrare S S - gt
4 {3m3 _ %}ﬁn(m} | (4.45)

The above expression contains physical and unphysical divergences. To achieve convergence,

we make a Borel transformation of the form

B 1 d n—1
) = oy (i) PN, P
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that considers sufficiently high moment of the correlator and a high P? where only the
contribution from the lowest resonance predominates all other resonances in the channel.

Applying Borel transform to Eq. (4.45) gives us

~ 8 [ 4 5o 3M.m* 3m3M? M m*
IL(Mp) = W/o da [{Qm Me = 3m™Me -+ 2a(1 — «) * 4ol —a)  402(1—a)? } Bara11()]
T {3m3 - %} B PT0)]] (4.47)

where Mp is the Borel mass. We use the following Borel-transformed functions:

Byg[ln(p* —0°)] = —Mp e /M5, (4.48)

Buplp® n(p? — 1)) = —MZ(0* — M3) /b (4.49)

The above two expressions allows us to write

- ! ! 3M.m* 3m3 M M,m*
(M) = —ﬁ/ da/ dk <2m4Mc—3m3M2+ mn m e mn )
a 0 0

“ 2a(1 —a) * 1ol —a) 402(1—a)?
—M3 e~V /M5
8 ([/{ +a(l —a)(1l - m)]2>

o) (P ).

(4.50)

So, finally we get the expression that gives us the charmed Lambda mass:

- Mg (! M, M.
fy(Mp) = o2 / da dn LMD TIMM0K) iy | (45
(47m)° Jo g(a, k)?
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where

g(or) = rt+a(l—a)l—r), (4.52)
bla,k)? = gla, k) [&(1 — gil — m<T2_ a)], (4.53)
My(a, k) = (1 - m) [b(a, k)2 — Mz}, (4.54)
My(o) = 2miM, — 3mdM2 4 —dem’ 3N Mem? (4.55)

2a(1 — «) + da(l — ) B 402(1 — a)?’

We estimate The mass of A} from the minimum of the plot 1:[2(M B) vs. Mp. Assuming

m = 0.004 GeV, M. = 1.3 GeV, we get a plot as shown in Figure 4.2.
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Figure 4.2: The Borel-transformed two-point correlator of charmed lambda current vs. Borel
Mass (in GeV).

From the plot, we can conclude that the charmed Lambda mass,
M+ = (2.0140.30) GeV, (4.56)

assuming an error of 15% that appears typically in QCD Sum Rules due to the uncertainty
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in the non-perturbative terms.

Obtaining the two-point correlator for AY and A° is straightforward. We replace the charm
quark with strange and bottom (¢ — b,c — s) in Eqgs. (4.1, 4.2) and using M, — M, M, —
M, in Egs. (4.53, 4.55). We have used M, =~ 1.27 GeV and M, =~ 4.18 GeV, and M, ~ 96
MeV. We plot the Borel-transformed two-point function of A° and AY in Figure 4.3 and

Figure 4.4 respectively.
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Figure 4.3: The Borel-transformed two-point correlator of strange lambda current vs. Borel
Mass (in GeV).

The masses of charmed, bottom and strange lambda baryons are found to be:

M,+ = 2.0140.30 GeV, (4.57)
My = 5344025 GeV, (4.58)

My = 1.0540.10 GeV, (4.59)
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Figure 4.4: The Borel-transformed two-point correlator of bottom lambda current vs. Borel
Mass (in GeV).

as compared to their experimentally found values

MZP = 228646 4 0.00014 GeV, (4.60)

MZP = 5.61958 & 0.00017 GeV, (4.61)
b

Mp® = 1.115683 £ 0.000006 GeV . (4.62)

A few more comments here. Following the calculation, we see that the quark condensate
terms that contribute to the two-point function Eq. (4.51) will be proportional to a factor
(qq) exp(—M?/M3%) and thus will have a much suppressed contribution compared to the
perturbative term. In the following chapter, we will use a three-point function in order to

extract the decay properties of charmed lambda.



Chapter 5

Charmed Baryon to Strange Baryon
Decay plus a Pion using QCD Sum
Rules

In the previous chapter, we have used QCD Sum Rules for a two-point function where we
extracted the mass of the lowest lying state of a channel from a two-point correlator made
of hadron currents with the quantum numbers specific for the channel (isospin, angular
momentum, parity, charge conjugation etc.). In this section, we describe how to extract
information about the dynamic properties, e.g. the hadronic matrix elements correspond-
ing to the electromagnetic and weak transitions, of hadrons by constructing a three-point
function using the same hadronic local field operators used in the two-point formalism. The
basic idea is simple: in the case where an external field is present, we have to include some
new condensates in the OPE. These condensates describe the response of the vacuum to the
correlation functions in the presence of an external field. For example, consider the VEV
(0|go,.q|0). In the absence of any external field, this will be identical to zero according
to Lorentz invariance. But, in the presence of an external electromagnetic field, a quark

propagating in vacuum will experience a VEV
<0|qauVQ|0>F = Vira XqF,uu<0‘q_q|0> (51>

41
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induced by the electromagentic field tensor F},, (the parameter x, having the interpretation

of magnetic susceptibility of the quark condensate).

One more important distinction of the external field method is that the three point function
is written in terms of the intermediate states (B with momentum p and B’ with momentum

p') with double poles:

Is(p, ) ~ (0| B)(BIj*| B')(B'[7|0) (p* —m*) 7 (p* —m™) 7" . (5:2)

After the Borel transformation, both the single pole and the double pole acquire the same
exponential factor, exp (—m?/M?) with M being the Borel mass parameter. Thus, we have
to consider both the single pole and the double pole terms, giving us extra parameters on the
phenomenological side of the Sum Rule. The first problem did not bother us in this work
because we worked with only the Lorentz-invariant perturbative term of the three point
function. To tackle the second issue with double pole, we have considered reduced Borel

transformation of both the OPE and phenomenological sides as shown in Section 5.3.

In this chapter, we will estimate the coupling corresponding to a specific Cabibbo-favored

weak mode in which the charmed lambda decays to a strange lambda and a pion:

A (udc) — A°(uds) + =t .

For this, we will consider a three-point correlation function of field operators corresponding
to charmed lambda (A), strange lambda (A°), and weak Hamiltonian (Hy,) in the presence
of an external pion field. A similar method was used in [84] to estimate the weak decays
Y~ = n+7,XT — n+7". The only difference here is that we consider a charm to strange

transition rather than a strange to up transition. We have shown the perturbative diagram
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for this process in Figure 5.1 in which the charm quark decays into the strange quark via
a weak-charged current. All higher order diagrams will exponentially suppressed with a
decaying exponent proportional to the heavy quark mass squared. We will use a dispersion
relation for the correlator obtained from the OPE, and carry out a Borel transform to ensure
rapid convergence. After comparing the decay rate for this process to the decay mode,
A} — pK~ 7", we show that this weak decay mode has a comparatively small branching

ratio.

The framework developed in this chapter will be useful to estimate other Cabibbo-favored
and Cabibbo-suppressed decays of AT too. Charmed lambda was the first charmed baryon
ever to be discovered, but it has many modes of decay. This makes the detection and
estimation of the branching fraction of each mode considerably difficult. In this regard, our
estimates should be useful for future experiments as well as it will help us to calculate the
branching fraction of other modes as well. Also, this calculation can be extended in future

to calculate the weak decays of other heavy-quark baryons.

