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Abstract

This thesis addresses the semi leptonic decay process of A, — A(— N7)ITI™ using A as

unpolarized baryon. The hamiltonian for the decay is derived using the framework of Operator
Product Expansion (OPE) that splits the problem into short- and long-distance physics. The
Standard Model (SM) operator basis are utilized along with the chirality flipped basis, which are
relevant for the contribution to physics beyond the Standard Model. The four fold differential
decay distribution is expressed in term of the ten angular observables. The short-distance
physics is defined by Wilson coefficients, which are computed within the SM using perturbative
Quantum Chromodynamics (QCD) using loop diagrams, whereas long-distance physics requires
matrix elements of the local operators, which are derived using non-perturbative QCD methods,
particularly lattice QCD.
We obtain the four-fold differential decay width for the process in two steps: first, by analyzing
the A, — AITI™ transition, and then by studying the A(— N) decay. This hadronic matrix
elements for A, — A and A — N transition are defined in the helicity basis and they are written
in terms of the hadronic form factors. For the later part of the decay process two independent
hadronic form factors appear while for the former part of the decay ten independent form factor
appear. For numerical analysis the values of the form factors are taken from the lattice QCD
predictions. The new physics Wilson coefficients information is collected from current literature
and the data is taken from the global fit analysis with best fit values for the vector and the
axial vector scenarios of the Wilson coefficients. Finally, we predict various observables for the
decay channel in both the Standard Model and the two new physics scenarios along with their
comparison with the experimental predictions.



Acknowledgments

Foremost, I am very grateful to ALLAH ALMIGHTY for the grace and blessing HE bestowed
upon me and gave me the strength to finish this project.
A huge thanks to my thesis advisor Dr. Faisal Munir Bhutta for his continuous guidance, kind
supervision and knowledgeable instructions that directed me to complete my MS project. I am
very grateful to him for giving his valuable time to me. It was a great honor to work under his
supervision. Deepest gratitude to him for their help, support, and encouragement. Without his
help, I could never complete this thesis.
I am profusely thankful to my beloved parents who raised me when I was not capable of walking
and continued to support me throughout in every department of my life. Finally, I would like to
express my gratitude to all the individuals who have rendered valuable assistance to my study.

ii



Contents

List of Figures

List of Tables

1

2

Introduction

Theoretical Framework

2.1 Effective Field Theory . . . . . . . . . .. .
2.1.1 Whyweuse EFTs . . .. .. .
2.1.2 Basic Ingredient of EFTs . . . . . ... ... .. oL
2.1.3 General EFTs . . . . . . . . . . . e

2.2 Beyond Standard Model . . . . . ... oo

2.3 Standard Model: Asan EFT . . . . . ... .. .. ... ... ... ..

2.4 Flavor in the Standard Model . . . . . . . . . .. ... .. ... ... . ......

2.5 Weak Interaction of Quarks . . . . . . ... ... ... ...
2.5.1 Flavor Changing Neutral Current Transition . . ... ... ... ... ..
2.5.2 The CKM Matrices . . . . . . . . o o v v i it i e e e
2.5.3 GIM Mechanism . . . . . . . . . . . e

2.6 Operator Product Expansion . . . ... .. ... ... ... ... ... .. ...,

2.7 Effective Hamiltonian for FCNCs . . . . . . . .. ... ... .. ... .......

Formalism

3.1 Effective Hamiltonian . . . . . . . . . ... ... . ... ...
3.1.1 New physics in Effective Hamiltonian . . . . . ... .. .. .. ... ...

3.2 Amplitude for Ay — AITI™ . . .
3.2.1 Hadron Matrix Element Calculation . . . . ... ... ... ... .....
3.2.2 Hadronic Coupling for A(u,d,s) = N7 . . . . . ...

3.3 Four fold differential distribution in the cascade decay . . .. .. ... ... ...

3.4 Observable Calculations . . . . . . .. ... .. ... ... .. ... ... ...
3.4.1 Uncertainty Calculation . . . . . . .. ... .. ... .. ... ... ....

Numerical Analysis

4.1 SM Results for Ay — A(— Nm)ITI™ ..o

4.2 NP results for Ay — A(— Nm)ITI™ . ..o oo

Conclusions

Detail on the Kinematics

A.1 Di-lepton rest frame . . . . . . . ...

A2 Aprest frame . . . . . L

A3 Nm System . . . . . .

A4 Partial Decay Rate . . . . . . . . . .

iii

16
16
17
17
19
22
23
25
26

27
28
34

42



B Leptonic Tensor

C Hadronic Part

C.1 Hadronic Spinor Representation . . . . . . . . . . ... ... oL
C.2 Hadronic Spinor Bilinears . . . . . . . . . . . . ... ... .
C.3 Four Fold Distribution Final Spin Orientation . . . . . . . . .. .. .. ... ...

D Related Formulae
D.1 Wilson Coeffici
D.2 Form Factors

Bibliography

ent . .. e e e e e e e

v

49

50
50
50
o1

53
53
53

55



List of Figures

2.1
2.2
2.3
24

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12

Al

Penguin Diagram . . . . . . . .. Lo oo 9
Box Diagram . . . . . .. Lo 10
The definition of V;; and sz ............................. 13
Penguin Diagram for FCNC b — sIT1™ . . . . . . .. ... .. . ... 15
Differential Branching Fraction % ........................... 29
Longitudinal polarization fraction of di-leptons (F). . . . . . .. ... ... ... 30
Lepton Forward-Backward Asymmetry (ALp). ... ... ... . . 31
Lepton Hadron Forward Backward Asymmetry (A%5). . . . ... ... ... ... 32
Hadron Forward Backward Asymmetry (A%5). . . . ... .. L 33
SM Results for IA(QSS, f(gcc, K4sca and K4s. ...................... 34
NP Results for Branching Fraction %. ....................... 36
NP Results for the Longitudinal Polarization fraction of di-Leptons (Fr). . ... 37
NP Results for Lepton Forward Backward Asymmetry (ALpg).. . ... ... ... 38
NP Results for Lepton Hadron Forward Backward Asymmetry (A%5). . . . . . . 39
NP Results for Hadron Forward Backward Asymmetry (A% B e 40
NP prediction for KQSS, KQCC, K4SC, and K4S ...................... 41
Ay — A(— N7)ITI~ decay kinematics with 6, 65 are angle between the z-axis

and flight axis of Di-leptons and N system respectively where ¢ is azimuthal

angle or angle between the plane of flights. . . . . .. ... ... ... .. .... 45



List of Tables

2.1 Properties of the Standard Model quarks and leptons. . . . . . . ... ... ...

4.1 Values of the used input parameters

4.2 Global fit values of Wilson coefficients. . . . . . . . . . . . . .. ... ... ....

vi



Chapter 1

Introduction

The field of particle physics is study of basic elements of matter and the forces that interacts
with them. By explaining the behavior of the fundamental particles of matter, this field of
physics aims to provide answers to puzzles concerning the nature of the universe. The goal
of particle physicists is to identify new particles and categorize them according to their char-
acteristics. This field focus on the fundamental makeup of matter and their forces that deals
with their interaction. It offers insights into the cosmos immediately following the Big Bang.
Particle physics has played a crucial role in advancing our comprehension of the cosmos and
its fundamental building blocks. It led physicist to the discovery of previously unknown sub
atomic particles, and confirmed their validity by field theories.
Every concept we study in physics is basically a field theory. Simply stated effective field theo-
ries are quantum field theories that work upto a certain energy scale. EFT explanation may be
required for a physical system if a more basic theory is absent. Sometimes it is very challenging
to derive precise or even close predictions from an EFT for instant when it is highly coupled.
Under these circumstances, weakly coupled EFTs can offer a more practical explanation of the
same physical system. Overall, EFTs can be a useful framework even in situations where they
are not necessary. EFTs significantly reduce computational difficulty by focusing on the vital
degrees of freedom. By considering only the required degree of freedom it is possible for new
symmetries to become apparent. In EFT the physics is divided into two parts: first, which
depends on the physics we are ignoring, and second is the actual EFT calculation, which deals
with the degrees of freedom we are concerned with.
Standard model of particle physics is an efficient framework to describe nature of particle and
their interactions. Coming from an EFT approach standard model also work upto some energy
scale. This means that SM is a right theory upto at least weak energy scale. This scale means
that the energy is directly probed by the human in large hadron collider experiment. Likewise,
SMEFT general structure are in particular the field, symmetry and interaction. An SMEFT is
used for one scale at a time for calculation to become convenient.
Beside the field theory approach, SM itself is a gauge theory that is based on the symmetry
group,

SU3)c @ SU(2);, ® U(1)y- (1.1)

SU(3)¢ describes strong force with 8-massless gluon, weak force is represented by SU(2), : with
three massive boson W*, 20 and electromagnetic is represented by U(1)y: with a massless
photon ~ interaction. For the past thirty years the experimental prediction has been tested in
accordance with standard model theory. However, it is also considered that the SM is the tail
of a more complex and wide theory.

It is very important in the field of particle physics to brings exact match between what is pre-
dicted theoretically and what is actually observed in experiments. The standard model fails
to explain a variety of particle interactions, and their experimental result. We want to create
a more solid theoretical framework that is more closely resembles experimental results and we



called the physics beyond the standard model. Various approaches are used to tackle the prob-
lem. For example, extension to standard model are made named as supper symmetric model,
Z" model, etc. Direct search is used to get any direct presence of particle in the large hadron
collider experiment. Another ways is the indirect search which investigate SM processes (like
FCNC decay transition) and examine the role of NP in them or the effects of heavier particles
can be observed. The main driving objective of our study is to exploring "new physics” in
order to bring together theoretical and experimental findings. Our research tries to correct this
imbalance up to a certain limit [1].

Radiative and rare semi-leptonic decays within and beyond the Standard Model (SM) can be
studied through the decays of b — s (quark-level) transition. Dileptonic flavor-changing neu-
tral currents (FCNCs) decays like A, — A(— N7)ITI™ are sensitive probes of NP beyond the
Standard Model (SM). The high energy effect can be appear in these FCNCs transition which
will change the amplitude from the standard model prediction. Measuring their decay rates
and angular distributions predictions of the SM and beyond it can be verified. Changes in the
rate or angular distributions from those predicted by the Standard Model (SM) might be signs
of the existence of New Physics beyond the Standard Model.

Aim of our study here is to describe the four fold angular distribution of Ay(u, d, b) — A(u,d, s)(—
Nm) — It1~ [2] in the Standard model and effects of new physics in it. A model independent
analysis is used in our decay where the chirality flipped operator are used in NP effect from
the standard model part. The analysis also incorporated the wilson co-efficient information
from the global fit analysis. Since the standard model cannot consistently anticipate outcomes
that are consistent with experimental data, our goal is to get beyond it. The main goal of
adding New Physics ideas is to improve the correlation between our results and actual evi-
dence. The four-fold differential decay rate allows for the definition of a number of physical
observable that we measured by theoretical calculation. Quark level transition such as b — s
in A, = A(— Nm)lTl~ are thus considered as playing a vital rule to contribution of physics
beyond the standard model.

