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Abstract

In recent times the study of lepton non universality (LNU) and other observables as-
sociated with the angular distribution of semileptonic B decays has attracted lots of
attention. The observed (2-4) o deviation in the experimental values of various LNU
parameters associated with several semileptonic B meson decays mediated by b — (¢, s)
quark level transitions as well as in the angular observable (P%) in B — K*utu~ de-
cay process from their corresponding standard model (SM) predictions boost the par-
ticle physics community to focus their attention to understand the reason behind these
anomalies. Studying these anomalies helps to probe the nature of new physics (NP)
beyond the SM. Similar to b — (¢, s) quark level transition one can also study the
possibility of observing various related associated with b — w quark level transition.
Taking into account b — ufy, transition a deviation of ~ 1o has been observed in the
experimental measurement of Rf; = %%\ Eept = 0.699 £ 0.156 from its
SM prediction R£|SM = 0.583 £ 0.055, where ¢ = e, . This may be considered as a
possible hint for the presence of NP. In this aspect, we perform a model independent

investigation of various semileptonic decay processes involving b — (u, ¢)¢v, transitions.

We investigate the effect of NP in B — P(V){p, decay process in a model independent
way where P = (K, 7,n') and V = (K*, p) are pseudo-scalar and vector mesons respec-
tively.We consider the most general effective Lagrangian containing additional Wilson
coefficients to the SM and constrain the parameter space of these coefficients from the
observed experimental values of branching ratios of B — (T, and B~ — 70u~1,.
We show the effect of these new parameters in the branching ratio, forward backward

asymmetry and LNU parameters associated with B — (P, V)¢, decay processes.

Also we present a model independent investigation of semi-leptonic A decays. Here
we consider the effect of additional vector, scalar and tensor type of new couplings
in addition to the SM Lagrangian and constrain the parameter space of these new
couplings from the experimentally measured values of branching ratios of B., — T U,
and B — 7wrv; decay processes. Within the constrained parameter space of these new
coefficients we calculate the branching ratio and other parameters sensitive towards
NP such as the LNU parameters, forward-backward asymmetry, hadron and lepton
polarization asymmetry and convexity parameter associated with Ay — (A, p)lv, decay

processes which are mediated by b — (c,u)¢D, transitions.

Again we look over the effect of NP on B* — P{p; decay process where P is a pseudo-
scalar meson. We take into account Bfl’ s — D,Dg,m, K decay process which are medi-
ated by b — (¢, s) quark level transitions. We obtain the constrained parameter space of

the new couplings by x? fitting of BR(B; — 77v,), BR(B — 77v,) and R. observables



vii

for b — ur~ U, transitions. The parameter space of the new couplings associated with
b — ¢7~ U, transition are constrained from the experimental values of branching ratio
of BfY = 7%, Rp~ and R 7y In the allowed parameter space of these new couplings
we show the ¢? variation of differential branching ratio, LNU parameter, forward back-
ward asymmetry and convexity parameter in presence of individual new couplings. We
also calculate the numerical values of these parameters in presence of individual new

couplings.
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Chapter 1

Introduction

This chapter contains a brief introduction of the Standard Model. Starting from the well
established Lagrangian, it contains a general overview on the CKM matrix, the unitarity
triangle and a brief discussion on the drawbacks of SM. The chapter also includes an
introduction to Flavor Physics and CP violation signifying the study of B Physics and
the required effective Hamiltonian formalism to study several B meson decays. We
conclude this chapter with having a look on various anomalies associated with different

B decays.

1.1 The Standard Model

The Standard Model (SM) of particle physics is the most successful theory which de-
scribes very well the fundamental particles and forces of nature. It is based on the gauge
symmetry group Gsv = SU(3)e x SU(2), x U(1)y [1-3], where the group SU(3)¢ is as-
sociated with the strong interaction, whereas SU(2)r, x U(1)y deals with the electroweak
interactions. The SM has three fermion generations consisting of five representations of

Gsm which are expressed as follows,
. Qii(B, 2)+1/6: Left-handed quarks which are triplet under SU (3)¢, doublet under
SU(2)r, having hypercharge 1/6.

