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Abstract

This dissertation reviews the use of the helicity formalism for the A) — A°ZY(3900) decay
to calculate the branching ratio of this process. This is an exclusive process and involve the
non-perturbative quantity, i.e., the form factors. The calculation of form factors Ay, — A in
helicity amplitude are studied in the full quark model wave function. We described the decay
amplitudes for various processes using nonperturbative amplitudes, which parametrized in
terms of the SU(3) irreducible representations. By utilizing these results, we derive several
relations for the partial decay widths. These calculations allow us to estimate relevant partial
decay widths of b—baryons. The outcomes reviwed in this dissertation can be experimentally
tested at hadron colliders in the future. After the discovery of the charged and neutral
Z.(3900) particles, it is crucial to continue exploring different ways to produce these exotic
states. In this study, we focus on investigating the potential to observe the Z.(3900) through
weak decays of b—baryons at the LHCb experiment.
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Chapter 1

Introduction

The four fundamental forces governing the basic laws of nature are the electromagnetic
force, the weak force, the strong force, and gravity. These forces vary significantly in their
strength, with gravity being the least powerful. However, in the current particle physics
framework known as the Standard Model (SM), gravity’s effects are not considered at the
quantum level. The SM is defined by the gauge group SU(3)c x SU(2) x U(1)y, where
C, L, and Y respectively correspond to color charge, left-handedness, and hypercharge. This
model encompasses two main categories of particles: fermions, characterized by half-integer
spin, and bosons, which have integer spin. Fermions can be further categorized into two
families: quarks and leptons. Gauge bosons, spin-1 particles, play a role in mediating the
fundamental forces as described by the SM. Additionally, the SM also includes the Higgs
boson, a fundamental spin-0 particle.

The journey towards formulating the Standard Model (SM) commenced with J. J. Thom-
son’s 1897 revelation of the electron, marking the inaugural discovery of an elementary par-
ticle. Subsequently, in 1911, Rutherford and his team detected the atomic nucleus via ex-
periments with thin gold foil. Following this, in 1919, they pinpointed the proton. James
Chadwick’s 1932 identification of the neutron inaugurated the strong interaction concept,
revealing a force that holds nucleons together within nuclei. The realm of particle physics
emerged from cosmic ray investigations, yielding the revelation of further entities like muons,
pions, kaons, and Lambda particles, categorized into "Leptons," "Mesons," and "Baryons."

Leveraging advancements in detector technology and modern accelerators, a multitude of
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elementary particles were detected, a substantial portion of which proved transient. Conse-
quently, a systematic classification system was imperative. In 1964, Gell-Mann and Zweig’s
development of QCD laid the foundation for the SM model. Concurrently, experimental
findings related to neutral kaons validated CP violation, consequently paving the way for
electroweak theory. Independently, S. .. Glashow, A. Salam, and Steven Weinberg pos-
tulated the amalgamation of electromagnetism and the weak force in the 1960s [1]. This
formulation elucidated the electroweak force and the massless nature of gauge bosons like 7,
W+ W=, and Z°.

The finite scope of the weak force implied that W and Z bosons were not without mass,
posing a conundrum. In 1964, Brout, Englert, and Higgs introduced a mechanism conferring
mass upon elementary particles, eventually clarifying this puzzle. Experimental verification
of W and Z bosons materialized in 1983 at CERN. Another noteworthy triumph was the
2012 revelation of the Higgs boson, aligning with SM predictions. This particle was linked
to the Higgs field and represented a fundamental spin-zero entity. Its mass was empirically
determined to be 125.09 £+ 0.21 GeV [2|. Furthermore, the mass of the top quark was gauged
at 173.34 + 0.76 GeV [3].

While the Standard Model (SM) has proven adept at explaining a substantial portion
of experimental data, certain phenomena remain unaccounted for within its confines. These
enigmas encompass the presence of dark matter, dark energy, neutrino oscillations, the hier-
archy problem, strong CP problem, and the omission of gravitational forces from its purview.
Additionally, tensions persist between SM forecasts and empirical observations in scenarios
involving flavor-changing neutral current (FCNC) decays like b — s¢*¢~ and charged current
b — cTv processes. Hence, the SM is acknowledged as an unfinished framework, prompting
ongoing endeavors to uncover extensions.

The pursuit of a Theory of Everything—encompassing all fundamental particles and
interactions—necessitates the integration of flavor physics. This captivating field antici-
pated the charm quark’s existence and projected masses for both charm and top quarks even
before experimental verification. It has the potential to shed light on fresh sources of CP vi-
olation, a pivotal quest given that baryogenesis implies the existence of CP violation beyond

the Kobayashi-Maskawa phase depicted in the SM. Advancing beyond the SM and encom-
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passing all observed phenomena mandates a search for divergences between experimental
outcomes and SM projections, specifically within flavor-changing charged currents (FCCC)
and flavor-changing neutral currents (FCNC) decays like b — crv and b — slt(~.

This quest holds promise for glimpsing New Physics (NP), a notion fortified by the SM’s
inadequacies in elucidating the universe’s preference for matter over antimatter, neutrino
mass, dark matter, dark energy, the hierarchy problem, and gravity. Furthermore, collider
experiments stand as potent means to extend the theory and embrace all observed phenomena
through the discovery of new particles. Flavor physics contributes indirectly by prognosti-
cating particles through low-energy processes even before empirical detection, as exemplified
by the anticipation of the c—quark, W bosons, and the t—quark mass [4].

Explorations into the decays and interactions of s,c¢, and b quarks, alongside the rates
and angular distributions inherent in these processes, hold the potential to furnish crucial
insights into the effects exerted by NP mediators.

The discovery of the exotic state ZF(3900) by the BESIII collaboration in 2013 posed
a challenge to the traditional quark-antiquark and three-quark models of standard spec-
troscopy. This enigmatic state, containing a minimum of four quarks and exhibiting electric
charge interaction with charmonium, offers a distinctive avenue for probing QCD. The subse-
quent identification of the neutral partner, Z°(3900), has intensified the intrigue surrounding
these unconventional hadrons [5]. Several hypotheses have emerged, attempting to eluci-
date their internal quark-gluon structure and fathom the nature of the strong force. These
hypotheses encompass concepts like hadroquarkonia, hadronic molecules, tetraquark states,
and kinematic effects. Despite these efforts, a consensus on the inherent dynamics of these
states remains elusive. Consequently, it becomes imperative to explore alternate production
modes for Z.(3900). Recent reports from the LHCb collaboration have unveiled the existence
of two additional exotic structures, designated as P.(4380) and P.(4450), initially observed
within the AY — P.(— J/¢p)K~decay process [6]. Investigating weak decays of b—baryons at
LHCD to uncover the Z.(3900) could hold substantial promise. While there’s no universally
accepted factorization approach for handling Z!s production mechanisms, the application of
flavor SU(3) symmetry enables us to establish correlations between decay modes in bottom-

quark decays. The diquark model predicts that the charged and neutral Z.(3900) states
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may belong to the same SU(3) octet multiplet, and the discovery of other states within this
multiplet would provide vital validation for this model [7].

This thesis is structured as follows: Chapter 2 offers a comprehensive review of the
Standard Model (SM), encompassing its Lagrangian and the CKM matrix. The regularization
and renormalization procedures are discussed in Section 2.3, while the utilization of the
operator product expansion (OPE) in effective theories is presented in sections 2.4 and 2.5,
respectively. An introduction to flavor physics is provided in Section 2.7. Chapter 3 revolves
around a meticulous calculation of the A,— AZ(3900) process utilizing helicity formalism.
Section 3.1 delves into the process’s kinematics, followed by a detailed derivation of the

amplitude.



Chapter 2

Standard Model

2.1 Introduction

The Standard Model stands as a triumphant framework in comprehending the nature
of matter and its interactions. Functioning as a gauge theory, it governs the behavior of
fundamental particles via quantum fields. This theoretical underpinning encapsulates all
currently known elementary particle interactions, though it excludes the gravitational force.
Demonstrating remarkable success, the Standard Model not only elucidates a majority of
particle physics phenomena but also prognosticated the existence of particles that were then
undiscovered. In accordance with its depiction, the building blocks of visible matter in the
universe consist of elementary fermions, namely quarks and leptons.

Quarks and leptons, integral components of the elementary particles, are responsible
for constructing the diversity of matter. A pivotal distinction lies in the fact that quarks
are participants in all fundamental interactions due to their possession of color, weak, and
electromagnetic charges. On the contrary, leptons do not engage in strong interaction, as they
lack color charge. These divergent characteristics underscore their respective roles within the
particle realm. The constituents of the Standard Model are categorized into three distinct
classes, and an illustrative summary can be found in Figure 1. Below is a concise overview

of the constituents comprising the Standard Model.

e o Fermions: Within the framework of the Standard Model in particle physics, there

exist six distinct types of quarks, each with its own unique properties. These quark
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varieties are referred to as up (u), down (d), charm (c), strange (s), top (¢), and bottom
(b) quarks. Each quark flavor is associated with a corresponding antiquark, and they
all possess three different color charges. These quarks are grouped into three genera-
tions. The first generation includes up (u) and down (d) quarks, the second generation
comprises charm (c¢) and strange (s) quarks, while the third and final generation in-
volves top (¢) and bottom (b) quarks. It’s important to note that quarks have unique
features, such as fractional electric charges, which set them apart from more familiar
particles like electrons that have a charge of -1. Additionally, quarks exhibit specific
properties related to their color quantum characteristics, a concept that plays a cru-
cial role in quantum chromodynamics, the theory governing the strong nuclear force
responsible for binding quarks together within particles like protons and neutrons. Up-
type quarks (u,c,t) possess an electric charge of +2/3 elementary charge units, while
down-type quarks (d, s,b) carry a charge of —1/3 units. The quark masses range from
a few MeV/c? to 173 GeV/c?, as indicated in Table 1. Leptons, another category of
fermions, also come in six variations: the electron, muon, tau, and their correspond-
ing neutrinos, along with their respective antiparticles. These leptons are distributed
across three generations, with each generation comprising a charged lepton (e=, u=,77)

and its neutral partner, the neutrino (v, v, v;).

e Gauge Bosons: Mediating the fundamental interactions are gauge bosons, which possess
a spin of 1 and do not adhere to the Pauli Exclusion Principle. The types of gauge

bosons include:
e The photon, a neutral and massless particle, mediates the electromagnetic force.

e The strong force is mediated by eight gluons, each with nonzero color charge and no

electromagnetic charge. Gluons are also massless.

e Weak interactions are facilitated by W and Z bosons. The W~ =+ bosons, discovered
at CERN in 1983, have a mass of approximately 80.379 4 0.012 GeV/c? [8]. Shortly
afterward, the Z boson was discovered with a mass of approximately 91.187 4+ 0.0021
GeV/c? [9]. W* bosons interact primarily with left-handed particles, while the Z°
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Figure 2.1.1: Standard model|11]

boson engages both left- and right-handed particles.

e Higgs Boson: The Standard Model includes a solitary spin-0 particle known as the
Higgs boson. Its discovery in 2012 at the LHC marked a significant milestone, with a
measured mass of around 125.18 + 0.16GeV /c?[10]. The Higgs boson is responsible for

imparting mass to all fundamental particles through the Higgs mechanism.

