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Abstract

In this thesis, we studied B — Dr7r, decay in Standard Model and a few New
Physics(NP) models, such as the 1W'-model, the Vector-leptoquark model, and then
the aligned-two-Higgs-doublet model(A2HDM). We calculated the branching fraction
B(B — Drtw), Lepton Flavor Universality(LFU) ratio(Rp), Differential branching
fraction and LFU ratio j—qBQ and Rp(q?) the Lepton-side forward-backward asymme-
try Arp(q?), the convexity parameter C%(q?) and the T-polarization fraction PJ(q?),
using the parameter spaces generated from various flavor restrictions. We found that:

e The branching fraction B(B — D7) shows a significant divergence from SM,
and the LFU ratio Rp only shows a noticeable divergence from SM in the case
of A2HDM.

e The differential branching fraction and LFU ratio both show noticeable diver-
gence from SM in the case of above mentioned NP models.

e The Argp(q*), Cr(¢?) and Pf(g?) are only sensitive to A2HDM, Due to scalar-type
interaction which can be generated in such model.
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Chapter 1

Introduction

The Standard Model[1, 2| for Particle Physics is based on the principle of local gauge
invariance, which was established in the second part of the twentieth century, and has
been extensively tested over the years and has proven to be exceedingly successful. Tt
represents the elementary particles of matter, the spin—1/2 fermions, and their interac-
tions by the electromagnetic, weak, and strong forces mediated by spin—1 gauge bosons.
Unless there is spontaneous electroweak symmetry breaking(SSB), electroweak gauge
invariance in the Standard Model requires all fundamental particles to be massless.
This difficulty can be solved by adding a complex scalar field coupling to weak gauge
bosons and fermions which give them mass. As a result, the new scalar particle is
introduced called the Higgs boson|3, 4]

The finding of a new boson with a mass of 125.5 GeV by the ATLAS and CMS
teams at CERN’s Large Hadron Collider in July 2012 represents a key milestone in
the search for the Standard Model Higgs boson. Measurements of its spin, CP, and
coupling properties reveal strong agreement with predictions from the Standard Model.
More information is needed to determine the nature of the new boson and whether it
is a Standard Model Higgs boson or a more complex Higgs sector of a Standard Model
extension. It is commonly assumed that the Standard Model is an effective theory
that is only valid up to a certain energy scale and that it needs to be expanded to
explain physics phenomena at very high energy scales. Semileptonic decays of Rare B
mesons|5, 6, 7, 8, 9, 10| provide an excellent window to look for Physics beyond SM.

As shown in Fig. 1, the B-meson decays, B — 70 and B — D70, have third
generation quarks and leptons in final states and are mediated by a W-boson in Stan-
dard Model. As a result, they are more sensitive to the effect of charged Higgs
bosons|11, 12]. These decay processes are relatively difficult to identify experimen-
tally due to two or more missing neutrinos in the final states. They are a nonetheless
suitable candidate for ee™ B factory experiments due to their huge statistics and low
background. The B — 77 and B — D™ decay processes have observed branching
fraction of order O(107*) and O(1072) respectively[13]. When the pure and semi-
tauonic B decays are compared, the latter provides a wide range of observables like
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decay distribution|14, 15, 16, 17, 18] and Polarizations|19, 20, 21, 22]. As a result, the
semi-tauonic decay processes allow us to study the relevant charged current interaction,
and in this thesis, we focus on B — D7v.

b T

Figure 1.1: W-boson contribution to the B — 77 and B — D™ 10 decays.

This thesis is based on Standard Model(SM) and beyond SM study of B-meson
flavor-changing-charged-current (FCCC) semileptonic decay specifically,

Bt (bu) — DO(eu)lty (1.0.1)

Here, | = e, ;1 and 7 leptons. The quark level representation of this decay is: b — &l tu;.
However, for brevity we will use B — D7v and b — cly; throughout this thesis. Both
the flavor and charge will change in these decay processes as the b quark is transformed
to a ¢ quark by a weak current that produces a factor of CKM matrix element V,, in
the amplitude. The semileptonic B — D™7, decay can be used to determine |V|.
The |V,| can be extracted in two ways namely, the exclusive and inclusive final states.
As shown in Fig. 2.

Figure 1.2: b — c7v, decay processes in the SM (Left) and Possible New Physics
(right).

In SM, the semileptonic decays of B mesons induced by b — clvl are well known.
Because of the greater mass of the lepton, these lepton decays may be used to explore
the intermediate charged Higgs boson or other non-SM particles in particular. The



Standard parameters R(D) and R(D=x)[23, 24| are defined as follows.

R(D) = % R(D") =

I'(B — D*r13,)
I'(B — D*lp)

(1.0.2)

Here, | = pu,e leptons. The SM predictions|25, 26] and current world averages|27] of
Rp and Rp+ are given below

407 £ 0. + 0.024 Exp.|27

R(p) - 0407 £ 003920024, Fxp.[27 (103
0.300 = 0.008, SM|25]
0.304 + 0.013 £ 0.007, Exp.[27

R(D*) = o Expf27] (1.0.4)
0.257 + 0.005, SM|26]

Apart from these results the SM predictions and results are shown in the Fig. 1.3[28]
These independent measures agree well with one another. Furthermore, the theoretical

*ﬂ-\ 1 T T T T RL T T T T T T T T T T | -
0.5 = BaBar, PRL109,101802(2012) B =
a) Belle, PRD92,072014(2015) Ay’ = 1.0 contours .
[ LHCb, PRL115,111803(2015) - 3
0.45 Belle, PRD94,072007(2016) e SM Predictions =
) = Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) ]
s LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -
0.4 N Average R(D*)=0.252(3) S. Fajfer etal. (2012) ]
0.35 —:
0.3 ) -
0.25 -_ ‘EE
02 Py )=?‘1.6;Vd—:

0.2 0.3 0.4 0.5 0.6
R(D)

Figure 1.3: R(D) and R(D*) measurements, their averages and SM predictions

estimates are valid because heavy quark symmetry eliminates the errors from hadronic
physics that are required for SM prediction. From the Fig. 1.3 one can clearly see that
R(D) and R(D*) exceed SM prediction by 2.3¢ and 3.40, respectively.