. U{%i(3, 1)49/3: Right-handed up type quarks which are triplet under SU(3)c¢, sin-
glet under SU(2)r with hypercharge 2/3.

e DL.(3,1) 4 s3- Right-handed down type quarks which are triplet under SU(3)c,
singlet under SU(2);, with hypercharge —1/3.
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e L1.(1,2) s2¢ Left-handed leptons which are singlet under SU(3)¢ and doublet
under SU(2);, having hypercharge —1/2.

e EL.(1,1)_1: Right-handed charged leptons which are singlet under SU(3)¢, singlet
under SU(2)r, having hypercharge —1.

e In addition, there is a scalar representation ¢(1,2),4 s2 which transforms as a
singlet under SU(3)¢, doublet under SU(2);, with hypercharge ¥ = 1/2.

The SM gauge symmetry is spontaneously broken to Gsy — SU(3)¢c x U(1)gm as a

consequence of the scalar ¢ attaining a non-zero vacuum expectation value (VEV) [4-6],

0
0= 0s)

Quarks and leptons which are considered as basic the building blocks of nature are
arranged in three generations with increasing masses and identical quantum numbers.
Quarks are spin-1/2 particles having fractional charges. The three quark generations
comprising of six quarks, namely up (u), down (d), charm (c), strange (s), top (¢) and

bottom (b) are represented as

) C) ()

The up-type of quarks have charge 2/3 whereas the down-type of quarks have charge
—1/3. All the quarks are assigned with three color quantum numbers namely red (R),
blue (B) and green (G) and corresponding anti-colors (R, B, G) in order to satisfy Pauli
exclusion principle. Quarks can not exist freely in nature and always combined to form
bound states in such a way that the resultant particle is colour neutral. There are also

three generations of leptons which are given as,

) () ()

The neutrinos are massless within the SM. All the lepton generations are assigned with
lepton numbers L; which must be conserved within the SM. Being spin 1/2 particles,
quarks and leptons are categorized as fermions which obey Fermi-Dirac statistics and
hence, Pauli-exclusion principle. For all the particles, corresponding anti-particles exist
with same quantum numbers as the particle and opposite charge and internal quantum
numbers. In general, all the subatomic particles are categorized to leptons and hadrons
(quark bound states). Hadrons are further classified into baryons which are bound states

of three quarks and mesons which are comprised of a quark and an anti-quark.
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All these subatomic particles interact through three fundamental forces, which are
strong, electromagnetic and weak interaction mediated by vector gauge bosons. Gravi-
tational force which is another fundamental interaction is not considered in subatomic
level as it is effective only at larger massive scale. Gluons (g) and photon () are the me-
diators of strong and electromagnetic interactions while weak interaction takes place by
the exchange of W* and Z° bosons. The particle content of SM got a complete picture
with the discovery of the scalar Higgs boson on 4" July 2012 by the LHC collaboration,
which is responsible for the generation of all particle masses through Higgs mechanism
[4-6].

The SM effective Lagrangian which is gauge invariant, and is defined as follows contain-
ing three terms [7],

£SM = Ekinetic + ﬁHiggs + ['Yukawa- (1'3)

1. Kinetic term:

For gauge invariance the partial derivative in the kinetic term is replaced with the

covariant derivative,
DF = 0" +igsGH L, + igWé‘Tb +ig' B*Y. (1.4)

Here G are the eight gluon fields, Wb“ and B* represent the three weak gauge
bosons and the single hyper-charge boson respectively. L, refer to SU(3) genera-
tors which are expressed in terms 3 x 3 Gell-Mann matrices as %)\a for triplets and
0 for singlets, T}, are the SU(2) generators which are 2 x 2 Pauli matrices (57,)
for doublets and 0 for singlets and Y is the U(1)y charge. g, ¢’ and g5 are the
gauge coupling parameters for SU(2)r, U(1)y and SU(3)¢, respectively. Now we
can write the kinetic part of the Lagrangian for left-handed quarks as,