All the matter in the universe is made up of three fundamental particles up, down quarks
and electron. The down and up quarks together from nucleons and with electron it group
up into atoms. The main goal of flavor physics is to find an answer why does Nature have
not one, but three generation of matter particle and also the search for differences between
matter and antimatter, as in particularly it is not clear, why all the Universe seem to be

made of the first generation of leptons and quarks.

2.2 Fundamental Interaction

The foundation of the Standard Model (SM), first proposed by Glashow, Salam, and

Weinberg [13, 14], is based on the idea of preserving gauge invariance when exposed to local
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symmetry group changes

SU@B)e x SU(2), x U(1)y, (2.2.1)

where C, L, and Y denote color charge, left-handed chirality, and weak hypercharge, re-
spectively. The SU(3)c gauge group is associated with strong interactions and Quantum
Chromodynamics (QCD). This group possesses eight generators, corresponding to the eight
gluons, which serve as the mediators of the strong force. These gluons themselves carry
color charge, enabling interactions among them, leading to the phenomena of "Confinement"
and "asymptotic freedom." Perturbative techniques come into play for computing color in-
teractions, with the coupling constant «, of strong interactions becoming small at short
distances and large at longer distances. This behavior gives rise to quark confinement within
color-neutral hadrons like mesons and baryons.

The combined group SU(2);, x U(1)y accounts for both weak and electromagnetic inter-
actions. The mediator for electromagnetic interaction is the massless, neutral, and colorless
photon (7). Due to their lack of charge, photons do not interact with one another. As
distance increases, the coupling strength of electromagnetic interactions weakens. The medi-
ators for weak interactions are the massive W+ and Z° bosons. Their mass imparts a short
range to weak interactions.

In the context of the Standard Model, there exists a spin-zero particle known as the
Higgs boson. Its origin traces back to the phenomenon of spontaneous symmetry breaking
of SU(2) x U(1)y into U(1)gep through the non-zero vacuum expectation value (VEV) of
an isospin doublet scalar Higgs field [15], denoted as

¢ = (¢+ ¢0) (2.2.2)

This Higgs field encompasses four scalar degrees of freedom, three of which confer masses

to the W and Z° bosons, while the fourth manifests as the Higgs boson itself.

2.2.1 SM Lagrangian

The SM interaction is described by the use of total Lagrangian density, all the information

contained in any theory is encoded in it. Lagrangian is the function of fields and their
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derivatives containing the kinetic energy, interaction and coupling terms.

Lsm = Locp + Lew + Liggs (2.2.3)

The Lagrangian for SU(3)¢ is

1 a aur —
Locp = _ZG‘“’G Y+ quzﬂqf, (2.2.4)
f
with
_ . a ¢ a __ a a abc ~b e
Dy = 0+ ig.Gl G, = 9,G% — 9,G% — g, [ GV G, (2.2.5)

where the covariant quark derivative is D, and G, is the gluon field strength tensor, re-
spectively. In Eq. (2.2.5), g, and f in summation is for strong coupling and quark flavor,
respectively and a,b,c = 1,...,8 are the eight-bosons of SU(3)c. The structure constant

f% are defined in terms of generators of SU(3) group
[T, T") = 44 foeT° (2.2.6)

The SM combined weak and electromagnetic interaction for the electroweak sector, based
on SU(2), x U(l)y gauge symmetry group. Weinberg [16], Salam [17]and Gashow [18],
developed the theory of electroweak interaction. According to this theory , the fermions

comes with right-handed singlets and left-handed doublets, transform under symmetry group

SU(Q)L X U(l)y

¢ Ve v Uy U c t
U, = L _ (ve), 7 (), 7 (V)L 7 L 7 L 7 L (2.2.7)
d er [ L dr SL br
where,
wr = €ra,Ur77—r7uradraSracmbrvtr (228)

The representations of Eq. (2.2.7) and Eq. (2.2.8) can be ordered by the quantum numbers
of the weak isospin I, its third projection I3 and the weak hypercharge Y. The Gell-Mann-
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Nishijima relation relate I3 and Y with electric charge @) as

Y
Q=1I+3. (2.2.9)

The electroweak Lagrangian is the divided in several parts, which include the portion for the

gauge boson, fermions, Higgs and Yukawa
»CEW = Egrzuge + EHiggs + Lfermions + 'CYukawa' (2210)

The kinetic energy term for gauge boson read as

1 v 1 a apurv
'Cgauge = _ZB,U,VB# - ZWW,W K s (2211)
with
B,, = 0,B, — 0,B,, Wi, = 0.We — W — ge™WWe, (2.2.12)

B, and W represent the gauge fields associated with the U(1) and SU(2) symmetry groups,
respectively. ’a’ can take values 1, 2, or 3, and these gauge fields correspond to the weak

force’s gauge bosons. The parameters ‘g’ and %’

are related to the coupling strength
and the structure constant of the SU(2);, symmetry. Initially, these bosons are considered
massless, a feature dictated by the SU(2), x U(1)y symmetry. However, they acquire mass
through a process known as spontaneous symmetry breaking, specifically when the SU(2), x
U(1)ysymmetry breaks down into the electromagnetic U(1),,, group. This mass generation
mechanism is achieved through the Higgs mechanism. The Lagrangian for the Higgs part

of this process can be formulated to mathematically describe how this symmetry breaking

occurs.

Litiggs = (Duo)' (D"0) = V(9), (2.2.13)

with
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7

T %
D, =8, +ig—" +igB,. (2.2.14)

s

Here the scalar Higgs field ¢ is define in Eq. (2.2.2) with hypercharge +1/2 and the term

V(¢) is the Higgs potential. The covariant derivative is D, with the EM gauge coupling

¢’ and 7° are the Pauli spin matrices. The square of the covariant derivative represent the

three and four-point interactions between gauge bosons and the Higgs, for the spontaneous

symmetry breaking the mass term should be u? > 0 and A > 0. Higgs potential is given as
A(9'9)”

V(9) = —p*¢lo + ———, (2.2.15)

the potential minimization leads to ¢5¢0 = 2u2 /). The Higgs field doublet can be altered in

the subsequent manner by selecting the smallest value of the fields.

do = (o) = 1/v2 0 , (2.2.16)

v

With ’v’ representing the vacuum expectation value (VEV) defined as v = 2u/+/), it's
important to note that the Higgs field is a complex doublet, which means it consists of
four independent components. However, through an appropriate gauge transformation, it’s

possible to set three out of the four components to zero. i.e., the unitary gauge:

o(z) =1/v2 0 , (2.2.17)
v+ h(x)

where the physical Higgs boson described by h(z). The 6 in the unitary gauge is the charge
conjugate of the Higgs field, is given as:

d(z) = ir*p(x) = 1/V2 U+(:L(x) : (2.2.18)

By using Eq (2.2.17) to the Lagrangian (2.2.13) produces the mass of W* and Z° boson,
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where mass of higgs boson is m, = v/2u . Fermion interaction term in Lagrangian is
Efermion = Z \TJLZE/\IIL + Z \IlRi/B/\IJR, (2219)
v v

The summation over W includes all the flavors of fermions, i.e., leptons and quarks. The D,

is represented as

TiWi ! /
(D), =ig—5= + ig V1B, + 8y, (Dg), = Oy + zg YiB,, (2.2.20)

L and R represent chiral projection operators, where they are defined as (1 F+5)/2. g is the
coupling constant for the U(1)y group, and 7°(i = 1,2,3) are the Pauli matrices associated
with the SU(2)r group’s generators, expressed as T% = 7¢/2. The hypercharge values Y7, and
Yr for doublets and singlets can be derived from Equation (2.2.9).