The CDF collaboration recently observed the decay of Ay, — Au'p~ with a branching ratio of
order 107%. In number of recent paper [2-13] SM and NP analysis of decay are presented.
The structure of this thesis consists of five main chapters that underlines the investigation of
Lambda b-decays. The chapter 2 presents the idea of Effective Field Theories (EFTs), basic
ingredients of EFTs, explains its importance in theoretical physics, especially for systems for
which a complete theory is either unknown or too complicated to understand. A thorough
examination of flavor dynamics in the Standard Model is given in this chapter, with particular
attention to the mechanisms underlying Flavor-Changing Neutral Currents (FCNCs) and how
they are represented in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It explores the CKM
mechanism. The formalism for the decay processes of heavy baryons is provided in chapter
3. The function of helicity amplitudes and the unique contributions of hadronic elements to
transitions are then discussed in this chapter. The numerical study of the Standard Model and
NP decay predictions is presented in chapter 4. It entails estimating observables that may be
contrasted with experimental data in order to offer a numerical evaluation of the theoretical
frameworks covered in earlier chapters. Summary of the thesis are outlined in chapter 5. Addi-
tional information on the kinematics involved in the decay processes, as well as the system, is
provided in the appendices A, B, C and D. Thorough analysis of the decay amplitude’s relation-
ship to partial decay rates is also included. These include particular frames of reference such
as the hadron and lepton rest frame. It also covers more ground in the leptonic and hadronic
portions of the decay, providing a fine-grained perspective on the distribution of final spin ori-
entations, bilinears, and spinor representations. The form factors and Wilson coefficients, which
are essential for the theoretical computations included in the thesis, are finally covered.



Chapter 2

Theoretical Framework

This chapter discusses the primary notion of obtaining the Hamiltonian for decay and presents
the theoretical background of it. We begin by talking about EFTs and flavor in the standard
model. Next, we provide the idea of CKM matrices and explain why the GIM mechanism prevents
FCNCs from happening at the tree level. We provide the operator product expansion that allows
for the effective Hamiltonian to be derived.

2.1 Effective Field Theory

Nature is full of mysteries, most interesting fact is occurrences of phenomenon over a broad
range of energy, length, and time scales. However, particle physicists tend to think in terms of
energy scales. EFTs are basic quantum field theory that is based on the principal of quantum
mechanics, and special theory of relativity. In effective field theories experimentally determined
quantities and their uncertainty are computed. The key component used in EFTs is locality,
which allow us to separate the problem into different scales. This division help in the factor-
ization of the field theory amplitudes into short-distance part named the wilson co-efficients
and long-distance part which includes the matrix element. EFTs make it possible to efficiently
arrange computations and estimate quantities by combining gauge invariance, locality, and the
power counting formula [11].

2.1.1 Why we use EFTs

Every theory we employ in physics today is really an EFT, whether we name it that or not.
There are many reasons why we use EFT some of them are summarize as,

e The main purpose of using an EFT is that it simplifies our calculation and uses only the
relevent interaction. For example, we are doing semileptonic b decay we do not need the
full model with the higgs potential and everything else all we need is to care about the
effective operator in the lagrangian and some constant term. We study these operator
arises from W exchange between the quarks and not the full dynamic of the system.

e Another reason is that it separate out the scale i.e. the high and low energy scale which
make the Feynman diagram easier to solve. For example in B meson decay there are
various mass scale involved such as My, my, and Aqcp, and we can get very complicated
functions of the ratios of these scales. But in EFT, we deals with one scale at a time, so
there are no functions, only constants. Many theories are use for these purpose such as
HQET, SCET, and NRQCD etc [11].

2.1.2 Basic Ingredient of EFTs

Any EFT have main three ingredient which are discussed as follow,



e Degree of freedom: For any EFT the first building block is the degree of freedom that a
physical system need to be describe in.

e Symmetries: Second block for building an EFT is symmetry. The symmetry for any
dynamic system determined the constrain and limit of the effective action’s and, thus,
the system’s dynamics. Symmetries in a system can appear in different ways: they can
be global, gauged, accidental,spontaneously broken, anomalous, approximate, contracted,
etc [15]. Looking at the symmetry we construct the lagrangian.

e Expansion Parameter: The key aspect in EFTs is the expansion parameter in which higher
order correction term can be compute. Mostly but not always this expansion parameter
is ratio between two scale. The low energy scale may be the momentum or mass of the
particle to the short distance scale often denoted with § = £. In some theories such as
HQET the expansion parameter may be pertubative a small coupling constant as(my).

2.1.3 General EFTs

Multi-scale problem are mostly discussed in EFT such as,

e Standard model effective field theory (SMEFT) main structure are field content,
symmetries, and interactions. SMEFT are extended to higher dimension operator that
are built on the same field and symmetries of the SM and not every operator are allowed.
Furthermore, extra symmetry requirements that are not included in the fundamental
symmetries of the SM can also be imposed at the SMEFT level. For example lepton and
baryon number conservation or cancellation of neutral currents transition at the tree level.
These are SM properties that result from unintentional symmetries. It work in the scale
of A which is order of few TeV [10].

e Fermi theory of weak interactions is also a scale based theory for weak interactions
of quarks. In this theory two mass scale are involve, first in order of mass of b-quark
and other is mass of W-boson. The mass of the W-boson is very high compared to other
scale so we integrate the heavy part. The power counting is § = J\/;;w' This theory was

developed earlier when the scale My, and Mz were not known.

e Heavy quark effective theory (HQET) describe limit of QCD where the heavy quarks
mass mg goes to oo as the four-velocity v* is held fixed. This limit is suitable for physical
systems in which light Dof interact with the heavy quark mass. The light degree of freedom
usually carry four-momentum significantly less than the heavy quark mass. For example,
a meson ((Q)7) where Q represent heavy quark and g is light Dof. The nonperturbative
scale of the strong interactions determines the size of such a meson as size ~ ﬁ. From
uncertainty principle the momentum transfer to light Dof is p; ~ Aqcp. If the momentum
transferred to mq is dp;, change in ov* = 7‘% — 0. That’s why in QCD the appropriate
limit is taking the heavy quark mass four-velocity fixed and mg — oco. The mass of the
heavy quark’s in strong interactions become independent of its spin and mass. As a result,
new spin-flavor symmetries emerge in this limit. In the nonperturbative realm, HQET is
provided with predictive power by these approximate symmetries [17].

e Non-relativistic quantum chromodynamics (NRQCD) A nonrelativistic effective
field theory for QCD is able to explain the dynamics of non-relativistic heavy quarks. An
expression of this effective theory known as nonrelativistic QCD, or NRQCD [18]. Because
NRQCD construction involves many scales, it has shown to be more complex than HQET
construction. There are just two significant scales in HQET: Aqcp and mq. Two other
significant scales in NRQCD are mv and mv?, which represent the quarks’ momentum
and energy (where v is the normal quark velocity). In literature they are named as hard



(m,m), soft (mv, mv), potential (mv?, mv), and ultrasoft (mv?, mv?). All of these region

must be accurately describe within effective field theory.

e Chiral perturbation theory (X7 P) describes the low energy dynamics of global sym-
metry of strong interaction. It deal with the mesons and baryons. Chiral perturbation
theory explains low momentum transfer of interactions of pions and nucleons. The expan-
sion parameter is % where Ay is order of approximately 1GeV. This scale as known as

chiral symmetry breaking [19].

e Soft Collinear Effective Field Theory (SCET) is also a QCD theory of highly ener-
getic quark interacting with co-linear and soft gluons. It describe the energetic processes
where the final state has small invariant mass compared to COM energy of collisions. As
in HQET the decay of heavy hadron can be treated only when the four-momentum of
the light Dof is small compared to mgq. But when the light hadronic decay product had
higher energy £ ~ mq then expansion in the power of % should be performed. Therefore
a large energy effective field theory should be constructed that explains the interaction
between energetic quarks and soft gluons. Two low energy scales exist in SCET, which
need to be appropriately taken into consideration when calculating power counting. It is
easy to understand these scales when one studies the p of collinear quark. If the direction
of the quark is along the light cone direction n” with momentum Q ~ &£ ~ mq then

p=(pT.p",p") = Q\% 1, ),

where A is small parameter. Thus pJ- ~ @ is the intermediate scale. So we count the

power in term of A\ rather than m%@ In SCET the expansion parameter is AQQC D %
and #, where Q is the COM energy of hard scattering process and M is mass of the

jet [20]:

2.2 Beyond Standard Model

In lack of any direct signal from LHC search for physics beyond standard model (BSM) effects
can be conducted with Standard model effective theories (SMEFT) or higgs effective field theory
(HEFT) [21]. The fact that BSM physics has not been directly discovered, if it does exist, it
is far heavier than the EW scale and outside the reach of the LHC. It cannot describe process
above a certain scale that as A >> myz where myz is mass of Z-boson. Under this scale the SM
give renormalizable term but above this there are higher power of energies in the denominator
which give divergences. Hence BSM the lagrangian can be extended in higher power of A [22]
as follow.

1 1 1
Lon = LY + 2P0 + 5> eV0Y +0(5), (2.1)

where E(Si)/[ is the usual renormalize part of the standard model lagrangian contain two and four

dimension operators. Where order five and six give BSM effect. The operator (97(5 ) represent the

n dimension operator and C,(f) are dimensionless coupling constant known as Wilson co-efficient.
Once the underlying high-energy theory is known we can integrate out the heavy fields, and the
coefficients C,(f) can be found. In literature there are different basis used for ¢ = 6 operator in
the lagrangian. But as we know physics are irrelevant of the basis we used, there are some that
suited well then the other. Thus b — s are neutral current and flavor changing weak decays they
are considered as sensitive probes where contribution of physics beyond the Standard Model

can be indicated. [23].



2.3 Standard Model: As an EFT

To begin with SM as an EFT there are three basic ingredients in particular,

e Field content: First of all we need to specify the kind of fields that are present in our
theory.

e The symmetries of the field must be satisfied: In addition to these fundamental symmetries
SM can also have associated accidental symmetries.

e How these symmetries are realised and/or broken: For instance, in standard model the
SU(2); ® U(1)y symmetry is spontaneously broken due to the structure of the Higgs
sector, in particular of the Higgs potential.

e The renormalizability properties: finally, we need to specify whether or not the theory is
UV-complete, that is, that can be extrapolated up to arbitrarily large energies being able
to provide meaningful physical predictions.

2.4 Flavor in the Standard Model

Flavor sector of standard model is very important because of its high precise data. In flavor
sector, besides the force carrier or mediator of interaction there contains twelve matter particles
known as fermions. These fermions are categorized into two types: quarks and leptons. Leptons
and quarks are further classified into three families or generation that appear as right-handed
(singlet) or left-handed (doublet):

SRl

The standard model is a chiral theory so the left handed feild are SU(2) doublet are represented

as follow.
(l > I < u) I
14 ’ (]d ’

where the right handed partners transform as SU(2) singlet.

l]_{ = €R, UR, TR,
GuR = UR,CR, IR,

4dr = dR, SR, bR,

there is no right-handed neutrino in the standard model picture.

Furthermore, each fermion particle is coupled to an antiparticle, and the quantum numbers
of these antiparticles are the opposite of the fermion, meaning that the cosmos contains six
antiquarks and six antileptons. The final component of the standard model is the higgs bo-
son, through higgs mechanism which is process responsible for assigning masses to both gauge
bosons and fermions. The interaction with the higgs-field leads to the acquisition of mass by
elementary particles, necessitating the existence of a spin-0 higgs-boson. Due to its ability to
couple with its own field, the Higgs-boson possesses a relatively substantial mass.

Flavor aspect of the standard model explain the classification of particle into bosons and
fermions. Several field in standard model have same quantum number and they have same
gauge representation so they are named as flavor in particle physics. Within the standard model
the unbroken gauge group SU(3), ® U(1)gy; and the five representation of three generation of
fermion are as follow [24].



1. Left-handed quark doublet Qq;(3,2)

1
6

2. Right-handed Up type quark Ug;(3,1)

W

3. Right-handed down-type quarks Dg;(3,1)

1.