.= 7 7 7
Liinetic(Qr) = ZQiﬂu (8M + igng)\a + §ng#7'b + EQ/BM) Qii . (1.5)

For left handed leptons,

= 1 1
Linetie(Le) = i1 (9 + S9Wiim — 59/ B" ) L, (1.6)

2. Higgs term: The scalar self interaction is described by the Higgs potential in-
volving the Higgs field given as,

Litiges = 1201 — A(#19)? (1.7)
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3. Yukawa term: Yukawa interaction refers to the interaction between a scalar field

and the Dirac bilinear fields. The Yukawa part of the SM Lagrangian is further

divided into leptonic and quark parts. The lepton Yukawa Interaction is,

. £1ept0n Y;iiild)EII%] + h.c..

Yukawa

The three physical parameters involved in this term are chosen to be the three

charged lepton masses. The quark masses arise in the quark Yukawa interaction

given by,
k 201 4DL AL Tl
B Egl(llllaliiwa Y;jQLingRj + Y;?QLiQsURj + h.c.,
where ¢ = iT¢*.

1.1.1 The CKM matrix and Unitarity triangle

Flavour physics basically describes the interaction between various flavours.

The left

handed and right handed quarks are arranged in SU(2); doublets and SU(2)g singlets

respectively in the SM as,

o (i) (2) ()

Uj = ug,cr,tr = dR, SR, bg.

The down-type quark flavor and mass eigenstates are related by the equation,

d d
s | =Vokm | s
v b

where Vogar is the well known CKM matrix [8, 9] represented as,

Vud Vus Vub
Vekm = Vea Ves Vi
Via Vis Vw

The CKM matrix can be represented in standard parametrisation [10] as,

c12€13 512€13 s13e”"
v | _ _ i6 -~ is
CKM 51223 — C12523513€ C12C23 — 512523513€ 593C13
i i
512823 — C12€23513€"°  —C12523 — S12C23513€"  C23C13

(1.8)

(1.10)

(1.11)
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FI1GURE 1.1: Unitarity triangle

Here ¢;; correspond to cos6;; and s;; are sin ¢;; with 6;; as the mixing parameters while

0 represents the Kobayashi-Maskwa phase.

The CKM matrix can be represented in the Wolfenstin parametrization (O(\3)) [11] as,

1- 4 A AN (p—in)
Verym = -A By AN? ;
AN(1 — p—in) —AN? 1

where A, A, p and 7 are the mixing parameters. A is of the order of 0.22 is the expansion

parameter and 7 stands for the CP violating phase.

Being a 3 x 3 unitary matrix, the CKM matrix gives nine relations among the matrix

elements. One of the main orthogonal relation between the CKM matrix elements is,
VuaVay + VeaVey + ViaViy, = 0. (1.12)

This can be represented by a triangle in the complex plane, known as the unitarity

triangle, which is shown in Fig. 1.1.

One of the most interesting fact about this triangle is the area of this unitarity triangle
is related to the CP violating observable as, A, = JCTP, where Jop is known as the

Jarlskog invariant [12], which can be obtained from the following relation,
3

Im(VkaleVkZ) = Jop Z €ikm€jin-

m,n=1

In explicit form Jop = 6126236%3812323813 sind ~ X6 A%,
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1.1.2 CP violation

e Under Charge conjugation a particle transforms into its antiparticle.
C: v — i(Py"yH)T. (1.13)
e Under Parity, a left handed fermion field transforms in to a right handed one.

P :p(rt) — ’}/O’QZJ(—T, t). (1.14)

Weak interaction violates both C' and P as it treats left and right handed quarks differ-
ently. Under combined C'P, a left handed particle transforms to its antiparticle, which
is right-handed. The neutral current interactions are invariant under C'P which are

mediated by gluons, photon and Z° bosons.

