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Abstract

Rare semileptonic B meson decays induced by b — dI™[~ flavor changing neutral current
transitions hold immense significance in exploring the quark-flavor sector of the Standard
Model and also provide search area to test New Physics. In Standard Model they are not
allowed at tree level, but induced by loops and are governed by GIM mechanism. In this
work I have studied B — a1(1260)(— pm)I*1~ decay which proceed via b — d transition
at quark level. I have focused mainly on physical observables such as branching ratio,
forward-backward asymmetry and angular coefficient functions in this decay channel in
Standard Model as well as in family non-universal Z’ model. Remarkable deviation can
be seen from Standard Model values of these physical observables for this decay. It is a

clear indication for New Physics appearing due to Z’ gauge boson.
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CHAPTER 1

Introduction

The Standard Model of particle physics has proven to be remarkably effective in ex-
plaining the fundamental constituents of matter and the fundamental forces that me-
diate their interactions. However, there are certain limitations that suggests that this
theory is not yet complete and needs extension to explain unsolved mysteries of the
universe. These limitations include the incorporation of force of gravity within SM. The
unification of gravity with other fundamental forces is a significant challenge in modern
physics, and it is believed that a more complete theory may be required to address this

challenge.

The Standard Model falls short in providing an explanation for the occurrence of dark
matter and dark energy. Observations indicate that the observed gravitational effects
in the universe cannot be adequately explained by the quantity of visible matter alone.
This led to the proposal of presence of dark matter and dark energy, which are believed

to comprise a significant portion of the universe’s mass-energy.

Neutrinos were originally thought to be massless particles. However, experimental ev-
idence has shown that neutrinos do have a tiny mass, which is not explained by the

original Standard Model.

The universe is composed mainly of matter rather than antimatter. This phenomenon
is known as matter-antimatter asymmetry. Based on the Standard Model, the Big Bang
was expected to generate matter and antimatter in equal proportions, but this is not

observed in the universe today.

SM includes the Higgs boson, which is accountable for endowing fundamental particles
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with mass. However, the theory also predicts that the Higgs boson’s mass should be
much larger than the experimentally observed value, leading to what is called the hierar-
chy problem. This problem refers to the discrepancy between the predicted and observed
Higgs boson mass and suggests that there may be additional particles or interactions

BSM that help stabilize the Higgs boson mass at a lower value.

These limitations suggest that novel physics surpassing the Standard Model is required to
explain these phenomena. The quest for such novel physics represents a highly dynamic

field of investigation within the realm of particle physics today.

B-meson decays are a critical area of research in particle physics as they offer promising
outcomes for the detection of new physics beyond Standard Model. The deviations of
behaviour of B-mesons from SM predicts the presence of unfamiliar particles or inter-
actions that are not yet describe by SM. The processes involving the decay of B-meson
to other mesons and a pair of leptons are being studied widely to look for evidences for
New Physics. The study of the decay of a B meson to an a; meson and a pair of leptons
has been found to exhibit discrepancies from the predictions of the SM. The existence
of new particles or interactions, such as a new gauge boson or a scalar particle, could

provide an explanation for these observed deviations.

To explain the limitations of SM, various extensions are known to exist. One such
model that extends the SM is family non-universal Z’ model. The family non-universal
Z' model is a theoretical extension of the Standard Model that proposes the existence
of a new massive gauge boson, known as Z’, which would mediate a new force between
particles. This model suggests that the Z’ boson would couple differently to particles
of different generations of fermions, unlike the Standard Model Z boson, which couples
equally to all generations of fermions. The study of the family non-universal Z’ model
is of great interest to particle physicists as it offers promising results for detecting new
physics beyond the Standard Model, as deviations from the Standard Model predictions
in the production and decay of particles could indicate the presence of the Z’' boson or
other new particles. Experimental searches for the family non-universal Z’ boson are

currently in progress at the Large Hadron Collider (LHC) at CERN.

This thesis mainly focuses on the study of decay B — aj(— pm)IT1~ in SM and family
non-universal Z’ model. The goal is to look for deviations from SM values of physical

observables for instance branching ratio and FBA, which would indicate for New Physics
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and would provide an insight of physics beyond SM. The following presents the specific

organization of this thesis:

The 2" chapter gives the composition of SM i.e. elementary particles and force carriers.
It concisely discusses the SM Lagrangian. The basics of Feynman diagrams and the

observables studied in particle decays are discussed in brief.

In 3"¢ chapter, the overview of Flavor physics is given in concise manner. It includes the
outline of flavor sector of SM, CKM matrix and its parameterizations. GIM mechanism

and the SM flavor puzzle is also reviewed.

The Effective Field Theory is the primary focus of Chapter 4. It focuses mainly on
top-down formalism of EFT. Operator Product Expansion and structure of Wilson co-

efficients are shortly discussed. In last, operator basis for FCNC transitions are given.

Chapter 5 discusses in detail the helicity formalism of B — aj(— pm)ltl™ decay. It
begins with stating the general Hamiltonian proceeding towards the Hamiltonian for
the decay under consideration. It gives matrix elements, form factors, kinematics, lep-
ton helicity amplitude and hadron helicity amplitude for the B — a; transition. Then
specifically cascade decay a; — pm is discussed and its kinematics are mentioned. Next
angular decay distribution is given and detailed expressions of angular coefficients com-
puted in SM are mentioned. In the end, the family non-universal Z’ model is briefly
discussed and complete Hamiltonian i.e. SM and Z’ model Hamiltonian is specifically

mentioned.

In chapter 6, the analysis of physical observables i.e. branching ratio and FBA along
with the comparison of angular coefficients in SM and Z’ model are discussed in detail.

The plots of above mentioned observables are also given and analyzed in detail.

Finally, chapter 7 concludes the results of B — ai(— pr)l*l~ decay in SM and family

non-universal Z’ model.



CHAPTER 2

The Standard Model of Particle
Physics

The exploration of elementary particles and their interactions is the key to understand
matter constituents and their properties. Also the major role is played by the forces
that allow interactions among these particles. Therefore the Standard Model holds
special significance as it provides us with the details of these particles and fundamental
forces. This chapter has purpose to give idea about the structure of Standard Model
and first section will fulfill the need to get basics of it. Second section is dedicated
to the Lagrangian of SM and third one will discuss the Feynman diagrams as they
are important to understand particle interactions. Finally in the last section theory of
particle decays is discussed as this thesis is based on the study of one such decay. It will
help to get an idea about calculations and bit about observables associated with these

decays.

2.1 Elements of Standard Model

The understanding of laws on which our universe works is only possible if we know the
fundamental building blocks that make up all the existing matter and the forces that
exist between the fundamental particles. The SM illustrates the properties of these
particles and the forces between them through their exchange. The foundation of the

SM lies in the gauge group G = SU(3). x SU(2)r x U(1)y [1].
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2.1.1 The Elementary Particles

Matter comprises electrons with negative charges orbiting around a nucleus composed
of positively charged protons and electrically neutral neutrons. Quarks, elementary
particles, combine to form the composite particles known as protons and neutrons. Each
of proton constitutes two up type quarks and one down type quark and each neutron
constitutes two down type and an up type quark. The up-quark, down-quark, electron
and electron neutrino are the first generation particles of the Standard Model. The other
two generations: second generation and third generation are the exact replicas of the
first generation which differ only in masses of particles. The list of twelve fundamental
particles: six quarks and six leptons along with their masses and charges is given in

Table (2.1) and (2.2).[2]

Quarks
Generations Particle Charge Mass/GeV
First down (d) —1 0.003
up (u) +2 0.005
Second strange (s) -1 0.1
charm (c) +2 1.3
Third bottom (b) —3 4.5
top (t) +2 174
Table 2.1: The six fundamental quarks
Leptons
Generations Particle Charge Mass/GeV
First electron (e™) -1 0.0005
electron neutrino () 0 < 10?
Second muon (p~) -1 0.106
muon neutrino (v,) 0 < 10?
Third tau (77) -1 1.78
tau neutrino (v;) 0 < 10?

Table 2.2: The six fundamental leptons
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Apart from quarks and leptons, there exist gauge bosons, which are responsible for car-
rying the fundamental forces. In the case of strong interactions, the force is mediated by
gluons, which are massless bosons with a spin of 1. For electromagnetic interactions the
particle responsible for transmitting the force is the photon which is again spin-1 mass-
less boson and the mediation of weak interactions occurs through W and Z bosons.The
forces and their corresponding force-carrying particles along with their relative strengths

are given in Table (2.3)

Force Strength Boson JP Mass/GeV
Strong 1 Gluon (g) 1~ 0
Electromagnetism 1073 Photon (7) 1~ 0
Weak 1078 Wand Z (W*and Z) 1~ 80.4 and 91.2
Gravity 10737 Graviton (hypothetical) 2% 0

Table 2.3: The four fundamental forces

Another element of the SM is the Higgs Boson. This particle is characterized as a scalar

with a spin of 0. It is accountable for the masses of all particles that exist in nature.

2.1.2 The Elementary Forces

The four primary forces consist of the strong force, electromagnetic force, weak force,
and gravitational force. Particles engage in interactions with one another via these
fundamental forces. Forces experienced by the different particles are given in Table

(2.4).

2.1.3 Standard Model Vertices

The interplay among fermions and gauge bosons are described by SM vertices. Proper-
ties of the interactions are influenced by the properties of the gauge bosons and nature

of the interaction between bosons and fermions.