3

4. Left-handed leptons in the Ly;(1, 2)_%.
5. Right-handed electron Eg;(1,1)_;.

The interaction of fundamental particle is explained by two theme
1. The symmetry of Lagrangian and SSB pattern

2. The fermion and scalar representation.

The Lagrangian that is appropriate for gauge symmetry of (1) and particle content of standard
consist of following three parts

Lsy = Lkinetic + LHiggs + Lyukawa- (2.2)

£Kinetic

To maintain the gauge in-variance in kinetic term the simple derivative (9,) is replaced by
covariant derivative (D,,)

Dy = 0" + 195Gl Li + tgW!'T; + 19 B"Y. (2.3)

Here G/ are the eight gluon fields where i runs from 1 to 8. L; are SU(3), generators (the 3 x
3 gell-mann matrices where L; = %)\Z) WJ”“ are the three weak interaction bosons feild, T} are

SU(2),, generators (the 2 x 2 pauli matrices where T; = (3)7; for doublets, and 0 for singlets).
And the final part B, is the single hypercharge boson, Y are U(1)y charges. Kinetic terms
define the propagation and interactions of gauge bosons such as photons, W and Z bosons, and
gluons.

e U(1) for Electromagnetism (associated with the hypercharge Y):
B* = otBY — oV BH

e SU(2) for Weak interactions:
WHY = QRWY — "W — geii Wi WY,

e SU(3) for Strong (QCD) interactions:
ghv = oGy — 0G;' — gs fijrG} Gy,

These field strength tensors are squared and multiplied by a factor of -1/4 in the kinetic com-
ponent in the entire Lagrangian for the standard model. Lginetic is given by

1 1 1 ‘ — -
L ginetic = _Zgé‘uyg,uyi - ZW;WW/,Wj - ZB;WBMQ Y- LQLi'YMDQLi - LULZ"Y“DUL”L'

—1Dpiv"DDp; — . Liv" DL — tEpv*DEL;. (2.4)

This interaction Lagrangian is flavor universal and CP conserving. For five representation
of three generation the kinetic Lagrangian have its own form for each quark and leptons. In
standard model, the field strength tensors exist in the kinetic terms for the gauge fields. Each
gauge group (U(1), SU(2), and SU(3)) is connected with its own field strength tensor.



['Higgs

Dynamics of the higgs field is explained by this part of the lagrangian. The renowned Higgs
boson, discovered in 2012, appears as a fluctuation of the Higgs field’s constant value over space.
Ly represents not just how the Higgs field behaves on its own, but also how it interacts with
itself [24].

The scalar self interaction Higgs potential is given by

Ly = (D'6)(Dug) — 1>¢d — M90)?, (2.5)
Vo = 126 + A(9o)”. (2.6)

The two parameter A and p are Higgs mass and Vacuum expectation value respectively.

»CYukaw(z

Fermions and the higgs field interaction are represented by the yukawa lagrangian. It’s the
portion that gives particles mass and is named after Hideki Yukawa!. When vacuum expectation
value of the higgs field are zero, their interaction with other particles, give to them via the
yukawa interactions. The degree of coupling between the higgs and other particle results in
different masses.

The Yukawa part of the Lagrangian is divided into two parts, leptonic and quark sector. The
quark Yukawa sector is

—LL = V3Q1i¢Dr) + Y iQLidUr; + h.c. (2.7)

while lepton Yukawa interaction is given by
— LY = YEL ¢ ERj + hec. (2.8)

where ¢~> = 17¢! and Y7 are 3 x 3 matrices with dimensionless coupling. These are describe in
detailed in the next chapter.

Table 2.1: Properties of the Standard Model quarks and leptons.

Particle ‘ m (GeV/c?) ‘ Charge ‘ Interactions
Leptons
e 0.000511 -1 Uy
Ve <3x107? 0 SU(2),
i 0.106 -1 U) gy
vy <19x10* 0 SU(2),
T 1.7770 £ 0.00029 -1 U(1) gy
Vr < 0.018 0 SU(2)y,
Quarks
u 0.0015 t0 0.003 | +2/3 | SU(3)s ®SU(2); ® U(1)y
d 0.003 to 0.007 -1/3 | SUB3)®SU2), @ U(1)y
c 1.25 £ 0.09 +2/3 | SU3)c ®SU(2);, ® U(1)y
s 0.095 £ 0.025 -1/3 | SU3)r ®SU(2);, ® U(1)y
t 174.2 £ 3.3 +2/3 | SUB)®SU2), @ U(1)y
b 4.70 £0.07 —1/3 | SU(3)r ® SU(2);, ® U(1)y




The six flavor of quark are commonly divided into heavy (c, b, t) and light(u, d, s) quark
as follow,

m, = 0.005 GeV m, = (1.15 — 1.35) GeV
myq = 0.009 GeV < 1GeV < mp = (4.0 — 4.4) GeV . (2.9)
mg = 0.175 GeV m; = 174 GeV

2.5 Weak Interaction of Quarks

Flavor in the SM includes both quark and lepton. When quarks interacts via weak forces they
changes flavor. This flavor changing processes does not occur via strong and electromagnetic
forces. They are mainly of two type, namely

e Flavor changing charge current processes.

e Flavor changing neutral current processes.

2.5.1 Flavor Changing Neutral Current Transition

In particle physics, a phenomenon known as a flavor-changing neutral current (FCNCs) occurs
when a fermion’s flavor changes but its electric charge doesn’t change. These processes are
not allowed at tree level in standard model because because they cannot be directly mediated
by W-bosons. There is explanation why these processes should not occur as any two flavor
changing process result in FCNC. Experimentally these processes are very rare and suppressed.
For example the decay of K, — pt ™ that are neutral current transition is very rare compared
to charge current K+ — uTv decay. For these processes to suppressed there must be some
mechanism to describe its nature [25].

In SM these processes can happen through higher-order loop diagrams but not at the tree level.
At first order they appear in triple vertices (penguin diagram) and quadratic vertices (box
diagram). Example of penguin and box diagram are given in Figure 2.1 and 2.2. The higher
order loop diagrams i.e, penguins are actually the first order contributions normally radiative
corrections to the tree diagram. These processes are suppressed because they do not occur at
tree level and second reason is the GIM mechanism.

e Penguin Vertices: They involve quark only have same charge but different flavor. They
are calculated using elementary vertices and propagator. Penguin Diagram shown in Fig
2.1 below depicting a higher-order QCD process involving a loop with virtual top quarks
(t) and W bosons, contributing to the flavor changing neutral current transitions between
a bottom quark (b) and a strange quark (s).

Figure 2.1: Penguin Diagram



Figure 2.2: Box Diagram

e Box Vertices: They involve both quark and lepton calculated the same way as penguin
diagram. A Feynman box diagram illustrates weak interaction process where a down
quark (d) and a strange antiquark (3) exchange a W boson, resulting in the creation of a
pt and an p~. The q and v, are the internal line representing virtual particle.

2.5.2 The CKM Matrices

Unlike the gauge aspect of the SM, the flavor sector of the SM has not been verified to a high
degree of precision. One of the most interesting problems in flavour physics is the determina-
tion of the CKM-matrix elements which dictate the degree of mixing between the quark weak
and mass eigenstates in the weak interaction. The numerical results of these parameters are
extracted from experimental data, prior to theoretical calculations.

The (CKM) matrix, referred as the Standard Model’s Cabibbo-Kobayashi-Maskawa matrix, de-
fines the mixing between the three generations of quarks. It explains why in weak interaction the
weak eigenstates and their mass eigenstates are different [26]. The unitary cabibbo-kobayashi-
maskawa (CKM) matrix is used to connect weak interactions basis to mass interaction basis of
quarks.

By arranging the left-handed leptons with (chirality 1) in three generations of doublets and the
right-handed leptons in three singlets states, the weak interaction for the leptons was added to
the theory. Parallels between lepton and quark interactions suggest that organizing quarks into
L-H doublets and R-H singlets is a comparable strategy for lepton interactions. For quarks,
however, the situation is different since they all have mass. Consequently, a right-handed com-
ponent is present in every quark field. Three doublets and six right-handed singlets make up
these fields [27].

The kinetic terms and quark couplings to W, Zg, and « are contained in the section of the
lagrangian that is expressed as follows.

/ /
L =Gy (i0" + gwbm - %B“Y)qu + Qi (i0" — %B“Y)qm. (2.10)

The hypercharge Y is defined as Y = 2(Q-I;). Physical feild are eigenstate of mass matrix which
are produced through quark-Higgs Yukawa coupling. It is simple to create a yukawa interaction
term that is invariant under SU(2) ® U(1) transformations. The charge current interaction
between the left handed quark is

EKinetic,weak(QL) = LQ{Ji%A(iaﬂ + gWZfLTa)Q{iu

. I
= o(u, d)} yu 0" + e (1)
2 d Li
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L“Lﬂua uLz + LdLﬂua dii - %LUTM%LW_Hdii - \%LdTLﬂuWJmuii + .
o al i [
['mass = ha) (Zi) (¢+¢0) JR + h(]) (l> ( ¢ (b )ujR +h.c. (211)
i/ L

using W = % (W1 —'Wy) and W~ = % (W1 4+ W3). The W boson acquire masses through
the SSB. For this, the higgs scalar field and her potential is added to the Lagrangian:

Lttiggs = (Do) (Duo) — 17676 — A (¢>T¢)2 : (2.12)

_ (ig) . (2.13)

['mass = Yij@Liﬁb\I’Rj + h.c.
Yi{Quiodyy; + Y§Qriduk; + YiLiolk; + hee. (2.14)

with iso-spin doublet that is

The Lagrangian is

we define Y( ) ( ) and Y( ) are arbitrary complex matrices that operate in flavour space, giving
rise to couphngs between dlfferent families, or quark mixing, and thus to the field of flavour
physics. These matrices are very important because these determined the masses of the quarks
and also its mixing. In order to find the physical mass or mass eigenstate we need to transform
the quark mass into diagonal form. Using bi-unitary transformation square matrix may be
diagnosed [28]. Consequently, if we spell out one term

_ . PN + .
YiQuiedy; = Yi(u )y <(Zo> Rj» (2.15)

d[

+ + + R
v 9F (%) vl 97 (%) e 97 (%) | [sh) e

+ + + b

vitte oy (5) v w (%) v or (%)
After SSB
o ¢+ breaking _L 0

o= (i) == o= 55 (,1): 247

and charge conjugate of the Higgs field are obtained by taking complex conjugate and multi-
plying with Pauli matrices

P <¢¢0> breaking _\}E <v —(i)— 77) 7 (2.18)

7 is minimum value of feild fluctuation. The following mass term in fermion evolve in the

lagrangian
71 ~ .
= YdQde)d + YiQri9up; + h.c.,

11



+Yiu uR]—i-hc

sz\/> usz
—MddL,L +MUULZUR]+hC (219)

Fermionic interaction with the higgs feild are not considered here. The mass matrix should be
diagonal so we need unitary matrix to diagonalize the mass matrix

My = VMOV,
My, = VEM VT, (2.20)
as the unitary matrix satisfy VdValT =1, the lagrangian can be written as
— dy M b +uh Mk, + hec,
— 4y, VeV MEVEVETaL . +al VEVII MEVEVIT UL 4 hee.,

— b (Mg)d Ay + 0L (M) gy ks + hec (2.21)

where quark states get the matrix, resulting in the following quark mass eigenstates,

dps = (VLd) . dfjdp; = (vg) dk,,

uri = (V) ui juri = (Vi)y; dbys (2.22)
where u! are interaction eigen state and other are mass eigen state. We can also express the

lagrangian in mass eigen state. The unitary 3 x 3 is

Vorm = (VL“VLC”),_. (2.23)

)

Conventionally, for up-type quarks, interaction/weak eigen state are equal to mass eigenstates
because the matrix are absorbed inside the down type quarks. Whereas for down-type quarks
are treated to be non equal.

u{ = Uy,
d = Voxmd, (2.24)
or
dI Vud Vus Vub d
st | = | Vea Ve Ve s |, (2.25)
by Via Vis Vi b

where the transition from down to up quark is describe by V.4 while the transition from up to
down quark is describe by V7, shown in 2.3

12
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Figure 2.3: The definition of Vj; and V7.