Y(VL) = Y(GL) = —1, Y(UL) = Y(dL) = +%, (2221)

2

Y(er) = -2, Y(dr) = —3

Y (ug) = +§, (2.2.22)

the above values holds for second and third generation for fermions. The four gauge fields

W, B, and A, represented physical fields of W* and Z° as

WHE) = (WF W) V2, (2.2.23)
At = —5 (ew) W; +c (ew) BM, (2225)

here s (6y) = sinfy and c(fy) = cosby and Oy is the weak mixing angle, and can be

determined as

c(Oy) = ——2— (2.2.26)

Using the above expression of covariant derivatives and the definitions, one can obtain from
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Eq. (2.2.19) the boson-fermion interaction expressions of the Lagrangian:

Lya=—e %: Qu(Vyuth) A¥, (2.2.27)

Low = % ; () WH+he] (2.2.28)

Lor = Teosi 2 [P mlan =0 = Flaa =] 2 (2229)

e Ay = 1 —4Q, sin® Oy, (2.2.30)
ag = 1+ 4Qqsin® Oy (2.2.31)

and the electromagnetic charge e is

99 _ s (0w) = e (b)) (2.2.32)

VR

The way that left and right-handed fields transform in different manner leads to parity

e =

violation in the electroweak interaction. In the SM Lagrangian for Yukawa interaction is
split into two section

Ly ukawa = Ly + LI, (2.2.33)

The Yukawa interaction for the lepton with Higgs boson is
cigrens = YO (L) It + hec. (2.2.34)

L% is a doublet containing left-handed leptons, where [ represents different lepton flavors
(e, p, 7). 1% represents the right-handed lepton singlet. ¢ represents the Higgs doublet defined
in Equation (2.2.2). Yig-l) is a 3x3 matrix describing the Yukawa coupling between leptons,
and it’s a diagonal matrix denoted as Yig»l) = 0y % Y;EZ). This diagonal structure arises because

lepton number conservation is maintained, and lepton mixing is not considered in the Stan-

dard Model. The right-handed neutrinos is not present in Eq. (2.2.22) as in SM framework
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neutrinos are massless.

2.3 The CKM matrix

Quark mixing comes about as a result of the Yukawa interaction between quark and Higgs
fields. Within the framework of the Standard Model (SM), the Charge Conjugation-parity
(CP) symmetry is preserved for the kinetic energy component of quarks, leptons, and the
Higgs doublet. CP violation emerges from interaction terms, often mediated through Yukawa
couplings. When the Vacuum Expectation Value (VEV) of the Higgs doublet is zero, CP
violation does not occur. Beneath the VEV scale of the Higgs doublet, SM fields acquire
masses, and CP phases are typically found in the left-handed currents that couple with the
Wf bosons. Within this arrangement, the couplings of charged currents are defined using
the Cabbibo-Kobayashi-Maskawa (CKM) matrix for quarks |[19]. The Yukawa interaction is

characterized by the Lagrangian, which is as follows:
Equakrs _ _Y(d) ~i dj _ Y(u) =i j L 031
Y Q1) di =Y (Qro) up + hc. (2.3.1)

we have the SU(2) left-handed doublet of quark fields represented by u'(i = u,c,t) and
di(i = d, s,b) within the Q% doublet. Additionally, there are up-type quark singlets w}, and
down-type quark singlets dﬂé. The Higgs fields, both the doublet ¢ and its conjugate, denoted
as 5 are defined as described in Equations (2.2.17) and (2.2.18). The matrices Y (u) and
Y (d) are 3x3 complex matrices representing the Yukawa couplings for up-type and down-
type quarks, respectively. Mass terms are generated by substituting ¢(z) with its vacuum

expectation value (VEV), ¢ — (p), as outlined in Equation (2.2.16).

uar uar v 777 v u)—j —j
Lok _y pauerk —EYiﬁd)de% - E}gg Vi W@, + hec. (2.3.2)
The bilinear term involving quark fields in Equation (2.3.2) can be made diagonal by using

four unitary 3x3 matrices, denoted as V}*, V¥ for up-type quarks, and V2 V¢ for down-type
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quarks. This diagonalization process results in the emergence of mass eigenstates.
lizr) = [Vir]” lurr) [CZL,R} = [VeR]" [deg) (2.3.3)

and the diagonal mass matrices

M, = %VL‘JY@V}?, g =u,d. (2.3.4)
The process of transforming quarks into their mass eigenstates, as outlined in Equation
(2.3.3), preserves the diagonal components in the Lagrangian. This encompasses both the
kinetic terms and interaction terms involving neutral bosons, as presented in Equations
(2.2.27) and (2.2.29), respectively. The unitary nature of these transformations ensures this
preservation. The only change is encountered when dealing with the interaction between
charged W-bosons and quark fields, as specified in Equation (2.2.28). This modification

results in the multiplication of unitary matrices. The 3x3 unitary matrix Vg, governing

quark transitions while generating a virtual W-boson, can be expressed as follows:

‘/ud Vus Vub
ViV = Vo = | Vea Vs Vi (2.3.5)
Vie Vis Vi

The following formula may be used to represent the Lagrangian of the relationship between

the W-boson and the quark mass eigenstates:

dr,
Ly = % (g, Cr,tL) V*Vexu | sy | Wi+ hee. (2.3.6)
b,

The Lagrangian in Eq. (2.3.6) allows the flavor-changing transition between different gen-
erations of quarks, i.e., b — wu. The ability to alter quark flavors in weak interactions is
highly significant because it enables the decay of b-quarks into lighter quarks like u, d, s, and

c. This characteristic leads to a wide range of possible decay processes for B mesons that
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contain b-quarks.. The Vo has many possible conventions, however a standard one is

0

C12C13 S$12C13 S13€
Verm = | —s1aco3 — c12593513€™  Ciaca3 — S12593513¢™ sazcaz | (2.3.7)
) 6
512823 — C12C23513€" —C12523 — S12C23513€" C23C13

where s;; = sin (6;;) , ¢;; = cos (6;;) and the phase ¢ is responsible for the CP violation [20].
All 0;; lie in 1%t quadrant and it is experimentally verified that si3 << s93 << 515 << 1.
To demonstrate this hierarchy, it was deemed helpful to express the CKM matrix using four

parameters: A, A, p, and n as [21]

Vus
S12 = A= | | 5 (238)
\/ ‘Vud|2 + |‘/;LS|2
|[Ver|
S93 = AN = A\ (2.3.9)
| Vias|
s13€° = Vi = AX3(p + in), (2.3.10)

Here, ) is a small parameter, and when expanded to the order of \*, the CKM matrix can

be formulated as

1-5 A AN (p—in)
Voxm = - -2 AN? +0 (). (2.3.11)
AN (1 —p—in) —AN 1

Additionally, one defines p+ i = — (VdVy3) / (VeaVi), where parameters p and 77 are related
with p and 7 as

p=p (1 - %2 + O(X‘)) , (2.3.12)
n=1 (1 - %2 + O(X‘)) . (2.3.13)

The CKM matrix unitarity gives (VVT =VTV =1)

k k
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yielding in the particular the commonly used constraint
VuaViy + VeaViy + ViaVy = 0 (2.3.15)

From the relevant decays, CKM matrix elements V;; the values can be extracted from the

experimental data.

2.4 Regularization and Renormalization

Equation (4), representing the QCD Lagrangian density, offers a means to compute the
amplitude of a process within perturbative QCD. Nonetheless, at the tree level, the self-
interaction among particles can lead to ultraviolet divergences, introducing the challenge
of infinite values. Tackling these ultraviolet infinities stands as one of the most intricate
hurdles in relativistic quantum field theory. The resolution of these issues has only been sys-
tematically achieved in Quantum Electrodynamics (QED), wherein infinities are consistently
absorbed into the bare quantities, rendering a physically meaningful outcome.

To remove these divergences and achieve physically interpretable results, a technique
called renormalization comes into play. This involves employing a regularization process to
modify the theory in such a way that observables like mass and charge remain well-defined
and finite across all orders in perturbation theory. Two primary methods for applying the
regularization scheme are the momentum cut-off and dimensional regularization.

The momentum cut-off approach, while preserving all gauge symmetries and Ward iden-
tities, violates Lorentz invariance [22|. In contrast, the dimensional regularization method
maintains gauge symmetries and Ward identities to all orders of perturbation theory, ensuring
a more consistent treatment of the theory. The cut-off regularization, introduced to regulate
field theory, effectively sets an energy scale. By assigning a finite value to the cut-off, initially
divergent integrals are transformed into convergent ones, albeit with a cut-off dependence.
However, these terms cancel out with their cut-off counterparts, ultimately yielding finite
physical results when the cut-off is allowed to approach infinity.

Remarkably, even in cases where loop diagrams do not exhibit divergence in a quantum
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field theory, the renormalization of mass and fields remains necessary. This arises from the
presence of a cloud of virtual particles surrounding a system of charged particles, which leads

to alterations in the original parameters that define the system, such as its mass and charge.

1 1
m© = 7, m, ¢ = Z2q, g9 = Z,quc, AD =724, (2.4.1)

Here the quantities with superscript (0) are bare and m, ¢, g and A, are renormalized quark
mass, charge, QCD coupling and photon field, respectively. Z,,, Z,, Z, and Z3 are the renor-
malized constants in which all divergence are absorbed up to all powers of perturbation.
A simplified method to apply renormalization is a counter-term method, where QCD bare

(?CD QCD counter (2.4. )

with Loep given by Eq. (2.2.4) and the term L ouneer term is proportional to (Z — 1) that
acts as new interaction term contributing to Green’s functions in the perturbation theory.
Renormaliztion constants Z,, .43 are fixed in such as a way that this new term cancel the
contributions of divergence in Green’s functions. But a sensible scheme for this cancellation
must be defined otherwise convergent terms are also canceled out along with divergent ones.
The two scheme designed for this purpose an M.S and M S , where the M S scheme is one of

prime interest in which renormalization scale u reads as

e — ——. 2.4.3
Hars \/@ ( )

This scheme is used to proceed so that in 47 — ~g terms are no more present and not only
the divergent part of radiative corrections is removed by counter terms but also the uni-
versal constant appeared in Feynman diagram calculations. In this scheme renormalization

constants take the from

Qs s

Ly =1— Z,=1- —N.— =N 2.4.4
m 3CF47T€7 g Are (6 c 3 f)7 ( )
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A

2
Z,=1-Cp Zy=1— 2 (—NC 0N ) , (2.4.5)

4e’ 4me \ 3 3

where N, and N are colors and flavors of quarks, respectively. Now the parameters of theory
depend on renormalization scale u and it must be assigned a certain value to get renormalized
parameters from experiment; i.e., g = g (u) ,m = m (u), and ¢ = g (1). By varying the value
of u, one can get different sets of parameters of theory m (1), q (1), g (p) along with a set
of equations, which relates parameter set with different values of p and these are called the

renormalization group equations (RGE). Using Eq. (2.4.1) one can gets

dm (p)
din (p)

dg (1)
din (p)