The three-point vertex involving a gauge boson and an incoming and outgoing fermion
represents their interactions as shown in the figures (2.1 - 2.4). A coupling strength

denoted by g is associated with each type of interaction.
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Particles Strong force Electromagnetic force Weak force
up Yes Yes Yes
down Yes Yes Yes
charm Yes Yes Yes
strange Yes Yes Yes
top Yes Yes Yes
bottom Yes Yes Yes
electron No Yes Yes
muon No Yes Yes
tau No Yes Yes
electron neutrino No No Yes
muon neutrino No No Yes
tau neutrino No No Yes

Table 2.4: The forces encountered by various particles

Strong Force

The strong force acts between all quarks since only quarks contain the color charge
of QCD. Quark flavor does not change in strong interaction as it conserves all flavors.
The strong coupling constant is a dimensionless quantity and the nature of the inter-
action can vary depending on the energy scale at which it occurs. At low energies, the
strong coupling constant exhibits a significant magnitude that means quarks interact
very strongly with each other. At higher energies, the strong coupling constant becomes
smaller, meaning that quarks interact less strongly with each other. The inherent mag-
nitude of the QCD interaction is approximately given by gg ~ 1 , which is much larger
than the values of the other fundamental forces. This is the reason why the strong force
is acknowledged as the most powerful among the fundamental forces at the energy scales

relevant for nuclear physics.
Electromagnetism

The electromagnetic force applies to every charged particle, exerting an influence be-
tween them. There is no change in flavor in electromagnetic interaction. The fine

structure constant is a parameter that quantifies the magnitude of the electromagnetic
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q He q

Figure 2.1: Strong Force

force, which is a dimensionless quantity. The intrinsic strength of this interaction is

1
eNﬁ.

Figure 2.2: Electromagnetism

Weak Charged Current

The weak charged-current interaction connects pairs of fundamental fermions that have
a disparity of one electric charge unit. It is the only interaction which involves change

of flavor. The intrinsic strength of weak charged-current interaction is gy ~ %.

d Ew u

Figure 2.3: Weak Charged Current

Weak Neutral Current

The weak neutral-current interaction is between all fundamental fermions. There is no
change of flavor in this interaction as well. The intrinsic strength of weak neutral-current

. . . 1
interaction is gz ~ 35.

2.2 Standard Model Lagrangian

The SM Lagrangian density is written as [1]

ESM = [’gauge + ‘Cfermion + 'CHIggs + LYukawa (221)
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Figure 2.4: Weak Neutral Current

L gauge term refers to the kinetic energies pertaining to the gauge fields and are written

as
Loouge = — GG = JW, W — 2B, B (2.29)
where
Giw = aqu/ - 3,,GZ - gsfz’jkGinf 1,7,k =1...8,
W;iu = 8MW5 - 81/W;i - gﬁijngW5 1,7,k =1...3,
and

B, = 0,B, - 0,B,
represents the field strength tensors for SU(3), SU(2) and U(1) respectively.

L fermion refers to the fermionic part of the SM. Fermions include three families of quarks

and leptons each consisting L-chiral SU(2) doublets and R-singlets represented as

0 0
u v
L — doublets : Sr=1"1, e.o=1"
d° e 0
"/ L /L
and
R — singlets : wWog, dor, €% Vg

where superscript © refers to having definite gauge transformation properties and m =

1...3 labels the family number.

L termion consists of gauge-covariant kinetic energy terms, it can be written as

3
- -0 . =0 _ .
L termion = Y (@ p B tDly, Aoy gty -y gt Iy, €0, gt g +70 gt BV, )
m=1
(2.2.3)
The Higgs part L;q4gs of standard model Lagrangian can be expressed as
Liriggs = (D"¢)1Dy¢ — V() (2.2.4)
ot
where ¢ = . is a complex Higgs scalar and D, ¢ is the gauge covariant derivative,
¢
represented as
/
Lg _, = Lg
DP«¢ = (8“ + ET.WM + ?B‘u)¢
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V(¢) is the Higgs potential, it’s mathematical form is
V(¢) = 1?6'6 + A(¢9)?

Ly ukawa refers to the Yukawa couplings among Higgs doublet and the fermions. It can

be written as

F

0 7 _ -0 v 0 3
Ly ukawa = — Z [FumnqgnL(bu%R + F?nnqgnLQSd?LR + annlmn(begR + anlde)VgR] + h.c.
m,n=1
(2.2.5)
T . 0f
where ¢ = o and ¢ = are the Higgs doublet and its conjugate. F is
¢ -9

the fermion family number. I'*, T'¢ T'¢ T" are the F' x F matrices which determine the

masses and mixings of fermions.

2.3 Feynman Diagrams

Feynman diagrams let us compute scattering amplitudes of the interactions between
elementary particles. They are a pictorial representation of particle interactions that
are used to visualize and calculate the probability of a particular outcome in a physical

process. They contains the following:
External Lines

External lines denote the particles entering and exiting in a scattering or decay process.
Spin % particles and anti-particles are represented by straight lines with arrows on them.
Arrows indicate the direction of particle flow along the lines. Arrows on anti-particles

are in negative time direction. Spin 1 particles are represented by wavy lines.
Vertices

Vertices are locations where lines representing particles converge, facilitating their inter-
actions with one another. They represent the point at which a particle emits or absorbs
another particle. A vertex will have three or four lines attached. At each vertex energy,
momentum, angular momentum, charge, lepton number, baryon number, strangeness

and parity (except in weak interactions) are conserved.
Internal Lines

Internal lines represents propagators (virtual particles). Spin % particles are indicated

10
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Spin 1/2 Particle ——* |ncoming

o——— (Qutgoing

Antiparticle ——=— Incoming

o——=—— (Qutgoing

Spin 1  Particle ol Incoming

R OUthing

Figure 2.5: External Lines in Feynman Diagrams

by straight lines and spin 1 particles are indicated by wavy or wiggly lines between two

vertices.

Spin 1/2 Particle/antiparticle ©® s Eacn propagatos
gives a factor of

Spin 1 v, W:, ¥4 | pW oW W WV

000000008 .0 p)
g qg-——m

Figure 2.6: Internal Lines in Feynman Diagrams

Loops

Loops represent virtual particles that are created and annihilated immediately, without

ever being directly observed.
Momentum

Momentum of a particle is indicated by the lines and arrows in the diagram. The
direction of the arrow on a line suggests the direction of particle’s momentum, while the

length of the arrow is proportional to the magnitude of momentum.

2.3.1 Feynman Rules for Quantum Electrodynamics

External Lines

Incoming u(p) and outgoing u(p) spin % particles are represented as:

11
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—
——

Figure 2.7: Incoming and outgoing spin % particle

Incoming v(p) and outgoing v(p) spin % anti-particles are represented as:

_é_.
—<—

Figure 2.8: Incoming and outgoing spin % anti-particle

Incoming £#(p) and outgoing e#(p)* photon is represented as:

AN\NP
NN\

Figure 2.9: Incoming and outgoing photon

Internal Lines

L .
Photon — Z@‘” is represented as:

y7; v
NNNS

Figure 2.10: Photon Propagator

) ) " )
Spin 1 fermion “25%t™) i renresented as:
pm 5 Z—m2 p

Dree———y

Figure 2.11: Fermion Propagator

Vertex

Spin § fermion with charge -|e| tey# vertex is represented as:

12



CHAPTER 2: THE STANDARD MODEL OF PARTICLE PHYSICS

Figure 2.12: Fermion Vertex

2.3.2 Feynman Rules for Quantum Chromodynamics

External Lines

Incoming u(p) and outgoing @(p) spin % quarks are represented as:

——i
—

Figure 2.13: Incoming and outgoing spin % quark

Incoming v(p) and outgoing v(p) spin % anti-quarks are represented as:

—E—
—<—

Figure 2.14: Incoming and outgoing spin % anti-quark

Incoming #(p) and outgoing £*(p)* gluon is represented as:

LQQQ,
eQLQQOQ

Figure 2.15: Incoming and outgoing gluon

Internal Lines

Gluon —%5‘”’ , where a,b =1,2,...,8 are gluon color indices, is represented as:

LogqaqV
a b

Figure 2.16: Gluon Propagator
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Vertex

o1 1 .
9 —tYsy % ) »J — L4y =L1,45..4
Spin 5 quark —tgs5A;7", where i,j = 1,2,3 are quark colors and a=1,2,....8 are the

Gell-Mann SU(3) matrices, vertex is represented as:

H,a

O,

Figure 2.17: Quark Vertex

2.4 Study of Particle Decays

2.4.1 Lifetime and Decay Rate

Lifetime is one of the most significant characteristic of a particle and it depends on its
available decay modes. It is a statistical distribution and is specified for a large sample.
The lifetime of an individual particle is the time after which the ensemble is expected

to reduce to % of its original size [3]. It is mathematically represented as

T=x (2.4.1)

where I' is the decay rate which is the probability of a particular particle decaying per

unit of time.

In the case of an ensemble consisting of a large number of identical particles (N — o),

the alteration in the particle count over a time interval dt can be expressed as follows.
dN = —I'Ndt (2.4.2)

After time t, the number of surviving particles is
N(t) = N(0)e " (2.4.3)

A decay rate is associated with each decay mode. All possible final states of a particle
are its decay modes. Each decay mode has its own matrix element. The total decay

rate is obtained by combining the rates of individual decay modes. It is given by

n
Tiotar = » T (2.4.4)
=1
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The particle’s lifetime in terms of total decay rate is given by

1

1_‘toml

T =

(2.4.5)

The branching fraction is a measure of the probability that a particular decay mode will
occur for a given particle. It is described as the ratio of the decay rate of a particular
decay mode and the overall decay rate of the particle.