5.1 Article

This chapter has been adapted from:
Leonard S. Kisslinger, Bijit Singha. Charmed Baryon Decay to a Strange Baryon Plus a
Pion Using QCD Sum Rules. Int. J. Mod. Phys. A 34 (2019) 1950015
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5.2 QCD Sum Rules with 3-pt Correlator for Weak

Decay Af(udc) — A°(uds) + 7™

For the 3-point correlator to estimate Af(udc) — A°(uds)m™ we need the currents for
A} (udc) and A°(uds), and the weak Hamiltonian. We consider here the same currents

that we used for At (udc) and A°(uds) in [86] to estimate the lambda baryon masses:

e () = €T (2)Crpd (1) () (5.3)

me(@) = e u (2)Cyd (2)]y7y"s"(x) -

The weak Hamiltonian is

G
Hy = TZJ“J; : (5.4)

JH = Vi sy"(1 = s)e + Vg dy*(1 —y)u (5.5)

where G is the Fermi coupling constant and V4 = 0.97420+0.00021 and V., = 0.997+0.017
are the elements of Cabibbo-Kobayashi-Maskawa matrix [9]. Notice that Vs is close to 1,

which makes this weak decay Cabibbo-favored.

The QCD diagram which is used for the 3-pt correlator to estimate AJ (udc) — A°(uds)+7"
is shown in Figure 5.1. In this diagram, the charm-strange transition and the pion creation is
mediated by a weak gauge boson represented by the wavy line. There are other higher order
diagrams corresponding to the same process but their contribution is negligible compared to

this leading order process, so we ignore them here. The 3-pt correlator is
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AO

Uu k?g

Figure 5.1: Perturbative diagram for the process: A7 — A + 7T

3(p,q) = i / d*zdty P TV (z, y) (5.6)
where
z(z,y) = <O[T[ny+ (@) Hw(y)nae(0)]]0 >+ . (5.7)

where the subscript 7+ denotes that the constituent quarks of the lambda baryons propagate

in an external pion field. We also write the weak matrix element
<TI0 > = V2FVi qa (5.8)

where F) is the weak pion form factor and ¢ is the momentum of the pion. We use the
charmed and strange lambda baryon currents in Egs. (5.3) and the weak Hamiltonian in
Eq. (5.4) in the three-point function in Eq. (5.6) and evaluate in Appendix A to obtain the

following expression for the three-point function:

Hg(p, Q) = _16imcGFFﬂVud‘/::s HSQ(pa Q) ) (59)
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where
Mao(p,q) = g (9% + [0 — 1] (5.10)
d'k &, [ d' M=k —p—q)
[ = -5 5.11
(r.9) / 2m) 12 / e Pk =p) — [l =k —p—qp —m] 1Y)

We evaluate II##7 TI#F and II"** in Eq. (5.10) using a dimensional regularization tech-
nique that uses Schwinger’s proper-time representation of the propagator, 1/(p* — m?) =
I dae (P 2_m2), with the generalization of the gaussian integrals to D = (4—2¢)-dimensions

(82, 83]. We evaluate Eq. (5.11) in Appendix B to get

Msq(p.q) = 2(4;704 /0 dvdp2p*(1 = p)* (p.q) /0 d%m [H(p+W)2F(6)a‘e

pl(—1 +e)a1*6] + m/o dvdp 224 [T(=1+¢€)(a) "],

(1-0p)
(5.12)
where
Z*y) = (L—vy)mZ+ym?, (5.13)
9(p.k) = kp(l—p)+ (1= k), (5.14)
alp,k,) = —kpZ*+kp(l—p)p.(p+q) — {@}w(l —p)(p+79)% (5.15)
d(p,k.y) = —pZ2+p(l—p)p.(p+7q) — {@}p(l —p)p+79)°. (5.16)

Notice that, in Eq. (5.12), II3o(p,¢) will have both power and logarithmic divergences.
The former ones are insignificant for our purpose and we should only be interested in log-
divergences only. We address this issue in the next section, where we apply Borel transform

on Eq. (5.12) to extract the physical information relevant to the decay process.
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5.3 Borel Transformation of HgQ(p, q)

In this section, we carry out a Borel transformation B on Il3g(p, ¢) to ensure rapid conver-

gence of the integrals:
Bupllso(P?) = Tlso(M?) . (5.17)

Here, we write ['(—1 + €)a'™® = alna and I'(e)a™¢ = —Ina, ignoring the power-divergent
terms that vanish with the Borel transformation anyway. This finally gives us an expression
p’(1—p)°

1 ! 2
I — dvdpd
(P, q) 2(47T)4/o LG TPRTIE

(p-a) [(p +79)* (~Ina) + p(alna)]

+

1
2(417r)4/0 dpdv(f]iqp) [@'lnd’] . (5.18)
Notice that, we have two parameters here in our expressions (p and ¢, or alternatively p?
and p®> = (p + ¢)?). This means Borel transformation should give us an expression for the
three-point function in terms of two Borel masses, M% and M4?. If the baryon masses were
close, we could use M3 = M4y*. But in this case, we are behooved to consider different
values of the Borel masses. Following [89], we assume that they should obey a ratio

Mp®  M”
Mg2 M2’

(5.19)

where M and M’ are respective Lambda baryon (A. and Ay) masses in this case. This helps
us to express the IIs.(p, ¢) in Eq. (5.18) in terms of one variable p?>. We define a quantity &

as

=)
Il

(]‘]éj _ 1) (5.20)
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to write, in the limit of zero pion mass,

¢(p+v9) = qp= %(p’2 -p) = %51927 (5.21)
(p+79)° = (1+90)p? (5.22)

L= +w" = L+ (5.23)
potag) = 1+ D) (5.24)

Also, we can express a and ¢ in a form that is convenient for Borel transform:

a(ﬂalﬁﬁ)/) = Cl(p7/€77)|:p2_b(p>’§77>21|7 (52’5)
a(p,k,y) = CQ(p,'y)[pQ—b’(p,v)Q], (5.26)
where
Iip(l—p) 1 /

o) = (eI 00+ 0000 (5.27)

200 ) = 9(p, k) 2*

P = - w4 g (5:28)
ca(py) = [—W], (5.29)
/2 o 2 2
V= (p,y) = —mza (5.30)
g(p,k) = (1—k)—rp(l—p). (5.31)

Using P? = —p? and applying the Borel transformation

Bip = lim T ( d )n (5.32)

B P2noooiP?/n=M% N dp?
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we find

By [In(P?+ %)) = —Mje /M5, (5.33)
B [P*In(P? +0%)] = MZ(H* + ME)e /M5, (5.34)
By [(PY?In(P?*+0%)] = —MZ(2ML+ 20 M} + b*)e /M5 (5.35)

to write the Borel-transformed function ﬂgc(M B) = B, [II3.(P; P? = —p?)] as

1 ! 0p*(1 - p)° 6

+(2/-@(1 +79) — clp> Mpb* + k(1 + 75)M§b4} e~V /M

I3 (Mp)

1 ! 6 12 2
+W/o dydp (E> [—QCgMg —c2b’2Mg] eV IME - (5.36)

What we have got finally in Eq. (5.36) is the Operator Product Expansion (OPE) of the
three-point correlator. We will equate this expression to a phenomenological model for the

decay process in order to calculate the coupling, ga,—a,x -

5.4 Phenomenological Side of the Decay

We obtain the phenomenological side for this process from the restrictions imposed by sym-

metry. To illustrate that, let’s recall the three-point function here:

s(p,q) = i / dzd'y ™Y (0T | na, () Hw ()04, (0)|[0) - (5.37)
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We can express this function in terms of the physical intermediate states of our interest

through the following matrix elements:

(O[na.lAe(p)) = Aa.ulp), (5.38)
(As(P)na,]0) = Aaa(p), (5.39)
(A AP)) = g(p,p) [ulp)iv"u(p’)], (5.40)

where Ay, and Ay, are the couplings of the charmed and the strange lambda baryon currents
to their hadronic states u(p) is a spinor obeying the normalization u(p)u(p) = 2mp with mp
being the mass of the the baryon B, and g(p,p’) is the coupling of the pion current to the
baryons and is related to the dimensionless coupling constant, gx,a.» that we seek to find

out in this paper, through the following relation[87]:

2m3 fr ]

e ma) (& —m2) (541)

9. P") = gresron { (

where m,, m, and mg, are the mass of pion, up and down quarks, f, is the pion decay

constant, and ¢* = (p’ — p)?. Using Eq. (5.39), (5.39), (5.40), (5.41) and (5.4), we get

0 A, A (p
theHO(p’p/) _ iGFFﬂ%d |:< ’77Ac (p)> < (p)‘n/\s

WA (o 0)
BR[O
20 A ma ma,maFE (p+ma,) 40 +ma,)

(mu +ma) (¢ —mz) (P> —m} )(p* —m} )

= 4ZGF GAc— AT Vud

(5.42)

Note that

(p+mn,) A +My,) = (ma, +ma)p.q+ (mama, —p*) 4+2q.p p

—i [quo™ pymy, + puotgma,] (5.43)
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Out of all the terms present in Eq. (5.43), we can only concentrate on the first one and
ignore the others because only the first term is consistent with the Lorentz structure of
the OPE side of the three-point function. Inserting it back to Eq. (5.42), and considering

My R Mg = My, We get

U gacsagr GRVuadAa Aa,ma ma, F? op? (ma, +may,)
q (p? — m?\c)@/z

theno (p7 p/) —

m —m3.)

(5.44)

In the above expression, we have considered ¢*> = 0 and § is defined in Eq. (5.20). Using

Eq. (5.19), we get eventually

. 2
. LGN —As GFVud/\Ac /\As TNATTUA F7r

theno _
3 (p) Mg
d (ma, +my,) m%c 1 m%c ]

R Ve M e W

(5.45)

Now, we apply the Borel transformation [Eq. (5.32)] on IIZ"™(p) to get

Bz, [theno(p)} = 1Gr—AmGFVudAn An,

I

77L2

0 (ma.+ma) FZ may, (| mi\ -5
L m?\s M3,

(5.46)

where we consider my, = 1.115 GeV, my, = 2.286 GeV, mg = 0.095 GeV, m. = 1.275 GeV,
F, = 0.092 GeV, m, = 0.004 GeV. For the couplings, A, and \,,, we follow [90], where
the values of these parameters were obtained from baryonic mass sum rules in heavy quark

effective theory [91]:

2 4
2(4m)* | Np[2e M/ ME = MOED 4 gamQu — 3y)MEE} + BMAES + §a2(3 + 47),

(5.47)
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where b denotes the baryon Al or AY, mg denotes the mass of the heavy quark (charm or

strange). Also

a = —(21)*(dq) ~ 0.5 GeV?, (5.48)
B = 7Ha,G?/7) ~0.12 GeV*, (5.49)
v = (qg)/(5s) — 1~ 0.2, (5.50)

and EP represents the continuum contribution,

b 2?2 " —x
E=1-1424+—+4+---+—)e ", (5.51)
2 n!

with x = s,/ M?, s; being the continuum threshold. Notice that, we can only determine the

absolute value of gy.,a.» and not the sign, since Eq. (5.47) gives only the absolute value of

Ap-

5.5 Results

In this section, we compare the OPE side of the three-point function given in Eq. (5.36)
to the phenomenological side in Eq. (5.46) to find out the coupling. The free parameters
appearing in the latter expression are the continuum thresholds, s, and sy, that determine

the couplings, A, and \y. From Eq. (5.47), we can write

Y+ (2me) (1= 3m)BS + (i) B8 + (555 ) 3+ 49)
By + (2) (1= 3B + (i) BY + (#5) 3+ 1)
(5.52)

(M2 M2 2
|>\b/>\b’|26 (M*—=M"*)/ Mz




5.5. Results 53

For what follows from here, b denotes A., b’ denotes A,. To estimate sy, sy, Ay and Ay, we

start with a residual

R(M?) = (rhs — lhs)?/lhs?, (5.53)

where rhs and lhs denotes the right- and left-hand sides of Eq. (5.52) respectively. Then, we
assume a prior range of values for the free parameters and minimize the residual in Eq. (5.53).

Let’s define

r = |/\b//\b’|2> (554)
sy = (M+A)?, (5.55)
sy = (M +A). (5.56)

The above definitions of s, and sy help us to constrain the continuum threshold with just
one free parameter, A. Similar parametrization has been adopted in other works, e.g., in [90]
and [89]. Now, using this residual method, we attempt to find a Borel window over which
(i) the residual will be close to zero, (ii) it will effectively become constant over this range
(window) of Mp, because our result should be independent of the extra parameter Mp that
we introduced just to regulate the divergences in the three-point function. We start with a
prior range of the free parameters: A € [0.5 GeV,0.9 GeV], r € [1, 18] and attain a suitable

Borel window for the following values of the free parameters:

ro= 17.259, A =0.784 GeV . (5.57)

The residual is plotted in Figure 5.2 for the above-mentioned values of the free parameters.

Using the values of A obtained in Eq. (5.57) in Eq. (5.46), and comparing Eq. (5.46) with
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Figure 5.2: Residual of Eq. (5.53) as a function of Borel mass for r = 17.259, A = 0.784 GeV.

Eq. (5.36), we get ga.a.r as a function of Borel mass, as shown in Figure 5.3. Figure 5.2
and Figure 5.3 allow us to choose a Borel window M € [2.7 GeV, 3.2 GeV] over which we

estimate the value of the coupling constant, ga, .-

grosa. = 1.060+0.014 . (5.58)

With the parametrization adopted in the last section, this value of the coupling close to

unity indicates that the weak decay is Cabibbo-favored.



5.5. Results

95

3.0

25}

Coupling Constant
= N
[ o

[
o
T

2.5

2.6 2.7 2.8 2.9 3.0 3.1 3.2
Borel mass (in GeV)
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5.6 Conclusions

In this work, we have calculated the coupling for the decay process A7 — A%7r™. We used a
parametric representation of the propagators analytically continued to complex D-dimensions
in order to solve the lowest order perturbative diagram corresponding to this process. We
achieved convergence with a reduced Borel transformation. This method will be extended
to estimate other Cabibbo-favored and Cabibbo-suppressed decays of heavy-quark baryons,

and also to estimate decays for other weak modes of charmed lambda in future.



Chapter 6

Heavy-Quark State Production from

p-p and A-A Collisions

Due to the abundance of the heavy-flavor quarks generated during the high-energy, inelastic
proton-proton collisions, there has been considerable interest recently in the heavy-quark
states production from such events. Measurements of the cross-sections of these events and
matching them to the results derived from perturbative QCD provides us the opportunity
to test QCD in the high energy limit. They could also serve as the background to explore
new physics and the basis for the predictions on the quark-gluon plasma (QGP) formation

in relativistic heavy-ion collisions (RHIC).