It is remarkable, from a theoretical viewpoint, to see such substantial deviations
from SM in these processes that occur at the tree level. If these data are verified by
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future studies, it implies that the NP scale may be at or below the TeV scale. Many New
Physics models have already been rejected by LHC Run 1 constraints at ATLAS and
CMS, and more will be constrained shortly by Run 2 results. Many New Physics models
using leptoquarks, W’-bosons, vector quarks, charged scalars, or lepton mixing have
been suggested to suit current experimental data. In comparison to scalars, model-
independent research reveals that vector-type particles are preferable. Furthermore,
leptoquarks that primarily link to the third generation of fermions are preferred to
accord with other existing experimental results and circumvent the present limits from
direct creation at the LHC experiment. Furthermore, there are few processes in which
the B — D®7p are SM like, but B — DIp are suppressed by interference between
NP and SM]|28]. The anomalies (R(D) and R(D*)) have been thoroughly researched
inside the SM and its extensions in recent years, and it has been discovered that the
impacts of some NP models are particularly important for the observables of B-meson
semi-leptonic decays.

This thesis is organized as follows. Chapter 1 is the introduction to SM. In section
2.1 we briefly discuss the SM gauge principle, in which we write the covariant form
of SM lagrangian. In section 2.2 we discussed the SM framework, the SM particles
and their interactions with SM fields. The section 2.3 is about Spontaneous Symmetry
breaking, we discussed how SM particles gain masses by Higgs Mechanism. Section 2.4
and 2.5 are about Flavor Physics and Quark mixing. In section 2.6 we discussed some
problems and limitations of the Standard Model.

In chapter 3 we discuss the theoretical framework, which is needed to study our
problem both in SM and NP. In section 3.1 and 3.2 we discuss the Hamiltonian basis
and Heavy quark effective theory, we write basic heavy quark effective lagrangian. The
section 3.3- 3.6 are NP tools that we will use to study our decay.

In chapter 4 we write Effective Hamiltonian and differential decay rate, including
SM and NP effects, for our decay process. In section 4.5 we show plots of some
observables in SM and NP for our decay process and compare them. In chapter 5 we
concluded the thesis.



Chapter 2

The Standard Model Framework

The Standard model (SM) is a low-energy effective theory that describes Physics at
energies lower than the Electro-Weak symmetry breaking scale which is of order O =~
248Gev. Tt is very successful in explaining Physics at low energies. In this chapter, we
will discuss a few aspects of the Standard Model.

2.1 Gauge Principle

According to Noether’s theorem, for every global symmetry transformation, a conser-
vation law can be derived from the lagrangian and it requires that the fields should be
locally transformed rather than globally. To do this we use gauge principle.

Gauge principle is a method to obtain an interaction term from a globally invari-
ant lagrangian by turning it into a locally invariant Lagrangian. A global invariant
lagrangian can be transformed into a local invariant lagrangian by the addition of
some new fields and interaction terms in such a way that the new lagrangian remains
invariant with respect to a new group of local gauge transformations.

Lets start with a Lagrangian £(¢(x), 0,4 (x)), which is invarian under following
global transformation.

U(z) = Uip(x)

Where U is unitary transformation representing the SU(N) group Now, we have to
construct a lagrangian that is invariant under global as well as following local SU(N)
transformation

U(x) = U@)p(z), U=l (2.1.1)
7% a = 1,2, 3 are generators of SU(N) group satisfying following algebra

[Taa Tb] = ieabcTc



Now, to transform the Lagrangian into a local invariant we need to replace the ordinary
derivative 0, with covariant derivative D, which transforms like the field itself, The
covariant derivative for each generator is defined by

D, =, —igr*A® (2.1.2)

(Duth())" = QDyy)
where,

O = (it (@)

As the transformation is invariant w.r.t local gauge symmetry, the field term in equation
2.1.2 transforms as,

‘a a 1 a c
Al = A5 - gf)ua + €achébAu (2.1.3)

In the end, A locally invariant Kinetic part for gauge fields has to be added, which
depends on Af. As field strength tensor reads,

Fp, = 0,45 — 9,A% + geane Ay A (2.1.4)
And transforms like,
F/,LCZL/ — Fﬁy + 6atchébFﬁ,j (215)

Hence, the term Fj, F'“"" satisfies all the requirements for the Kinetic term, so the
final lagrangian can be written as,

1 a aur
L=L(Y(x),D,(x)) — ZF’”F ’ (2.1.6)
Now, this Lagrangian does not have a mass term in it which implies that the interaction
is carried out by massless particles and we know that the Weak force carrier fields are
massive particles. This problem is solved by Spontaneous symmetry breaking which we
will discuss further in this chapter.

2.2 Standard Model framework

The Standard model is a Gauge theory based on the gauge group SU(3)c x SU(2) X
U(l)y. The SU(3)¢ is the Quantum Chromodynamics part which is related to the
strong interaction, and the SU(2); x U(1)y is Electro-Weak interactions. The basic
Standard Model Lagrangian can be written as,

L= ['gauma + ‘Cfermions + EYuk:awa + 'CHiggs (221)



Table 2.1: Gauge fields

Interaction Gauge Fields Spin  Charge  mass

Weak interaction W= 1 WE=41 W*= 80Gev
Weak interaction Z 7Z=0 0 7~91Gev
Electromagnetic interaction Photons 1 0 0

Strong interaction Gluons 1 0 0

2.2.1 Gauge part

The gauge part consists of gauge fields that mediate interactions between fermions.
The strong interaction is mediated by 8 massless gluons and the Electro-Weak inter-
action is mediated by 3 massive gauge bosons and a massless photon. The gauge fields
contribution to SM lagrangian is written as

1 . ) . .
Louuge = =5 (BuB* + Wi, W™ 4 G, ) (2.2.2)

The covariant field strength tensors for the above Lagrangian is written as

B[LV - a}LBV - a}/B,u
W;iu = QMWZ - 81/W;1 - gweijngWVk (223)
Gl = 0,63 — 0,6, — goeGhGY

The term G{N 7 =1,2,3,...,8 are Gauge fields called Gluons fields and they mediate
strong interaction and belong to SU(3)¢ group|36], Whereas the terms I/Vlj, 1=1,2,3
and B, mediate Weak interaction and electromagnetic interaction respectively, they
belong to SU(2), x U(1)y group. Where, €;;; and ¢;;;, are the structure factors and
g and g. are gauge couplings. Detail of the above-mentioned gauge, like charge, and

fields are given in Table(2.1).

2.2.2 Fermionic Part

There are three generations of fermions. In each generation, there is a charged lepton, a
neutrino, and an up and down-type quark. The fermions appear as left-handed, which
are doublets w.r.t SU(2), or right-handed, which are the singlets w.r.t SU(2),. The



doublet and Singlets are written below.