I

B; = .
I‘total

(2.4.6)

2.4.2 Scattering Cross Section

The scattering cross section indicates the probability that two particles will scatter off
each other when they interact. Consider a scenario where a beam of particles a, with
velocity B, collide with a stationary target of particles b. This collision follows the
reaction formula a + b — ¢ 4+ d. The cross section for a collision between two particles

is defined as follows: [4]
dw fi
J

do = (2.4.7)

where dwy; represents the probability of transitioning from an initial state i to a final

state f and j represents incident flux. The cross section for such collision is given by

1

do = ————|M|?dD. 2.4.8
o 2Eaﬁa2Mb|M| (2.4.8)
For two body decay, d® is calculated as
dgpc dgpd
dd = — 2.4.9
/ e *(Pa + Pb — Pe — Da) B B, (2.4.9)
where pq, py, p. and pg are the 3-momenta of particles a,b,c and d respectively.
Putting the above expression in equation (2.4.8) gives
1 &3 Y44 d3pd
d 2.4.10
7= 5mp.ang, M / 4(2 0 (Pa + 70— pe = pa) T (24.10)

The scattering cross section gives information about the nature of the interaction be-
tween particles and can be used to test theoretical models of particle interactions. It is
essential for understanding the behavior of particles and for interpreting experimental

results.
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CHAPTER 3

Flavor Physics

The term "flavor" in particle physics was first used by Murray Gell-Mann and his student,
Harald Fritzsch, in 1971 [5]. In Standard Model, flavor physics addresses the interactions
and properties of matter constituents which are excitations in fermionic (spin = 1/2)
fields. It is the physics of three generations of quarks and leptons that exists in nature.
These three generations have all equal gauge couplings i.e, they all behave equally under
gauge interactions. However they are different in masses and also different in Yukawa
interactions. Flavor physics, in the context of the Standard Model, pertains to Yukawa
interactions that discriminate between various flavors. [6]. Due to these differences there
are flavor violating effects and due to Yukawa interactions there are flavor changing
interactions. From Yukawa couplings we get flavor mixing, therefore, we get flavor

changing couplings and that is why heavier quarks and leptons decay into lighter flavors.

Flavor physics to great extent deals with the ways these decays occur, how likely or
how rare they are, making predictions within Standard Model and looking into what we

measure in actuality agree upon with these predictions.

Flavor Parameters: The term "flavor parameters" indicates parameters that are asso-
ciated with different flavors of elementary particles. In the SM of particle physics, flavor
parameters include harged fermion massses and mixing parameters that depict the in-

teractions between quark-antiquark pairs and the charged weak-force carriers (W+).

Flavor Universal: In the realm of particle physics, the term "flavor universal" charac-
terizes interactions in which the couplings or flavor parameters exhibit correlation with
the unit matrix within the flavor space. This means that the strength of the interaction

does not depend on the specific flavor of the interacting particles. Another term for
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CHAPTER 3: FLAVOR PHYSICS

"flavor universal" is "flavor blind." Both terms refer to interactions in which the strength

does not depend on the specific flavor of the particles involved.

Flavor Diagonal: The term "flavor diagonal" indicates interactions in particle physics
where the couplings or flavor parameters are diagonal in the flavor space. This means
that the interaction only occurs between particles of the same flavor, and the strength

of the interaction may vary depending on the specific flavor of the interacting particles.

Flavor Changing: The term "flavor changing" indicates processes where difference
between the initial and final quantities of particles belonging to a specific flavor (taking
into account quantity of corresponding antiparticles) is not equal. In "flavor-changing
charged current" processes, both up-type and down-type flavors, and/or both charged
lepton and neutrino flavors, are present. These processes are transmitted by the W
bosons and takes place at the tree level within the Standard Model. In ‘flavor-changing
neutral current’ (FCNC) processes, either up-type or down-type flavors but not both,
and/or either charged lepton or neutrino flavors but not both, participates. These
processes do not occur at the tree level within the Standard Model and are often highly

suppressed.

Flavor Violation: Flavor violation refers to a phenomenon in particle physics where
the flavor of a particle changes in a way that is not permitted by the SM of particle
physics.

This chapter includes main ideas in study of flavor physics. The first section is about
the flavor sector of SM. Next section deals with CKM matrix and its parameterizations.

Last two sections are about GIM mechanism and the SM flavor puzzle.

3.1 The Flavor Sector of Standard Model

The two main parts of Standard Model are the SM gauge and Higgs sector. The gauge

sector is fully specified by local symmetry as [7]
glocal SU(S)C X SU(2)L X U(l)Y (311)

and by fermion content as

1 1

I R o e L
1=1,....3 = QL7 LE a 1,...,8 a=1,...,3

(3.1.2)
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where &' = D, v* with D,, being a covariant derivative.

The fermionic sector of SM contains five distinct fields characterized by different quan-

tum numbers under the gauge group,

QL(3,2),1, Up(,1) 2, DR(3.1) 1, Ly(1,2)_1, ER(1,1)-,

SM
gauge-

each with three generations (i=1,2,3). This leads to the global flavor symmetry of £
These global and local symmetries are broken by Higgs field . The local symmetry
undergoes spontaneous symmetry breaking through the vacuum expectation value of
the Higgs field, (¢) ~ 174 GeV whereas the global flavor symmetry undergoes breaking
due to Yukawa interaction between the Higgs field and fermionic fields, as expressed by

the following equation

M = YR DY + YIQ, QUL + YT, GES + hc. (3.1.3)

Yukawa

where ¢ = 1mooT.

3.2 The Cabibbo-Kobayashi-Maskawa (CKM) Quark-Mixing
Matrix

The masses and mixings of quarks emerge from Yukawa interactions with the Higgs
condensate. To study these Yukawa interactions, the two necessary basis rotations are
mass basis and interaction basis. In mass basis the masses are diagonal and in interaction
basis the weak (W¥) interactions are diagonal. The CKM mixing matrix describes the
complex rotation between the mass eigenstates and weak interaction eigenstates. It is
a 3 x 3 unitary matrix [8],[9] parameterized by three mixing angles and quark mixing
phase. It controls the conversion of one quark to another and in this process W boson

is produced. The elements of CKM matrix can be expressed as

Vud Vus Vub
Vekm = | Vg Vs Vi
Vie Vis Vi

3.2.1 Standard Parametrization

The standard parameterization of Vogas is given by [10]
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5
c12€13 512€13 s1ze” "

_ ) 1
Verm = | —s1aca3 — c12523513€° 12023 — S12523513€" 593C13

)

5
512823 — 1223513’ —C12523 — S12C23513€°  C23C13

where ¢;; = cos;; and s;; = sin 6;;. The sin 0;; represents three real mixing parameters

whereas d represents Kobayashi-Maskawa phase.

3.2.2 Wolfenstein Parametrization

Wolfenstein parameterization of CKM matrix contains four mixing parameters i.e, A, A,

p and n where 1 is CP Violating phase and A is expansion parameter with value [11]
A= |Vus| = 0.22

Wolfenstein parameterization to order O(\*) is as follows

1- % A AN (p— )
Verkm = -A -2 AN?
AN (1 —p—un) —AN? 1

The matrix elements of Vogas are related to eachother through its unitarity property
as

S ViVt =0 (3.2.1)

For the total of three complex quantities to disappear such as
VudVy + VeaVy + ViaViy = 0 (3.2.2)

requires six relations just like the one written in equation (3.3.1). They are geometrically
represented in the form of triangle known as 'The unitarity triangles’ in complex plane.
All unitarity triangles of CKM matrix have similar areas that is equivalent to half of
Jarlskog invariant J [12] defined as
SViViVii Vi) = T D €ikm€iim (3.2.3)
m,n

where ¢, 5, k, 1 =1,2,3.

The lengths, vertices and angles of unitarity triangle in the wolfenstein parameterization

is shown in figure (3.1)
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(psm)

(0,0) (1,0)

Figure 3.1: The unitarity triangle

where lengths of two complex sides are denoted as

uqub
=3\/p 2+ 2,
‘ VeaVen n*
‘ ViaVn | _ (1-
VeaVep|

and three angles are denoted as

a = arg _ V}thZ}
- VudVi
[ Ve SZ}
= ar -
B =arg TV
g [ it
fy - g i ‘/Cd‘/:;z :

3.3 GIM Mechanism

The GIM Mechanism was introduced by Sheldon L. Glashow, John Iliopoulos and Lu-
ciano Maiani in 1970, which aims to clarify why AS = 1,2 neutral current processes
are inhibited[13]. In SM, weak interactions involve exchange of W and Z bosons, which
couple to particles with different flavors. However, in the absence of GIM mechanism,
this would lead to the existence of FCNCs, where particles would change flavor without
any apparent reason. GIM mechanism explains the observed suppression of FCNCs in
weak interactions. The mechanism relies on the existence of a family of four quarks,
where each quark has a corresponding weak eigenstate. The mixing of weak eigenstates
of quarks gives rise to observed mass eigenstates, which are states that are actually

observed experimentally.
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3.4 The Standard Model Flavor Puzzle

In SM, there are 13 flavor parameters, including six quark Yukawa couplings, four CKM
parameters, and three charged lepton Yukawa couplings. While top-Yukawa and KM
phase are of order 1, the remaining parameters display characteristics of small size and a
clear hierarchical structure., spanning six orders of magnitude. The orders of magnitudes

of the thirteen dimensionless flavor parameters are given below. [6, 14]
yu ~ 0.00001, y.~0.01, gy ~1,

yqg ~ 0.0001, ys ~0.001, gy~ 0.01,
ye ~ 0.000001, y, ~0.001, y,~0.01,
Vis| ~ 0.2, [Vip| ~0.04,  [Vyp| ~0.004, Sgar~1
The reason for this smallness and hierarchy is still unclear and is known as the Standard

Model flavor puzzle. Finding a solution to this puzzle may provide insights into physics

beyond the Standard Model.
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Effective Field Theory

The physical phenomena in our universe are observed at all scales i.e. we observe
structures that are as large as the universe itself or as small as quarks and leptons that
make up atoms and all of matter. When we study these phenomena we might need to
choose the scale that is best suited depending on what we are observing exactly. In
this regard Effective Field Theory is a tool that is used to pick out the suitable scale
to study our observation as it deals with multi scale problems and allow us to analyze
physical systems at different scales. EFT of any physical system gives us dynamics of

this system at low energies without requiring complete details at much higher energies.

EFT of any physical system is built by applying one of the two following standard

procedures:
i. Top-down, and
ii. Bottom-up.

In top-down approach we know the behaviour of physical system at higher energies and
by integrating out heavier particles or by choosing a cutoff below that higher energy
we match onto a physical system at lower energies via path integral formalism. This

approach gives us new operators and couplings at these lower energies.