In charged current interactions,

9 < -

Lo = —=Viariv,WH""dri, + h.c. 1.15

.c. V2 EULi Yy Lk ( )
CcP

g
—% —_—

V2
%V;Z,Z_LLZ")/HW#J'_de + h.c..

The CP symmetry is violated due to the presence of non vanishing complex phase in

Vied iy, WH ur; + %Vi}iﬂu’mwﬁdm

the CKM matrix. Physical measure of CP violation is given by the Jarlskog invariant

whose experimental value is Jop ~ 3 x 107°.

1.1.3 Drawbacks of the SM

Although SM is considered as the fundamental theory of particle physics, it is still
unable to shed light on some sectors in the understanding of our universe which are still
remained as mysteries for science so far. The baryon asymmetry of the universe, origin
of the neutrino mass (neutrino oscillation), dark matter and dark energy content of the

universe, hierarchy problem, etc., are beyond the scope of the SM.

1. Neutrino oscillation is the phenomenon where a neutrino of a specific family change
into another neutrino of different family. SM is unable to describe this phenomenon

so far.

2. In a fundamental theory, Higgs mass (m; = 125 GeV) and the gravitational scale
(Mpianek ~ VG ~ 102 GeV), can be expected to be of the same order. But
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mp [ Mplanck ~ 10717, So there arises a question that why there is a huge difference

between these two scales, which is generally known as the hierarchy problem.

3. Relating the energy density of free space time (A) with the Planck scale, we can

see < Mp? k) ~ 10729 <« 1. The question of why this ratio is such a small
number is well known as the cosmological constant problem which is still unsolved

in fundamental physics.

4. Considering the constituent of our universe, 4% of our universe consists of the
visible matter, 22% of it is dark matter and rest 74% consists of dark energy. But
there is no suitable candidate of dark matter within the SM, which is the major

part of our Universe.

1.2 Introduction to B Physics

B Physics or beauty physics deals with the study of various B meson decay processes.
According to Big bang Theory, which describes the creation of our Universe, same
amount of matter and antimatter were created during the formation of our universe. If
the universe contains equal amount of matter and antimatter then they should annihilate
and produce energy resulting an energy dominated Universe. But the current scenario
of our Universe is matter dominant. According to Andrei Sakharov [13], CP violation
(CPV) is one of the ingredients to describe the matter antimatter asymmetry of our
Universe. In 1964 CP violation was first observed in neutral K meson system [14] but
the order of CPV is very less in K sector (O(1072)). Whereas the order of CPV is O(1)
in B meson system, which makes the study of B physics quite interesting. Hence the
study of B sector is more relevant to understand the matter dominance of our Universe.
Additionally, due to comparative high mass of B meson, it has quite large number of

decay channels to study.

1.2.1 Effective Hamiltonian
The SM effective Hamiltonian for [AB| = 1 processes can be written as,
Hopp = OF e
=5 > VeruCi()Qi, (1.16)
i

where C;’s are the Wilson coefficients, G is the Fermi constant and @; are the local

four-fermion operators.

The six classes of operators are represented as,
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Cc A

FIGURE 1.2: Tree level diagram for b — c¢s decay process.

e Current-current:

Q1 = (Cabg)v—_a(55ca)v—a ,
Q2= (cb)y_a(8c)y_a , (1.17)

where (q1g2)v—a = av*(1 — 75)qo.

¢ QCD Penguins:

Qs=()v-a > (q@)v-a,

q=u,d,s,c,b
Q4 = (5abg)v—a Z (89a)v—-a ,
q=u,d,s,c,b
Qs=(b)v-a > (@)via,
q=u,d,s,c,b
Qs = (Sabg)v-a > (Gsga)va - (1.18)
q=u,d,s,c,b
e Electroweak Penguins:
3 _
Qr=3(bv-a D, eg@@vea
q=u,d,s,c,b
3, _
Qs = 5 (3abp)v-a > eq(@sga)va
q=u,d,s,c,b
3, _
Qo = 5(8b)v-a > el@v-a,
q=u,d,s,c,b
3, _
Q10 = 5 (Sabs)v-a > eg(@sga)v-a - (1.19)

q=u,d,s,c,b
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FIGURE 1.4: Electroweak penguin diagrams for b — sqq processes.