() 6) ()
()0

3
€r = (€R7MR, TR
i
Uy = (ur, cr, tr

dﬁg = (dm Sg,br

The most general lagrangian for the fermions is given as|36|

F
Efermion = Z(Q?zmQQ? + EZLZlDEEZL + ﬂglwuug (2 9 5)
m=1 e
+ dRiDdyy + eRilpe)
Here, F represents the families of quarks and leptons and F = 1,2, 3.
The covariant derivative of the above Lagrangian is written as
: T
DY, =0, —igYgB" — zglgW“’”
N - Ta a - a a
D = 0, —igYoB" — zg13W H— g G (2.2.6)

D =8, — igY,B"
Dﬁ/d =0, — igYyaB" —igt*G""

Here, 7 are the Pauli matrices, Y is the hypercharge and ¢ are the SU(3). generators.
The Standard Model fermion content is given in Table 2.2

2.2.3 Yukawa Part

The fermion fields and scalar fields, which are subject to gauge symmetry and lead to
Spontaneous Symmetry breaking, make up this part of the Lagrangian. The Yukawa
part[29] of Standard Model lagrangian is given as,

Ly = —[Vebr® Ly + Yadp®'Qp + Vuip®'Qp +  h.(] (2.2.7)

Where ) are the 3 x 3 yukawa matrices of dimensionless couplings and &t = io2®1.
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Table 2.2: Standard Model Fields along with gauge quantum numbers

Fields SU@3). SUQ). Uy
a-(@) 1
) L

ul, 3 1 2/3

di, 3 1 -1/3

Li = (”Z.L) 1 2 1/2
lL

i, 1 1 -1
H+

H= ( H0> 1 2 1/2

2.2.4 Higgs Part

The Higgs part of the Standard Model describes the Higgs doublet and its interactions
with gauge fields and itself. The Higgs lagrangian is written as,

Ly = (D'H)'(D,H)— V(H) (2.2.8)

Where D, is a covariant derivative that reads,
i
D,H = (0, +iW, + §ghBM)H

and V(H) is potential which is invariant under SU(2), x U(1)y symmetry. The po-
tential can be written as,

V(H)=—p*H H + \(H'H)? (2.2.9)

where )\ is the dimensionless coupling parameter and 2 is the mass term.

2.3 Spontaneous Symmetry breaking(SSB)

Gauge principles are the backbone of theories that explain the interaction of particles.
Local gauge invariance demands the existence of massless vector bosons which are
responsible for the interactions but there is a problem that only photons and gluons
are massless, the bosons which carry weak interactions are massive. In this section, we
discuss how to solve this problem.

11



2.3.1 Goldstone Theorem

Goldstone theorem is the illustration of spontaneous symmetry breaking of a continuous
symmetry. According to the theorem, there exists a massless particle for every genera-
tor of spontaneously broken continuous symmetry which we call Goldstone boson|30].

Let’s start with a Lagrangian with ' fields
L = Derivatives terms — V() (2.3.1)

Now, Let a field ¢}, that minimizes the potential as,

o
D5

gi=gh =0
Now, by expanding the field about that minimum field we get,

V(g) = V(o) + %(d) = %0)'(¢ = do)’ (%)ﬁ

Here, the following term is a matrix whose eigenvalues generate mass terms for the

fields. o
V] =m
( OK'OKJ > v MMij

Now we must have to show that every continuous symmetry of the lagrangian 2.3.1
that is not the symmetry of ¢y gives zero eigenvalues of this matrix. By Applying
following continuous symmetry transformation

k' = (K + ad'(k))

Where 0°(x) is a constant field which is the function of £’ so the derivatives term in
the Lagrangian vanish and only potential transforms and gives us two possibilities.

V(") = V(K + ad"(K))......... (1)
A 2.3.2
3" (k) 8iiV(m) ........................ (71) ( )
Now the first condition is trivial, differentiating the second condition w.r.t x/ and
minimizing we get
a6 )% , 0?
(6’/4:3),io (8/{1)50 + 0'(r0) (8/@@/{] >m ( )
oV

The first term is zero because ((w)m0 = 0 so the second term also must vanish but
for Spontaneous Symmetry Breaking 6°(ko)#0 so §°(k)o(9?/0K'0k7V (K)),, = 0, hence
8" (ko) is our desired vector with zero eigen value and this is Goldstone theorem

12



Figure 2.1: Potential when V (k) = V(x + §) (a) and when 6'(k)-%V (k) = 0 (b)

Ikt

2.3.2 The Higgs Mechanism

When a local gauge symmetry is spontaneously broken there will be no Goldstone
bosons in the theory but the massless gauge fields will gain mass as a result.

To describe Higgs mechanism|31], Let a theory with SU(2) Symmetry and a scalar
doublet with complex scalar fields: ¢; and ¢-[32]

o= (2)

L = Liin + (D) Dy — [m*¢'6 + M¢6)?] (2.3.4)

The Lagrangian reads,

Where, the first term is kinetic terms that contain SU(2) field strength tensors and
they are equal to zero in the ground state, while the second term contains covariant
derivatives and the third term is the Potential of complex scalar fields.

The Potential depends on two parameters m? and A, and the complex scalar-field
give non-zero VEV (vaccum expectation value) only for A > 0 and m? < 0 which takes
the form:

2 2
fp— 1 =2 2

o' =3 (2.3.5)

Where, v? = —m?/)\ Selecting one of the minima as the ground state of the sys-

tem spontaneously breaks the symmetry, How ever Lagrangian is still invariant w.r.t
SU(2)r x U(1)y but the ground state is not symmetric. The VEV reads,

b)) e

Where p? = —m?.
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Now, the symmetry SU(2) x U(1) is spontaneously broken for the selection of the
ground state and it gives us an electromagnetic massless gauge field.

SSB

SU(3)C X SU(Q)L X U(l)y — SU(?))C U(l)QED

Gauge Bosons massess

For the mass terms of the Gauge boson, we write the kinetic term of the Higgs La-
grangian and evaluate it with VEV, and the contributing terms are[30, 32|

1 W0 1 g07 1 0
Lo 0 (e D+ dam) (% + 30m) ()

evaluating the above expression we get mass terms for three Gauge bosons:

(Az :FzAJ) with mass myy = gg

+
W‘“‘—T

Z) = —2 2<giAZ — ¢’B,) with mass mz = \/g? + g?g (2.3.7)
9; + g5

and a fourth massless field

1 . .
Ay = ———=(g'Al + ¢’B,)

\ 9%+ g
Yukawa interactions and Fermion masses

Yukawa interaction terms are added to Standard Model lagrangian in order to generate
mass terms for fermions. The Yukawa lagrangian is given by equation 2.2.7

Ly = —[Veer® Ly + Vidp® Qp + Vur® QL + Hermition conjugates]  (2.3.8)

The VEV of the field is given as:
1 0
v= 5 (1)

After SSB the simplified Lagrangian is:

e (25)e (2)e] [ 2520
[ Vv Yuh }

(2.3.9)
uU — —=uUu

V2 V2

14



The above Lagrangian contains the following mass terms:

_ Ve I N

NG My 7 (2.3.10)

Me

2.4 Flavor Physics

The interaction between different flavors of quarks is analyzed in flavor physics there are
two types of flavor-changing interactions the charged currents and the neutral currents,
FCCC and FCNC respectively.