2.5.3 GIM Mechanism

The Glashow-Iliopoulos-Maiani mechanism, developed in 1970 by Sheldon Glashow, Luciano
Maiani, and John Iliopoulos, is referred to as the ” GIM mechanism”. This process is essential to
the suppression of flavor-changing neutral currents (FCNCs) in particle physics standard model
(SM) weak interactions. It also explains why the weak interaction that changes strangeness
by S = 2 are suppressed and why the transition S = 1 are allowed only for charge currents
(FCCCs) interaction. This mechanism to eliminates the strangeness changing neutral current
at tree approximation is known as GIM mechanism. This mechanism was proposed by scientist
before the discovery of strange quark.

The (GIM) method depends on the charged weak current flavor mixing matrix’s unitarity. The
magnitude of CKM parameters enters in the vertex where the W-boson and quark interacts.
Although the Z° bosons exchange are flavor neutral transition. In first order loop level decay
the amplitude is proportional to m? /M2 known as GIM mechanism [29]. The mass here is mass
of internal quark.

2.6 Operator Product Expansion

A is a hadron and the the quark inside are bind together via strong interaction. Weak decay of
hadron are mediated by weak interaction of order of O(1GeV). The goal is to achieve a precise
theory to describe the weak interaction of quark. The task is tried to accomplished by using
the operator product expansion.

OPE is QFT that describes the product of two field at each point in a limit z,, — y. Thus, they
capture the singular behavior and ”finite trends” of products of quantum fields at a point [30].
As we know from ¢? theory that the time ordered product of any two feild along with Fourier
transformation can be written as

TH(p)6(0) = / PP () p(0) d, (2.26)

if the theory associated are totally defined then at z* — 0 will give $2(0). But if it is not, then
divergence appear from the products of feild. The OPE was given by Wilson in (1969). Its
central idea was the product of the two local quantum feild operators can be written as

Oa1 (1) Oan (zN) ~ D> Ch_an(x1.... x N)Op(x.N). (2.27)
b

The product of two charge current operator can be written as expansion of local operator
whose contribution are weighted by effective coupling constant, the wilson co-efficient. In 2.27
C’,  n(T1....zy) are the wilson co-efficient and O,n () are the local operators.
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2.7 Effective Hamiltonian for FCNCs

The effective Hamiltonian for FCNCs processes in general may be expressed as follows from
OPE [31]
Hepr = Crl)Ox(p), (2.28)
k

where p is the appropriate re-normalization scale. The OPE allow us to divide the hamiltonian
into long distance and short distance part. The former part is related to the non pertubative
hadronic matrix element O () = (f|Qr(t)|7), and Cx(n) are wilson coefficient calculated per-
tubatively. These wilson co-efficient are combination of some function and corresponding CKM
matrix that can be read from the rule. The Qp(p) are four quark operator that can be divided
into three categories. The set of ten local operator is written as [32],

e Current Current Operator
Q1 = (5ivj)v-a(Wdi)v-a,

Qy = (Su)v-a(Ud)v-a. (2.29)

e QCD Penguin Operator
Qs = (5d)v-a > _(@Q)v-a,

q

Q1 = (Sidj)v-a > (T i)v-a,

q

Qs = (5d)v-a > (@2)via,

q

Q6 = (5idj)v-a > _(Tja;)v+a- (2.30)

e Electroweak-Penguins Operator

Qr = 250y Y ca(@)ven,
q

3, _
- (8idj)va Z eq(dj9)v+a,

Qs =3
q

Q9 = g(gd)V—A Zq: eq(qa)v-a,
Quo = S (8w D ea(dya)v-a. (231)
q

e Magnetic Penguin Operator

(& _
Qry = @mb(saw(l +75)0) Fuw,

e
jmb(sﬁ'awj(l —|—’}’5)T%jbj)G“,/. (2.32)

Qs = &

14



e Semi Leptonic Operator

Qrv = (3d)v_a(ee)v,
Qov = (bs)v_a(ee)v,
Q) = (8d)v—a(vv)v_a,
Q74 = (3d)v-alee)a,
Q104 = (bs)v_a(ée)a,
Q) = (Sd)v—alfip)v-a. (2.33)

e AS =2 and AB = 2 Operators
Q(AS =2) = (sd)v-a(5d)y a4,
Q(AB = 2) = (bd)v—a(bd)y—a. (2.34)

where V' 4 A are chiral projection operator v#(1 £ v5), o and 8 are SU(3). color indices, q/
runs over the quark flavors that are active at a scale of u = O(my) i.e, u,d,s and ¢, and e; are
the quark masses. These three operator eho has maximum contribution in b — s transition can
be depicted in the penguin diagrams in 2.4.

> q
b Vib W Vis S
t
/7’ -
£+

Figure 2.4: Penguin Diagram for FCNC b — sl
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Chapter 3

Formalism

We first go over the Effective Hamiltonian from the operator product expansion. We then turn to
the hadronic coupling for quark level transitions b — s. The helicity basis is used to calculate the
hadronic matrixz elements of b — s and A — N7w. We next move on to observables and describe
the approaches used for uncertainty calculation in our study. This chapter contains a detailed
explanation of the formula we used to determine the branching ratio and other observables. The
chapter concludes with a discussion of the possible consequences of new physics scenario effects
that emerge from our findings.

3.1 Effective Hamiltonian

Effective hamiltonian for weak interaction of quarks is derived by calculating the leading and
next-to-leading order loop diagrams. In the SM, effective hamiltonian is written using operator
product expansion and re-normalization group techniques. The OPE that calculates the effective
Hamiltonian describes the weak decays of hadrons. This hamiltonian can be divided into short
distance perturbative physics and a long distance non-perturbative physics as discussed in the
previous section. We have used the model independent approach, we do not restrict ourself
to two type of current in lepton that are vector and axial vector. For semileptonic decay of
Ap(u,d,b) — A(u,d, s)IT1~, the effective within OPE can be written as:

_ 4Gra *6,,8,." 0.1 NP, . oNP
Heps = =5 VWi ;czgﬁg(agﬁcigi)+i:9210(czgz+cﬂ Qi+ Q)|

(3.1)

where \; = V;Lth, are CKM matrix element, G is the Fermi coupling constant, Q;(u) are local
operators. These ten operators represent different types of physical processes, like current-
current interactions, QCD penguin processes, magnetic penguin processes, and semileptonic
electroweak penguin processes. C;(u) are the wilson co-efficients that can be obtained from
pertubative QCD and involves the short distance contribution. The long distance part are
present in the matrix element of the local quark operators.

Decay of Ay, — A is basically a quark level transition from b — s that are dominated by
electroweak penguin process. Among these local operators the main contribution arises from
O7, Og, and O1g in FCNCs decay channel. The main contributor are

e
Or = jmb(gauu(l + ’75)b)F/Wa

8
Oy = 5 ()v-alll)y,
O = 8%(gz))v_A(ﬁ)A. (3.2)
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3.1.1 New physics in Effective Hamiltonian

These effect of physics beyond standard model in A, decay can be interpreted in terms of different
new physics (NP) scenarios with model in-dependant approach. Any high energy new physics
will show up in whole new operators, in our case vector and axial vector part with chirality
flipped counterpart that may be relevent for physics beyond standard model. Another way is
incorporating new wilson-coefficient whose values are differ from those predicted in the SM.
The co-efficient of higher dimension operator named as wilson co-efficient contain information
about all short distance physics and NP are also incorporated here. The information about the
numerical data of these co-efficient are taken from global fit analysis.
The primed operator correspond to right-handed current in the SM. The hypothesis that divides
the Cg 1o and CJY "o are divided into Lepton flavor universality NP (LFU) and Lepton flavor
v101at1ng universality NP (LFVU) are also used in the model independent analysis. All the
short distance contribution are LEVU they are independent of the initial hadronic state and
there kinematics.

The NP addition started at operator level and in this case the primed operator are NP
operator. These operator that appear in these co-efficient are different given as,

’ e .
0, = me(sauu(l —¥5)b) Fluw,
’ e -
Oy = W(Sb)VJFA(”)V
/ e = -
Oy = 53 (D)valll)a. (3.3)

The Heg can be written from equation 3.1 as

Hepp = 4?/504‘/%%8{ <C7 862 b((?aw(l +75)b)Fuu>>

(09 862(3b)v Ay + " _(@)v_a()y +CYT = £ @B)vaall)y )

e - e , - e -
(Cm o3 (3b)v_a(l1)a + C%P@(sb)v_ Al 4 + Cﬂfw(sb)w A(l) A) } (3.4)

3.2 Amplitude for A, — AlTl™

The decay amplitude that contain hadronic matrix elements for Ay and A can be obtained by
sand-witching the hamiltonian in 3.4 between the initial (A;) and final (A) state. These matrix
elements can be parameterized in terms of baryonic transition form factors for vector, axial-
vector and tensor and pseudo-tensor currents [33]. The form factors are (i) defined in term
of helicity basis and (ii) normalized to the limit of hadrons with point-like object. The decay
amplitude for the quark level transition b — s can be written in term of helicity basis using
orthonormality and completeness relation of the polarization vector as follow. The completeness
relation read as

(M) () = guns 3 (M) () gumn = 67, (3.5)

m,n==x,F,0

where complete description is given in Appendix B in equation B.3 .
Solving Heg the effective hamiltonian of 3.4 it takes the following form,

Gra
2v/2

Het = V%ths{ <<C§H + CsI;\IP> Eb)v_a()y + CHT (5b)via (H)v)
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(O 2 11+ )b

+ (55 + O ) (b)va)a + CF (b)vea <u>A}.

Now taking vector and axial vector current common from above equation we get the following
form

Gra

He
ff = 23

- e 2m
thvts{anv{ (5" + G5 o)y a+CBF ()4 = O3 =5 (10 (14 35)a0) |

(@) (C55+CN) (b)v-a + c%%’(sb)v+,4}. (3.6)

We have separated the leptonic part as vector and axial vector current, now we can writ down
the amplitude as

M — slTl™) = ifg (V1) AL + A2 (Iy"y°D)] (3.7)

where A4 and A4 are defined explicitly as
Al = (Cgff + Cé\”)) [(A(k, 50)[37(1 — 7°)b| Ap(p, 54, )) ]

+C3" [(Allk,50) (57" (1+7")blAy (D, 54, )]

2my e o
== 2 O A 50 510" (177 b1 Ao (b, 51,))

A5 = (O -+ ONF) [(AG s 599 (1 — 77 )blAs (. 51, )]

+C’10/ [(A(k,sA)\E’y“(l + 75)b|Ab(p7sAb))] . (3.8)
the corresponding dagger of the amplitude is

— G a TV TV
Mi(b = sitl7) = ﬁ [(l7 AL + A2 (T ﬂ)*] . (3.9)

The amplitude can be obtained by multiplying the dagger and non-dagger part of the Equa-
tion 3.7 and 3.9. We solve the leptonic traces and then contract it with the lepton polarization
vector. Using the contraction of leptonic and hadronic tensor as shown

L}, (m,n) = prpoye (m)e” (n) + papiue (m)e” (n)

L3, (mn) = e (m)e’(n)g,,
L3, (mn) = 1P p1apage,s (m)ey(n) (3.10)

The hadronic part is given as,

M (mon) = e (m)e, ()AL, AL, = Hy, (546, 58)H (565, 5a) (3.11)

7 mYjn

m and n are the polarization vector element of the hadronic polarization vector in A, rest
frame. spp and sy are spin of the particle which are taken an account with angular momentum
conservation. These hadronic term are the known as helicity amplitude because we solve the
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matrix element in helicity basis. Using the properties of contraction of leptonic and hadronic
tensor the amplitude formulae are modified as follow,

G2a2 14 v 1 1% 14 14 v
|/\/l|2 = 4]072 ‘C,Llw(%’lfl + HgQ) - §Eiu-(q2Hlﬁ + ((12 - 4m12)7-[§2 + ﬁiu(%lﬁ + Hgl IR

(3.12)

where i,j= 1 to 3, and k = 1 to 2 and they are described in detailed in the appendices. L
describe the leptonic part calculated from traces and H¢,(spp, s A)HE (spp, sa) are the helicity
amplitude presented in detailed in appendices. The helicity amplitude are written in term of ¢>
dependant hadronic form factor.