In this work, we estimate the production cross-section of B°(bd) and B~ (b)) mesons in
proton-proton (p-p) and heavy-ion (A-A) collisions. Due to flavor conservation, the heavy
quarks are produced only in pairs during such collisions. We have incorporated this in our
work to say that if a gluon produces a heavy-quark pair, c¢ or bb, then a fragmentation process
can convert the bb into two B mesons, bd — db. We consider the fragmentation function from
the works of Braaten et al. . Furthermore, we assume in this work that each gluon channel
produces a color-octet S-wave state of the bb pair. The color octet mechanism [40, 41, 42] is
found to dominate the color singlet mechanism in the experimental studies at /s = 200 GeV
[43, 44]. The long-distance non-perturbative fragmentation function is expressed in terms of

matrix elements corresponding to a color-octet state that basically encodes the probability
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of a color-octet b — b state to form a B meson. These matrix elements can be found in [45].

The organization of this chapter is as follows. In Section 6.1 we give a brief introduction to the
parton model. In Section 6.2.1, we discuss factorization theorem and parton fragmentation.
In Section 6.2.2, we discuss the color-singlet and the color-octet mechanisms of the heavy-
quark state production in high-energy collisions. We derive the fragmentation function
Dy_pz in Section 6.3. We assimilate all these ideas in Section 6.5 to estimate the B meson

production cross-sections in p-p and A-A collisions.

6.1 The Parton Model

We start with an experimental fact that the pion production cross-section in high-energy (~
10 GeV) p — p collisions has an exponential fall-off in the value of its transverse momentum.
This simple observation leads us to the following model [7]: a proton is composed of con-
stituents that have their momenta almost collinear with the momentum of the protons. In
a collision between two high-energy protons the final state (of hadrons) will have momenta
parallel to the collision axis. The ejection of hadrons at large transverse momentum would
need a large, spacelike ¢?, prohibiting this process to happen. It is observed that the proba-
bility of hadron production with large transverse momentum is much suppressed, indicating

that the strong interaction is much weaker at sufficiently high energy.

This ‘jelly” model of a proton made of loosely bound pieces was put into rigorous test in
the 1960’s in SLAC-MIT deep inelastic scattering experiments. It was observed that the
scattering rate at large deflection angles could be estimated from the momentum of the
scattered electrons, indicating that the large momentum transfer happened through electro-
magnetic rather than strong interaction. However, the proton did not react to the scattering

electrons as a fundamental particle with simple Coulomb charge. The largest part of the
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scattering was contributed by the deep, inelastic region of phase space, in which the proton

was broken apart.

This constitutes a puzzle. We are assuming a strong interaction at a much deeper length
scale, 7.e. at the scale of a proton but the same interaction is apparently absent in hard
scattering processes. Bjorken and Feynman attempted to solve this puzzle by putting forward
the ‘parton’ model [92, 93]. In this model, a proton is made of loosely bound, point-like
constituents called ‘partons’. Some of these partons are elementary fermions carrying some
electric charge and some of them are electrically neutral particles binding these fermions
loosely together. The electromagnetic interaction with the electron can knock a parton off
a proton. This parton can have soft momentum tranfer with the remainder of the proton
though, creating hadronic jets collinear with the original parton that was knocked out. In
this way, the parton model imposes strict constraints on the deep inelastic scattering cross-
section. It was later recognized that partons describe the same objects now more commonly
referred to as quarks and gluons. A more profound explanation of this puzzle can be given

by introducing asymptotic freedom in QCD.

6.2 Production of Heavy Quarkonium in High Energy

Collisions

Tevatron data around 1993 suggested that the parton processes that create charmonium
cannot be explained by the color-singlet model even in the lowest order of the strong coupling
constant [94, 95]. This leads towards a revision of the idea that the c¢ pairs created from such
processes are in a color-singlet state. This phenomenon leads to two important development

in the understanding of charmonium physics:
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o Fragmentation: Heavy quarkonium is produced predominantly from the partons of

large transverse momentum (pr).

o Color-octet mechanism: c¢ pair can be produced in a color-octet state at a suffi-

ciently short distance scale.

In the following subsections, we discuss these two ideas in more detail.

6.2.1 Factorization Theorem and Parton Fragmentation

From the proton-proton or heavy-ion collision point emerges partons almost collinearly in a
narrow cone of jet. In this process, a hadron can be created by the partons with sufficiently
large transverse momentum. This phenomenon is called fragmentation. In the following
paragraph, we discuss factorization theorems that will allow us to write the perturbative part
of the B meson production cross-section in high-energy collisions separately from the part
containing the non-perturbative effects of QQCD by guaranteeing how hadron productions at

very large momenta are dominated by fragmentation.

In order to explain factorization, let’s start with the simplest scenario of a radiative QED
process and assume that py denotes the probability of finding N number of soft photons
with a frequency at most ky. The scattering cross-section for the Bremsstrahlung process

(Figure 6.1) in QED is given by

3—;@ —p+7) = (3—5)0 {—i‘%lﬂ (5722) In (f—f) + 0(042)} : (6.1)

where « is the fine structure constant, ¢ is the virtual photon four momentum, m is electron
mass term in the QED lagrangian, FEj is the detector resolution and y is the photon mass.

As we can see from the expression, the cross-section becomes infinite in the limit u — 0.
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p b

Figure 6.1: Bremsstrahlung process in QED. The divergence appearing in the Feynman
diagram of this process cancels out the divergence appearing in the electron-photon vertex
correction.

This divergence cancels with the infrared divergence arising from the quantum corrections
in the electron-photon interaction vertex. The elastic cross-section found after quantum

correction of vertex is given by

o= = () [-on(H)n(%) o] . 02

Summing Eq. (6.1) and (6.2) gives us the cross-section of a scattering event in which the

detector detects no photon

() = (@), (i)
ds2 Detected ds? Elastic ds2 Bremsstrahlung

@ E) ] @

This result can be extended and generalized to the level of a theorem which says that,
although the perturbative series expansion of transition amplitude often bugs us with di-
vergences, they are cancelled if we consider the average over the whole ensemble of states.
This is the famous ‘Kinoshita-Lee-Nauenberg theorem’ (KLN theorem) and is true of any
quantum mechanical system (even the degenerate ones, irrespective of whether we perform
Feynman diagram calculations explicitly or not). An equivalent statement of this theorem

is that the standard model is free of mass singularities and infrared infinities.
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Mass singularities appear when the massless limit of a theory is considered. In these cases,
we are typically encountered with two kind of infinities [96]: one is IR infinity, which is
the divergence associated with the zero limit for all the four components of momenta of the
real or virtual particles. The other kind of infinity is called mass divergence or collinear
divergence which appears with the vanishing electron mass in QED (in high energy limit,
p.p’ = m?, where p and p’ are momenta of the electron before and after the scattering)
or in non-Abelian gauge theories such as QCD. In such cases, the massless particles lead
to divergences if they are emitted parallel to the parent particle even if they carry large
momentum. But the divergences associated with the soft momenta gives us a factored form
for this contribution to inclusive cross-section. This idea was used in [97, 98] to define
fragmentation function (FF). In general, FF tells us how a parton of a given momentum gets
converted into a color-neutral hadron or a photon. Just like PDF tells us the probability
density of a given parton inside a hadron, FF tells us the probability density of a parton to

convert into a specific hadron.