2.4.1 Charged and Neutral Currents

Flavour Changing Neutral Current(FCNC): The FCNC are the transitions that
change the flavor of a fermion without changing its charge. In the Standard Model,
FCNC processes are forbidden at the tree level, they only occur at the level of quantum
loop correction.

Figure 2.2: Tree level diagram of FCNC processes

/

Flavor changing charged currents: The electroweak interaction of fermions
with charged W, bosons in such a way that only left-handed fermions couple to W,
bosons and right-handed antifermions couples to W.. bosons. In these interactions both
the charge and flavor of the fermion are changed. The Lagrangian for the FCCC[38]
process is given as,

Loc = %[WJWV“(VCKM)@% + Wl v + he] (2.4.1)

Where Vg is the quark mixing matrix called CKM matrix.
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Figure 2.3: Tree level diagram of FCCC processes

2.5 Quark Mixing and Parametrization

Fermion gains mass via Yukawa interaction giving rise to quark mixing which is ex-
plained by CKM matrix[35]. The CKM matrix connects mas eigenstates to weak
eigenstates. It is a 3 X 3 unitary matrix that can be parameterized by 3 angles and a
phase.

d/ Vud Vus Vub d
S| =|Ve Ves Va | [ (2.5.1)
b Vie Vis Vg b

This 3 x 3 matrix is the CKM matrix and it can be parametrized as
The standard parametrization is given as:

0

C12C13 512513 S13€
19 19
—512C23 — C12523513€" C12C23 — S12523513€" 523C13 (2-5-2)
i "
512823 — C12C23513€" —C12523 — S12C23513€" C23C13

Where, s;; = sinb;;, c;; = cosb,;; and ¢ is the phase with range 0 < ¢§ < 27
The Wolfenstein Parameterization: Experimentally it is known that:

S13 > Sg93 > S19 > 1

We use Wolfenstein Parameterization to tackle this[35].

1—)%/2 A AN3(p —in)
Y 1—)2/2 AN? + O\ (2.5.3)
AN (1 —p—in) —AN? 1

2.6 SM Limitations

The SM is the most successful model in explaining particles and their interactions, but
there are still many questions to which there is no answer in the standard model. Some
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of the unanswered questions are:

The hierarchy problem: This problem arises from the fact that the Plank scale
is meant to be the fundamental scale which is of an order of 10!?GeV and the masses
of the particles are of order 100GeV, which is 107 blow the plank scale.

The scale for particle masses is governed by spontaneous symmetry breaking in
which Higgs acquires a non-zero vacuum expectation value. The problem is why there
is so much difference between Higgs mass and plank’s scale which SM cannot explain.

Energy of the vacuum:Also known as a cosmological constant has an observed
value nearly equal to zero but the value predicted by quantum field theory (assuming
the plank scale as fundamental scale) is 120 orders of time bigger than the observed
value[40]. This problem is bigger than the Higgs mass problem.

Mass discrepancies between different generations of fermions: As discussed
above there is a huge difference between fermions’ mass and Plank’s scale but there
is also a mass difference between different generations of quarks, leptons, and neutri-
nos. Also, the quark mixing is not very large but the neutrino mixing is very large.
This mass and mixing discrepancy is unexplainable by the standard model and points
toward a new symmetry.|[40]

To study beyond the standard model there is a collection of models and theories
called Physics beyond the standard model and some of the New Physics models will
be discussed in this thesis.
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Chapter 3

Theoretical Frame Work

The Effective field theories are very useful tools in several areas of particle physics,
it deals with widely-separated energy scales. The energy scales can be classified on
the basis of their transition from basic to an effective level. For example, there are
three energy scales in B-mesons decay. The first scale in a mass of W-boson, My, =~
100Gev, and is a weak energy scale. The second scale is the mass of the B-meson itself,
Mp =~ bGev, because the energy scale of the process is the mass of the decaying meson,
and finally the third scale is the strong interaction energy scale, Agcp ~ 0.2 — 1Gev,
because mesons is a bound state of quarks.

Agep << Mp << My

Now, to construct an effective Hamiltonian we will use the Operator-Product expansion
technique.

3.1 Operator Product Expansion (OPE)

OPE for B mesons is very important for the theory of weak decays. Consider, for
example, a W-Boson exchange process as shown in the figure 3.1. The process shown
in the diagram is the non-leptonic decay of the B meson. This quark level transition
is considered to be accompanied by all kinds of QCD interactions, like the binding of
quarks in mesons. For simplification, we may use a suitable expansion parameter, like
the mass of W-Boson which is larger than other momentum scales in this problem.
The amplitude therefore can be expanded as,

A:C<%,a>.<c}f>+o (p—Q) (3.1.1)

Where, < @Q; > is a local four-quark operator, < Q; >= (du)y_a(ib)y_4, and C
is the coupling constant. This expansion in terms of 1/My, is called OPE because
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Figure 3.1: Operator Product Expansion for weak decays

the nonlocal product of two quark-current operators (du) and (#b) which interacts via
W-Boson, is expanded in terms of local operators series.

This expansion shows an approximation of a heavy W-Boson by point like four-
quark interaction. Keeping this in mind the OPE can be expressed in more nat-
ural language by expressing the local four-quark operator as four-quark interaction
vertex|61] and for coupling constant use Wilson coefficient. Together they define an
effective Hamiltonian H.ry = C.Qy.

Ignoring QCD(which we will add later in this section) the OPE in momentum space
reads,

A= QSwV Vubﬁ@u)v%(@b)v%
W (3.1.2)
G - k2 o
A= ZTFV VubC . (du)v_A(ﬂb)V_A + O (M_I%V)
where, C' =1 and
G
H PV Vi (du)y—a(b)y— (3.1.3)

eff = \/—Vu
Without QCD effects there is only one dimension 6 operators in which color indices
have been made explicit, Q1(du)y_a(ub)y_4. QCD generates another operator which
has the same flavor and Dirac structure but has a different color structure.

Qo = (diuy)v—a(Wbi)v_a

This operator can be defined by the figure 3.1 and a useful identity for SU(N) Gell-
Mann matrices|61] which reads.