= —m (1) Ym (9 (1)), =59 (n€), (2.4.6)

where anomalous dimension of mass operator and ( function are define as

1
'm = —_— 5 y = — 5 247
Ym (9 (1)) 7. din(y) B(g(pn,€)) = —eg+ B(g) (2.4.7)
with
1 ng
= —— . 2.4.8
Up to two loop accuracy one gets
3 5
_ % o (%)2 (1) __ 9 59 9.4.9
’7777, (a5> 47_‘_77% + 47T ’Ym) 6(9) 1677250 (16772)2/61’ ( M )
where
97 10
’yﬁ,?) = GCF, ’}/g) = CF(3CF + ch — ?Nf%
11N, — 2N 34 10
fp= ——=1 By ==5N2?— —N.N; —2CrNy,
3 3 3
2 2
g° (1) N;—1
< = =7 = . 2.4.10
s () i Cr N, ( )

One gets the solutions for m(u) and ag(p) as

4D

Q@ 280, & 1 9 os(p) — as(po
m(p) = m(po) [a:((:;))] 1+ (gﬁo - 5223 ) W) = (u )] , (2.4.11)
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p [ s ()

() = S|

() | R n ()

MS
The cut-off Aj75 is a characteristics scale both for QCD and the used M .S scheme and depends

(2.4.12)

(=] )

on the quark flavors present in the [, and ;. Sy and fyﬁr?) are positive for six quark flavor
and three colors, which leads to the phenomenon of asymptotic freedom because coupling
(also mass) decrease as p increase. Renormalization group has its advantages when we want
to sum large logarithms such as the one present in «, given in Eq. (2.4.12) which can be

represent in the form

_ Bras(p) lnv(p)
v(p) | Bo Am o(p)

, (2.4.13)

where v(p) =1 — B ints.

2.5 Operator Product Expansion

The dimensional regularization method, as discussed in Section 2.3, often encounters
logarithmic terms involving ratios of scales to the renormalization scale p. These substantial
logarithms can be systematically summed using Renormalization Group Equations (RGEs).
However, challenges arise when considering energy scales around 1 GeV, particularly within
the realm of hadronic energy scales. In addition to these significant logarithmic terms,
the strong coupling constant a; becomes too large for traditional perturbation theory to be
applicable. This necessitates the development of a theoretical framework capable of describing
the weak interaction of quarks. A robust approach to address this challenge involves the
utilization of a well-established tool known as the Operator Product Expansion (OPE) [25].

The OPE can be explained using an example of a quark level b — csu transition with an

amplitude
G M,
A(b— csu) = — \/chbVJS T, [sya(l — 75)14} [670‘(1 — VS)U} ,
GF 5 _ o p2
= ﬁ%bv [57a(1 = 7°)u] [ev*(1 = 7")u] + O M2 : (2.5.1)

where W-boson propagate the process and ¢;7,(1 — 75)ge is the axial-vector currents. As
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Figure 2.5.1: Feynman diagram for the decayb — csu which can be replaced by four point
eective vertex.

momentum transfer p is significantly less than My, therefore, one can safely ignore the terms

of order - and the problem can be tackled by replacing the propagator with a four point

M,

fermion interaction as shown in Fig. 2.5.1
The OPE in quantum field theory is a convergent expansion obtained from the product
of two fields lying at different point as a sum of local operators. Consider a state ¥ that is

characterized by N point functions

<OA1 (21),...,0M (5UN)> = chl """ A (@1, 2n) (Op(an)) ¥,
B
where (ng """ AN (x1,...,zy) are the OPE coefficients that are independent of ¥ and covariant

functional of metric tensor g,,. For four dimensional free scalar field having action [ 09|,

the OPE reads

where #2‘2 = C9p and for Oy = Op = ¢ then O¢ = 1.

|z1—2
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2.6 Effective Field Theory

The effective theory approach stands as a crucial method for investigating theories en-
compassing diverse energy scales. When various scales come into play, calculating decay

amplitudes using the complete theory’s Lagrangian becomes intricate due to the presence of

significant logarithms like In ( A”;VCVD> causing perturbation theory to break down. Specifically,
when dealing with processes occurring at energies below the masses of heavy quarks such as
charm, bottom, and top (with masses 1.4 GeV, 4.8 GeV, and 175 GeV respectively), it proves
advantageous to establish an effective theory. This involves integrating out the degrees of
freedom associated with heavy quarks from the Lagrangian of the comprehensive theory.
This simplification streamlines analysis and facilitates the extraction of relevant outcomes.

Exploring weak decays of hadrons necessitates a meticulous consideration of strong in-
teractions. Flavor-changing weak interactions are governed by the electroweak scale, fixed
at my =80 GeV. In contrast, the strong interactions governing the fundamental forces of
final hadronic states operate at the scale Agop = 0.2GeV (associated with non-perturbative
QCD). The b-quark mass, lying between the weak and QCD scales, characterizes intermediate
states.

To manage Flavor-Changing Neutral Current (FCNC) interactions, dimension-six op-
erators are introduced in the theory, involving gluons, photons, quarks excluding the top
quark, and leptons. These operators are influenced by Wilson Coefficients (WCs). The QCD
corrections to weak processes can be computed through a perturbative approach. It is an-
ticipated that newly added fields within the theory would possess masses surpassing that of
the b-quark, and New Physics (NP) could enter the theory by introducing new operators or
modifying existing Wilson Coefficients.

Effective theory can be obtained by adopting following steps :

1. Select a cutoff scale A and split the field ¢ in high and low energy components ¢y and

o1, respectively; i.e., ¢ = ¢y + ¢r. Low energy mode ¢ can be written as

O @ulr)ne)|0) = 515 (=505 ) o (=505 ) Zlitla 26
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with the generating functional

Zlji) = / D Dpye’ | X ab@)+i] dejn@or(e), (2.6.2)

2. Integrate high energy modes above the scale A
Zlir) = [ Do (/ Doye'! d‘”’w’)) i i ()onte) (2.6.3)

where [ DoyetS d'zL(z) g called the Wilsonian effective action, which is non-local at
Ax*sin(1/A) is dependent on the selection of cutoff A. After integrating on ¢, Eq.
(2.6.2) is independent of fields ¢y for which E > A.

3. Apply OPE on non-local action in low energy regime to expand it in terms of non-local

operators comprising of fields for which F << A

Sa(6r) = / AL (), (2.6.4)
where
L (z) = Zcioi(m(x)). (2.6.5)

The above procedure allows us to get the Lagrangian corresponding to specific scale.

The matrix elements do not involve perturbative QCD, where as the WC’s are calculated
in perturbation theory at a weak scale p, = my,. The WC’s are evaluated using Feynman
diagrams of Fig. 2.6.1 and then matching the computed results onto the effective theory.
The matched calculation fix the initial conditions at high scale ~ pyy;.

The RGE
d

dln

Ci(p) = i) C5(w), (2.6.6)

is solved which defines the mixing of operators and the evolution at a low scale. In Eq.

(2.6.6) anomalous dimension matrix is define as

_ dZy;
Vii(p) = Ziklm' (2.6.7)
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Figure 2.6.1: The quark level transition Feynman diagram in full theory.

It can expand in terms of power of strong coupling a,(x). The initial conditions are known
at next-to-leading order (NLO) for electroweak interaction and next-to-next-to-leading order
(NNLO) for QCD for all the WC’s. To solve Eq. (2.6.6), the procedure follow in section 2.3
can be used. It seems straight forward to leading accuracy but quite difficult beyond the
leading order as perturbation expansion for ;; gives

. (0) Qs 1) (s 2 3
Yij = Yij pp + Vij <E> + O(ay), (2.6.8)

where ’yi(]Q) do not commute with fy.(.l)

i, . Therefore, in order to solve Eq. (2.6.6) we define an

evolution operator such that

Ci(p) = Ui (1, po)C; (o), (2.6.9)

and a leading order (LO) one can write

LT L(0)

UO (1, o) = {O‘ 2 } "y [O;((‘:f))}% vl (2.6.10)

D

where V diagonalizes the matrix v(O7 (matrix comprising of eigenvalues of (%)) such that
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yg)) = V=14OTY  To obtain the solution at the NLO

Ulp, po) = [1 + %J] U (1, o) [1 + #J] , (2.6.11)

and if J = VHV ™! then Eq (2.6.11) promises the solution of Eq (2.6.7). The elements of

matrix H can be written as

il Gij
Hy = 370 2 o
T 280 28+ — )Y

(2.6.12)

with the property that G = V14TV,
The WC’s C;gf are generally used instead of C7 g that include not only C7 g but also the

contribution of C - - - Cg and these can be expressed as

6 6
CH = Cq(p) + Z yiCi(p), Cs = Ca() + Z ziCi(p). (2.6.13)
i=1 i=1

In the NDR scheme y = (0,0,—1/3,—-4/9,—20/3,—8/9) and z = (0,0,1,—1/6,20,—10/3).
At the LO, C’?f;f depend on regularization scheme. The effective Hamiltonian in this case

will be expressed in the following form

fen 2 2 10
He b—s)=—— >\us CZOlu + )\cs C’lOf - A s ClOl + h.c]. 2.6.14
7 ) NG ( ; ; ‘ ; ( )
Here A\;s = Vi3V, and the quark operators are define as,
O1 = (ST qr) (@uy*TbL) | Oz = (817uqr) (q7"b1)
O3 = (Spbr) Y (@7"q) Os = (507, Tbr) Y (@7*T°q)

q q
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Os = (5190 %be) D (@"17°0),  Os = (Srmm1aT"bu) Y (07" "),
I q
e . o .
O = = mb(SLO‘“ br)Fuw, Og = = (580" TbR)GY,,, (2.6.15)
e _ 2 )
Oy = 167T2(SL’WbL) Z(l'yul), Oy = 167r2(SL7ubL) Z(Z'Yu%l)a

l l

Here O and O, are the current- currents operators, Os_g are the QCD penguin operators,
O; is the EM dipole operator, Og is a chromomagnetic dipole operator, Oy and Oy, are
semileptonic operators and the light quarks are denoted by . The letter R and L means
right and left-handed chiralities of the fermions. Some of the above operators get significant
shares from renormalisation group mixing with Oy generated at tree level and this decrease
the NP effects. Hence it is considered sufficient to modify dipole and semileptonic operators

in most of the NP scenarios. The chirality flipped counterparts of these SM operators are

e

S v ‘g vrpa a
0/7 = 167T2mb (SRa“ bL) F,., Oé 6.2 (SRU“ T bL) Gp,z/?
ez _ 2 -
Oy = 155 (5m"b) (yl) . O = _167T2 (57br) (Frsl) - (2.6.16)