3.2.1 Hadron Matrix Element Calculation

The form factors are (i) defined in term of helicity basis and (ii) normalized to the limit of
hadrons with point-like object. All of the currents and their associated matrix element are
given as follow

(A, s0) [27"0] A(p,s4,,)) = Ti(k, 50)[fe(¢*) (M, — mA)%’;

My, + mp rq
+folg”) =" (pu +p, - q%(M?\b —m3))
21’1’1/\ QMA l
+ (@) (o — =P — —2p,)Ju(p, sa,)-
S+ S+

The expression for axial current
_ _ q
(A(k, 52) (779501 Ap (D, 51,)) = —T(k, 50)[g¢(4*) (Ma, + mA)qu

MA — INA / q
+90(¢*) ———(pu +p, — ;Q(Mib - mj))

2mA QMAb /

+91 () (v + P —p)lu(D,sn,).

The expression for tensor current

_ v _ q 4 q
(A(k,s7) [qLoywq”s| Ao(ps sa, ) = —Tu(k, SA)[ho(qz);(pu +p,— ?g(M%b —mj}))

2mA 2MA /
+hl(q2)(MAb + mA)(’Y,M - St Pp — St bpu)]u(pv SAb)'

The expression for pseudo-tensor current

_ ” _ rq
(A(k,sn) [GLouwysq”s| Ap(p,sa,)) = —U(kvsA)[ho(qz)gf_(pu +p, - q%(Mib —mj))
2m 2M ,
oy (Ma, —ma) (@) (7 + —2p — 2 u(p,sa,)-

S_ S_

These form factor considerably reduce to much simpler form when contracted with polarization
vector of hadronic spinor. These vector currents give three independent helicity form factors

19



. o . . t
that we named as the corresponding helicity amplitude H{“"""**(sy,, 55)-
For vector current,

Hy (sap, sa) = €, ()(A(k, 51)[57" B[ Ay (psa, )

— fi(a®) 2 Rk, sp)u(p, sa, ),

Vi

Hy (sab, sa) = €,(0)(A(k, 54)[57b Ay (D, 54,))

= 2(¢") ™ T (- )k sa)u(p. ).

Hy (s, 1) = €, (£) {A(k, 51)[57D] Ay (D, 50,))
= fir (@®)alk,sp)e" (£)u(p,sa,).

Analogous expressions are obtained for the axial-vector current,

Hly (sabs sa) = €,(1)(A(k, 51)|57"b|Ap(p, 54,))
o\ A, + My

= —fav(q )T u(k, sa)u(p, s, ),

HgV(sAbv sA) = 6;(0) <A(k7 SA) ’§7ub‘Ab(p7 SAb)>

= 29 () TR A (1 e* (0))a(k, sa )ulp, sa,),

Hyy (sabs sa) = €,(£)(A(k,52)[57"D[Ap (D, 51,))
= fav(@®)alk,sa)e (£)5u(p, sa,)-

Tensor current

Hy(sap, 1) = €,(0)(A(k, s0) [5i05¢"b|Ap(p, 54,))

2
—2f§~(q2)ﬁﬂ(k,m)u(p, SA,)»
H (s, 54) = €, (£){A(k, 50)[5i050” b A (b, 54, )

= — %‘(q2)(m/\b +ma)u(k, sa)e (£)u(p,sa,)-

PsuedoTensor currents

Hps (s, 1) = €,(0)(A (K, 54)[5i05¢"7°b| Ay (p, 50, ))
2
— _9f0 (2 q a(k 5
fTS(q )S — (k - 6*(0))u( 7SA)7 U’(p7 SAb)v

Hiy (saps51) = € (£) (A, 50)[5:0%" 7Bl As(p, 5n,))
= fi5(q2) (ma, — ma)a(k, sa)e* ()7 u(p, sa, ).
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Non-zero Helicity Amplitude

Appendix C provides a summary of the hadronic spinor matrix elements for specific spin orien-
tation combinations. Non-zero helicity amplitudes in the case of vector current, we obtain [11].

1 1 1 1) t 2) (mAb - ml\)

—Hy (+5:—5) = Hy(—5+3) = fila Vs
27 2 2 N
1 1 0o, 1 1 o (ma, +my)

—/H?/(‘Fga —5) = HV(_§7+§) = fi(q )T\/Si7

M st 5) = (1 2) = ()

Axial vector current non zero helicity amplitude

1 1 1 1 ma +m
,HiW(Jri’ —3)= _H%V(_?Jri) = fﬁxv(QQ)(Ab\/q»zA)\/ST,

Hg&v(—i‘i, —5) = _HAV(_§,+§) = fav(q )T\/a,

1 1 N

sz("’_l +1) HAV( 5,—5) = Av(q2)\/§-

2’

Tensor current non zero helicity amplitude,
_HT(+57 —5) = HT(—57+§) = fr(a )V a*/5=,

1 1 1

M (50 +5) = —Hi(— 5, —3) = FH@)ma, +ma)y/Fs_

Pseudo-Tensor current non zero helicity amplitude,
1 1 1 1
H%s(+§7 —5) = 7'[%5(—2 5) = =I5V /ey,

1 1 1 1

His(+50+5) = Hrs(—5,—5) = —J7(¢°)(ma, — ma) /254

These are the helicity amplitude for A — Al*TI~. The ten ¢ dependent helicity form factor that
are used in Ay, — A hadronic matrix element are discussed in appendix C in detailed. We use
the form factors from the lattice QCD computation in numerical analysis [1], [5]. The lattice
computations are restricted to two z-parameterizations in order to derive the ¢ dependency
and estimate the uncertainties. They are so called nominal fitting and higher order fitting. In
the matrix element these information are buried in form factors. The explicit formulae for the
form factor are written in appendix C [5].
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Helicity Amplitude for A, — AlTI~

We write down the form factor of hadronic-matrix-element in helicity basis. We then introduced
the spin matrix element and presented all the possible term. For our amplitude we defined the
helicity amplitude in 3.11, we give all the non zero term that involve the standard model and
new physics wilson co-efficient.

Hi(%,%) =+ [(es+ N+ o) 1Y
254 [(C +Chy 10/)]1}
H%(i%,%) = ﬂF%\/—»qZWF T (e ) £
—@ﬁmfG7 o) ;.
Mg g) =5 (4 O + O ) 7
- R e (O + O - ) a2
H%(i;? = :F\/Jz; (C +010’> (ma, +ma)fy s
\/\/Sqi; ( ClO’) (mAb - mA)f(fxv

1 1 e
Ho(£=,F5)=7F (Cgff +Cy" + CN/P) (ma, +ma)fy +2mC5 £

RN

V5t ( off NP NP A ff (T5
- Cg + 09 - C / ) (m/\b - mA)fO + 2mb0$ f )
/2
1 2m
”H,i(iz i = +./2s {( Py CN,P> I+ 7”C$ﬁ(mAb + mA)ff] :

me
25 [(Cgﬁ + i — CN/P) i+ ?C$H(m1\b — my) ff’} . (3.13)
We uses these helicity amplitude in the final four fold decay width in section 3.3.

3.2.2 Hadronic Coupling for A(u,d,s) — N7
In SM, the effective hamiltonian for the A — N is

wets = Gy (G0 — g)ul (L — 5)s]. (3.14)

V2

The parameterization of the hadronic-matrix-element governing the Aw decay can be expressed
as follows:

(p(ki, sn)m~ (ko) |dy*Pruliy"Prs)A(k, sp)

= (a(ky,sn)[€7° + wu(k,sp)) = Ha(sa,sn).
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Helicity Amplitude for for A(u,d,s) - N7

The non-zero helicity-amplitude for A(u,d,s) — Nm decay can be deduced from the following
formulae,

F2(57\75?\) = ZH2(S?\75N)H;(S?\75N)7 (3.15)

SN

which yields,
To(+,+)=(1+ acosGA)%,
Iy(—,—)=(1- acosGA)F?A,

Lo(+,—-) = —asinGA%,

To(—,+) = —asinGAF?A. (3.16)

where I'y contain information about phase space of N7 system that approximately give one
after putting the numerical value [2].

3.3 Four fold differential distribution in the cascade decay

For the given decay, we obtained the helicity amplitude in two steps. We first determine
the decay rates as discussed in appendix A in order to derive the four fold differential decay
distribution and related measurements like the branching ratio, etc. By multiplying the decay’s
amplitudes while taking the conservation of baryon momentum into consideration, the final four-
fold distribution is achieved. By combining the decay amplitude of Ay, — Al™l~ and A — N,
we get proceed with the general formulae for our ease,

Mzr =Y Hy(sh,sn)Hs(sk,sn) Y Hi (56, 50)H(sa,,50)- (3.17)

SN SApsSA

In quantum mechanics, the squared transition matrix components are multiplied by phase
space to get the distributions of angular decay. Phase space for a two-body decay is multiplied
by matrix elements to determine the angular decay distribution for straightforward two-body
decays i.e, Ay — AITI~. The matrix elements are multiplied according to equation 3.17 whereas
the phase space is simply multiplied for our four fold differential decay rate. Formulae for
differential decay rate for our two system are given as,

Pr GE (oM |kl
dq?dcost;  (2m)3 \ 27 Sm%b
4 v 1 v 4 v v
L}w(%lﬁ + /ng) - iLiu-(QQ’Hﬁ + (QQ - 4ml2)7'[§2 + Liu(Hlﬁ + 7{51 N - (3.18)

The final four-fold differential decay rate of A, — A(— Nm)lTl™ is obtained by multiplying
the amplitude of both part of our decay. The multiplication is taken in accordance with the
kinematics of the state taken into account and also the spin of hadron that are Ay, A and N.

dr _GE (o) kv
2m ) 8m3,

dq?d cos Oyd cosOpdp — (27)3
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> Hy(sk, sn)Hy (3, sw) | D Hhy(sa,, sA)Hy (s, 80) + > Hr (56, 58) H2 (54, 5)

SN SNy SA SAysSA

1
—§LWQ ZH2 (sh, sw)Hs (shosn) > HY(sa,,sa)HY (sa,51)

SApSA

H(@® —4m]).L0,. [ D Ha(sk, sn)Hy (53, sn) > Hp (56, 50) H2 (54, 51)

SN SApsSA

—i—Lf’W ZHQ s, sy )Hj (5%, sn) Z H} (sp,, sA)HZ (sn,,50)

SN SApSA
L3, | Y Ha(sh,sn)Hs(sh,sn) D Hy(sa, sa)Hy (s, 51) | - (3.19)
SN SApSA

We write down the A — N7 spin orientation that modify the equation as follow,

dr _GE (o) kv
dq?d cos OdcosOpdp — (2m)3 \ 27 8m3,

Ly, |Ta(sh, %) | D2 Hh(sag, sa)Hy (say,s8) + Y Hr(sa,.58)Ho (56,0 50)