In bottom-up approach , since we have no idea about the physical system at higher ener-
gies, therefore the Lagrangian is assembled by considering all possible set of interactions
that are consistent with the symmetries and using fields for the applicable degrees of

freedom.

In this chapter I'll discuss in bit detail about top-down approach to construct an EFT
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and will get our desired action. Then this non-local action is expanded in terms of local
operators by applying Operator Product Expansion. This will result in Lagrangian
of our interest. This Lagrangian is an infinite sum over local operators multiplied by

coupling constants known as Wilson Coefficients [15].

4.1 Top-Down Formalism

Contemplate a quantum field theory as a system with known behaviour at higher energies
or simply with large and definite underlying scale £. Let we need to deal with such a
system but at some lower scale that is smaller than £. This can be done by choosing
a cutoff scale A < £ and splitting the fields ¢ of the theory among low-frequency and

high-frequency modes as

¢=¢r+ou (4.1.1)

where ¢y, carries low-frequency w < A modes , whereas ¢ carries high-frequency w > A
modes. This way physical observables for example decay rates and cross sections etc
can be calculated by using vacuum correlation function of the low-frequency mode fields

¢, as after dividing the fields the low energy details are inscribed in ¢, part.

The vacuum correlation functions are the vacuum expectation values of time-ordered
products of field operators. These correlation functions can be used to calculate the

physical observables. The correlators can be acquired by using

(01T {0(21) b1 (22) 61 (22)}0) = Z%O] (- ijl)) (-5 ij))...

)
ol = Z[JL, 4.1.2
(~ 1570 201 e
where
ZJ) = / D DyretS@romte [ Pz In@or (@) (4.1.3)
denotes generating functional of the theory,
S(ér, du) = /deE(x) (4.1.4)

denotes the action, D represents space-time dimension, and J; are sources for low-

frequency mode fields.
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The high-frequency modes pertaining to the fields can be integrated out by performing

path integral formalism over these fields. This alters the generating functional as
2] = /D¢L6LSA(¢L)+LIdDzJL(zM)L(x) (4.1.5)

where

otSa(6L)=[ Dope 5L 2m) (4.1.6)

is known as the Wilsonian effective action. This process has freed the functional integral
from high-frequency mode fields and due to this removal of high frequency fluctuations

from the integral has caused the effective action S, to become non-local on % scales.

4.2 Operator Product Expansion

The non-local action functional Sy derived in the last section can be expanded in terms

of local operators in process called Operator Product Expansion (OPE). This results in

action as
Saon) = [ dPar! @) (12.)
where
eff c” (D)
£ (@) =3 c5=0" (0r(2) (4.2.2)
D,i

is the local effective Lagrangian.

The Lagrangian in equation (4.3.2) contains an infinite series of operators with mass

dimension D. Coefficients of these operators Ci(D)Ed_D are known as Wilson Coeffients.

4.3 The General Structure of Wilson Coefficients

The general expression for Wilson Coefficients C; can be written as [16]

—

C(p) = U(u, My )C(Myy) (4.3.1)

where C (1) represents a column vector, and p is the scale which segregates the physics
contained in short distance (scale > ) from long distance (scale < p). C(My) are
initial conditions that relies on higher energy scales and ﬁ(u, Myy) represents evolution

matrix.
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Renormalization-group equation for C is written as [17]

d
d(Inp)

where 77 (gs) represents anomalous dimension matrix of operator O and it relies on scale

C(n) =" (gs)C (1) (4.3.2)

w running through QCD coupling as(r). The same renormalization-group equation as

for C' can also be written for U(u, My) as

(i) ¥ e Mw) = 7" (90U (1. Myy) (4.3.3)

General solution for above equation can be written as

gs)

R g(p)
U, Myy) = U«Mvw o e (4.3.4)

where T} is the g-ordering operator and (g, is renormalization group function which
controls evolution of coupling constant cvs(pt). U(p, Myy) sums large logarithms ln(]\i—w)

which emerge for p << My .

The expansion of ADM v(«y) in powers of (a) and 3(gs) in powers of g5 can be expressed

as
— A0 %X (1) Xsy2 4
v(as) = yp + v (471') + ..., (4.3.5)
and
gg gj:’ 4
Blgs) = ~Poia _517(16772)2 - (4.3.6)
respectively. Putting equations (4.3.5) and (4.3.6) into equation (4.3.4) results in
(u)} [O‘S(MW)}P[ as(Mw) }
M 1 1—-—- 4.3.
Ou Miw) = [ * 47 as(p) 47 J (4.3.7)
where J = Pﬁl 7() and P = g;)o)
At NLO the expression for C(Myy) can be written as [18]
s (M,
C(My) =1+ a(MW)B (4.3.8)

Putting equations (4.4.7) and (4.4.8) into equation (4.4.1), we get an equation for C'(u)

in NLO approximation

O(n) = [1 + O‘S(“)] [a;(sﬁ”)’)r {1 + O‘S(i\fW)(B —J). (4.3.9)
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4.4 Operator Basis for FCNC Transitions

The Standard Model operator basis for FCNC transitions include the following opera-

tors:

Current-Current Operators

O1 = (5iuj)v—a(Tjd;)v—-a,

Oy = (EU)V_A(Ed)V_A.

The diagrams for Current-Current Operators is given in Figure (4.1).

Figure 4.1: Current-Current Operators

QCD Penguin Operators
O3 = (5d)v_a Y _(qq)v—a
q

O4 = (5idj)v—a Y _(Tj¢:)v—-a,
q

Os = (5d)v—a Y _(G7)v+a,

Os = (Sidj)v—a > _(T;@)v+a-
q

The diagram for QCD Penguin Operators is given in Figure (4.2).

Figure 4.2: QCD Penguin Operators
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Electroweak Penguin Operators

3

O7 = §(§d)V—A > eq(@q)vra,
q
3. _
Os = 5 (5idj)v-a > eq(@ai)via,
q
3

Oy = =(5d)v—_a Y _ eq(qq)v—a,

)

3
O10 = §(§z‘dj)V—A > eq(@ia)v—a-
q

The diagrams for Electroweak Penguin Operators is given in Figure (4.3).

Figure 4.3: Electroweak Penguin Operators

Magnetic Penguin Operators

&
Ory = @mbgia‘w(l +75)bi F v,

9 _
Osg = @mbsia’w(l + ’)/5)7?]1-bjgzy.

where F),,, is the electromagnetic field strength tensor, Gy, represents gluon field strength
tensor and 7,7 are generators of the SU(3) color group. Operator O, represents photo-
magnetic penguin operator and Ogg represents chromo-magnetic penguin operator. The

diagram for Magnetic Penguin Operators is given in Figure (4.4).

Figure 4.4: Magnetic Penguin Operators
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AS=2 and AB=2 Operators

O(AS =2) = (sd)v-a(5d)v-a,
O(AB =2) = (bd)v-a(bd)v - 4.

The diagram for AS=2 and AB=2 Operators is given in Figure (4.5).

d h.s

Figure 4.5: AS=2 and AB=2 Operators

Semileptonic Operators

O(vv) = (3d)v-a(Vv)v-a,

O(fp) = (5d)v—a(fip)v—a-

The diagram for Semileptonic Operators is given in Figure (4.6).

Figure 4.6: Semileptonic Operators

In the operators given above i and j refers to the color indices, q is commonly regarded as
representing the up (u), down (d), strange (s), and charm (c) quarks. and V' + A is used

to denote Lorentz structure -y, (14s). Therefore shorthand notation (gq)v+4 represents
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qvu(1 £95)g. In FCNC b — d transition the short-range impacts are attributed to the

electroweak and magnetic penguin operators whereas current-current and QCD penguin

operators incorporate both short distance and long distance effects in b — d transition.
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The Four-Fold Angular
Distribution in the Cascade

Decay B — a;(1260)(— pm)lTl~

In this chapter the kinematics required to study the decay B — a1(— pm)ITI™ is dis-
cussed in detail, starting from the helicity formalism in the first section, next the cascade
decay is discussed. Then the four-fold angular distribution and the angular coefficients
are given. Then the plots for angular coefficients as function of ¢? for longitudinally and
transversely polarized p computed within SM are also given. In last section the overview
of family non-universal Z’ Model is reviewed and finally expression of total Hamiltonian

i.e. SM and NP Hamiltonian is given.

5.1 Helicity Formalism of the Decay B — a1(— pm)lTl™ in
Standard Model

To derive four-fold angular distribution for rare semileptonic decay B — aj(— pm)lT1~
, the complete kinematics of this decay is discussed in this section. Beginning from the
effective Hamiltonian the amplitude is written. Then matrix elements and form factors
are given. Next in this section the expressions of physical quantities required to study

this decay are given precisely.
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B — a1(1260)(— pm)l T~

5.1.1 Effective Hamiltonian

The general effective Hamiltonian can be written in a form

Gr
V2

where, Gp is the Fermi coupling constant, VZ-CKM is the product of CKM matrix ele-

H=—2> VMO (1) Oi(p) (5.1.1)

i

ments, C;(u) are the Wilson Coefficients and O;(u) are local operators at energy scale
u governing the process under consideration i.e,

where, B is the initial state meson and a; and J 5 £y are the final state meson and leptons
respectively.

This decay’s amplitude can be expressed as
M(B — angff) = <a1J:ff|’Heff|B> (5.1.3)
Using the expression of Hamiltonian from equation (5.1.1) amplitude becomes
Gr
M(B = arlyyy) = 5 D VMG () ar Iy g| Oilw)|B) (5.1.4)

The operators O; are the relevant local operators given explicitly as follows:

O7  (do,, Prb) F* (5.1.5)
Oy o (dry, PLb)lir*l (5.1.6)
O10  (dv, PLb)Iv"~°1 (5.1.7)
where
w _ Lop v

ot = 5[,

Pr= 10—

L — 2 Y5)s

1
PR - 5(1 + 75)5

and F'* represents photon field strength tensor.