The semileptonic unprimed and primed operators with different lepton flavors are

oy = %; (50.87"0rr) (hYul2) , o5 = % (5.r7"br,r) (husl2) - (2.6.17)
The corresponding WC’s of four-quark operators hold some symmetry relations such as Min-
imal flavor violation (MFV) of quarks give (C;)qs = (C;)s and C] = 0. Lepton flavor violation
(LEV) gives (C))¢ = (C))i = (C})7 and lepton flavor conservation gives (C})12. The unitarity
of CKM matrix leads to Ays + Acs +Ais = 0 which further implies that A ;s ~ A2 > A ~ AL
Its consequence is that current-current operators O and Of can be neglected and also
Ats ~ —Aes can be predicted which leads to small CP asymmetries in the SM. Including

electroweak corrections, the generalized effective Hamiltonian can be written as

Hesy = \/— = ViguCilw)Oi(p), (2.6.18)
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where V%, are the elements of CKM matrix. Decay amplitude for Hadron H is
Gr ;
A(H; = X) = (X [Heps| Hi) = NG > Vi Cilp) (X 0i()| Hy) (2.6.19)

where X is the possible final state and C;(p) and O;(u) are the functions of My, coupling
constant « and renormalization scale y. One can get the WC’s by matching the results of

full theory with an effective theory.

2.7 Hadrons

The bottom quark belong to the third generation of quarks and is a weak doublet partner
of top quark. Kobayashi and Maskawa in 1973 [26] introduced bottom and top quarks, which
experimentally confirmed in 1977 by the production of bb state. Meson containing light quark
(i.e. u,d, s, c) with b-quark are called B*, B®, BY and B[, respectively. B contain both b and
c-quark is the heaviest one in all of the bound states and its difficult to produce. It was first
produced in 1998 by CDF collaborator [27] and from the decay B — J/¢7" its mass was
determined by the CDF collaboration in 2006 |28|. However, the LHCb published its most
accurate mass of mp = 6274.28 & 1.40 £ 0.32MeV/c? through the decay Bf — J/y DK™
[29]. The A, baryon is one of the b-quark bound state containing u, d, b quarks has its prime
importance.

The FCNC decays governed by b — sltl~ are studied as a function of dilepton mass
squared s = ¢?. In the measurements, the regions J/¢ and v(2s) are usually not included
due to dominance of b — ¢ transitions. Hence, the most reliable measurements are at low
and high s regions and in these regions one can compare the experimental measurements
with the theoretical predictions.

High energy pp collision at the LHC and pp collision at the Tevatron produce all kinds of b-
hadrons. Tevatron produces cross-section of 30 ub for (pp — bX) with pseudorapidity n < 1 at
Vs = 1.96 TeV where as LHCb produces about 72ub at 7 TeV and about 144ub at 13 TeV with
pseudorapidity 2 < n < 5. Among the weak decays of b-hadrons, the dominant decay process

is b — ¢cW** as b — ¢ decay is suppressed by the factor of |Vip|/|Vuss| ~ (0.1)% as compared
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to the decay b — c. Due to color suppression, the decay modes in which the spectator quark
combines with the virtual W boson to form bound hadronic state are suppressed by a factor
of (1/3)? because color of both quarks has to be the same. Decay mode B — X.v for
Vi as final state with two leptons make the study of strong interactions to be much easier.
Both inclusive and exclusive analysis can be used for this purpose but both are accompanied
by uncertainties. Inclusive analysis include uncertainties that belong to extrapolation of
restricted phase-space to full phase where as exclusive decays have uncertainties belonging
to hadronic Form Factors. For inclusive analysis, differential decays rates of all the B-meson
decays governed by the transition b — ulv give |V, = (4.41 £ 0.157513) x 1073, where
the uncertainties correspond to both the experimental measurements and the theoretical
calculations [30]. The analysis of exclusive decays is comparatively simple from experimental
point of view in which the branching ratio of a particular decay is used to calculate the CKM
matrix element under consideration by using Form Factors calculated in LQCD or QCD sum
rules (QCDSR) approach. The world average of this analysis gives |V,,| = (3.28 £ 0.29) x
1073, which is the average obtained from the semileptonic B decays, An expected result was

obtained in 2015 when LHCb measured CKM matrix element V,;, by the ratio [31]

Vil* _ Bi(A) = pp~7,)
Vaol*  Br(A) = Abp )

Rpp, (2.7.1)

where Rpp is the ratio of relevant Form Factors calculated using LQCD approach. Using
Rrr = 0.6840.07 the above ratio comes out to be 0.08340.004+0.004 where the experimental
uncertainty first and the second one belongs to LQCD prediction. The world average for
V| = (39.5+£0.8) x 1073, |V = (3.274£0.1540.16 £0.06) x 1072 where third uncertainty
belongs to V., normalization.

According to world average presented in [31]

Ves = 0.9746 £ 0.0026, Vg = 0.2140 £+ 0.0097, (2.7.2)

which are compatible with unitary of CKM matrix.
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2.8 Flavor Physics

Within the Standard Model (SM), fermions are organized into three distinct generations,
and flavor physics involves the study of interactions that differentiate between these gener-
ations. Fermions can interact through two main mechanisms: Yukawa couplings, where two
fermions couple with a scalar, and gauge interactions, where fermions couple through gauge
bosons. Interactions between different generations of fermions lack gauge couplings in the
interaction eigenstate, and each type of gauge coupling is defined by a single coupling con-
stant. Consequently, gauge interactions are diagonal and universal when considered in the
interaction basis. On the other hand, Yukawa couplings involve interactions between different
fermion generations, and their interaction eigenstates do not possess definite masses. How-
ever, once transformed into the mass eigenstate basis, Yukawa interactions become diagonal
but non-universal, and the fermions acquire definite masses.

Flavor physics holds unique significance in both the quark and lepton sectors, as it offers
significant potential for predicting New Physics (NP) indirectly, even before direct experi-
mental observations. The success of past flavor physics predictions is evident, such as the
prediction of the charm quark through the small ratio of decay widths of K — pypu_ to
K" — pu,v the anticipation of the third generation via neutral kaon mixing involving CP
violation, the determination of the masses of charm and top quarks, and the observation of
flavor transitions in neutrinos that implies the existence of massive neutrinos.

The investigation of rare processes like Bs — ptu~ has been conducted extensively
and their measurements are well established. In the SM, these rare processes are forbidden
at the tree level and only arise through loop diagrams via mechanisms like the Glashow-
lliopoulos-Maiani (GIM) mechanism [32]. These rare processes are further suppressed by the
small off-diagonal entries in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Additionally,
decays involving leptons in the final states, such as muons and electrons, are subject to helicity
suppression due to the emission of two spin-1/2 leptons from a pseudoscalar B-meson. Several

predictions for B decays within the SM are available, offering insights into various rare decay
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modes.

B (Bs — 1T17) = (8.34 £0.36) x 1071,  B(B® = IT17) = (2.63 £ 0.32) x 10715,
B(B, — ptu~) = (3.52+£0.15) x 107°, B(B® — ptp~) = (1.124+0.12) x 1071°, (2.8.1)
B(By — 7777) = (7.46 £ 0.30) x 1077, B(B° — 7t77) = (2.35 £ 0.24) x 1078,

During the Run 1 of LHC, the combined results of CMS and LHCb datesets performed in
2014 comes out to be [33]

B(By — ptu~) = (2.8757) x 1072,

(2.8.2)
B(B® — ptpm) = (3.97%) x 10710,

Since weak and Higgs mediated processes are strongly suppressed in the SM, the FCNCs can
take place at higher levels only in electroweak interactions, thus they are good candidates to
search for the NP.