SAb sSA SApSA

1 r71x
_§L/2u/q2 FQ(S(/I\?SI/)\) Z H;R(SAMSA)H;L (SAMSA)

SAysSA

+(¢* —4m{). L7, | T2(s}, s2) Z Hp (sn,» sa)Hi* (sn, sn)

SApsSA
+wa Iy ( Z H} (sp,,s0)H> (sn,,50)
SAp»SA
L3 | Dy(s%, s4 H? H 3.20
+ Nz 2(8A78A) Z m(SA!ﬂSA) n (SAb78A) : ( : )
SAp»SA

The complete description and possible terms are given in appendix C from equation C.6 to
equation C.19. This equation can be written in terms of a set of trigonometric functions and
angular coefficients after computing the leptonic and hadronic tensor in their respective frame
of reference discussed in detailed in A.

d*T
dq?d cos 0;d cos Opdp

(Klss sin? 0 + Kcc cos® 0 + K. cos 9;)

—+ (Kgss sin? 0 + Koce cos? 0 + Ko cos 95) cos O
+ (K35 sin 0y cos 0 + Ksssin 6;) sin ¢ sin 6
+ (K 4sc sin 0 cos 0; + K45 sin ;) cos ¢ sin 0. (3.21)
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3.4

Observable Calculations

For a particular decay the measurable quantities associated are term as ”observable”. Angular
observable are determined experimentally and they are combination of the helicity amplitudes.
These observable are developed such that it minimises theoretical uncertainty arises from form
factor presence in helicity amplitude. This might be a measurement of, the branching ratio, or
a lifespan, forward -backward asymmetry etc. A multi-body decay can have many observables,
but a two-body decay will only have a small number of observable. For our decay the observable
that we calculated are the following

Branching Ratio
The integration equation from which the differential branching ratio is derived as, are;

ap /27r/7r/7r T (sin@;sinfy) d; do, de (3.22)
— = sin 6; sin .
dq? o Jo Jo dq?dcosdcosOpde ! AJETLETACE,
where the formulae are also derived from two fold distribution or angular coefficient in [11]
as,
ag . .
— = 2K + Kice. 3.23
e 1ss + 181 (3.23)

Longitudinal Polarization Fraction Fp,
The normalized longitudinal fraction is obtained from four fold distribution in equation
3.21 as follow [11], A A

Fr =2K155 — Kice, (3.24)

where hat means that each angular coefficient is normalized with branching ratio %.

i A

2Klss + chc

Not only does it describe the well-known forward-backward asymmetry of the lepton side,
we have following formulae

3 .
Al p = 5K (3.26)

While the hadron side forward-backward asymmetry is
A P 5
AFB = 5(2}-{288 + KQcc)' (327)
And the combined forward-backward asymmetry is defined as

3 .
Al = (Ko (3.28)

We also analyze the angular observable

> K4sc
Kige = ———5¢ 3.29
dse 2Klss + chc ( )
> K4s
Kpyg=—28 3.30
e 2Klss + chc ( )
> Kst
Kogg = ———255 3.31
2 2Klss + chc ( )
A K
Koce 2ce (3.32)

B 2Klss + chc‘

25



3.4.1 Uncertainty Calculation

The decay rate, although being an essential observable, is impacted by uncertainties resulting
from several input parameters, with form factors being the main contributors. The approach
we outlined in our study to estimate the central values, statistical and systematic uncertainties
for any observable is taken from [5] are as follow,

Any observable’s uncertainty determined by nominal fit form factor containing ag and aq
given in equation D.2 in D.2. The central value of any observable and its uncertainty
determined by nominal fit are indicated respectively as,

0,00. (3.33)

Any observable’s uncertainty determined by higher order fit form factor containing ag, a;
and as given in equation D.3 in appendix D.2. Any observable’s central value at higher
order fit and the uncertainty at higher order fit are indicated respectively as,

Oon, 00,0H- (3.34)

The systematic and statistical uncertainty are defined and calculated as follow,
Osys = 00, (3.35)
Ostat = MAT [‘OOH - 0|, ‘U(QQ,OH - O'?Q|] . (3.36)

By adding the squares of each observable and calculating the square root of the sum, the
uncertainty in central value of each observable is determined.

OTotal = \/m- (337)

Any observable with a nominal fit parameter’s total uncertainty central value is obtained
by adding and subtracting the corresponding orytq

O+ OTotal -
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Chapter 4

Numerical Analysis

First, we present the numerical value we used for decay of Ay — A(— Nw)ITl~. We begin by
findings result for the Standard Model (SM). Next, we provide two New Physics (NP) scenarios
using the model-independent approach. We compare our theoretical graphs with experimental
data to finish our analysis. We presented the experimental data, NP analysis, and the SM de-
rived values for each observable in our study.

We give the numerical analysis for the aforementioned observables that are discussed in pre-
vious section i.e. branching ratio, lepton forward-backward asymmetry etc. We provide both
predictions from the standard model and conduct an analysis of new physics that is not model-
dependent. Additionally, we have generated experimental data plots illustrating observations
for certain measurable quantities. The input parameter numerical values such as masses my,
At, mp,, ma etc are used given in table 4.1. The wilson co-efficient, that we have used for our
calculation are given in [1] and numerical formulae are given in Appendix C. Our main objective
is to study the differential decay width and other observable in Ay, — A(— N7)Itl~ in SMEFT
and also the effect of new physics on it and match it with the experimental results.

Table 4.1: Values of the used input parameters.

Constant Values Constant Values
Gr 1.166378 x 107° GeV—2 ViV 0.039770 0508
my, 4187003 GeV a(my) 1/133.28
s (my) 0.2233 me 0.0005 GeV
my, 0.106 GeV Mpole 4.91 +£0.12 GeV
mp© 1774+ 0.14 GeV 1p 5 GeV
ma, 5.619 GeV ma 1.116 GeV

Ta, (1.471 £ 0.009) x 1012 s

For standard model calculation of the wilson co-efficient are given in Appendix C. The
leading term that contribute in the calculation come from the C9, C7 and C1g. These short
distance contributor are obtained using pertubative method in QCD. The new physics effects
in semileptonic decay can be induced in two ways:

e One case we change operator basis same and change the wilson co-efficient only.
e Other case we can add new operators too.
Model independent approach, is used where all the possible operator (dimension-5 and dimension-

6) are discuss within the standard model and its effect is also studied beyond standard model.
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In our study we have only used the vector and axial vector operator and its chirality flipped
counterpart are used that may be relevent to the new physics. The most general form of the
effective Hamiltonian contains 10 local four fermion interactions which can contribute to the
decay .

By adding NP effect only contribution come from semi leptonic electroweak penguin operator
that contain Cy and C1g. Within NP the LFU and LEVU are also taken in account. The central
value for these observable are shown in blue. The red band shows uncertainty upto lo that
arises due to form factors parameter we discussed earlier. The green line shows the new physics
scenarios-8 with new physics wilson co-efficient used discussed in section 4.2. The purple line
shows the new physics scenarios-11 with new physics wilson co-efficient used discussed in section
4.2. The uncertainty provided for the Standard-Model predictions is the overall uncertainty,
which includes the statistical and systematic uncertainty from the form factors (propagated to
the observable using the procedure explained in previous section).

4.1 SM Results for A, — A(— N7)lTiI~

We calculated the numerical results for branching ratio %, fraction of longitudinal polarized di-

lepton F7,, lepton forward-backward asymmetry’s AZF 5 lepton-hadron forward-backward asym-
metry’s A%\B, hadron forward-backward asymmetry’s A% g, along with other observable such as
Kgss, KQCC, K4s, and K4s.. The numerical results of all these observable for Low s ranges from
5 = Smin = 0.102GeV? to s = 8, and high s ranges from s = 15GeV? to 5 = S;300 = 20.21GeV?
within the SM are shown in figures 4.7. All A, — A(— N7)I*l~ angular observables are given
as a function of dilepton invariant mass square ¢? calculated in the Standard Model. The bands
correspond to the uncertainties arises as explained in 4. The uncertainty in standard model and
new physics are calculated upto 1o.
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Figure 4.1: Differential Branching Fraction %.

o %((f): The Ay, — A(— N7)lTl~ decay mode branching ratio is seen to be O(10~7).
The central value at s = 2 is 0.16 x 1077GeV? and at s = 8, value is 0.335 x 1077 GeV?
and for high s at s = 15 value is 0.79 x 10~7GeV?2. The central values are shown in
purple. The yellow line show maximum and minimum uncertainty calculation in our final
expression in branching fraction. The bands in the graph include all value that lie within
the calculation. Our result are comparable with other literature data [2], [10], [{]. The
Branching ratio calculated in SM are given in equation 3.23
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Figure 4.2: Longitudinal polarization fraction of di-leptons (FT).

Fr(¢?): The Ay — A(— N7)ITI~ decay mode di-lepton longitudinal polarization is seen
to be 0.851GeV? at s = 2. At s = 8 F, has value of 0.689GeV?2. For high s the di-leptonic
polarization observable has value of 0.476GeV? at s = 15 and 0.417GeV? at s = 18. There
is signification deviation for uncertainty band calculation arises from the form factor. Our
result are comparable with other literature data [2], [10], [1]. The F}, calculated in SM
are given
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Figure 4.3: Lepton Forward-Backward Asymmetry (AL ).

o AL (¢?): The Ay — A(— N)Iti~ decay mode lepton forward backward asymmetry is
seen to be 0.110GeV? at s = 2 and —0.20GeV? at s = 8. In high s region our calculated
value for s = 15 and s = 18 are —0.361GeV? and —0.342GeV? respectively. The uncer-
tainty band is wider for low s and thinner for high s in our calculated results. Our result
are comparable with other literature data [2], [10], [4]. The AL, calculated in SM are
given
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Figure 4.4: Lepton Hadron Forward Backward Asymmetry (A%5).

o A%(¢%): The Ay — A(— N7)I*l~ decay mode lepton hadron forward backward asym-
metry is seen to be —0.038GeV?2, —0.018GeV? and 0.073GeV2 at s =2, s =3 and s = 8
respectively. Analogous to lepton forward backward asymmetry there is zero crossing
point in this observable. Our result are comparable with other literature data [2], [10], [4].
The A%\B calculated in SM are given
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Figure 4.5: Hadron Forward Backward Asymmetry (A% p).

AR 5(g?): The Ay — A(— N)ITI~ decay mode lepton hadron forward backward asym-
metry is seen to be —0.328GeV?, —0.334GeV? and 0.354GeV? at s =2, s =3 and s = 8
respectively. For high s otherwise the value are all below zero for example for —0.337GeV?
at s = 15 and 0.279GeV? at s = 18. All the result are comparable with other literature
data [2], [10], [1]. The A%, calculated in SM are given
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Figure 4.6: SM Results for KQSS, KQCC, K4SC, and f(4s.

° f(gss, KQCC, K4S and K4SC: In line with these asymmetries, we have also performed cal-

culations for KQSS, KQCC, K4SC, and K4s. The central value are shown in blue and band
in yellow which corresponds to uncertainty in form factors. For first observable Koee
numerical value at s = 2, s = 8, s = 15, and s = 18 are —0.049GeV?, —0.040GeV?22,
—0.179GeV?, and —0.168GeV? respectively. For second observable Kgss numerical value
at s =2, s =8, s =15, and s = 18 are —0.303GeV?, —0.314GeV?, —0.247GeV?, and
—0.195GeV? respectively. For third observable K, numerical value at s = 2, s = 8,
s = 15, and s = 18 are 0.019GeV?, 0.026GeV?2, —0.056GeV?, and —0.124GeV? respec-
tively. For last observable K5, numerical value at s = 2,s =28, s=15,and s = 18 are
0.021GeV?, —0.011GeV?2, —0.040GeV?, and —0.024GeV? respectively. The uncertainty
arises from the form factor are clearly shown in red and have broader error band for low ¢
and thinner for high ¢? region in all of four observable namely KQSS, KQCC, K4S, and f(4sc.