Here are a few examplary processes and their schematic representations where the factoriza-

tion theorem and the fragmentation functions have been used:

o single-inclusive hadron production in electron-positron annihilation, et +e~ — h+ X.

o semi-inclusive deep-inelastic lepton-nucleon scattering, [ + N — h + X.

 single-inclusive hadron production in proton-proton collisions, p +p — h + X.

The factorization theorem gives us for these processes [99].
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()

Figure 6.2: Diagrammatic representation of the processes: (a) semi-inclusive hadron pro-
duction in e™ — e~ annihilation, (b) semi-inclusive deep inelastic lepton-nucleon scattering,
(c) single-inclusive hadron production in p — p collisions. To estimate B production in p-p
collision, we use factorization of process (c).

oM — 5@ FF, (6.4)
oN7hX - — 6@ PDF ® FF, (6.5)
oY — 6@ PDF ® PDF ® FF, (6.6)

where ¢ denotes the perturbative field theory cross-section of the parton and F'F' denotes the
fragmentation function. The corresponding processes are shown in Figure 6.2. We will use
the factorization corresponding to the single-inclusive hadron production in p — p collisions

to estimate B production.
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6.2.2 Color-octet Mechanism

Along with fragmentation, this mechanism gives us a quantitative understanding about
modelling the formation of a bound state such as quarkonium. Before moving ahead to
discuss the color-octet model of charmonia production, let’s have a brief review of the color-

singlet model first [100].

In the color-singlet model, the amplitude of QQ production (@ denotes a heavy quark such
as charm) is assumed to be zero if QQ is not a color-singlet. Also, in order to form such a
bound state, the relative momenta of Q and @ should be very small compared to the heavy-
quark mass mg, otherwise () and Q can escape easily to form heavy-light mesons (such as

D and D).

Now, if Q and Q are not present in the initial state, then they have to be produced from
the virtual excitations with momenta ~ mg. This is called the short distance part of
the amplitude in which QQ is produced with a spatial separation ~ mél. At this scale,
the constituent quarks are less sensitive to their relative momentum that corresponds to a
wavelength which is much larger than the length scale of the charmonium wavefunction. QQ

behaves like a pointlike pair while forming the bound state of quarkonium, H.

In the color-singlet model we denote, for example, a charmonium Fock-state |cc(1,25%1 L)),
where 1 denotes that c¢ is in a color-singlet state with spin S, orbital angular momentum
L and total angular momentum J. Factorization theorem tells us that the amplitude of a
¢ pair to form charmonium, A(¢) + F) (F is some specific final state) are assumed to be

factorized into two factors: one is the amplitude in the limit of vanishing relative momentum,
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the other one being the L derivative of the radial wave-fucntion, R(0):

AW+ F) = A(ce(12S1) + F) Ry(0), (6.7)

~

A(xes +F) = A(cc(12P;)+ F) R, (0) . (6.8)

The first term in the right hand side is the local amplitude and can be calculated using per-
turbation theory while the non-perturbative effects are absorbed in the radial wavefunction.
These wavefunctions are specified from some physical processes, e.g. Ry(0) is determined

from the decay of 1 to electrons:
D = ") = SR (0) (6.9)

Since, there cannot be any state other than color-singlet charm-anticharm pair that is con-
tributing to the amplitude, the form of the inclusive cross-section for charmonia production

is simply given by

do(y +X) = dé (ce(12S1) + X) |Ry(0)]%, (6.10)
do(xes+X) = do(ce(1’ P)+X) |R, (0)]*. (6.11)

As we will see, this expression will change under the color-octet model as we will have to

include the contribution from the color-octet c¢ pair as well.

This simple model gives rise to some problems. Other than the fact that this model is
non-relativistic (as the relative momenta of the quark pair has been ignored throughout),
in principle it is not guaranteed that the amplitude will obey the factorization assumed in
Eq. (6.7) or (6.8) if we consider the higher order radiative processes too. Also, a color-octet

cc can emit a soft gluon to become a color-singlet. But the color-singlet model does not allow
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Figure 6.3: Feynman graph for heavy-light meson production at O(a?) through the (a)color
singlet mechanism and (b) color octet mechanisms. Short distance collisions create the Q@
pairs that hadronize at long distances into ()¢ bound states.

this non-perturbative process to happen. Most evidently, there is no other process to cancel
out the IR divergence appearing in the cross-section for the p-wave states. Our solution to
these issues is that in our work, we have adopted this color-octet mechanism [101, 102, 103]
in which the bottom-antibottom pair created from gluon fragmentation is predominantly
color-octet and propagates before each of he two partons b and b fragmentizes to produce a

B meson.

6.3 Fragmentation Function from First Principles

Brateen et al showed in 1993 that the parton fragmentation functions can be derived from
the first principles calculations using perturbative QCD [104]. In order to calculate the
fragmentation function, Dy_,;5, corresponding to the process, b — bg, we consider an inclusive
process, b* — bg-+q, as shown in Figure 6.4. It can be shown that the fragmentation function

will be the ratio of the two scattering amplitudes:

1. M corresponding to the production of an off-shell b* that subsequently fragmentize

into a B meson (Bq) and a real ¢, where ¢ denotes a light quark.

2. M corresponding to the process of producing on-shell b* from I' with the same three-
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Figure 6.4: Feynman diagram for heavy quark fragmentation function calculation

momentum (K) as (1) in the limit Ky — co.

Taking the ratio of these two processes, we get the following form of the fragmentation

function:
1 M > M2
D(z) = dsf|s—— — —2 ) x lim & —— 6.12
(2) 167r2/ s (S ; 1_2) A SS TP (6.12)
with M = m; + m, is the mass of the meson in non-relativistic limit and z is longi-

tudinal momentum fraction of the quarkonium state. The sums are over the spin and
color of the light quarks. This function can be calculated in the axial gauge for which
K+ = (Ky,0,0,4/K3 —s). As shown in the Feynman diagram, I" denotes the part of the
matrix element M that involves the production of a virtual b quark. Also, in the axial gauge

we choose only the production of B meson from a virtual quark of momentum K*.

The spinor I' appears also in the second amplitude, My = T'u(K). Next we project bg to

1Sy state using heavy quark effective theory

(6.13)

ST ROWM (149
- e (1)

where R(0) is the radial wavefunction of the meson at the origin and v* is its four-velocity.
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Then we use QCD Feynman rules for the light-quark spinor and qgg vertex and heavy-
quark effective theory Feynman rules for heavy quark propagator and bbg vertex to derive
the amplitude iM; and perform the Dirac summation as given in Eq. (6.12) to write the
fragmentation function in leading order in r = (my — my)/my (my = hadron mass, my, =

mass of the bottom quark):

Dy_pq(y) = N

(y —1)? (352 + 4y + 8) — N(y;—ﬁl)?’ (3y” + 4y +8) + O(r) , (6.14)

where

1—(1-—
y = 1-(-r) T)Z, (6.15)
rz
20| R(0)]?
N = ———~ 71 1
817Tm2 (6.16)

We will use the frgamentation function in Eq. (6.14) in order to calculate the B meson

production cross-section in the following section.