The decay B — a1J! £f takes place at quark level through b — di™l~ FCNC transition.
The short-distance effective Hamiltonian governing the process b — dl™l~ in the SM
operator basis can be described as follows:

Gra

Heps =~ 75 Vs VialCs! 07 + €577 09 + €31 019) (5.1.8)
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where a represents electromagnetic coupling constant.

Putting the values of local operators from equations (5.1.5) - (5.1.7) in the effective

Hamiltonian given in equation (5.1.8) gives

GFOé

2271

Hepr = — Vi ViICsT (dryu(1 = 45)0) Iy 4 C3M (A, (1 — 45)b) Iyl

2m - -
—?QW@%ﬁ@MWMM(Mw
Considering the amplitude from equation (5.1.4) and using the expression of local oper-

ators in this amplitude results in

M(b—diTl™) = QG\;;TWthZ[CSff@l(k, €)|(dy, (1 — v5)b)| B(p))ly*1
+Cio" (a1 (k, ) (dyu(1 = 75)b) | B(p))In*y°1

- 23 b, (@0 (14 95)8)| B (5.1.10)

In the above equation k represents momentum vector of the daughter meson a; and
€ represents its polarization vector. Similarly p represents momentum vector of initial
state meson B. The matrix elements appearing in the amplitude (5.1.10) are discussed

in the next section.

5.1.2 Matrix Elements and Form Factors for B — a,/"]~ Transition

For B — a1~ decay, the hadronic matrix elements are parameterized in relation to

Lorentz invariant vector, axial vector and tensor form factors.[19]

The hadronic matrix elements can be written as

2
(@1, NVl BY) = .m0 Vi) — (0 D)) 2

2myq,

(€)= s [Va(¢®) = Vo(g®)] (5.1.11)

2.e
k.€)|A,|B(p)) = ———#vaB  sviapb A(q2 5.1.12
(a1(k, €)|A.|B(p)) . (¢°) ( )

where V# = dy*b and A* = dy"~°b are the vector and axial vector currents respectively

and €*” is the polarization vector of axial vector meson.

(av(k, )|(deoyuq”b)|B(p)) = [(mis — mg, )ej, — (€".q)(p + k)] Ta(q?)

q2

+ (€".q)[qu — W(p + k)u]T5(¢*)  (5.1.13)
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(a1(k, €)|(dtouq”~°b)|B(p)) = 2L€Waﬂe*”pak'3T1(q2) (5.1.14)

In these matrix elements Vj, V1, Vo and V3 are the vector form factors. They are related as

mpg + Mg mp — Mg
Va(¢?) = gmiﬂlvl(q% - %V2(q2)> (5.1.15)
V3(0) = V5(0). (5.1.16)

A(q?) represents the axial vector form factor and Ty, T and T are tensor form factors.
The form factors depend on the square momentum transfer ¢> and can be extrapolated

F,(0)

Fe(@®) = —————
k() 1 — as + [Bs?

(5.1.17)

where s = ¢ and FJ,(¢?) are vector V;(¢?) (i = 0,1,2), axial vector A(q?) and tensor
form factors T;(¢%) (j = 1,2,3). The calculation of form factors is carried out within

framework of Light Cone Sum Rules.[20]

The numerical values of these form factors and parameters o and 5 can be found in
appendix.

5.1.3 Kinematics

In rest frame of decaying B meson, the 4-momentum of B, a; and Jﬁf f are defined as

pN = (mB707070)
k= (EV70707 71;/:)

qu - (QO7 07 07 ];)
respectively. The combined 4-momentum of B and a; can be written as
P* = (mp + By,0,0,-k)

where

2mp
By — my +mi — s
2mp ’
k= E%/—m%/
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Polarization vectors of hadronic current are defined as

1 -
GM(O):: :7§(k70707QO%
1
e'(+) = —=(0,F1, —¢,0),
V2
1 N
Eu(t) = ﬁ(qo, 0, O, k)
Polarization vectors of a; meson in B-rest frame are defined as
€ (0) = L (%0,0-Ey),
my
1
eh(x) = ﬁ(o, +1,—1¢,0).

5.1.4 Hadron Helicity Amplitude

The amplitude for hadronic current produced in decay B — a1l71~ in helicity basis can

be expressed as

Hi(i, 5) = Hi(i)H] (5),
Ha(i, j) = Ha(i) H(5),
His(i, 5) = Hy(i)HS (5),
Hou(i, ) = Ha(i)H] (5)-

where
3 3 3 3
Hy(i) = —1F1 Y. 3030 uvapet (D)1 (i)pk? — Fo(e1(i).€! ()

p=0v=0 a=0 =0

By (0)-P) (e (0).0) + Fale (D)0, (e (1) ). (5.1.18)

3 3 3 3

Hy(i) = —1F5 3333 €uvape (D) T (0)pk” — Fo(e1 (i)l (1))

pn=0v=0a=0 =0

T Frle(0). B (e (1)-q) + Fe(e (0)-0,) (e (0).q.). (5.1.19)

HI (7) and Hg(j) are complex conjugates of Hy(i) and Hy(i) respectively.

F1 to Fg are the auxiliary functions. They contain Wilson Coefficients and form factors.
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They are defined as

A(qQ) 4mb
mp + ma1 q

Fp= @dfC$RH®@w+mMW@%_q (C5T + O 4 O (m; — m? ) Ta ()

Fi=2G" + 657 - ) 7 (G + O = O (e?)

Fo = (G571 + O 4 o) 2 2 Va(a®) — Vo)) + —(06” + 7+ COT(e?)

Va(q?) 2my,
— (eIt NP / 2 eff N (2
Fi=(Cy"" + Cy +09)m3+ma1 e 5 (C7 +CNP + CTa(q?)
2m e 2
TR+ ONP 4 ) Ty ()
mp — mg2
A(g?)
_o(CSM NP v
Fs (Cio" +Cyp Clo)imB + e,

Fo =2(C" + CRF + Clo)(mp + may)Vi(d?)
Va(¢?) — Vo(q?)]

V- 2

2m
Fr=(CiM + CRF + Cfp) 5

In the above equations C?f ! , Cgf 7 and C’fOM are the Standard Model Wilson Coefficients
where as CNF Ch ONP Cl and O, 4 are the New Physics Wilson Coefficients. NP

Wilson Coefficients appear in New Physics amplitude are given in Section (5.4).

5.1.5 Lepton Helicity Amplitude

The amplitude for leptonic part (effective current) produced in decay B — a1ltl™ in

helicity basis can be written as

Linn (i, §) = —4m? (ef'(i)-€}, (7)) — 4(ef' (i)-€], (7)) (P -pap)

+ 4P e (D) (5 €14 (5)) + 405 € (D) (P ey (7)) (5.1.20)

with m=n=1,2 and

Lin(i,j) =4 Z Z Z Z e’“’aﬁq ( )P1a-P23 (5.1.21)

p=0v=0a=0 =0

with m # n and 4,j = 0,4,t correspond to longitudinal, transverse and time-like

polarizations. p} and p4 are the 4-momenta of [T and [~ respectively.

In the rest frame of B meson, the energy and momentum vectors of the leptons are

35



CHAPTER 5: THE FOUR-FOLD ANGULAR DISTRIBUTION IN THE CASCADE DECAY
B — a1(1260)(— pm)l T~

defined as follows
&=

\/5

2
. Vs — 4m2
|p1| = 9
The 4-momenta of [T and I~ are defined as

Py = (&1, |p1] sin @ cos x, |p1| sin O sin x, |p1] cos ),

ph = (€1, —|p1|sin 6 cos x, —|p1| sin @ sin y, —|p1| cos 9).

The polarization vectors of effective current are given as

6?(0) = (0,0,0, 1),
() = 750,71, -1,0).
e'(t) = (1,0,0,0).

The polarization vectors satisfy orthonormality and completeness relations:

e (@)er(b) = gav,

e (@) (b)dap = g

5.2 Cascade Decay a; — pm

The daughter meson a; produced in decay B — a1l"l~ subsequently decays to pr. The

decay mode a; — pm can be parameterized by matrix element as

—2Ga1pr . . . .
Alar (k) = p(pf)m(pg)) = —=25) (K. py ) (€ayn()-€57 (7)) = (P01 (D)) (R (7))
a1 ltp
(5.2.1)
where 4,j = 0, £ corresponds to longitudinal and transverse polarizations. k, €, and

pv, €, are momentum and polarization vectors of a; and p respectively.

In rest frame of a; meson, energy and momentum vector of p meson are defined as

Ep = g/m,% + ‘ﬁ3‘
VA2, m2 m2)
2mg,

3] =
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2 2

where A(m2 ,m?2 m2) is the shallon function. It is defined as

ai’ P’

2 2 2 4 4 4
Amg,,mg, mz) = mg, +my, + mg — 2me,my — 2Mgy My — 2M My

The 4-momenta of a1, p and m mesons are defined as

—.

kH = (mUH ’ O)a

Py = (€, P3| sin Oy, 0, —|Ps] cos Oy ),

Pl = (Es,— 3| sin Oy, 0, |73 cos Oy).
respectively. £, and &g are the energies of p and ™ mesons respectively.

The polarization vectors of a; and 7 mesons in rest frame of a; are given by

egl(i) = \}5(0, +1,—¢,0),
e (0) = \}5(0,0,0,—1),
ey (£) = \}5(0, cos Oy, Fu,sin by ),
e (0) = T:Lp(ﬁg, Eysinby, 0, —&, cosby).