4.2 NP results for A, —» A(— Nm)ltl~

Our main task in this study was to investigate NP effect on Ay, — A(— N7)Itl~ decay. New
physics effect appear in these type of decays through the Wilson coefficients via global fit
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analysis or through complete new operator from model-independent approach. All numerical
value and form factor equation remain the same in our calculation of NP. The semi leptonic
decay channel describe by b — sIT1~ is very important because they consist of many observable
that we discussed in the previous section. Studying these observable are very beneficial because
they can provide a new testing ground for NP beyond the SM.

As all NP scenarios are expressed in term of wilson co-efficient at y = 4.8GeV2. We have used
these data from the global fit of the NP wilson co-efficient of electroweak theory via model
independent approach. In [34], they have used three different framework for there calculation
and we have taken their result in our calculation to look for NP effect in our observables. The
NP and SM contribution are separated as C; = C'is M CNP 4 ONP ". The hypothesis we used
we have split the NP and NP-primed contribution into lepton flavor universal (LFU) and lepton
flavor universal violating (LFUV) contributions as,

CNP CNPU C%\IPV, (41)

NP ONPU' | GNPV (42)

In the first scenario that we represent in green color the non zero co-efficient have numerical
value CNPU = —1.25, VPV = —0.16, and CFV = 0.16 and all other PV = CNPV' =

C’NPU CNPU/ C’NPV = 0. In second scenario CNPV —0.84, and C’NPU = —0.15 and
all other C’NPU CNPV/ CNPV = CfitV = C’NPV/ = CYNPY = 0. The C7 co-efficient has
no contribution in NP they remain the same as calculated for SM.

Table 4.2: Global fit values of Wilson coeflicients.

Coefficient Scenario 8 Scenario 11

cNru -1.25 0
CN PV -0.16 -0.84
C]Y PU 0 0
cirv 0 0
CcirY 0 0
ciEV 0.16 0
e 0 -0.15
oY 0 0
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Figure 4.7: NP Results for Branching Fraction I

e The A, — A(— Nm)lTI~ decay mode branching ratio in NP is seen to be reduced from
our SM calculation. Two NP scenario are shown in red and green colour and the result
variate from SM data. We have use data from scenario 8 and 11 of table 9 in [34]. The
detailed of these scenario are given in [31]. The branching ratio result in NP for low s are
clearly shown in red and blue. The blue graph with central value of the observable are the
one which are subtracted from central value of NP. The added one in red are above the
central blue plot. Band gap or error gap for SM and two NP scenario are clearly visible
in figure. For high s two NP scenario values lie below the SM. The lower value for green
and higher value for purple overlap with each other. Our result are comparable with other
literature data [2], [10], [1]. For low s the result of SM and NP also match while for high
s the NP lie below the SM.
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Figure 4.8: NP Results for the Longitudinal Polarization fraction of di-Leptons (FT,).

e The A, — A(— Nr)i*l~ decay mode Di-lepton longitudinal polarization is seen to be
almost similar result for high s. Two NP scenario overlap with SM calculation for high s.
For s value less than 8 there is small difference. Result for green lie below the central red
plot while for purple they lie with in the SM error gap. Our result are comparable with
other literature data [2], [10], [1]. The Fp, calculated in SM and NP scenario are given in
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Figure 4.9: NP Results for Lepton Forward Backward Asymmetry (ALp).

e The Ay, — A(— Nm)ITI~ decay mode lepton forward backward asymmetry is seen to be
reduced at low and high s. For SM the central value are given in the previous section.
For this observable the NP scenario value are both above the central purple plots. The
low s region for red plot almost overlap with the central value of the angular observable
AlF g- For high s the variation in SM and NP are quite different. The band gap for high s
has less thickness and so for NP scenario. The purple are above the SM plot where green
lower value overlap with the SM calculation. There is also zero crossing point in both NP
calculation. Our result are comparable with other literature data [2], [10], [4]. The Al
calculated in SM and NP are given
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Figure 4.10: NP Results for Lepton Hadron Forward Backward Asymmetry (A%).

The Ay — A(— N7)ITI~ decay mode lepton hadron forward backward asymmetry is seen
to be less difference between low and high s. NP calculation for low s lie below central
value of A%\B in SM. Calculation for purple overlap in the lower error region of SM. For
green the error plot and their gaps lie below the SM calculated value. For high s the result
have very clear variation between the SM calculation and NP. For high s all NP calculation
reduced for all ¢?. All the NP scenarios are distinguishable from the SM prediction at
more than 1o in the high ¢? region.
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Figure 4.11: NP Results for Hadron Forward Backward Asymmetry (A% ).

The Ay, — A(— N)itl~ decay mode hadron forward backward asymmetry in NP have
almost similar result for all ¢ region both the low and high. Our calculated value for low s
region for example s = 2, s = 3, and s = 8 is —0.328GeV?, —0.334GeV?, and —0.354GeV?
respectively. For high ¢? region at s = 15 is —0.337GeV? and s = 18 is —0.279GeV?2. For
NP scenario that are describe in previous section the result are exactly similar to SM
result both at low s and high s.
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Figure 4.12: NP prediction for R'QSS, Kgcc, K4SC, and IA(4S.

e In addition with these asymmetries, we have also performed calculations in SM for four
other observable. We incorporated NP scenario and find the following four observable
and there variation from SM data. For Kys. the NP and SM results completely matched.
They overlap with each other and have no variation. For K the uncertainty band at
low s is less than in the SM where at high s the NP result are higher and both the NP
scenario overlap. For K4, the NP scenario results lie within the central plot of SM and
the lower error plot in red. The KQSS and f(gcc high s value for SM and NP are similar
while for low s they are slightly different as shown in purple and green. For low region
in ¢% the NP scenario have slight variation from SM. For high ¢ region three observable
Kgss, K'QCC, and K4sc have exactly similar calculation and numerical value for both NP
scenarios and SM.
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Chapter 5

Conclusions

We have examined the four-fold differential decay distribution of the semi-leptonic A, — A(—
N7)I*l~ decay. At the quark level the decay transition is from b — s that are flavor changing
neutral current transition. These FCNC transitions are forbidden at tree level, we move to one
loop level, i.e. penguin diagram in our case. We have defined the kinematics of our decay and
write down the hamiltonian from OPE. We get our final differential four fold decay distribution
as follow,

dT
= K s .2 6 K ce 2 0 K . 0
dq?d cos 0;d cos Opdp ( 1ss SIN™ 0 + K1ec €OS™ 0 + [ COS l)

+ (K2SS sin? 0; + Kocc cos? 0; + Ky cos 91) cos O
+ (K35 sin 0 cos 0; + K35 sin 6;) sin ¢ sin 6
+ (Kysc sin 0y cos 0 + Kyssin 6;) cos ¢ sin . (5.1)

The hamiltonian that we have used is obtained from OPE that divides it into two part i.e.,
short distance physics includes the wilson co-efficients and long distance part involves the local
operators. The former are calculated within the SM via pertubative QCD from loop diagram
where the later are obtained via non-pertubative QCD in this case lattice QCD is used. A 4-fold
differential decay width of Ay, — A(— N)ITl™ is obtained in two steps, Ay, — AT~ followed
by A(— N). The four fold differential distribution equation is then obtained by multiplying
both amplitude part of the decay with spin and polarization orientation taken in accordance
with the kinematics of the decay.

The first step is obtaining the two fold distribution decay rate of A, — A transitions. The
hadronic matrix element of this part is defined in helicity basis. We get ten ¢?> dependent form
factor for this part describe in section 3.2.1. The non-zero helicity amplitude are written down
for given spin orientation and spinor matrix element in equation 3.13. The form factors, which
have been used are calculated using lattice QCD [35]. The Wilson co-efficients are taken from
literature [15]. The two fold distribution A, — AITI™ is given in equation 3.18. Second step is
calculating non zero helicity amplitudes of A(— N7). The detail is given in section 3.2.2. The
final result that is shown in equation 5.1 is discussed in detailed in section 3.3.

For new physics we have used the standard effective field theory formalism with dimension six
operators. The wilson co-efficient operator can in principle provides correlated NP effects in
these observables. In order to obtain more accurate result for these observables, we also incor-
porated the NP result in our final expression and saw its effect on the listed observables [3]. NP
scenarios are expressed through contributions to the Wilson coefficients and global fits analysis
is used to assess which scenarios can describe the pattern of deviations observed. For each of
these co-efficient, we have employed NP and NP primed part and also addition of lepton flavor
universality and lepton flavor universality violation as discussed in chapter 3. We have used
recent data accumulated from paper [341], where NP scenarios contribute to vector and axial
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vector current only.

Our main task was to investigate the difference between the standard model and NP scenario
effect on the calculated observable i.e, branching ratio (%), longitudinal polarization fraction
of dilepton (Fp,), lepton forward backward asymmetry (AL ), hadron forward backward asym-
metry (A% ), combined forward backward asymmetry (A%\B), (KQCC), (KQCC), (R4sc), and (K4C).
These are all obtained using the four fold distribution decay equation, and the results within
SM are computed in accordance with other literature. The final graphs display the contribution
of NP together with its outcome on our computed observable, colored in red and green.

In conclusion, our study of b — s quark transition, in decay of A, — A(— Nm){T¢~, provides
significant insights into flavor-changing neutral currents and their potential to probe new physics
beyond the Standard Model. While the Standard Model predicts these transitions to occur at
loop-level with the exchange of W bosons, our model-independent analysis allows for the investi-
gation of beyond the Standard Model occurrences by examining various observables. Deviations
in angular observables like branching ratio, lepton forward-backward asymmetry etc, from the
Standard Model predictions could reveal new physics. These deviations are crucial for identi-
fying possible contributions from new heavy particles, thereby extending our understanding of
fundamental interactions.
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Appendix A

Detail on the Kinematics

In this part we describe the kinematics of the decay A, — A(— N7)ITI~ and also the polariza-
tion vector associated with each particle.
A.1 Di-lepton rest frame

The angle 6, is defined as the angle between the leptons and the z-axis. The lepton system is
decaying on the xz-axes. The four momentum in the [[-CM frame are [9].

pl; = {+Ed, +p;sin(6;) cos(¢), +p; sin(6;) sin(ep), +p; cos(6r) }

l2 = {+Ea, —p; sin(6)) cos(¢), —p; sin(6y) sin(¢), —pj cos(6;)} - (A.1)
With E; = g B =+4/1— 4’C72l2, and p; = % B;. The polarization vector in this frame are defined
as
1
e"(0) = (0,0,0,1),e*(t) = (1,0,0,0),e*(£) = E(O F1,—¢,0). (A.2)

A.2 A, rest frame

The four momentum of Ay(p), A(k) and Jeffective — {717 are defined in the rest frame of Ay(p)
as follow [9]

p!' = (ma,,0,0,0),
k" = (E},0,0, k), (A.3)
¢" = (40,0,0, —k).

m3, +mi—¢? m3, —mi+¢’

where Fy = (W)’ q = (W) and k = , /E2 A

Polarization vector in Ay rest frame can be read as follow,

(1) = \/lq—(QmO 0,k).
e (+) = \2(0,;1, —0,0), (A4)
(0) = jqqk 0,0, q0).