6.4 Article

The following sections of this chapter have been adapted from:
Leonard S. Kisslinger, Bijit Singha. B Production In p-p and A-A Collisions. Int. J. Theor.
Phys. 56 (2017) 3648
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6.5 B Production in p-p and A-A Collisions

In this subsection we consider B°(bd) and B~ (b) production via unpolarized p—p collisions
at 200 GeV. This is an extension of the work on D*(ed) and D°(cu) production in high
energy collisions [105] to the case of the heavy-light mesons containing a bottom quark. We
have also made use of previous work on J/1,1'(2S) and T(nS) productions in this work.
In addition to providing quantitative evidence for QCD as the fundamental theory behind
strong interactions, the estimate of B production via A — A collisions could provide a test
of Quark-Gluon Plasma (QGP) in relativistic heavy ion collisions. In Refs. [45], [106], the
mixed hybrid theory was used for the cross-section calculations of ¢'(2S5) and Y(3S) but is
not used in this work. The main new aspects of the present work is that while a gluon can
produce a c¢ or bb state, it cannot directly produce a bd. A fragmentation process converts

a bb into a bd — db, for example. We use the fragmentation probability Dy_,pg of Braaten et

al. [104] and derived in Section 6.3.

6.5.1 Differential pp — BX Cross-section

B production in high energy collisions can proceed through either the quark-antiquark or the
gluon-gluon fusion channel [45]. But, the gluon distribution function evaluated at @ = 2my,

(my, = bottomonium mass) is much larger than the quark distribution function evaluated at
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the same energy:

folz,Q =2my) > fy(x,Q =2my,) . (6.17)

Thus the gluon-gluon fusion channel will be the dominant channel in BX production cross-

section (scenario 2 in [112]) and is given by

Oy = / % fyl,2m) o, 2m) g0 (6.18)

where we write using factorization theorem [111]

g G = O

gluon fusion channel quark — antiquark fusion channel
Figure 6.5: Gluon(dominant) and quark-antiquark(suppressed) fusion channels.
Og9g—BX — 26—gg~>bl_)Db—)bq s (619)

where 7,4, is the bottomonium production cross-section and can be evaluated using per-
turbative QCD [45] and D,_;; is the fragmentation function derived in section 6.3. For

E = /s =200 GeV, the gluon distribution function for the bottomonia quarks is [45]
fo(y) = 275.14 — 6167.6 x(y) + 36871.3 [z(y)]” , (6.20)

where y denotes rapidity:

1 E+p,
=1 21
y 2n(E_pz), (6.21)
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with E being the energy and p, being the component of the momentum along the beam axis,

and
1|m m 2
) = 5 |5 (expy—exp(-y) + 1/ (FHlexpy —exp(—y)) +4a| . (622)
2 |E E
From Ref. [111], using for the light quark mass=(up-mass+down-mass)/2= 3.5 MeV.
Dy g = 9.21 x 10°a2|R(0)*/7 , (6.23)

in units of (1/GeV?®), with a, = 0.26. For a 1S state |R(0)]> = 4/a. For a bg state,
(1/a,) = m, ~ 3.5 MeV. Therefore,

IR(O)? ~ 1.71x1077 GeV?®,

Dy =~ 3.39x107%, (6.24)

80 Dyppg = Deyeq [105] as expected from heavy-quark symmetry. The calculation of the

differential cross-section is similar to that in Ref. [45].

dopp—Bx dz(y) 1
— = A 2 2 Dy b5 6.25
dy w X fo(z(y),2m) fy(a/x(y), 2m) dy 2(y) b—+b7 5 (6.25)
where Ay, is the matrix element for bottomonium production [45], Ay, = 258’;?;5‘§SO<(1S(§)>,

and a = 4m?/s modified by an effective mass m: Ay, = 7.9 x 107*(1.5/m)3 nb. For m = 5.0

GeV, Ay = 2.13 x 107 nb. From Eq. (6.25) we find the differential cross-section, da”’é—;”,

shown in Figure 6.6, with m=5.0 GeV.
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Vs =200 GeV

do / dyppaBX(pb)

~1.0 ~05 0.0 0.5 1.0
rapidity (y)

Figure 6.6: do/dy for v/s = 200 GeV unpolarized p-p collisions producing B + X.
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6.5.2 Total pp - BX Cross-section

The total cross section for pp — BX is given by

Opp—px = [ ——Aw X fylx(y), 2m) fy(a/z(y), 2m) Dyseq

From Eqgs. (6.17,6.24) and Ay, one obtains
Opp—sBX = 0.4823 nb .

Since o,y px =~ 2680.0 nb [105], the ratio of o,y px t0 0ppspx 18

RR = M:1.8X10_4,
Opp—DX
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(6.26)

(6.27)

(6.28)

due to the difference in the quark mass and values of f, for bottom vs charm quarks. A

number of experiments have measured o.: cross sections at ,/s,,=200 GeV [113, 116, 121,

122]. Experimental measurements of B production via p-p collisions are expected in the

future.

6.5.3 Differential Cu-Cu, Au-Au — BX Cross-sections

Cold nuclear matter effects on heavy-quark production were estimated for a number of

rapidities via PHENIX experiments [117]. We use the results of this experiment for the

study of B production via Cu-Cu and Au-Au collisions.

In this section we estimate the production of B°, B~ from Cu-Cu and Au-Au collisions,

using the methods given in Ref. [106] for the estimate of production of ¥ and T states via
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Cu-Cu and Au-Au collisions based on p-p collisions.

The differential rapidity cross section for B + X production via A-A collisions is given by

da”’;l—zBX with modification described in Ref. [106] for Cu-Cu and Au-Au collisions:

doaa—px aa [ dopp—sBx
———— = RaaN{ —_— 6.29
dy AA bin dy Y ( )

R4 is the nuclear-modification factor, Nl;?f is the number of binary collisions in the AA

dUppHBX

o ) is the differential rapidity cross section for BX production via

collision, and <

nucleon-nucleon collisions in the nuclear medium.

<da”’;l—;BX> is given by Eq. (6.25) with x(y) replaced by the function z, the effective parton

x in the nucleus Au [118]:

A3 — 1))

#y) = a(y)(1+ 2 ] (6.30)

which was evaluated in Ref. [106], where it was shown that z(y) ~ z(y).

Experimental studies show that for ,/5,, = 200 GeV, RE, ~ 0.5 both for Cu-Cu [119, 120]
and Au-Au [121, 122, 123]. The number of binary collisions are N;<'=51.5 for Cu-Cu [124]
and 258 for Au-Au.

From Egs. (6.25) and (6.29) one obtains the differential rapidity cross section for B+X

production via Cu-C'u and Au-Au collisions

EOCODX (515/2) x Au x Jylaly). 2m)y afol). 2m) 0 Dy
TN (358/2) x A X fyaly).2m) fy(ofaly), 2m) 50— Dy 631
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Vs =200 GeV
32
<30
=
[aia]
T
S
128
]
z
5
= 2.6'
2.4 - -
1.0 —0.5 0.0 0.5 1.0
rapidity (y)

Figure 6.7: do/dy for v/s = 200 GeV unpolarized Cu-C'u collisions producing B + X.

docu—cu—spx/dy and doay—au—px/dy are shown in the Figure 6.7 and Figure 6.8.
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Vs =200 GeV
16-
B 15
s
m
T
z
114
<
=z
b
2% ~05 0.0 0.5 1.0
rapidity (y)

Figure 6.8: do/dy for /s = 200 GeV unpolarized Au-Au collisions producing B + X.
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6.5.4 Total Cu-Cu — BX and Au-Au — BX Cross-sections

Total ooucu—spx and 04,44 px Cross-sections are obtained from o, ,5x Eq. (6.27) by mul-

tiplying opppx by Ra ANéf. Therefore

Ocucuspy =~ (51.5/2) x 0.4823 nb = 12.42 nb,

Oautuspx =~ (258/2) x 0.4823 nb = 62.22 nb . (6.32)