The CELO experiments in 1994 studied the rare radiative decays process b — sy [34] .
Later in 2008 and 2010, BaBar and Belle collected a dataset of 467M and 772M BYB° pairs
and theirs combined dataset produced an integrated luminosity of 1ab~! operating at I'(495).
At LHC , bb cross-section is about 300ub at center of mass energy /s = 7 TeV [35] and
500ub at /s = 14 TeV , providing 10'* hadrons produced in a dateset of 1fb~1. At LHC, the
experiments contributing to rare b-hadron decays are the LHCb, CMS and the ATLAS . The
CMS and ATLAS experiments are able to produce dimuon pair in the final states, whereas
LHCDb can generate photon, dilepton pair and only hadrons as final states. In semileptonic
decays, initially B factories used to average over neutral and charged B-mesons and also
between jip and [ final states. The LHCb, CMS, ATLAS and CDF experiments measure the
decays with p™ = and (11~ final states mostly instead of [T~ final states. In last two decades,
the processes B — K*(892)°/T]~ and B — K17~ have been widely studied. The CDF and
LHCD also observed other b-hadron decays such as AY — ApTp~[36] , AY — pKpp~[37] and
BY? — ¢pTu [38]. The measured branching fractions of some commonly studied b-hadron
decays are

B(BT — K'lTI7) = (5.54+0.7) x 1077,
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B(B™ = K ™) = (4.434£0.24) x 1077,
B(B® — K*(892)°1"17) = (1.037012) x 107,
B(B® — K*(892)°ut ™) = (1.03 £ 0.06) x 107,
B(BY — ¢pp) = (83+£1.2) x 1077,
B(A) — Aptpm) = (1.08 £0.28) x 107°, (2.8.3)

Compared to the leptonic and radiative decays of B-meson the semileptonic one are quite
rich in the phenomenology. The next chapters discuss the rare A, — Ay and Ay — Aptp~
decays in the SM.
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Helicity Formalism of decay

Ay — AYZP (3900) in SM

3.1 Introduction

The A, baryon, which consists of a bottom quark and two light quarks (up and down),
serves as an isospin singlet ground state within the b-baryon family. Studying its decays
provides valuable insights into the underlying physics of QCD and contributes to model
development. Similar to B-mesons, the decays of A, allow for measurements of various prop-
erties, including masses, lifetimes, and branching fractions. In 2011, the CDF collaboration
made the initial measurement of the A, baryon decay A, — Aptp~ [39] . The Tevatron
experiments determined the characteristic properties (mass and lifetime) of the A, baryon
through two decay modes: A, — AJ/v and A, — Af7n~ [40]. Since December 2009, the
LHCb experiment has been dedicated to studying the production of b-hadrons, with a pro-
duction ratio of BY : AY : BY = 4:2: 1. The high rate of b-hadron production at LHCb allows
for the observation of Cabibbo-suppressed decay modes of A, baryons, such as A, — DpK—,
Ay = AFK[41] , Ay = AFD—, Ay — AT D, [41] , and Ay — J/¢pr— [42] . LHCD has also
measured multi-body decays of Ay, including Ay, -+ AK 7=, Ay - AKTK~, Ay » pK 7ntn,
Ay = pK " KTK—, Ay = ¢(2S)pK~, and Ay, — J/¢mntn pK~ [43] . LHCb achieved the most
precise measurement of the A, mass, obtaining a value of 5620 4+ 0.31 (stats) + 0.47 (sys).

BESIII Collaboration in 2013 analyzed the process ete™ — nrn~J/¢ at /s = 4.26 GeV

32
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|44]. With the analysis of invariant mass spectrum of 7=.J /1 suggest that there exist inter-
esting substructure as which latter known as Z* (3900)and its confirmation came by Belle
and CLEO-c¢ experiments [45, 46| along with it’s neutral partner Z° (3900). This chapter is
dedicated to study the helicity formalism of the semileptonic four body AY — A°Z? (3900)

decay.

3.1.1 Generation of Tetraquark States via Weak Decays of B-Baryons

Here, we commence by constructing the representations for hadron multiplets using the
framework of the flavor SU(3) group. Our specific focus lies on b-baryons, which are cate-
gorized into antitriplet and sextet multiplets denoted as B and C, respectively. Comprising
three light quarks, light baryons exhibit the following structure:

1 v0 1 AO +

Ty = - — 50+ LA , (3.1.1)

— —0 o 270
= VA

which can be derived as Baryon has baryon number B = 1 and they are made up of three

—_
—
—

quarks so

1 1

d;qx = 2 (Qij + Qij) + By (Qij - quj) (3.1.2)

1 1

Here the symmetric tensor has six independent components

1
Sik = 7 (596 + qra;) -

Similarly, the anti-symmetric tensor is written as following, having three independent com-

ponents.

1
Ajp = 7 (4596 — @4;) »
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where i , 7 denotes the indices and ¢; and giare the field operators. Let’s define

¢ U
q; = q2 = d
q3 c

q u
q] — q2 — d
¢ S

pertains to the 3 representation in the context of SU(3), distinct from the 3 representation due

to its transformation behavior. Specifically, the matrix notation employs ¢; and ¢/ to denote

34

the field operator as a column matrix and row matrix respectively. It’s important to note

that ¢/ either creates an anti-quark or annihilates quarks, while the 3 representation’s unique

attribute is rooted in the distinction between quarks and anti-quarks. This differentiation is

characterized by the hypercharge, and it is imperative to recognize that the 3 representation’s

transformation property is such that ¢/ = g;.
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Now a vector F'belonging to the representation 3 can be written as

7 ilm
F'=c¢ Alm

1 ,
Ajk = ieiijZ.

We have the results
303®3=(623)®(3®3).

First consider 3 ® 3
) ) 1 . 1.
F'g; = (F’qj — 55;Tk%) + 55;-qu;€

3 ® 3= 8@ 1. The octet operator for the baryons can be written as

= 1 i 1
=35 (F qj — §5jT’“qk) ,

where

FzzezlmAm:_Ezlm o — Om )
m= 57 (@Gm — Gma)

Now lets consider 6 ® 3 . It is given by

Sijar = SijQr + Sjeqi + Skiq; — SjkGi — Skigj

= Flijny — Sjrdi — Skig,

with
F{i,j,k} = Sijqk + SirGi + Skiq;

35

(3.1.3)

(3.1.4)

(3.1.5)

(3.1.6)

(3.1.7)

(3.1.8)

is completely symmetric tensor and has 10 independent components. So we have 63 = 10H8

. We write the decouplet representation

F{i7j7k} - \/gﬁ{i,j,k}
1

R

[Sijqk + Sjrdi + Skig;]

(3.1.9)
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and the octet representation

. 1
T! = ﬁelm"Squ (3.1.10)
i =

so the final representation has the form

303R3=(6®3)3=(6®3)® (3®3) (3.1.11)
—106838 & 1.
This gives
Ti10) =|T7) (3.1.12)
= ™ (G — Gmt) 05 — 28 (G — Gmt) @ (0>
2\/5 m m j 3 j lYm mYl) Yk .

By considering state 8,

n) :[33’0)1

p) = Bf‘0>, the quark content is \%‘ [u,d]w). Similarly the quark
S \/Lﬁ [u,d] d). The quark content of ’E+>:312 0) is \% [u, s]u). The
quark content of ‘EO> = \/Li (Bll 0) — B2 O>> is \/Li [s,d]u + [u, s]d). The quark content of
‘Z*):B§‘0> is %‘ [d, s] d). The quark content of ‘AO) = \_/—%Bg‘@ is %‘2 [u,d] s) — [d, s]u—
=7) = Bi

content of

[s, u] d. Similarly the quark content of

0)is \%‘ [d, s] s) and of the =° is \/Li‘ s, u] s).



CHAPTER 3. HELICITY FORMALISM OF DECAY A% — A°Z2 (3900) IN SM 37

Figure 3.1.1: Octet representing arrangement of n, p, 3=, 3% 3T == =0 A0|55]

Similarly the state 8 has the quark content as following:

B2|0) : 7‘ u — 2uud))
B?|0) : 7‘ LU — 2uus))
1 1 2 —— u s+ [u,s s, u
o5 (B =5 )0>'\/ﬁ’( 2fu,d], s +[u.s], d+ [d, 5], w))
B : % ([d, s], d — 2dds)
-3 /3 ; -1
%33 0) : B3 ([Sad]+u_ [S>u]+d>>
BiH0) : % (2ssd — [d, s], s))
B|0) : % ([s,u] . s — 2ssu))

For the representation of 8, we can define
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7o) -

. 1 .
T = €*S a0 3.1.13
B Wi 1qx|0) ( )

So we see that 3 x 3 matrices can be represented as

1.%0 ; 1 A0 +
o+ JéA 2 D
i — 1 0 1 0
= = §A
150, 1 A0 S+ =
) 2+ ﬁA 2 D
T = 5 v Rty T : (3.1.14)
—— —=0 270
= = —\/2A
Note that
Fi o O
13 =771

Note that, the matrix notation for row is represented by (i) and for column is represented

by (j), with complex conjugation (x), in the context of SU(3) and field operators. Similarly

we can also calculate the B;; and C;; as

0 A =
Bij=1 -A) 0 Z, |, (3.1.15)
_=0 _==
b TS
+ EO E,O
S
0 =’
Ci=| 2 % % (3.1.16)
='0 E/*
o Y
In the same way, components of tetraoctet are
Z\c/%o + Z\C/%S Zc7'r+ ZCK +
(Z)ij = Zor It Zm 740 | (3.1.17)
Zek- Z o —oZem

NG
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Figure 3.1.2: Feynman Diagram Depicting the Octet Tetraquark and Light Baryon Formation
from the Decay of a b-Baryon|56]

The Hamiltonian governing the weak decay process ofb—baryons into an octet tetraquark

and a light baryon may be mathematically represented as follows:

G
Heps (b— gee) = 7; (Vo V2 (G104 + C10,)) (3.1.18)

with
O1 = (Cabp)v-a(Gsca)v—-a, 02 = (caba)v—a(Gaca)v-a,
where ¢ denotes d or s. G stands for the Fermi coupling constant and V;; denotes the CKM
matrix element. O; is the low energy operator and C; denotes the Wilson coefficients.
When considering a b-baryon from the anti-triplet multiplet, its decay entails the transfor-

mation into an octet tetraquark and a light baryon, the effective Hamiltonian can be written

as

Hepr = a1(B)7 (Hs)ij(Ze)i(T®)] + az(B)? (Hs)ie(Ze)i (T°); + as(B)7 (Hs)u(Ze)k (T%))+
as(B)" (Hs)u(Z); (T®)}, (3.1.19)

In the case of a b-baryon existing within the sextet multiplet, the effective Hamiltonian is
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expressed as follows:
Heps = b1(C)7 (Ha)ik (Ze)1(T®)402(C)7 (Ha )it (Z) 5 (T°), +b3(C) 7 (Hs)wu(Ze); (T°)], (3.1.20)

where a;and b; stands for the amplitudes. Numerous characteristics related to the weak
decay processes of b-baryons into a tetraquark and a light baryon can be inferred from these

outcomes. By performing sum over Hamiltonian and then expanding it, we get the amplitudes