1 1, - _
(diT ) (W5 Tibn) = =5 (i) (usby) + 5 (diw;) (ws0;) (3.1.4)
The total effective Hamiltonian is glven as,
Hepr = “LVIV(CLQ4 +C Q) (3.1.5)

\/— ud
Where, Q:I: = @ and C:t = 01 + OQ
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Figure 3.2: QCD corrections with color allocation

3.2 Heavy Quark effective theory

In problems involving heavy quarks, new symmetries appear in Lagrangian which can-
not be tackled by QCD. Another approach is being used, which is called Heavy Quark
Effective Theory|54]

3.2.1 Heavy quark symmetry

The strong interaction of systems involving heavy quarks is easier to understand than
systems involving only light quarks due to several reasons one being asymptotic free-
dom, which is the variation of QCD coupling constant with length scale. At a short
distance scale(large momentum transfer) the QCD coupling constant becomes weak
and at a large distance scale(low energy scale) the coupling constant becomes strong
which leads to non-perturbative phenomena on a length scale Ry.q ~ 1/Agep =~ 1fm,
which gives the size of hardons.

When the mass of the quark is above Agep ~ 1fm it is called a heavy quark
according to that scale ¢, b, and c are heavy quarks and u, d, and s are light
quarks.

A system containing heavy and light quarks is like a bound state in which heavy
quark serves as a static field source and light quarks interact with that field and this
heavy-light quark system resembles hydrogen. The Compton wavelength associated
with heavy quark is much less than the size of a hadron which means that heavy
quark quantum numbers are resolved at a high energy scale on the other hand the
gluon exchange between heavy and light quark is resolved at lower energy than heavy
quark due to this reason the light degrees of freedom is suppressed by flavor and
spin orientation of heavy quark and therefore the light quark only feels the color field
generated by heavy quark.

As we apply the limit mg — oo the system of heavy-light quarks has the same
configuration of light degrees of freedom regardless of their flavor and spin quantum
number that gives the relation between properties of heavy-light quarks particle such
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as B®, D® or heavy baryons. It is concluded that in a heavy-light quark system if
we change the heavy quark with another heavy quark having the same velocity the
light degree of freedom will remain the same this gives rise to a new symmetry, To NV
number of heavy quarks there is SU(2N},) symmetry group this is called heavy quark
symmetry.

3.2.2 HQET Lagrangian

At low energy, heavy degrees of freedom in a heavy-light quarks system is repressed by
light degrees of freedom. To circumvent the complexity of heavy-light quark interaction
via strong color force, we can build a low-energy theory in which heavy degrees of
freedom are integrated.

We construct a new energy scale with heavy quark mass as a high energy limit and
a low energy scale is Agcp and these two scales are separated by a mass scale p. As
we discussed earlier in a heavy-light quarks system(hadron) the heavy quark is massive
and serves as a static color source[54| and the velocity of the heavy quark is the velocity
of hadron. The momentum of heavy quark reads:

P! =mgou" + k"

Here v is heavy meson 4-velocity in its rest frame and is given as v = (1,0,0,0) and &
is residual momentum|[55|. The residual momentum changes by a factor Ak ~ Agep
when a heavy quark interacts with a light degree of freedom, but the accompanying
changes in the velocity of the heavy quark vanish as Agep/m¢g — 0. And at this stage
new fields are introduced to the theory termed small and large component fields H,
and h, respectively and they are given as|49, 50]:

h(z) = e 2L opa)

2y (3.2.1)
HU<SU) — ezmqv xTQ(x)
And these fields follow the following relation[49]:
Q(x) = e """ [h,(x) + Hy()] (3.2.2)

These large and small fields annihilate a heavy quark and create a heavy antiquark
and they satisfy the following relations:¢h, = h, and yH, = —H,,.
The QCD Lagrangian is given as:

Locp = Qi) —mqe)Q (3.2.3)
Now this QCD lagrangian in terms of equation 3.2.1 reads:
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L = hyiv.Dh, — H,(iv.D + 2mg)H, + h,ilp | H, + H,ilp  h, (3.2.4)
D = D* —v*.v.D

Now it is clear from the above expression that the large-component field corresponds to
the massless degree of freedom and the small-component field corresponds to a heavy
degree of freedom with 2m that will be removed from ineffective theory construction.
The third and fourth term corresponds to the creation pr annihilation of heavy quark
and anti-quarks.

The equation of motion gives:

1

=—————94ID h, 3.2.5
2mg + iv.DUDl ( )

Now writing the equation (1.2.4) in terms of h, by using equation (1.2.5)

_ . 1
Lore = hyiv.Dhy, + hyil) | ———ilp | h, 3.2.6
rf v + ZlDL 2mg + w.DZlDL ( )

We can write the above equation in a more elegant way by expanding the second term
by Taylor expansion:

7 . T ZlDJ_ = w.D " .
eff = hyiv.Dh, + h 1 - ., 2.
L ff (4% + 2mQ ( + HZ:O < 2mQ> > ZIDJ_ (3 7)

The above Lagrangian is further simplified by using:
lDJ_lDJ_ = guuDT_DI - iO-MVDﬁiDi

by using this relation we get the Lagrangian in 1/mg, expansion which reads:

Corp=h (oD — 2 9 o ) h oL (3.2.8)
eff = Mo { 0. QmQ 4mQ0pV v mg) L.

Here the factor G*” is the QCD strength tensor and if we apply the limit m — oo we
are left with:

Lerr = hyiv.Dh, (3.2.9)

Now we will write effective Hamiltonian for B-meson semileptonic decays by using these
tools.
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Figure 3.3: FCCC process of B meson decay at quark level
[59]

3.3 B meson decays

The B meson system has shown to be an ideal model for both theoretical and experi-
mental studies of the Standard Model (SM), as well as for examining new physics (NP)
events at low energy scales. Semileptonic and leptonic B meson decay, in particular,
are ideal for studying NP. Figure 3.3 depicts an FCCC process of B-meson decay.

3.3.1 B — DWru(b— cTir;)

The decay of bottom quark into charm quark including tau-lepton is described in SM
by four-fermionic interaction of left-handed charged currents. Other operators may
arise in case of new physics effects. The most general effective Hamiltonian describing
all possible four fermi operators is written as

4G FVey
Hepr = \/i

Where the four-fermionic operators are defined as

((1 + CV1>OV1 + CV2OV2 + C51 Osl + 052(952 + CTOT) (331)

Ovi vy = CL/rY"OL)RTL/L VWYL L
Os, /s, = CL/ROR/LTR/RVL/L (3.3.2)
OT = ERO'MVbLfRUW,l/L

and Cy g7 are Wilson coefficients and for the tensor operator the following notation is

used,
0
2

o = 5,7
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3.3.2 Helicity amplitudes for B — D7,
The B — D™ 7y, helicity amplitude is written as,
MATAM — MQG\}IAM +./\/l>‘\/;’72>\M +Mg:2>\M +M;\:’7>\Ivf (333)

Where the first term is the SM contribution in amplitude and the other terms are NP
effects. The amplitude can be written as,

gzgéﬁ > L(a,b)H(d V) (3.3.4)

a,a’ ,b,b’

M =

Where H and L are leptonic and hadronic amplitudes, the hadronic amplitudes for
B — D1, reads|58|

l?z;%%EEMAwXW+UV+h(va—UW] (3.3.5)

Where hy are the hadronic form factors,v and v" are the velocities of initial and final
state particles. In HQET h+ normalized to unity and h_ becomes zero at m — oo
And the leptonic amplitudes are solved conventionally.