6.6 Conclusions

We have estimated the production of heavy-quark mesons B°(bd), B~ (bu) +X via p-p collli-
sions using the color-octet model with an extension of our previous work on production of cc
and bb states to db or b B-meson states using fragmentation. Our results are expected to be
tested by p-p collision experiments in the future. We have also estimated the production of
B-meson states via Cu-C'u and Au-Au collisions, using experimental results for the nuclear
modification and number of binary collisions in recent A-A collisions experiments, which

also might be measured in future experiments.
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Summary

In this dissertation, we calculated the baryonic masses of charmed lambda (A}), strange
lambda (A%), bottom lambda (AY) and have developed a framework to estimate the cou-
plings corresponding to the Cabibbo-favored and Cabibbo-suppressed weak decay processes
of heavy-quark baryons using the Quantum Chromodynamics Sum Rules (QCD Sum Rules).
QCD Sum Rules are non-perturbative techniques that use Operator Product Expansion
(OPE) of gauge-invariant QCD condensates of different mass dimensions to express the
n-point functions of the hadronic current operators and then use quark-hadron duality to
compare the OPE to a phenomenological model to extract various physical properties of the
hadrons. We used a two-point correlator of a current operator that projects into the state of
either A°, AT, or AY and evaluated exactly the perturbative term in the OPE. We achieved
convergence through Borel transformation and extracted the mass from the minima of the
Borel-transformed two-point correlators. We extended this work to consider a three-point
correlator comprised of the A7 and AY current operators, and the weak Hamiltonian re-
sponsible for charm to strange transition and an external pion creation. We compared the
OPE to a phenomenological model of the three-point correlator to estimate the coupling
corresponding to the process in which a charmed lambda decays to a strange lambda and a

pion. Because the A and A® masses are not close, we used reduced Borel transformation to

achieve convergence.

In the second part of the thesis, we extended one of our recent works on the charmed meson

78
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D production to calculate B meson production cross-section in unpolarized proton-proton
and and heavy-ion (copper-copper and gold-gold) collisions at /s = 200 GeV. The dominant
channel at this energy was the gluon-gluon fusion channel. While the gluons cannot directly
produce B mesons, they can create bottom-antibottom pairs which can later get converted
to B mesons(bd — db) through fragmentation process. The dominant mechanism behind the
bottom-antibottom creation was color-octet mechanism. The total production cross-section
of B meson at this energy was found to be much suppressed compared to that of D mesons
and the experimental measurements of B production cross-section from such processes are

expected in near future.
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Appendix A

OPE Side of the Three-point Function

Here we calculate the Operator Product Expansion side of the three-point function mentioned

in Chapter 5. Using Eq. (5.3), (5.4) and (5.8) and keeping the essential terms, II3(z,y) is

Ho(2,y) = iGrFrVaa qaf0] T|e™a(2)*Crud (257" c(2)’s ()77 (1 = 95)7 () Ve

Tul(0)Cpd* (09575 (0)] [0) - (A1)

From Eq. (5.6), (A.1), and using ¢(z) = [ g‘T’;‘Le*ik"”q(k),

o d*ky d*ky d*ks dik
11 —_ F 4,74, ipx iqy 1 2 3 4
3(pa Q) ZG!F w‘/csvud Qa/d xd ye € / (2’/T)4 (271')4 (27T)4 (271_)4

el e e I IT ), (5 Oy, Sal2) Oy Sels 117 (1= 3) S, (k)77

(A.2)

where the quark propagator is Sy(k) = (& +mg)/(k* —m?2) = (k" +mg) /(K> —m?).

Using my,,, mg < me, the trace in Eq(A.2) is

Tr[Su(k1)CrypuSalka)y” Cysyt Se(ks)Ss(ka)vys) = TrlkiCryp F2Cyavsy" (Fs + me)y* (1 —75)
1
k3k3 (ks —m?2)(kj —m2)
(A.3)

( /k4 + ms)7A75]
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In carrying out the trace in Eq(A.3) note that Tr[y57,7,] = 0, and one obtains for the trace

on the right hand side

TR = TrlkCy. fC sy (K + me)y* (1 —v5)(Fa + ms)1as)
== 16mc(/€1 . l{igkz + /{32 . 1{54]{?? - ]fl . k4]{ig)

—167715(—]{31 . kz]{fg + ]{32 . k’gk? - ]{?1 . ]{33]{33) . (A4)

Making use of [ d*ze™®®% = (27)46W(p—k)so kg =p+ki — ke and ks =p+ ki — ka2 + g,

one obtains

3(p,q) = 16iGpE,V,V, /%&(mF—i—mF)
3D, q - FLnVesVud (27’[’)4 (2’71')4 cl'1 s1'2
1

RS ((p + k= k2)? =m2)((p+ g + k= k2)* —m3)]

X [ (A.5)

where

Fi = kiqka(p+q+ki—ke) —koqki(p+q+ki—ke)+kikoq(p+q+ ki — ka),(A.6)

FQ = kl.(p + k?l - ]CQ) ]{?2.(] — k’g.(p + /{31 - ]{?2) k:l.q + k‘l./{ig q.(p + k’l - kg) . (A7)
Using (k1 +p) =1l and ky = k, T3(p, q) in Eq(A.5) can be expressed as
H?) (p7 Q) = 16iGFFqud‘/;s (mcH3c + msH3s) ) (Ag)

with

d*k 1 d*l F
w0 = [ G5 | G TR —ma =g g~ Y
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d*k 1 d*l Fy
100 = [ G | G e

where

Fi=k-(I-pq-(I-k+q+k-(I-k+q)q-(I—p) —(U-p)-(I-k+qq-k (A1l

F=k-(l-p g (U-k)—k-(I-k)qg-(I—-p)+{—p)-(—Fk)qk. (A.12)
Here we consider my < m,. to write

5(p,q) = 16im.GpF,VyiVes ac(p, q) . (A.13)

Defining
1 (p,q) = / d'k ﬂ/ 'l (I —p)(—Fk+q)
PO= [ enpw2 ) @of U+p)2 (- k2 —m2[(—k+q?2—m2]
B /d% @/ dl P(l—k+p+q)¥ (A14)
o) G Bkt pE—mA U —Fk+ptqP—m
to write
se(p,q) = @ [ﬁ“””+ﬁ“”“—ﬁ”““ : (A.15)

Using k — —k, | = —[, we get

v _ faw _ d*k @ d*l Pil—k—p—q)
W (p.g) =~ /<2w>4k2 / @n B[ —F—p?—ma [l —k—p—qf—m]
(A.16)
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Thus,

HS(pa Q) = _]-6'L.mcGFF7rVud‘/cs H3Q(pa Q)7 (A17)

where

Mo(p,q) = g [T + M0 — 1] (A.18)



Appendix B

Evaluation of I1""“(p, q)

Here we evaluate the integral in Eq. (A.16). Let’s define

d*l 1
Mo(p,q) = /(2@4 PI—k—pP-—m[l—k—p—q?—mI

) [ dY s
I (p.q) = /(27?)4 Pll—k—p?2-—m?][l—k—p—q)?—m?