A= "Hey,

ijk

where 7, j, k is from 1 to 3. Exercising all the indices, we can write different amplitudes as:

A(AO%ZC,ﬁZ ) (2a1 + as + az — aq) X V1,
A(AN) = Ze-p) = 2a1 + a2) x V;

A (AO — ZCWOZO (2(11 +as + a3z — CL4) x V=

Ccs

) =
A(AN) = Z jzom) = (2a1+a2 x V2
) =

A (AO = Z ey \° 3 (6a; + as + asz + aq) X V7

A(Z) = Zg-3%) = (a3 — as) x V2
1

ﬁ( asz + ag) XV
( 2@2 + as + CL4)

V6

(—asz +a4) x V

A(Z) = Z,0X") =

A(Z) = Z, 20\ =

x Vi

A(2) = Zuge 30) =

b c \/§

(-2@2 —I— as + CL4)
V6

A(E) = Z,0%7) = (—as +ag) x Vi (3.1.21)

A(ED 5 Zue A)

*
X Ves
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For ¢ — d , we have following amplitudes corresponding to each channel as

A (N = Zoon) = (a5 — a1) *

V2

A (Ag — Zcﬂfp) = (a3 — aq) V2,

A(A) = ZoerX7)
A(A) = Z.goX0) =
A (A) = ZgoA°) =

A(A0—>Z n)

c8

%\

A ( — ZCWOAO)
A(E) = Z,-3%) =

A (28— ZopoX)

A(E) = Zegon) =
A(E) = Zo X) =
A( — Lo p)
A ( — Log— n)

) =

A (“b - Zcﬁsz

A(ED 5 Zoos) =
A(ED = Zo-A) =

A(ED = Z,030) =

= (ay — az) d

(as —az) Vg
(—ay + ay — 2a3) V2,

*
—aq +2ay —az) Vy

Hammw

2a4—|—a2+a3)v

—(2a1 4+ a) V
1
—5 4CL1 + as + ag) X ‘/c:ki

—(2a1 +a3) V,
(a2 + ag — 2a4) .

X
2\/— cd

2a1+a2+a3)><V

a4—a2 XV*

CLQ + as — 2@4) %

X .
\/6 cd

(a3 — ap) %
X cd
V2
— (CLQ —I— as — 20,4) «
\/6 X cd
(—as + az) N
X cd
V2

41

(3.1.22)

The ¢ — s transition is roughly proportional to |V.s|, which is approximately 1, while the

¢ — d transition involves a CKM matrix element |V,4|, which is approximately 0.2.
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A(Sf = Zope A0 = M\/%_b?’) XV
A (S = Zope20) = W X V*
A(S] > Zoz) = E2E 220 ey
A (Ez_ — ZC"78E+) = (b +\b/26+ ba) x Vi
A(Sf = Zgop) = by XV,
A(S) = Zor D7) = % x Vi
A 7)< EB)
A(S) > Z,p 5t = +\/b§2 ) oy
A+ 2y )y
53 2) - BB
A(S) — Zopmt) = Tt b))y
V2
b
A(Yy = Zeg-p) = 721 x V7
A(S) = ZepX7) = (Zhi+batbs) v
V2
Algy - 2w = S =0y
A(S) = Zog-n) = by x V2
A% > Zap) = f};? ) v

1
A(Z) = Z,0X") = -5 (by +b3) V2
(2by — by + b3)

— x V*
2\/3 cs

by +b
A(Z) = Ze 5t) = L2t b) jﬁ 3)yx

A(ED = 7,000
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A (28 Zu- ") =
A(Z8 s Zos) = —

A Zue-30) = —

Similarly, we can write

A (Z; — Zcﬂop) = —

A(SF = Zugex0) = —

A(Sf = Zogr A

A (Elj — ZCK+2+

A (E;r )

)
) =
A (EZF — chgp)
)=
A(Z) = Zepon) =
A(S) = Zen-p) =
A (3] = Z.goA?)

A(S) = Z.gox?) =

A (22 - chsn) -

A(S) = Zog+X7)

A (Eb_ — Zc,rfn) =

A () = Z00X)

A(Z) = ZoA') =

A(E) = Z,-3h) =

(2by — by + bs3) .
X Vi
2V/3
(by + b3) <V
V2
(by + bs3)

V.
2 CcS

(by + b3)

V2
(b1 + b3)

V2
—by + by + 03))

V6
—by x V7,
(201 + by + b3) e
NG cd

—b2 x Ve

*
X Vi

*
X Vi

*
X Vo

bg—bg X
1

2
(—by + 20y + b3)

2V/3
1
5 (ba +b3) x Vg

(2by — by — bs) .
2\/5 cd
(bs —b1) _ .
——— X
\/5 cd
_b3 X cd
(b1 +02) 1
2\/5 cd
(b1 + by + b3) . U
2\/6 cd
by

— x Vr
\/5 cd

b2 —bg) X ‘/ctl

*
X Ve

43

(3.1.23)
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_b2 .

— %
V2 oo

by — by — b
A(E) = Zuep) = Lzl =ba)

A(ED = Z,0m) =

X
\/5 cd
— b —I—bg)
A(2) 5 Zugh?) = — O D2)
( b 18 ) 2\/5 cd
_ (by + by — 2b3)
A (:2 — chszo) = 2\/6 X Vo
A(E) = Zep¥7) = b2y

V2
1

A (E; — Zcﬂ-—zo) = 5(1)2 — bl) X

by — bs)

R
A(S) = Ze¥7) = —(blgi”) x Vi
A(E; > Zoys) = 220y

V2

(by + by + bs)
2V/3
(=2by + by + b3)

A(Zy = Zep-A°) = x V7

A(Qy = Zg-A) = NG x V3
A(Q) = ZgoX7) = by x V)
A(Q = Z-X0) = L . (3.1.24)

V2

As we are considering the SU (3) flavor symmetry, therefore, the particles in the same multi-
plet have the same mass. Hence, they do not make any difference to the phase space, allowing
us to equate the decay rate of the prcesses with same amplitude for a particular initial state

baryon. Hence, the decay rates deduced from the Eqgs. (3.1.21) and (3.1.22) are following

I'(Z, = ZenoX ) =T (5, = Zo-2Y)
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T (A° = Z,on) =T (A° = Zogp)
T (2) = Zyon) %F (E™ = Ze-p)
I'(E) = Zex+X7) =T () = Zegon) . T (B) = Zgol®) =T (Z; = Zex-A°)
I(A) = ZentX7) =T (A) = ZeroX?) =T (A) = Zer-7)
I'(A) = Zeg+37) =T (A} = ZeoX°) =T () = Zeg-n)
[ (E) = ZewoA?) =T (5} = ZopsX') = %r( By = Ze M) = ;I‘ (B = ZesX7)
D) Zopo) = 5T (2} = Zae-2%) = 5T (55 = Zex5) = 3T (55 = Zuo”).

(3.1.25)

Similarly relations evaluated from Eqs.(3.1.23) and (3.1.24) are

T (20— Z,e0A?) = (Hb — Zoe )
I'(Z) = Z,,X°) = (T — Zeyy S ), T () = ZewoX7) =T (E;, = Zen-X)
['(S% = Zop) = (2 — Zer-p) , T (87 = Z0A°) =20 (S, = Zer-p)
I'(SF = Zep) =20 (8% = Zopn) ,T (87 = Zep-n) =T (87 = ZgoX7)

' (Z) = ZeoA°) = % (25 = Zen-A%) T () = Zent A°) =T (E) = ZeyA°)

[ (3 = Zet A%) =T (3] = ZenoA%) =T (8, = Zer-A)

I3 = Zeg+X") =T (8) = Zeg+X7) =T (5} = Zopgs-)

T(Zf = ZpS7) =T (S) = Zep,2°) =T (5 = Zep27)

T (2 = Zgop) =T (S = Zgon) =T (2§ = Zog-p) =T (8, = Zex-n)
I'(E— KOEO)Z%P( — Z-37) =T (E—= Z, 08 ) =T (E = Zx-2°)

D (S = Z50) = S0 (S < Z,05) = T (S0 5 Z,3") =T 50— Z.- %t
b 9 b b

=T (3, = ZenX") =T (3, = Zer-%0) (3.1.26)
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3.2 Effective Hamiltonian

The utilization of helicity amplitude approach proves to be quite advantageous when it
comes to describing a wide range of observable variables in the context of heavy quark decays.
It is well established that integrating out the heavy degree of freedoms from a full theory i.e.,
top quark, W and Z bosons at electroweak scale in the SM , a low energy effective theory can
be constructed. The weak effective Lagrangian consist of six-dimensional local operators of
the light SM fields (fermions, photons and gluons) suppressed by inverse powers of my,. The
amplitude M (A) — A°Z?(3900)) is induced by the quark level transition b — scc whose

effective Hamiltonian can be written as

G
HA = TZVCbV;’; (CLO) + C,O,) (3.2.1)

where

O1 = (Ca (1 = 75) Yubs) (@5 (1 — ¥5) Yuca)

Oy = (o (1 = 5) Vuba) (@5 (1 — ¥5) Yucs) (3.2.2)

where ¢ = dor s, G is Fermi constant, V;; are corresponding CKM matrix elements, O,are
low-energy effective operators, together with their related Wilson coefficients C;, are obtained

through the process of integrating out high-energy contributions.