3.3.3 B — DWry, decay rate

The B — D™ 7y, differential decay rate is given as,

dr 1 )
= dX 3.
dg?dcos®  2Mp M (3:3.6)

Where dX is the 3-body Lorentz invariant phase space,

Mg + Mp)? — ¢*)((Mp — Mp)? — ¢ :
v ((Mp + Mp)? — ¢?)(Mz )’ — ¢) 1Mz dq*dcosf
25673 M2 g

dX =
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Now, by putting the value for the amplitude and integrating the above equation on
dcost we get,

GplVal® 217 m2\’
—EUTAl 2y (1=
1023 A0 (1) 7
2

Ca(m N s
X (|1 +Vir + Vel + [Vig + VRR|2) [(Hoy)z (2(]2 + 1) + 2—q2(Ht7v)2]
3

2
+3Re (14 VoL + Var)(Sere + Scr)” + (Vg + Ver) (Skr + Str)’]

ar
dg®

+

2m
(H8)? (|Ske + Siel* + |Srr + Scal?) + 8 (ITwel* + |Trel?) (Hy)? ( 7 )

m
—H3H;y

Ve

* mT
—12Re |(1 4+ VoL + Ver) T, + Ver + Vir) T g

N

S S
HTHO,V

(3.3.7)

Where, Si/r,1/r, Vi/r,1/r and T" are Wilson coeflicients that are related to NP effects.

3.4 New Physics

3.5 The W' Model

The W' is a spin-1 massive hypothetical particle with an electric charge +1. It is a
color singlet which couples to fermions. The W’ bosons appear in many theories which
extend the Standard Model gauge group. The Lorentz invariant effective Lagrangian
density which describes the coupling of general W' to quarks and leptons reads[41]

‘CZ[]/‘f = 7; ﬂi(&?ﬁideL + EideR)')/udj + E(€£VjPL + Eﬁl{jPR)’Yﬂyj + H.C., (351)
Where P, and Pg are left and right handed projection operators respectively given as
Pjr = (14 75)/2 and the terms e} " 755:(1 ,EF W, ande{t », are dimensionless parameters
for new physics flavor effects. In the standard model’ only left-handed coupling are
Non-zero .

b — ctv, process is mediated by W-boson exchange, The Standard Model effective
Lagrangian for this process is,

4GF

Lepr=— NG —= Ve (e, PLb) (7" Pry ) (3.5.2)
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According to Eq. (3.4.1), a general W' -boson exchange leads to additional tree-level
effective interactions, so the total effective lagrangian can be given as

AG
Los=— —2Va[(1+ CEE) @y, PLb) (74" Priy) + CFF (&, Prb) (74" Pous)

V2 (3.5.3)

+ CLE(y, Pyb) (77" Pryy) + CEE (&, Prb) (74" Pry,)]

Where, CIE, CER, CHF, and CER are called Wilson coefficients which are related to
New Physics effects and defined as

OLE — V2 551755%
v 4GF‘/Cb MI%V/

LR _ V2 EcngfLuT
v 4GF‘/Cb MI%V/

R_L
\/§ gch’Tl/T

W' coupling to LH — quark and LH — lepton (3.5.4)

W' coupling to LH — quark and RH — lepton (3.5.5)

CHt = 5 W' coupling to RH — quark and LH — lepton (3.5.6)
4GF‘/Cb MW/
2 elel :
Cit = V2 cden, W coupling to RH — quark and RH — lepton (3.5.7)

v o= 2
AGpVa M,
W' Model contribution to b — cr7: The only Wilson’s Coefficient contributing

to the decay is,
CLL — \/5 Sng,%VT
Y AGEV, M2,

(3.5.8)

Where M, is W' mass and the factor e5¢” is given as[53],

Moo\ 2
LoL _(0.12 L4
gcbg (0 ) TGV

3.6 Vector Leptoquark Model

Leptoquarks (1.Q)s)|64| are hypothetical particles that appear in extensions of the Stan-
dard Model. They have one unique feature that distinguishes them from all other el-
ementary particles. Quarks can be converted into leptons and vice versa using LQs.
As a result, they constitute a one-of-a-kind source of New-Physics that can be and has
been thoroughly tested. The discovery of LQ could be preliminary evidence of matter
unification.

LQs are hypothetical particles that simultaneously couple to a quark and lepton.
They can be spin-zero (scalar) or vector (spin-one). It is easy to classify possible LQs
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due to finite numbers of fermions (quarks and leptons). The Standard Model fermionic
multiplets are given as,

L — (ZL) =(1,2,-1/2)' Q\ = <ZE) = (3,1,2/3)"

L
e = (1,1, -1 Jubh = (3,1,2/3)" |dy=(3,1,—1/3)

(3.6.1)

Where the numbers in the parenthesis denote SM gauge group (SU(3)., SU(2).)y and
i =1,2,3 are flavor indices and L/R represent Left/Right-handed fields. For example,
A Vector Leptoquark triplet Uz that transforms under gauge group (3, 3,2/3) couples
to fermions via Lagrangian [65]

Lrg= IZLQWMT.U;Lj + H.c (3.6.2)

Here 7 are the Pauli matrices, L and ) are quarks and leptons left-handed doublets
and x;; is the coupling parameter. The lagrangian 1.5.2 can be written on a mass
basis by rotating the coupling matrix z,;, where necessary, with Cabibbo-Kobayashi-
Maskawa(CKM) matrix U from the left or with Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix V from the right.

£U3 :U?Ei/g) [(UZL’V)UI_LZ"}/“PLVJ' — xijczm“PLlj}
U?EZ/S)(\@U(%)@U@’Y”PLZ]‘ (3.6.3)
Ué;l/g)(\/axV)ijJﬂ“PLyj + h.c

The decay process b — c7v;, also proceeds via vector Leptoquark Usf exchange and
vector Leptoquark correction to SM Lagrangian is written as|[45]

4G
Lo = —TQFVcb(l + Vi) (@, PLb) (79 Py (3.6.4)

Where the Wilson coefficient is given as

\/§ ‘IZT<U:U)CT

vV, —
T M

(3.6.5)

Vector Leptoquark Model Contribution to b — c¢7v,.:The only contribution of
the Vectorleptoquark model that we used in this decay is given as,

V2 4 (U)o

Vv —
e ME

Where,

M 2
2 (Uz)er = 0.18 % 0.04 (ﬁ)
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3.7 The Aligned-Two-Higgs-Doublet Model(THDM)

The THDM is one of the most basic expansions of SM, with several intriguing phe-
nomenological properties. Many New-Physics situations can result in a low-energy
spectrum, which extends the SM by one scalar doublet. As a result, THDM is an ex-
cellent theory for studying low-energy effects. The scalar doublet extension consists of
two charged and three neutral scalar fields, as well as three Goldstone bosons required
to provide masses to gauge bosons.