The relative configuration of (pm)— and (IT1~)— planes and definition of decay angles

are shown in Figure (5.1).
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Figure 5.1: Kinematics of decay mode B — a1(— pm)Iti™
5.3 Family Non-Universal Z/ Model

By adding an extra symmetry gauge group U(1)’ in SM we get a massive, neutral gauge
boson known as Z’.In the family non-universal Z’ model, the occurrence of tree-level
flavor-changing neutral current (FCNC) transitions in the b — d process is attributed

to the presence of a non-diagonal chiral coupling matrix. [21, 22]

In the context of the family non-universal Z’ model, the effective Hamiltonian describing

the rare semileptonic decay b — dl™l~ can be formulated as

! 4G * ! !
Hepp = \/gvtbvid[f\dbcgz Og + AaCiy O] (5.3.1)
where
47‘(‘6_L¢db
Ay — ¢
db ViV,

€& and Cf are the modified Wilson coefficients in which NP effects arises whereas Og
and Oqg are the same SM operators. The modification in Wilson coefficients occur due

to the off-diagonal interactions between quarks and leptons with Z’ gauge boson. These
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Wilson coefficients are defined as

c§' = |B%|SLrl;

z L
C10 = |BdeDLR|
where

|SLr| = Bif + Bif

|Drr| = Bii — Bjf
Srr and Dy g incorporate the couplings between new Z’ gauge boson and left and right
handed leptons. Furthermore Bl = |Bl|e'%® is the left handed coupling between

quarks and Z’ gauge boson and ¢4, represents the new CP-violating phase which is
gaug

absent in the SM.

Finally, the total amplitude for the decay B — a1l*l~ includes both SM as well as Z’

model amplitude. It can be written as
Mt = MM (7 (5.3.2)
Similarly the total Wilson coefficients can be written as

it =g + AaCE (5.3.3)

clot = oM 4+ A g CL. (5.3.4)

The total Hamiltonian can be written as
M = Hepp + HE (5.3.5)

where H. s is given in equation (5.1.11) and Hfjif can be written as

HEf = = VaValC ™ ) (@, (12D BT 4Gl k. (@, (149500 o) T

+Cio" (ar (k, €)|(dyu(1 = 75)) [ B(0)) Iy +°1 + Ciolar (k, €)|(dyu(1 + v5)b) | B(p))v*~°1
—Q(Jn;l)(?évp(al(k, e)\(dLUWq”(l—I—’y5)b)]B(p)>l’y“l—?Cé(al(k, e)\(ELUWq”(l—fyg,)b)]B(p)ﬂ’y“l]

(5.3.6)

In terms of NP Wilson Coefficients and local operators total Hamiltonian can be written

as

39



CHAPTER 5: THE FOUR-FOLD ANGULAR DISTRIBUTION IN THE CASCADE DECAY
B — a1(1260)(— pm)l T~

Hepp =~ ot a5 Vil G5!+ CY ) a1 (@1 = 35 D) BR)
+ Co{an (k, ) (dyu(1 +3)0) | B)n*l
(R +CIN") (@ (k, O] (@3 (1=35)0) B(9)) "+ L+-Clo s (. )| (@ (1495)0) | B(p) I
= 2T + P s (O, ) (duoa” (1 + 25D B )

2mbC7<al(k‘ )(droynq” (1 = 5)b)|B(p)) "] (5.3.7)

5.4 Angular Decay Distribution

The decay B — a1(— pr)lT1™ is mediated at quark level through b — d transition and
therefore account for FCNC process. In SM, FCNC transitions are forbidden at tree

level, however these decays are mediated by higher order penguin diagrams.

The angular configuration of pml™l~ system is characterized by the decay angles 6, 6y
and . In this context, 6 and 6y, denote the angles of the pr(I717) relative to the flight
direction of B meson in the pm(IT1™) centre-of-mass frame respectively. The x denotes
the relative orientation of the pm and {1~ decay planes in the centre-of-mass frame of

B meson.

5.4.1 Differential Decay Distribution

One can express the differential decay distribution for a longitudinally polarized p in

the following form.
= N 6,00. 0 (5.4.1)
dquQdHVdX o 321 [I41] q,0,0v,X 4.

where

I (¢%,0,0v,x) = I sin? fy + I cos? Oy + Ly sin? By, cos(26) + Iy cos? By cos(26)
+ I3 sin? @y sin” § cos(2x) + I sin(20y ) sin(26) cos x + I5 | sin(20y ) sin  cos x
+ Igs,| sin? Oy cos 6 + I, cos? By cos 0 + I7 ) sin(20y ) sin 0 sin x

+ Ig | sin(26y ) sin(20) sin x + Iy sin? @y sin” #sin(2)

40



CHAPTER 5: THE FOUR-FOLD ANGULAR DISTRIBUTION IN THE CASCADE DECAY
B — a1(1260)(— pm)l T~

One can express the differential decay distribution for a transversely polarized p in the

following form.

L—i/\mﬁee ) (5.4.2)
d2d0doydy  32q° TV X -

where

I1(q%0,0v,x) = Lis,1 sin? 0y + It cos® Oy + I | sin? @y cos(26) + I 1 cos? By cos(26)
+ I3 1 sin? Oy sin® 6 cos(2x) + I 1 sin(26y) sin(26) cos x + I5_1 sin(26y) sin 6 cos x
+ Igs, 1 sin? 0y cos 6 + Isc, | cos® Oy cos 0 + I7, | sin(260y) sin fsin x

+ I | sin(26y) sin(26) sin x + Iy | sin” Oy sin? O sin(2x)

and /\/” and N contains the constant terms. They are expressed as

G%a? 2
N =VaVig [Mq \f/\ﬁ} B(ar — pym) (5.4.3)
and
1
* G%‘QZ 2 2
NJ_ = thV}d [32107%’*3(1 \/Xﬁil B(a1 — pJ_7T) (544)
with A = A\(m%, mgl,q2)7 B=4/1- 4(]%2 and m represents the mass of lepton.

In above equations I and I, are angular coefficient functions for longitudinally and
transversely polarized p respectively. The expressions and plots for these angular coef-

ficients are given in the next section. Since,
I'= FH + FJ_ (5.4.5)

Hence, the overall decay distribution can be expressed as

Ar d‘T ir
d — I, dTu (5.4.6)
dq?2dfdOydy  dq?dfdOydyx  dq2dfdby dx
In terms of I's it is written as
diT 9 ) )
Wi 1(q7,0,0v,x) + Ni11(q%, 0,0y, x)] (5.4.7)

dq2d0dovdyx 321
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Putting the expressions of /| and I, in the above equation leads to

dqQC;ZIM( = 32%[/\/” (L)) sin? 0y + I cos® Oy + Ly, sin? @y cos(26)

+ I | cos? By cos(20) + Iy sin? @y sin” § cos(2y) + I sin(20y ) sin(26)) cos x

+ I, sin(20y ) sin 0 cos x + Igg | sin? @y cos 6 + Ige) cos? By cos 6 + I7 | sin(260y ) sin 0 sin x
+ Iy sin(260y ) sin(20) sin x + Iy sin? 0y sin® 0 sin(2x)) + N1 (I1s,1 sin? 0y

+ Iic, 1 cos? Oy + Ins | sin? 0y cos(20) + Iac 1 cos? Oy cos(20) + I3 1. sin? @y sin? 0 cos(2x)

+ Iy, sin(26y ) sin(20) cos x + I5, 1 sin(260y ) sin 6 cos x + Igs, 1. sin? Oy cos f + Ise, 1 cos® 0y cos

+ Ir | sin(20y) sin @ sin x + Is | sin(20y) sin(20) sin x + Iy | sin® Oy sin? 6 sin(2x))]

5.4.2 Angular Coefficients

Angular Coefficients are coefficients of combinations of trigonometric functions that de-
scribe the planes in coordinate system assigned to decay B — aj(— pm)ITl~. These
coefficients are represented using hadronic matrix elements. The parallel and perpen-
dicular angular coefficients corresponds to longitudinally and transversely polarized p

respectively. The expressions for these coefficients are given below.

Parallel Angular Coefficients

2 2
+2 4m
Ins) = (# 5 )(\HW + [HLP 4 [HE 2+ [H2P) 4 = ((HL P+ [HLP = (2P 2P
8m? 112 212 212 12 212

Iy = ?(\Ho‘ — [Ho|" + 2|H |7) + 2(|Hg | + [Hp ")

2
Lo = G (VL + [HL[* + [HE* + [H2]?)
Lyey = —28%(|Hg|* + | H3|*)
Ly = —2p*(HLHT + H{HZ)

Iy = B*(H{Hy* + H Hy* + H} Hi* + H? H§")

Is = —2B(H\Hy* — H' H3* + H Hy* — H? Hy")
Ios = —4B(H{ HY — HL H*)

Ige =0

I = ~2p(HyHY + HyH> + HiH.* + HyH)

Iy =8*(HyHY — HyH™ + HZHY* — H3H>)

Iy = 2f*(HL H + HY H*)
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Perpendicular Angular Coefficients

I _(524‘2) HU2 L (H'2 4 |H2 2 & |22 H2 & 1212
s, L =~ ([Hy "+ [HZ|" + [HL|" + [HZ[]") + (|Hp|” + [Hg|7)
2m?
+ ?[UH}J2 + [HL? = [H|? = [H2|?) + (|Hp |” — |Hg* + 2| H7 )]
(6% +2) 4m?
Bew = D e o 22 22 + LR B 2P

1

Iys,1 = =F*(([Ho[* + [Hg[*) = (1HL P + [HL " + [HL* + [H2[?)]
2

Ipe,1 = 7(|Hi!2 +|HL? + |H2|? + |H? )

Iy, = B*(HLHY + HY H?")