» A 1
W00 = | oy pm ===y

These integrals are evaluated using the regularization technique adopted in [86] to give us

lO(pvc.I) - (471')2/0 «@ ﬁ Y (Od+6+7)2 ) ( . )
I [(B+Vk+s" 4 24 ym?
G - - davdBd (a,ﬁ,’y)Jrﬁchr"Yms? B.3
n(p.0) MﬂQA B T .
1 o0 2 2 1 gl"l’
Hy,l/ — d d d A(a’5)7)+6mc+7ms —
2 (pa q) (471')2 /O a B e |: 2(47T)2 (a + B + 7)3
+ )k + 8" (B +7)k+ s]”
B9k + 5] [(8 j) ﬂ]’ (B.A)
(a+8+7)
where
st o= B+ +79" . (B.5)
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Using d'k — d"k, D =4 —2¢, 8 — pB, v = pv, 6(p — B —7) = 0(1 — B —v)/p, and

repeating for a as well, one obtains

Hlo(p, Q) = d’ydp d,f peAJrF»ﬂ[(l y)ym? +'Ym2] (B.6)
Hﬁ (p, Q) = k +p+ 7(]]“ A+rp[(1—y)mZ+ym? } (B.?)
Iz (p.a) = dVdP [ 50"+ Pk +p+y0) (k+p+aq)”| et welt=mmetyml |
(B.8)
where we redefine
A = D+ Fk+f(p.a), (B.9)
where
D = —kp(1-p), (B.10)
" = =2rp(1 = p)(p+79)", (B.11)

f(p,a) = —rp(1—p)p.(p+1q) . (B.12)
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Using Eq. (B.6), (B.7), (B.8) in Eq. (5.11), we get

gy — [k e [ Pk p =)
W (p.q) = /(2@4 kQ/(Qw)‘* Bl =k —p?—m[(l—k—p—q)®—mj

Ph by o .
B /(%)4 i [ = (e p+ a1

I Avpmzamy [ AR Kap g™
- <47r>2/o dodity o | el e
_JW+7M+Q”W+7W+%” (k+p+ ) [(B+Nk+s]"7

(+ B+ ) (a+ B +7)3
(B.13)
Similarly, we can write
v d'k_k d'l 'l—k—p—q*
T /W &/ Cr) PIU—k—p)? —m [l —k—p—q? - ml]
1 > m24ym?2 d‘k k [riad
— (471')2/0 dOédﬁde €A+,3 + /(271')4 kl_g |:_ 2(0&+5+7)3
+ﬂ5+ﬂk+ﬂq@+yw+ﬂ{_@+p+@qw+7%+ﬂy(BM)
(a+ B+ ) (a+ B +7)3 AD:
v . d*k k, d*l lﬂ(l — k= p— q),u
T /W e/ @m)T Bl Fk—pP —md 1~k —p—qP — ]
! - mZym? d'k_ K, g”
— (471—)2/0 dadﬁdﬁ €A+,3 + /(27T)4 ﬁ [_ 2(a+5+7)3
—Jw+7%+ﬂq@+7%+ﬂ“_%+p+@WW+7%+ﬂq
(o + B +7)* (4B +17)3 '

(B.15)
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Multiplying Eq. (B.13), (B.14) and (B.15) with the pion four momentum, ¢,, we get

d'k 4 qk
I dydp | dr e | —ﬁ/— A4z
1 (4m)2 / ”/ e 2mt ¢ B
(

+p3/ d*k A k.(k+p+q9) q.(k+p)
(2m)4 k2
_pz/ d'k 4 k(k+p+79) a.(k +p)]
27)1 2

1 ! o 2 1% d*k q.k
e = —— E | - _—
o (4m)? /0 dVdp/o dn e [ 2K / (2m)* ‘ k?

+p3/ d'k 4 k(k+p+74) ¢.(k+p)
(2m)4 k2

_pz/ d /;4 Ak (k+p+k612) q.(k +p)], (B.17)

) wz [ 20 [ 'k 4 ak
qz/H HEE = / d'}/dp/ dr e p22 /(271')4 GA ﬁ

k’q(k+p+W)
A
T /(27r) ¢ k2

B 2/ d'k 4 ka(k+p+y9)(k+p+q)
P (2m)4 k2

, (B.16)

(B.18)

Eq. (B.16), (B.17) and (B.18) and (B.23) allows us to write

4
/dvdp/ dk e /(27r) Sy

+2p3/<;l k);4€A k.( k+p+kq2) q.(k +p)

T

3/ d'k 4 (¢-k)(k+p+79)°
(2n)? 12

2 d'k oA q.(k:—i—p)
(2m)4 k2

{2k2 +(p+q)k+(p+ ’VQ).k}

+p2/ (C2l7£4€A i;f{kuk [(p+a)+ (p+740)] +(p+q)'(p+7q)}} (B.19)
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After a little manipulation, we get

d*k k.
I3 = 47r / d’ydp/d/{ e“pz / o) 4eA k—Qq

+2p {/gﬁk); e+ (p+79)u /(;Zwl;ef‘g} (k+p)
_ps/ d'k 4 (kq) [k +2k.(p+79) + (P +79)"]
(

o) ;2
4 4 q(k+p) k3s(p+q) + (p+79)
—2p’ / %5‘ q-(k +p) = ,02/ gﬂﬁﬁA { 2 }
o [ d'%k , [ d% , (¢F) k.{(pﬂz) + (p+vq)}
+p /<27T)4€A q.k+p /(27T)46A 2
+p2/ (3:354614 (q.k)(p +];12)-(p + vq)] 7 (B.20)
we get
s = dvdp dli 6“922 / ;i: A %{— — (y+1)p*qp
+2p 7(1)-(1) p (p +79)- [p(p +v9) — (p + q)] }
+2p%(p — 1)(p-q)/ (gﬁl;e/* % +20%(p 1)(p-q)/ (C;Tl;ﬁf‘ +p*(p— 1)/ (;lﬂ];e“‘ k. q} ,
(B.21)
But
—(v+1)pPqp+20°7(p-q) — PP(0+ 7). p(p+79) — (p+q)] = —p*(p—1)p° .

(B.22)
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This eventually gives us

1 S ) &k kg &k kp
II = —— [ dvdp p*(p—1 drk e"PZ" | — 2/ AL 4 o, / i
3Q (47_(_>2 / ap p (p )A K€ |: p (271')46 k2 + p-q (271_)46 k'2

+2p.q/ (;lwl;e“‘jt/ <;Z7TI;46A (kq)—l—g/ (;ZW];eA %] : (B.23)
Using
d*k 1 6f7F2/4D
/ (%)45‘ = S DY (2D), (B.24)
4 6f—F2/4D
/% pet = 2(417r)2 D3 (=£7), (B.25)
d*k  kH " o0 ef—F?/A(D-)) }
[ = | Patipm s P (20
'k kR, o el TN Ry
[ e = | Mmooy | apon) B2
we get
Mo = 2(41704 /0 dydp2p*(1 = p)* (p.q) /0 dﬁm[ﬁ(erWVF(E)a_e
1—e¢ 1 ' 2pq N1—e
+pI'(=1+¢€)a ]+2(4—7T)4/0 drydp =) [D(=1+4¢€)(a) ],
(B.28)
where
Z(y) = (1—=v)mi+ymg, (B.29)
9(p.k) = kp(l—p)+ (1= k), (B.30)
alp,k,) = —kpZ*+kp(l—p)p.(p+q) — {@}w(l —p)(p+9)*(B.31)

d(p,k,y) = —pZ2+p(l—p)p.(p+7q) — {w}p(l —p)p+79)?*. (B32)
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