Here, we are going to discuss THDM in its minimum version. The THDM is an
SU(3).xSU(2) xU(1)y theory with Standard Model fermionic content(with no right-
handed neutrinos) with two additional SU(2) scalar doublets v;(i = 1,2) of Y = 1/2
hypercharge. The neutral components of scalar doublets acquire vacuum expectation
values < ¥; >o= 1/1/2(0,v;¢"%)[62]. We can define new basis( Higgs basis) for scalar
doublets using SU(2) transformation in scalar space, such that only on doublet has
nonzero vacuum expectation value (tana = vy /v1)

U\  |cosa  sina (0
Uy )~ |sina —cosa| \ e,

This has the benefit of isolating the three Goldstone fields G4 (z) and G as a component
of lIJl

G H*
U, = , Uy = , 3.7.1
1 L%(v o ZGO)] , U2 {%(02 + zcg)} (3.7.1)
On Higgs basis the Yukawa lagrangian is given as,
\/§ = ’ /
Ly = = —~[Qr(Ma®1 + ¥ ®2)dp,
(3.7.2)

+ QL (M, + Y, By)up
+ L (My®y + Y, Oyl + H.c]

Here, MZI are fermions mass matrices and Y are the yukawa couplings, Q’L and EL are
left-handed fermion doublets, u'R, d'R and Z'R are right-handed singlets and ®; and P,
are scalar doublets. Because there are two alternative couplings of Yukawa matrices
to a given right-handed fermion field and they cannot be diagonalized simultaneously,
the Yukawa Lagrangian yields FCNC at the tree level. The Yukawa matrices can be
diagonalized concurrently if they are aligned in flavor space, which is a simple solution
to this problem. [63]

Yai = &aaMay, Y. =§,M, (3.7.3)

Where &4, ,, are complex or real parameters. Now, the Lagrangian in terms of fermion
mass-eigenstate can be written as

V2

Lys = —YZH [a(€UMyPg — £,MIUPL)d + &M Pgl] + h.c., (3.7.4)
v
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Where U is the CKM matrix.
The Contribution of T2HDM to the decay process b — c7r, can be written as

Lerr = Lsy + GsT(1 —75)v,¢b — GpT(1 — v5)v-¢y5b (3.7.5)
Where G and Gp are Wilson coefficients which are given as

o gdmb - gcmc

Gy = ——5——(&m,)
Mz (3.7.6)
F M2, T

A2HDM contribution to b — c7v;: The only Wilson’s coefficient which contributes
to B — D decay is given below,

- gdmb - fcmc

Gg=>——""—(&m,

S Mzi (6’7’ )
Where, the factors,

§r&a
— = [-0.036,0.008
MI?I [ Y ]
§r&e
= = [-0.006,0.037
M[Q{ [ ) ]
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Chapter 4

Analysing B — D71v decay in
Standard Model and Beyond

4.1 Theoretical Overview

The semi-leptonic b — c7v decay is explained by charged left-handed currents of four-
fermion interaction in Standard Model. As new physics effects begin to appear other
operators will be induced. As in previous chapters we built up the theoretical frame-
work for B meson decays, and used that framework to write the effective Hamiltonian
for B — D7v decay with New Physics effects. The most general effective Hamiltonian
including NP effects which are related to our work can be written in Eq. 3.3.1,

4G
Hess :75%”(%7“(1 —Y5) V7 ey"b + CL 7y,(1 — y5) vyt

+ C’g%vu(l — 5 ) vy + C’ZLQ?'VM(l — 75 ) vy
+ GsTv (1 —5)cb) — GpT(1 — v5)v-Cy5b + hec..

(4.1.1)

where, Cl%, C’XLQ and Gg p are NP effects (Wilson coefficients) for W' model, Vector
Leptoquark and A2HDM respectively. Here we neglected all the right-handed neutrinos
effects and the effect of tensor-operators. In the next sections, we will explain b — c7v
form factors, decay rate, and observables related to the decay.
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4.2 The B — Dr7v decay transition form factors

The matrix elements for the above Hamiltonian are given as,

(D(k)| &b |B(p)) = /mpmp[H" (w)(w) (v + ') + H (w)(w)(v — v')"]

(D(k)| ev"+°b | B(p)) =

(D(K)|eb|B(p)) = v/mpmp(w + 1)hs(w) (4.2.1)
(D(K)|&y°b|B(p)) = 0

(D(K)|ea"b|B(p)) = —in/MpMpHr(w)(0"v" —v*0™)

Where the matrix elements corresponding to ¢o*”vs;b can be written by using the
following identity,

l
0—/“/"}/5 = _§Euyaﬂ0alg

and H", H™ and Hg are the form factors for the above matrix elements which are given
as|51],

(1 =) Si(w)(w+1) = (1 = r)*Vi(w)(w — 1)

H w) = 2(r?2 — 2rw + 1)
haw) = H*(w) ~ S ) = Si(0)

Where r = mp/mp and w = v'.v which represent momentum transfer of B — D1
decay

4.3 Observables

We calculated and plotted several observables w.r.t ¢> and compare them in Standard
Model and above mentioned New Physics Models and the numerical analysis and data
have been discussed in Section 4.4.

4.3.1 B(B — Dtv,;)(Branching ratio)

The branching ratio (branching fraction) is the proportion of events detected for a
given particle to decay in a particular manner. The total of a particle’s branching
ratios is one. The branching ratio is calculated by dividing the partial decay width by
the overall width. Measurements of particle characteristics and interactions in high-
energy physics experiments led to the development of a theoretical model, known as
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the Standard Model (SM). Estimates for the SM coupling constants are derived from
particle production and decay measurements. Cross sections for rare reactions may
be predicted using these coupling constants, and the predictions are experimentally
validated when possible. The B — D branching ratio is given as,

B dI'(B = D)

Where, 4L is the decay rate which is given by Eq. 3.3.7 and 75 is the life-time of B

' dg?
meson. By putting numerical values we plotted the Branching ratio against ¢2, which
is shown in figure[4.3.1].