Iy, = —;(HiH&* + H!Hy* + HY Hi* + H? H§)
Is = B(H{H* — HLH3* + H Hy* — H? Hy*)
Ios, . = —4B(HLH* — HLH* + H2HY — H2 H")
Ige, = —8B(HIHY — H' H* + H{H{* — H* H")
I, = B(HyHY + HYH* + HH{" + HZHY)
Ig | = L’;Q(HéH}r* — HYHY™ + HHY — HiH?)
Iy = —f*(HLHY™ + H2H?)
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CHAPTER 6

Angular Analysis of Physicsl

Observables of
B — a1(1260)(— pm)lTl~ Decay in
Standard and Family
Non-Universal Z' Model

This chapter is dedicated to results and discussion of the physical observables that are
computed for decay B — a1(— pm)ltl~ in Standard Model and Scenario 1 and Scenario
2 of family non-universal Z’ Model. In first section the plots of angular coefficients I;(¢?)
as a function of ¢? for longitudinally and transversely polarized p are plotted within SM
as well as in family non universal Z' model for Scenario 1 and Scenario 2 are given
and analyzed in detail. In next sections the expressions of physical observables such as
branching ratio, FBA computed in terms of angular coefficients, within SM and both
scenarios of Z' model are given and discussed. Also these observables are compared
between SM and both scenarios of Z’ Model. Furthermore the plots of above mentioned

observables are also given and discussed in detail.
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6.1 Comparison of Angular Coefficient Functions in Stan-

dard and 7’ Model

The coefficient of sin(26y ) sin @ sin x in decay distribution represented as I7 (| 1) plotted
in SM and two scenarios of Z’ has shown significant deviation in Z’ scenario 2 from SM
and Z' scenario 1, can be clearly seen in plots in Figures (6.1) and (6.2) for longitudinal
and transverse polarizations respectively. It is a clear indication and provides confi-
dence that Z’ model can explain the searches beyond SM. The expressions of angular

coefficients in SM are given in Section (5.3.2).

I, is same as Ij 1. The SM and Z' scenario 1 values almost coincides except for just
a small range of ¢ values i.e. ¢> = (1 to 3) GeV? where SM values are greater than Z’
scenario 1 values. Similarly SM and Z’ scenario 2 values coincides again except for small
range of ¢® values i.e. ¢ = (4 to 8) GeV?2 where SM values are greater than Z’ scenario
2 values. While comparing the Z’ scenarios, it is observed that for smaller values of ¢°
S2 has higher values than S1 whereas for larger values of ¢? S1 has higher values than

S2.

In I, the SM and Z’ S1 values coincides at almost all range except only for a small
range i.e. ¢°= (0.5 to 3) GeV? where SM values are little lower than Z’ S1 values whereas
the SM and Z’ S2 coincides at all range of ¢2. For the range ¢>= (3 to 15) GeV?, the

values computed in Z’' S1 are lower than the values computed in Z’ S2.

In I, the SM and Z’ S1 values almost coincides except for a small range of q? values
i.e. ¢ = (1—4) GeV? where S1 values are higher than SM values. SM and Z’ S2 values
also coincides except for a small ¢ range i.e. ¢*> = (3 —7) GeV?2 where Z’ S2 values are
slightly higher than SM values. While comparing the Z’ scenarios, it is observed that
for smaller values of ¢> S1 has higher values than S2 whereas for larger values of ¢? S2

has higher values than S1.

Iy, and Iy | are same. In both cases the SM and 7' S1 values deviate in a small range
of ¢? values i.e. ¢> = (1 — 3) GeV? where SM values are higher than Z’ S1 values. The
SM and Z’ S2 values also deviate slightly in ¢? region from ¢?> = 3 GeV? to ¢ = 7 GeV?2.
In Z' scenarios, from ¢? = 0 GeV? to ¢ = 1 GeV?, S1 values are less than S2 values. In
the range ¢*> = (1 — 3) GeV? both S1 and S2 values coincide in the region ¢? > 3 GeV?

the S1 values are higher than S2 values.
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In Iy, |, the SM and Z’ S1 values coincides at all range of q? except for small range i.e.

¢*>= (1 to 3) GeV? where SM values are greater than Z’ S1 values and same is the case
for SM and Z’ S2 values where the deviation range is ¢?= (3 to 8) GeV2. For the range
of ¢*>= (3 to 15) GeV? S1 values are greater than S2 values.

In I, SM and Z' S1 values coincide at all range of ¢ values except for a very small
range i.e. ¢> = (1 —2) GeV? where SM values are slightly higher than Z’ S1 values.
Similarly SM and Z’ S2 values coincides at all range of ¢ again except for a small range
i.e. ¢> = (3—7) GeV? where SM values are slightly higher than Z’ S2 values. Comparing
Z' scenarios, for smaller range of ¢? values both scenarios coincide and for larger values

of ¢> Z' S1 has higher values than Z’ S2.

In I3 (1) and Iy (|, 1), the SM and Z' 81 values coincide at all range of g% values whereas
Z' S2 values deviate from SM values in the range ¢> = (3 —10) GeV? where Z’ S2 values
are higher than SM values for I3 | and I ; and lower than SM values for I3 | and Iy .
While comparing Z’ S1 and S2, for I3 and I, the S2 values are higher than S1 values

and for I3 and I the S1 values are higher than S2 values at all range of 7.

In I5 | and I, the SM values are higher than Z’ S1 values in the range ¢*> = (1 — 6)
GeV? whereas SM and Z’ S2 values coincide completely at all range of ¢?. The S1 values
are lower than S2 values in the range ¢*> = (0 —8) GeV? for I, 5,| and S1 values are higher
than S2 values in the same range of ¢? for I, For q*> > 8 GeV? the S1 and S2 values

completely coincides for both I5 | and Ig, .

In I5, and Igs , values computed in SM and Z’ S1 show maximum deviation from
each other in the ¢ range from 0 to 6 GeV? where in case of I 5,1 51 values are greater
than SM and in case of Iss | SM values are greater than S1 whereas from q> > 6 GeV?
both values completely coincides for both cases. While comparing SM and Z’ S2, values
computed in both cases again coincides completely for all range of ¢* for both Is | and
Igs,1 - For the range of ¢?= (0 to 10) GeV? Z’ S1 values are greater than Z’ S2 values for
I5 | and Z' S2 values are greater than Z’ S1 values for I | whereas for q%> >10 GeV?
values in both Z’ scenarios coincides again for both Is | and Igs . Ig. 1 is twice the
Igs, 1 -

Ig. | is zero at all range of Q. I7 (), 1) has negligible values in SM and 7' S1 whereas it
shows plot with small values in Z’ S2. Ig,1) and Iy 1) has small values of order 103

GeV? in SM as well as in both scenarios of Z.
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Plots for Parallel Angular Coefficients
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Figure 6.1: The angular coefficients I;(¢?) as a function of ¢* for longitudinally polarized p,

plotted within SM along with family non universal Z’ model for Scenario 1 and

Scenario 2. The width of each curve is determined from the theoretical uncertainities

associated with the B — aq from factors.
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Plots for Perpendicular Angular Coefficients
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Figure 6.2: The angular coefficients I;(¢?) as a function of ¢* for transversely polarized p,
plotted within SM along with family non universal Z’ model for Scenario 1 and
Scenario 2.The width of each curve is determined from the theoretical uncertainities

associated with the B — a; from factors.
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6.2 Branching Ratio

The branching ratio refers to the proportion of instances in which a particle undergoes
decay into a specific final state. It is the ratio of partial decay width to total decay

width. In terms of differential decay distribution it is written as

dr 27 T T d4r
—_— = d d(sin 0 d(sin @) ——— 06.2.1
g2 /0 X/o (sin V)/o (5in0) 3 2 apddy dx (6.2.1)

For B — aj(— pm)lTl~ decay in terms of angular coefficients it is computed as

drl’ 1
d7q2 = 5(_/\/H(IlC,H —}—3[15,” —I2S,|| ) —|—./\/’L(Ilc,L +3I1s,| —12s,| )) (6.2.2)

Figure (6.1) shows plot of branching ratio for the values computed within SM and both
scenarios of Z'. For all three cases the bands of BR are clearly distinguished. It can be
seen that for small range of ¢ the band separation is greater whereas for large values
of ¢ the bands become closer yet separated. The trend for all three cases is same for
whole range of ¢>. The values computed within SM lies in the centre with the Z’ S1
values higher than SM and Z’ S2 values lower than SM.

6.x1078F
5.x1078;
4.x1078¢
T 3.x1078
2.x1078;
1.x1078;
0L . . .
0 5 10 15
q2

i — sm

1 —— Scenario 1

dBR (B-ay I* )

1 — Scenario 2

Figure 6.3: Branching Ratio for the decay B — a1l1!™ as a function of ¢2, plotted within SM
along with family non universal Z’ model for Scenario 1 and Scenario 2. In the
figure black band corresponds to SM, the blue and the red band corresponds to
Scenario 1 and Scenario 2 of Z’ model respectively. The width of each curve is
determined from the theoretical uncertainities associated with the B — ay from

factors.
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6.3 Forward Backward Asymmetry

FBA in terms of differential decay distribution is defined as

2m 4 3 diT
drBA= [ ax [ dsingy) [ d(sing)—— o
FBA /0 X /0 (sin 6y /0 (i) oy

27Td 7rd 0 ﬂd 0 d'T
— i i - 3.1
/0 X/o (sin 1/)/72r (sin )dq2d9d9vdx (6.3.1)

FBA for B — aj(— pm)lTl™ in terms of angular coefficients is calculated as

dFBA = g(/\f” ([60,” +2168,|| )+ N1 (I6¢,, +216s,, )) (6.3.2)

Normalized FBA is defined as

dFB
< dFBA >= TA (6.3.3)
dg?
Normalized FBA for B — a1(— pm)ltl~ decay in terms of angular coefficients is calcu-
lated as
3(./\/“([66,” +2[68,H ) +NJ_(IGC,J_ +216s,, ))
(N (Ilc, +311s, =125, ) + Ni(Ilc,1 +311s,1 —12s,1))

< dFBA >= 1 (6.3.4)

Figure (6.2) shows plot for the normalized FBA against ¢?. For small range of ¢ the
FBA computed within SM has highest values than both scenarios of Z’. This shows that
the greatest asymmetry is present within SM. Next to SM the Z’ S2 shows asymmetry
and S1 has lowest values which means it exhibits the minimum asymmetry. For higher
range of ¢ the values within SM and both Z’ scenarios coincides and shows no notable
difference in forward-backward asymmetry. Also these values are significantly deviated
from 0 as can be seen in the figure below which clearly shows this deviation in the

negative values of FBA.
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Figure 6.4:
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Normalized Forward Backward Asymmetry for the decay B — a1~ as a function
of ¢?, plotted within SM along with family non universal Z’ model for Scenario
1 and Scenario 2. In the figure black band corresponds to SM, the blue and the
red band corresponds to Scenario 1 and Scenario 2 of Z’ model respectively. The
width of each curve is determined from the theoretical uncertainities associated

with the B — a; from factors.
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Conclusion

Investigating rare semileptonic decays of B mesons provides an avenue to explore physics
that extends beyond the Standard Model. While there are numerous precise findings
on processes induced by b — slTI™ transitions, there is inadequate data available for
b — di"l~ induced decays. Within the literature, several exclusive semileptonic decays
that involve FCNC transitions and FCCC transitions exhibit notable deviation from SM

predictions.