4

F1GURE 1.5: Electroweak penguin diagram for b — s¢/¢ transition.
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b, s w d b,s u,c,t d
u,c,t u,c,t W W
d W b,S d u,c,t b,S

FIGURE 1.6: Box diagrams for Bg s — Bd’s mixing.

e Magnetic Penguins:

e
Q7'y = @mbgagwj(l + ’75)baFuV 5

e
Qsc = S?mbgaaw’(l ""YB)baTgﬁGZV : (1.20)

e |AS|=2 and | A B| =2 operators:

QUAS=2)=(3d)v-a(5d)v-a ,
Q( A Bl =2) = (bd)v-a(bd)v—a - (1.21)

The Feynman diagrams for various processes due to all these operators are displayed in
Figs. 1.2-1.6.

1.2.2 Recent anomalies in B-sector

Recently several anomalies have been observed by BaBar, Bell and LHCb experiments in
various rare semileptonic B meson decays driven by the flavour changing neutral current

(FCNC) b — st¢ and flavour changing charged current (FCCC) b — clvy transitions.

e The angular observable P! of B — K*u*tpu~ and the branching ratios of B —
K*utp~ and By — ¢t~ [15] show nearly 3¢ deviations from their corresponding
SM predictions.

e The recently measured value of lepton non universality (LNU) parameter Rx =

BR(B* K" ptp~ 0.060+0.016 : .
BR((B+_>K+8+6,)) = 0.8460 05 001y in the bin ¢2 € [1.1,6] by LHCb experiment

[16] shows 2.50 deviation from its predicted SM value, R3M = 1.0003 + 0.0001.

BR(B%K*;{*#_)
BR(B%R*e"’e‘)
[0.045,1.1] and ¢* € [1.1,6]: Ri+|p2c0.045.1.1] = 0.5270.030 & 0.05, Ric+|joci1,6) =

e Similarly the measured values of Rg+ = in the low-¢? bins ¢° €
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0.967055 + 0.11 [17], show respectively 2.2 and 2.40 deviations from their SM

predictions.
... BR(B—Dro,
e In case of FCCC transition the LNU parameters Rp = BR((B:DTIZ)), D+ =
1
BR(B—D*rv, ) . . . .
BR(B=D I [18] display respectively 1.90 and 3.3¢0 deviations from their corre-

sponding SM predictions.

e The measured value of LNU parameter R/, = % =0.71+0.17+0.18

[19], also shows nearly 20 deviation from its SM prediction .

The SM and Experimental measured values of these LNU parameters are listed in Table-
1.1.

TABLE 1.1: Values of various LNU observables.

] LNU Observable ‘ Measured value ‘ SM prediction ‘ Deviation
Rl e 16] cev? 0.846 5000010 [16] 1.0003 £ 0.0001 [20] 2.50
Rice|2cfo.045,.1] cev? | 0-66070 570 & 0.024 [17] 0.92 +0.02 [21] 2.20
Ric+| 2ep1.16] Gev? 0.685 70 505 & 0.047 [17] 1.00 £ 0.01 [21] 2.40
Rp 0.340 £ 0.027 + 0.013 [18] | 0.299 + 0.003 [22] 1.90
Rp- 0.295 + 0.011 4 0.008 [18] | 0.258 + 0.005 [23] 3.30
Ry, 0.71+0.17 + 0.184 [19] 0.289 + 0.01 [24] 20

In this aspect we would like to study the possible impact of new physics in LNU observ-

ables and other asymmetries associated with b — ¢, u quark level transitions.