0.0005 F
@ Standard Model
0.0004 @ A2HDM
- L Vector Leptoquark Model
E 0.0003 | © i
i I @ W' Model
m| ©
= 0.0002 |
O
0.0001 |
0.0000
I 1 1 |
4 6 8 10 12
2

Figure 4.1: Dependence of % on ¢%. The dotted blue, green, and magenta represent

4.3.2 Rp-Lepton Flavor Universality Ratio(LFU)

The leptonic portions of the three families of fermions in the SM are identical, excluding
the differing masses of the constituent particles. The photon, W, and Z bosons, in
particular, are a couple in the same way as the three generations of leptons. This
distinctive property of the SM, known as Lepton Flavor Universality (LFU)[48], may
be studied to call its validity into doubt, because any variation from this identity would
be a strong indicator that virtual NP particles are contributing to SM decays. As a
result, it is reasonable to compare the same observable for processes that differ only in
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the kind of leptons involved: The branching fraction ratio for two decays, for example.
(b — cTv; vs b — cev, and/or b — cuv,).

In this section, we observe the LFU ratio Rp for our decay process in Standard and
above-mentioned New Physics models. We plotted the differential ratio against ¢ and
discuss its sensitivity to New Physics models. The LFU ratio is defined as,

(B — Dri7,)
2\ T
Bol@) = r 55 iy

(4.3.2)

where, [ = e, u.

25
@ Standard Model
=BE @ A2HDM

@ Vector Leptoquark Model

@ W’ Model

Rp (¢%)

4 6 g8 10 12

Figure 4.2: Dependence of Rp(g?) on ¢*>. The dotted blue, green, and magenta repre-
sent SM and NP models

4.3.3 Arp(¢®)(Forward-Backward Asymmetry)

Lepton-side forward-backward asymmetry(Apg) has been discussed in this section.
This observable is very vital for checking New Physics signals, it is defined as,
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(4.3.3)

We plotted Forward-backward asymmetry against ¢? which is shown in figure 4.3.5.
One can observe from the figure that App does not respond to W' and Vector lep-
toquark model but, for A2HDM there is some divergence from the Standard Model
results which keeps on increasing with the increase of ¢2.

4.3.4 P{(¢*)(Tau Polarization)

It is defined as,
. dF1/2/dq2 - dF_l/Q/dq2
L7 dri2 fdg? + dT-1/2 /dg?

Where tau helicity-dependent decay rates are given as[53|

(4.3.4)

dr'? _ G|Val*[Pplm?
dq? 19273m3%

2\ 2
(1 _ %) (G2 HZ + 3H?]

_ 2

AT GHVaPPol® (| 12\’ o
dg? 96m3m% q> Vo

the Gy in the above expressions represent New Physics operators and Standard Model

contribution to the decay and |Pp| is the magnitude of final particle momentum.

The Py is plotted against ¢* and is shown in figure 4.3.5. We can observe that there
is no effect of W' and vector leptoquark model on P] but, A2HDM shows significant

deviation from Standard Model results which also keeps deviating with an increase in

¢

4.3.5 (7%(¢*)(Convexity Parameter)

In this section we investigate Convexity parameter (C%) w.r.t ¢*. The Convexity pa-

rameter is defined as,
1 d? d*r
Cr(q?) = 435
P(0) dl'/dq? dcos?6 (dqucose) ( )

Like Tau polarization and Forward-Backward asymmetry convexity parameter is also
insensitive to W' and the Vector leptoquark model but it shows significant sensitivity
for A2HDM. The A2HDM reduces the Standard Model, W’ and Vector leptoquark
model predictions at every ¢ point.
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Figure 4.3: Dependence of C7(¢?) on ¢?. The dotted blue, green, and magenta represent
SM and NP models

4.4 Numerical analysis

In the numerical calculations, all the values like CKM matrix elements, particle masses,
and lifetimes are taken from the Particle Data Group(see table 4.1) and The Wilson
coefficients for the NP effects are explained in Chapter 3.

dB

We show the dependencies of 75 and Rp(q?*) considering the effect of above men-

tioned three NP models in Fig 4.1 and Fig 4.2.

e From Fig. 1, It is clear that j—B is sensitive to all three Np models for whole ¢*
region. The contribution of A2HDM much more deviates from SM and also other
two Np models, While the vector leptoquark model contribution is the closest to

the SM prediction, and the W'-model show moderate deviation.

e From Fig. 2, We can see that the only obvious deviation from SM prediction is
due to A2HDM contribution. The vector leptoquark model and W' -model show
a close resemblance to SM predictions. The A2HDM model deviation is due to
the scalar-type operator which only exists in these types of models.
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e Besides % and Rp(q?), we also plotted Arg(q®), C%(¢*) and P7(q¢?). From Fig.
4.3 we can see that for all these observables the only visible deviation is due
to A2HDM. This is because NP models(except A2HDM) do not generate new
operators so their effects are canceled out in numerators and denominators of
these ratios. A2HDM generates a scalar operator which is responsible for the
most obvious deviation from SM prediction than the other NP models.

Using above mentioned techniques and NP constraints we also calculated B(B — D71v)
which comes out to be B(B — Dti) = 0.0248, which is O x 1072 order of magnitude
and is consistent with ref.[66].

Table 4.1: Numerical inputs

Value error
m, 1776.8 MeV +0.12
B~ mass 5279.2 MeV +0.26
D° mass 1864.8 MeV +0.05

B 1.643 x 10725 +0.04
Gr 1.166 x 107> GeV
Vi 40.13 x 1073 GeV
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Chapter 5

Conclusions

In this thesis we investigate B — D71, decay in Standard Model, W' model, Vector
leptoquark model and A2HDM. We calculated branching fraction (B( B — D7v;)) and
LFU ratio (Rp(¢*)) in Standard Model and New Physics models. We observed that
the branching ratio is sensitive to all three New Physics models that we worked with,
but the LFU ratio show less sensitivity to the W' model and Vector leptoquark model
and shows a significant deviation from the Standard Model in the case of A2HDM
because of scalar operators which are found in such types of models. Besides this we
also calculated thelW’ model, Vector leptoquark model and A2HDM contributions to
the following observables, Lepton-side forward-backward asymmetry (Arg(q¢?)), the tau
polarization fraction (Pf(¢?)) and Convexity parameter (C%(q%)). We observed that the
New Physics effects are only obvious for all three models in the case of Branching faction
and LFU ratio. The Arp(¢*), P7(¢?) and CFL(¢®) only show noticeable divergence
from SM in case of A2HDM and for W' model and Vector leptoquark model these
observables show close resemblance to SM results. In the near future, the analysis of
these observables could be a useful tool for exploring and differentiating the clues of
these NP models using more precise measurements.
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