Using effective Hamiltonian by putting the expressions of operators which resulted in
matrix elements that includes Lorentz invariant vector, axial vector and temsor form
factors, angular decay distribution is derived in terms of angular coefficients. Quantities
of interest, like the branching ratio and forward-backward asymmetry, have been derived
in terms of these angular coefficients. These physical observables along with angular

coefficients are analyzed and plotted within SM and family non-universal Z’ model.

Based on this research, findings have shown considerable deviations of New Physics
scenarios from SM of the physical observables that are analyzed for the decay B —
a1lT1~. Despite of large theoretical uncertainities in form factors for B — a1 decay, the
estimates of NP outcomes remain consistent with those of the SM. For the branching
ratio computed within SM and Z’ S1 and S2, the S1 values have shown an increase
whereas S2 values have shown decrease from SM values for all range of g2. On the other
hand values computed for Normalized FBA have shown deviations of Z’ scenarios from
SM for lower range of ¢2 and for higher range values computed in all scenarios coincides
and there is no notable difference observed. Angular coefficients computed within SM

and Z' scenarios have shown very less deviation from SM values. These results clearly
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indicate the need for more data to investigate NP through B — a; channel.

In the time ahead, the measurement of these physical observables is anticipated to
not only aid in the examination of Standard Model parameters but also facilitate the

detection of Z’ boson at the particle colliders.
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Appendix

In this appendix, input parameters utilized in the calculations and the SM along with

NP predictions of physical observables in different ¢? bins are given.

A: Numerical Input Parameters

mpg

1
mg1 my my oo Gp

Vi

Vid

5.28 GeV  1.260 GeV  4.28 GeV 4.6 MeV 137

1.17 10 5 GeV'?

095 83x1073

Table 7.1: Input parameter values implemented in numerical analysis.

B: Binned Predictions of Physical Observables

Normalized FBA
¢*(GeV?) Standard Model Z' Scenario 1 Z' Scenario 2
[0.0 - 2.0] 0.05070:034 0.01570:018 0.04510 030
[2.0 - 4.0] 0.00975:933 —0.02819-902 0.00970-933
4.0 - 6.0] —0.03919:943 —0.071159%3 —0.04179:912
[15.0 - 16.0] —0.06879:019 —0.0671991% —0.07079:01L

Table 7.2: Estimate of averaged values of normalized forward backward asymmetry , in differ-

ent g2 bins, for the SM as well as the Z’ scenario 1 and scenario 2. The listed errors

stem from uncertainties associated with the form factors.
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7> =0.0—-2.0 GeV?

Angular Observables

Standard Model

7' Scenario 1

7' Scenario 2

Iy 0.088+0:994 0.03770:043 0.10970:- 148
I 0.896+0: 539 0.97575-061 0.87370-15¢
Dy 0.02470072 0.010%5:005 0.0297 7053
I —0.83010.42 —0.87270:05 —0.78619-10
I3 0.00179:993 —0.001+9:903 0.00779:992
Iy 0.00870:920 0.024+9:911 —0.038+0-046
I 0.14570:068 0.037+3:936 0.12970:054
Is| 0.05210:03 0.01579:01 0.04615-039
I | 0 0 0

Table 7.3: Estimate of averaged values of angular observables for longitudinally polarised p ,

in ¢ = 0.0 — 2.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.

> =2.0—4.0 GeV?
Angular Observables || Standard Model 7' Scenario 1 7' Scenario 2
Iy 0.064+3:9%5 0.05710:002 0.049+9:012
Iy 0.918+9-920 0.929+9-003 0.9400:947
g | 0.02115-00° 0.01915-001 0.016 %004
I —0.90515-029 —0.90810093 —0.92170:017
I3 —0.03210:001 —0.033+9-901 —0.02379:005
Iy 0.16770:9% 0.17473:902 0.14070:021
I —0.026+9:928 —0.07810:007 —0.02679:928
I, 0.009+3:979 —0.029+9-902 0.00970:935
Ioe| 0 0 0

Table 7.4: Estimate of averaged values of angular observables for longitudinally polarised p ,

in ¢ = 2.0 — 4.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.
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> =4.0-6.0 GeV?

Angular Observables

Standard Model

7' Scenario 1

7' Scenario 2

Iy 0.123+9:014 0.121+9-908 0.10570:99¢
I 0.838+0-019 0.842+0-012 0.86370-099
Lo 0.041+3:99 0.040+3:903 0.03570002
I —0.83170:018 —0.83170:012 —0.853+9-909
I3 —0.07019:992 —0.071+9:902 —0.06119:001
Iy 0.24575:003 0.248%7002 0.22970005
I —0.09019:903 —0.122+9:92L —0.093+9-901
Is| —0.04170:013 —0.07419:914 —0.04379:013
I | 0 0 0

Table 7.5: Estimate of averaged values of angular observables for longitudinally polarised p ,

in ¢ = 4.0 — 6.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.

¢*> =15.0 — 16.0 GeV?

Angular Observables

Standard Model

7' Scenario 1

7' Scenario 2

Iy 0.48070:001 0.48019-901 0.47970:002

Iy 0.36019-002 0.361715-003 0.3614-0.002_0.003
g | 0.16079 501 0.15915-001 0.15915-001

Ip, | —0.36013:993 —0.35910:002 —0.36019-902

I3 —0.3161) —0.3161) —0.3161

Iy 0.33879-001 0.337% 001 0.33870:901

I —0.043+3-99 —0.0417+3:907 —0.04379:907

Is) —0.079%0:016 —0.07710.01% —0.018 7073

I | 0 0 0

Table 7.6: Estimate of averaged values of angular observables for longitudinally polarised p ,

in ¢ = 15.0 — 16.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario

2. The listed errors stem from uncertainties associated with the form factors.
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7> =0.0—-2.0 GeV?

Angular Observables

Standard Model

7' Scenario 1

7' Scenario 2

Ils,J_

0.018
0.49275013

0.009
0.506 5005

0.024
0.49175:07%

Iy

0.094
0.0887 0056

0.03715 555

0.118
0.1097 0 088

IQS,L

0.074
—0.4037 01

0.033

0.091

IZC,J_

0.025
0.0247 617

0.011
0.0105:505

0.032
0.02970 053

I3,

0.001
0.003%9

0
0.003%5 o0

0
0.003%0 001

Iy

0.018

0.018
—0.01277 055

0.023
0.019%5:0

Is |

0.035

0.018
—0.01977 053

0.027
—0.065" 056

Iss 1

0.02670 03¢

0.00870-05

0.0
0.02310012

I,

0.036
0.0525 015

+0.019
0.015Z¢ 016

+0.030

Table 7.7: Estimate of averaged values of angular observables for transversely polarised p , in

¢> = 0.0 — 2.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.

> =2.0—4.0 GeV?
Angular Observables || Standard Model 7' Scenario 1 7' Scenario 2
Lis 0.49170-093 0.4937) 0.494+3-002
Leo 0.064 15005 0.057+5-002 0.049710-012
Ins 1 —0.4421 5008 —0.44515:003 —0.45215:010
Iyl 0.021790:995 0.019173:001 -0.01610004
I3) 0.01213:001 0.01219 0.01179 01
I —0.08470:005 —0.08710:002 —0.07010:012
Is, —0.01315:012 0.03970:0%% 0.01370:014
Ios.1 0.00510-919 —0.01415:001 0.0050:9%¢
Toe.L 0.00975:034 —0.02975:902 0.00970-935

Table 7.8: Estimate of averaged values of angular observables for transversely polarised p , in

> = 2.0 — 4.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.
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> =4.0-6.0 GeV?

Angular Observables || Standard Model Z' Scenario 1 Z' Scenario 2
Lis1 0.48010-955 0.48170:901 0.48410:001
Lt 0.12379:014 0.12175:0%8 0.1051000
Iys. —0.39510:011 —0.3960008 —0.40910:009
Ipet 0.04170:00% 0.04013:90 0.035000%

I3, 0.0229-0% 0.02219-001 0.02215-001

m —0.12215:001 —0.12415:002 —0.1151 0608
Is, 0.04570:001 0.06110019 0.04610003
o1 —0.02115:997 —0.03755-907 —0.021+9:000
Toel —0.041559%3 —0.0741594 —0.04375:913

Table 7.9: Estimate of averaged values of angular observables for transversely polarised p , in

¢> = 4.0 — 6.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.

¢*> =15.0 — 16.0 GeV?

Angular Observables || Standard Model 7' Scenario 1 7' Scenario 2
s 0.420™) 0.420™9 01 0.420™9 01
Iiet 0.48070:001 048010004 0.4791000
st —0.10019:991 —0.100195%2 —0.10019:901
Ioe1 0.16015 501 0.15915-001 0.15915-001

I3, 0.13970:003 0.13870:003 0.1397000%

I —0.1691 —0.16915:001 —0.16919

Is) 0.021F5-003 0.021715-003 0.021719-003

Igs 1 —0.0401:95% —0.039790 0% —0.041+3:996
Toe.L —0.079159% —0.07815:912 —0.081+9:9130

Table 7.10: Estimate of averaged values of angular observables for transversely polarised p , in

¢ = 15.0 — 16.0 GeV? bin, for the SM as well as the Z’ scenario 1 and scenario 2.

The listed errors stem from uncertainties associated with the form factors.
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