Figure A.1: Ay, — A(— Nm)lTl~ decay kinematics with ), 65 are angle between the z-axis
and flight axis of Di-leptons and N7 system respectively where ¢ is azimuthal angle or angle
between the plane of flights.
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A.3 Nm System

The invariant-mass-squared of Nr-system is designated as m?\ Additionally, it may be distin-
guished by the azimuthal angle ¢, produced between the decay plane of the N7-system and that
of [T~ the xz-plane. From the kinematics k1 and ko is four momentum of N and 7 respectively
and are

k' = (En,—knsiny,0,+ky cosfy),

ky = (Er, +ky sinfy, 0, —ky cos ). (A.5)

with the term defined as

2Vk? 2V

2 2
mN ma

/8N7r: \/)\ (17 k20 k2 )7
EN = m?\[—}_ﬁ?\[ﬂkﬂ

4 )

\/m2 + % k2
B = VTN (A.6)

- A

i -

The Killén function, defined as A(a,b,c) = a® + b? + ¢* — 2(ab + ac + be).

A.4 Partial Decay Rate

The general form of the Fermi golden rule is used to calculate the decay rate for two particle
decay [30].

1
The decay’s matrix component is called |M fi|2- d¢? is the phase space for two particle decay in

the initial particle’s rest frame and is given by [25],

d*p1 d3ps
2E, (27) 2B, (27)

d¢? = (2m)*6(M — Ey — E)83(p? + p3)

Where M is the mass of the initial particle, which will decay into two particles with p; and ps
momentum in M rest frame. Now insert d¢? in decay rate equation

*pr d*py
2E1 (27‘[‘)3 2E2 (271')3 ’

1
Tpi= o / Myi2(2n) 8(M — By — E)8* (0% + p2)

Cancelling the same terms, we get,

1

_ d3p1 d3po
SMr?

Ty el o)
Ji 9F, 2F,

/ My P8(M — Ey — Eo)5° (5% + p2)
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Evaluating the Dirac delta function in the above integral we get p1 = —pa, §3(p? + p%) term will
vanish the d3py and we will get

a3 b1
Iy = 2M/|Mfz| (M — Ey — EQ)W

As E? = m? + p? and E5 = m3 + p3 and also from conservation of momentum p; = —pg, o
E? = m? + p? and E2 = m3 + p?, converting into spherical coordinate we get

d®p1 = prsinfdp,d® = p?dp,dS. (A7)

Plug in equation we have now

1 prdp1dS)
Lpj=— [ |My?6(M — By — Ep)=2
fi 2M(27r)2/| sl T T,

Putting value of E; andEs in the delta function we have
2p1dp1d(2
Ff /|Mfz’5 \/m1+p1 \/ +p 4E1E .

This integral cannot be evaluated simply we will convert into functional form by putting

2

_ DN
9= IE, B
and also,
F(pr) = M —\Jm? + p? — \[/m3 + 3,
we get,

o= g / M7i25(f (p1)g(p1))dp1dS.

The (p1)) imposes the energy conservation on the equation and the term is only zero if p; =
p*.where is p* solution of §(f(p*)). The integral can be evaluated using the property of Dirac
delta function.

)

d
/|Mfi‘Q(S(f(pl)g(pl))dpl"zQ = ’Mfi|29(p*)’dp{1’1

d(M — \/m3 +p? — \/m3 + p?)
dp1

df
dpy

I

df P

1 P1
|=— _
dp1 Vmi4p? o m2+pd
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FE
1 142
* Pi
9(p*) 15,5

we plug in the following equation

= giree | M PG gl

1 1 E1E2 p%*
M= 2 o
Fi 2M(27T)2/| Myl P E + By AE\Ey

I_‘fi: 24M/’M|dQ

Hence the general expression for any two-body phase space is,

327 2M2/|Mf’ e,
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Appendix B

Leptonic Tensor

For L} = P1uP2v + P2up1v the possible non zero combination after contraction with the polar-
ization vector of the dilepton system we have following formulae. Where all other combination
are zero.

1
1" (0)paye™ (0) 4 pae (0)pre™(0) = —idzﬂf cos by,

1
plue“(O)pgyeT”(i) + pgue“(j:)plueT”(+) = irﬁdzﬁf cos 0, sin 0, T2,
d2
P1u€ (p2ve™ (1) + pape (proe™ (8) = =,
o tv o tv 1 202 :..2
Pra€” (£)pav e (+£) + poue (F)prve™ (£) = £ 7757 sin” by,

1
plue"(i)pgyeT”(O) -I-queu(i)plyeT”(O) = i—2d26l2 cos 0 sin 0,9,

2V2

1 .
P (£)p2ve’ (F) + pouet(£)proe™ (F) = Zd%f sin? 0,29, (B.1)

We have the following equations for L5” = Leo‘ﬁu”plapggeuel, which is the feasible non zero
combination after contraction with the polarization vector of the dilepton system.

Le“’g‘“’plapgge“(())el(:lz) = V/2d?B; sin 6, T2,
Leaﬁ"”plapgﬁeu(i)el(:l:) = :F2d2,81 cos 6y,
PR p 1 apage, ()l (0) = —v/2d% By sin G4 (B.2)
For LY” = e'€”g,, the possible non zero combination after contraction with the polarization

vector of the dilepton system we have following formulae. Where all other combination are zero.

e(0)e™ (0)g = —1,

() (+) g = 1,
TV(_)Q/W =L (B.3)

]
=
—
L

e))
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Appendix C

Hadronic Part

In this appendix we presented the spinor, current for Ay and A particle, and also the four fold

helicity result.

C.1 Hadronic Spinor Representation

We have utilized explicit formulas for the Dirac spinors that describe baryons with a particular

momentum to compute the different helicity amplitudes.

+(po + m — |p]) cos

1 1 +(po +m — |p]) sin (%
S

[

2

Wb s =+3) = vty | o+ m+ |fl)co

[+(po + m + [p]) sin (

—(po +m + |p)) sin (
[N oo+ m+ [7]) o
27 V2(p° +m) |—(po+m— |p])sin (
+(po +m — [p]) co

I
—
=

w

\
SN—

|

N oS N D

C.2 Hadronic Spinor Bilinears

(C.1)

(C.2)

In order to acquire the helicity amplitudes describing the transitions Ay — A with scalar, pseudo

scalar, vector, or axial vector currents, we obtained the following combination

11
u(k"aig)ub(}%ii) - 07

1 1
Z_L(k‘, ii)ub(pa qzi) = :l:\/ S+

1 1
a(k, £2)7 up(p, £5) =0,
2 2
_ 1, 5 1
U(k7 :|:§)’Y Ub(p, :t§) = TVS5—-
and for vector and axial-vector currents, we obtain
_ 1 1
u(k, :ti)’y“ub(p, ii) = F/2s5_¢'(L),

(k%3 ) = (/570,05
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1 1
Z_L(k‘, i§)7“75ub(pv ii) =V 28+6“(i)7

ik, )72 un(p, Fy) = (5, 0,0,~/57) (C.4)

C.3 Four Fold Distribution Final Spin Orientation

As we have derived our formulae for fold distribution on term of hadronic and leptonic helicity
amplitude. The leptonic possible combination and their result are given in previous appendix.
In this we have given detailed of hadronic spin and there possible non zero combination only
from the kinematic describe in figure A.1. The equation can be changed if the kinematics of the
particle changed but there should be no effect on the final expression of amplitude and all the
observable that we have calculated. Let write the formulae and the result are just multiplied
with the leptonic part in the end.

Io(s%, s8) Z H (sp,, $A)HI* (sp,, 50)- (C.5)
SAy»SA
e m=n=t,
T 1., 1 1. 1 1 1 1 1 1 ; 1 1
— (To(—=, )V Hi (42, — ) H* (4=, —2) 4T Hi E (- 45
(Pat-o i3~ )BT (=) + Tl g + B 4 HT (5. 4))
(C.6)
e m=tn=20,
1 1. .. 1 1 ; 1 1 1 1 1 ; 1 1
— (To(— =, — ) Hi(+=, — ) HI* (+ r Hi(— =, + ) H (=, +2) ).
(Pat-go i 5~ HE (. 5) + Tl g+ B3 4D HT (5. 45))
(©.7)
e m=tn=+,
1 1. .. 1 1. 1 1
= (DTo(== L YH (= —YHI* (= 22 . C.8
(Palogorp) it~ (. 47)) (©8)
e m==¢n=—,
1 1 1 ; 1 1
— (T Hi(— = +)H™* (=, —2)). .
(Pate o 5+ A (5.5 ) (©9)

= <F2(—1 ~H(+; —%)Hf*(+%,—%)+rz(+%,+ )HU(—— +1)Hj*(—;,+;)>.
(C.10)

1 1 A | 1 ; 1 1 1 1 1 : 1 1
— (To(=2, =) Hi(4=, —=)HI* (+ r H VHI (==, 42) ).
< 2(—5» 2) 0(‘*‘2; 2) o (+ 3 2)+ 2(+2 +5 ) o(— +2) o ( + ))
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1 1. .
= (To(—=,+2)H}

= (2t 5~

e m=+4+,n=0,
1 1.
= <F2(+2,—2)H+

1 1. .. 1
— (Paleg 4L (g,

2" 2 2 2" 2
e m=—n=t,
1 1., 1 1 1
= (To(—=,+=)H" (—=, —=)H]*(-=
<2( 27+2) —( 27 2) t( 27+2)>
e m=—n=0,
1 1., 1 1 1
= (To(—=,+2)H (==, == )H!" (==, +=
(Pat-go T (5= H (5. 4))
.m:n:—,
1 1., 1 1 . 1 1
= (To(—=,—)H' (—=, - )H"(—=,—=) ).
<2( 23 2) —( 23 2) 7( 23 2))
The only non zero combination are m = +,n = — and m = —,n = +.
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27

1

[\)

1
27

1
2

1

; 1 1
—VHI (4=, +2) ).

1 : 1 1
VH?*(-2,-2) ).
,+2> a 5 2))

1o 11
P (rg3))

27 2

1

(_‘_7? +§)Hg*(+%a _;)> :

1o, 11
+§)Hi (+3, +)> :

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)



Appendix D

Related Formulae

In this section we have describe the formulae for wilson co-efficient and the form factor

D.1 Wilson Coefficient

We provide the formulations of these Wilson coefficients, which we employed in our study, for
the computation [10].

1
Cla(a®) = Cr — 3

3

4 80 Qg
<Cg + §C4 +20Cs5 + 306> e [(Cl — 602)F§2 (q2) + C8F(87)<q2)} ,

4 16 16 1 2 39
Cor(d®) = Co + 3 <03 +5Cs+ 906) —h(0,¢?) <203 +3C1+8Cs + 3c6>

7 2 32
—h(mgole, q2) <2C3 + §C4 + 38Cs + 306)

4
+h(mgole, q2) <301 -+ CQ + 603 + 6OC5>

Qg
- [chg,g@z) + CoFS)(¢%) + CsFY) (q2)} : (D.1)
the functions are defined ash(mgole, ¢?) with q=c, b, and functions Fg) (q?) are defined in [3],

while the functions Fgég)(q2) and Fﬁg) (¢?) are given in [7] for low s while for high s these
formulae are given in [37].

D.2 Form Factors

The parameterization in the "nominal fit” are

1

f(@) = 7 [ag + agz(qza@r)} . (D.2)

!
(Inpole)2

The parameterization in the ”higher order fit” are

fl@®) = 1_1(12 [a(f) +alz(q? ty) + ag(z(q2,t+))2} ; (D.3)

(rnpole)2
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where z(q?,t) are defined as

—_q2 _ _
P ty) = Y Vit —to (D.4)
Vs —a+ Vi — o

with t; = (ma,—m,)? and to = (mp + mg)?. All masses and the values of the fit parameters
for nominal fit and higher order fit are obtained from [1].
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