3.3 Helicity amplitudes and Form Factors for A, — A
transitions

In Ay — A transition, the matrix elements different currents are parameterized in terms
of Form Factors. Helicity formalism provide useful way to describe these transitions. The

amplitude is

M (Ag — AOZQ (3900)) = G—\/g‘/cbv:;agfszZch (SAb, SA, SZC) (331)
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Figure 3.3.1: Feynman diagrams for the AY — K~ P, and for the A) — A°Z_[57]

where ay = Cy + Cy/N,., C; = —0.248 and Cy = 1.107 [47, 48|, fz. = 0.0051 GeV [49] is the
decay constant and Mz, = 3.901 MeV [50] are the mass of Z° (3900).
The helicity amplitudes H”(sq, s3) with j for different currents, i.e., vector (V') or axial-

vector (A) are given as [51]:

HY (sa,,50,52.) = € (52.) (A (ka, s2) [57.0] Ay (Pa, 5a,)) 5

HA (SAb7 SA, SZC) =" (SZC> <A (kA’ SA) |’§7,u75b| Ab (pAb’ SAb)) ) (332)

In component form, the matrix element can be described using weak transition form factors

~ _ P kA

(A (ks 51) [5978] Ao (b $0,)) = @ (K 50) (wfl P Phg —Afs) W (prs,5n) s (3.33)
mp, ma
B ) Ph I

(A (ka,sa) [57,750] Ay (pa,, Sa,)) = @ (ka, sa) (7“91 + g+ —A93) u(pa,, Sa,), (3.3.4)
mp, ma

Here sy, (pa,) and sa (kp) are the spin and momenta of parent baryon (A) and daughter
baryon A, respectively. The non-perturbative quantities i.e., FFs, need to be calculated in
some model. A, — A Helicity amplitudes are examined in the context of the complete quark

model wave function (MCN) to investigate the form factors as [52]

Gmgpi

(3.3.5)
2m3 (aig + a%)

£ (6®) = (a0 + asp} + asp}) exp
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Table 3.3.1: Input parameters for spin-1/2 baryon A in MCN quark model. [53]

| A7
form factor Qo as ay
f 1.21 0.319 —0.0177
5 —0.202 —0.219 —0.0103
N —0.0615 0.0102 —0.00139
a7 0.927 0.104 —0.00552
gy —0.236 —0.233 0.011
g5 0.0756 0.0195 —0.00115
ap = 0.387 | ap, = 0.443
0 2\ 2 2 2 2\ 2
pa = (1—m—;) —2(1+m;) ¢ +(q2>]. (3.3.6)
2 my, my, /) My, my,

with m = m, + mgq + m,. The values for FF’s are given in table [2].

3.4 Kinematics of Hadronic part

In Ay rest frame , the momentum of A and Z. is define as

pf/l\lb = (mAb707 070)
kx - (EA,0,0, _‘ﬂ)

¢" = (ma, — Ea,0,0,+q]), (3.4.1)

Lets define

2

siz(mAbimA)z—q and s=¢".

The polarization vectors of the Z, are written as

e"(t) = —=(40,0,0,q])

Sl

e'(0) =

®w | =

(|(ﬂ70707QO)
1

e(£) = —(0, F1, —7,0), (3.4.2)

N

The spinor for A, — A case are constructed with the help of four vectors defined above in



CHAPTER 3. HELICITY FORMALISM OF DECAY A% — A°Z2 (3900) IN SM

Ay—rest frame
p+m  [x¥

U(p,S):\/ﬁ 0

_ 1
Uy (i§,p2) =\ Ey — M, ( Yk —Ejﬁmxl >

) X+
U1 <i§,p1> =/ 2M,; 0
0
1
U <i§,p1> =/ 2M; ( xk 00 >
1 X+
up | £=,p2 | = VB2 — M, ;
2 Fq]
B+ My X+
1 0
X+ = y X— = )
0 1
with
i@ ) o (e
sin (g) e coS (g)
77+% = X_%’ 7]_% — —X+%

3.5 Hadronic Helicity amplitudes

49

(3.4.3)

(3.4.4)

(3.4.5)

Using the spinor matrix elements for given combination of spin orientation in Eq. (3.4.5),
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we get the following helicity amplitude in terms of A, — A transition FFs [50]:
1 1 1 1 5_ s
HV - - — HV - _ = — — _
F(g500) =8 (<5m5:0) =5 [t m ) - )]
1 1 1 1
Hy (—57‘1'571) = H" <+§> bt —1) =\/25_ {fl (s) — mAb——'—mAfz (5)} ;
1 1 1 1 s 5
i (45 +5:0) = =1 (—5-3.0) = 2 [0 - ) )+ 9]

1 1 1 1 —
Hi (—§,+§,1) = -4 (+§,—§,—1) — /251 |gi (s) + M0, (8)} . (35.1)

One can write the total helicity amplitude as H = HY — H”. By using all above parameters,
after the two body phase space integration by using Mathematica 12.1, we get the following

expression of the decay width

I (A) = A°Z0 (3900)) = 3 8|29‘A!2 %‘M(AS—M\OZS (3900)) | (3.5.2)
579554 WmAg

By putting all the Helicity amplitudes in the Eq. (3.5.2) and performing sum over all the

Helicity amplitudes, we get following expression

1
Pl o [V + 1+ Hi + 1 2 (3.5.3)

I' (A — A°Z2 (3900)) = p—
A

Using Eq. (3.3.1) , in the above expression, we get the following expression

G . . 2
LV Viasfz Mz, H (s, sn,52.)| (3.5.4)

V2

and after inserting numerical inputs in the above expression, we get the following numerical

values with the help of Mathematica 12.1
I (A) — A°Z2 (3900)) = 8.61 x 107*°GeV.

The corresponding branching ratio comes to be of the order of 107, while the exact calculated
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] Decays \ decay rates ‘
I'(Z, = ZX") [ 840 x 107
I'(5, = Zx-2°) | 840 x 1077

Table 3.5.1: Decay rates

| decays | decay rates(GeV) |
=0 ZooA' | 2.64x 107
B S ZopnS’ | 2.64 % 102
S, = Zo AV | 2x2.64 x 102
S, = ZopS | 2% 2.64 x 102

€118

Table 3.5.2: Decay rates

value is

B (A — A°Z (3900)) = 1.93 x 107"

Similarly, one obtains the estimation of partial decay widths and branching fractions

[(Z, — X7 22(3900)) = 8.40 x 107*'GeV,['(Z) — A°Z2(3900)) = 2.64 x 107*'GeV,

B(Z; — $72°(3900)) = 2.01 x 108, B(Z) — A°Z°(3900)) = 5.94 x 1075,

The calculation of branching fractions for the decay of b-baryons, where the tetraquark is
present in the final states, is as follows for various channels. For =, — X~ Z? the branching
ratio is 2.01x107%. Similarly for Z; — A°Z. has the branching ratio value 1.26 x 107%.
=) — A%Z. has the branching ratio 5.94 x 107%. A) — A°Z? has the branching ratio
1.93x107%. =) — ¥°Z7 has the value 2,01x107°%. = — X~ Z__ has the branching ratio
value 1.26x107%. Similarly, Z — ¥°Z_  has the value 5.94x1077.

From above table

[ (5, = ZewX ) =T (55 = Zex 2°).

which is in best match with the experimental measurements. According to the mea-
sured results of BESIII, the cascade decay form of this transition is A) — A°Z?(3900) —

pJ/pr—wt. If Ay particle is replaced with the (Z) cascade particle then the branching frac-

«
Ves

tion’s magnitude would be small due to ;5| as it will serve as suppression factor. As
cd

amplitudes here are represented in the SU(3) symmetry so this symmetry is best to find the
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exotic states like Zj.



Chapter 4

Results And Discussion

In this dissertation we have worked in the Helicity formalism to express the decay rate of
b-baryon decay A, — A°Z°(3900) in the SM. The main advantage of the helicity formalism
is that any obervables of the problem can be expressed in terms of bi-linear forms of hadronic
helicity matrix. The numerical results obtained for A, — A transitions are defined in chapter
3. As experimentally, exotic states of Zy have been observed by LHCb, several works are being
performed in search of more modes of these states and for this purpose, b — s transitions
have been of profound help. Decay amplitudes are parametrized in SU(3) ’s representations
that are irreducible. In this dissertation, we have reviewed the calculation for the decay
width of A — A°Z%(3900) that helps in the estimation of the partial decay width of b-
baryons. Weak decay of b-baryon to exotic states and lighter baryon is studied with greater
details. By using Helicity amplitude technique, partial decay widths are calculated to get
more information about tetraquarks. However, four quarks forming the bound states could
not be studied since we don’t have any perfect landscape for quark states. Moreover, it is
expected in future to be found as LHCb has found the pentaquarks too. Form factors used in
the calculation have been taken from MCN model and the remaining results are calculated by
the use of Mathematica 12.1 and the numerical values obtained came to be in perfect match
with the experimental results as the partial decay width is 8.61x 1072°GeV and the estimated
branching fraction is of the order of the magnitude 10~" for the transition AY — A°Z%(3900)
. This motivates the exploration of Z° properties and production mechanisms through weak

decays of b-baryons like the AY. Our research findings not only demonstrate the success of our

33
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theoretical framework but also contribute to the understanding of hadronic matter and the
exploration of exotic hadronic states. The agreement with experimental results highlights the
importance of future investigations in this field, which could provide further insights into the
nature of these elusive particles and advance our knowledge of the fundamental constituents

of matter.
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Dirac Spinor Representation

One has to define the Dirac spinors in term of helicity operator’s eigenstate for the cal-

culation of helicity amplitude for AY — A°Z°(3900) decay.

p+m  [x¥

U(p,s):\/ﬁ 0

with

_ coS (g) \ L —sin (g) el
sin (g) e |’ cos (g) ’

+

X

The spinor for A, — A case are constructed with the help of four vectors defined in section
[put section number| in Ap-rest frame. The non-zero components for the A, — A transition

with the vector or axial vector currents. [54]

1 1
u (kAa ié) ,Yuu <pAb7 :l:§> = (\/ 3+7070a V S—)7

1 1
u <k1\7 :I:i) 7M75u <p1\b7 :*:5) == (\/ S—, Oa 07 V S+) )

and

1 1
U (kA, j:§) ~Hu (pAb, :F§) = \/2s5_€e" (%),

1 1
u (/fA, ii) Y ysu (pAzﬂ :Fi) = T/2s5.€'(%),