1.3 Thesis overview

Chapter-1 presents a brief introduction to the SM of particle physics. Along with the
particle content of the SM we present the effective Lagrangian, CKM matrix and the
unitarity triangle. This chapter also contains an introduction to Flavor Physics and
CP violation. Highlighting the importance of Beauty Physics, this chapter is concluded
with the discussion on recently observed anomalies by various B-experiments. Chapter-2
presents a study of semileptonic b — uly; decay processes in model independent frame-
work. This chapter contains the study of B meson decaying to a pseudoscalar and vector
meson. In our analysis we take into account P = K, 7, ' and V = K*, p and show the
variation of different observables sensitive to NP in presence of various new Wilson co-
efficients. Chapter-3 comprises of the study of Ay — (A, p)liy decays mediated by

b — (c,u)lv, transition in the frame of NP with the contribution of additional complex
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Wilson coefficients. A study of B* — P/, decay processes is explored in chapter-4 where

P is a pseudo scalar meson. This study is based on a model independent investigation.

We summarize our findings in chapter-5.



Chapter 2

Analysis of semileptonic b — uly;
decay processes in model

independent approach

LHCb and both the B factories Belle and BaBar have studied various B decays asso-
ciated with b — cly; and b — séf~ quark level transitions. They also reported various
anomalies associated with different B meson decay processes. There are a few striking
deviations in the experimental values of lepton non universality observables associated
with b — (c, s) transitions and in the angular observables associated with B — K*utu~
decay process, from their corresponding SM predictions. Therefore, it is interesting to
investigate analogous observables in different B decays associated with b — ulp; tran-
sitions. In this chapter, we focus on the model independent analysis of various decay
processes associated with b — uly; transitions. We mainly explore the semileptonic de-
cay channels where B meson is decaying to pseudoscalar mesons (m, K,n') and vector

mesons (K*, p).

2.1 General effective Lagrangian for b — uly, transitions

The most general effective Lagrangian for b — uly; process is given by [25]

4Gy

Lot = ——r
T V2

Vb {(1 + Vo)l vuvpan ¥ or + Velp vu v ig v br

+S7, l_RI/L'l_LRbL + SRZ_RI/LQ_LLZ)R —i—TLl_RUuVVL’l]RU’WbL} + h.c., (2.1)

13
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where G is the Fermi constant, V,; is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element and qr(z) = L(R)q are the chiral quark fields with L(R) = (1 F 75)/2 as the
projection operator. Here Vi g, Sr g and Ty are the vector, scalar and tensor new
physics couplings associated with the left-handed neutrinos, which are zero in the SM.
The constraint on the new coefficients obtained from the leptonic B, — [T, processes

are discussed in the subsection below.

2.1.1 Constraints on new couplings from rare leptonic B’ — [Tv;, pro-

cesses

The rare leptonic Bl — [*1, processes are mediated by the quark-level transitions b — u
and are theoretically very clean. The only non-perturbative quantity involved in these
processes is the decay constant of B, meson. Including the new coefficients from Eqn.
(2.1), the branching ratios of Bl — [T1; processes in the presence of NP are given by
126]

G2 M 2 2
BR(B] — Ity) = —L-Bu0 (1 -

2 2 2
8 3 TVl g

M3, 2
(+Vi-VR) - —— P (s, -Sp)|, (22

my(mp 4+ my,)

X

where Mp, (fp,) is the mass (decay constant) of B, meson and m; is the lepton mass.
In our analysis, all the particle masses and the life time of B, meson are taken from
[27]. The decay constant of B, meson is taken as fp, = 190.5 (4.2) MeV [28], and for
the CKM matrix element, we use the Wolfenstein parametrization [11], with the values
A = 0.811 £ 0.026, A = 0.22506 & 0.00050, p = 0.1247501% and 7 = 0.356 + 0.011 [27].
Using these values, the obtained branching fractions of B, — "1, processes in the SM

are given as

BR(B; — e"1)["™ = (8.9 4 0.23) x 10712,
BR(B; — pTv,)PM = (3.83+0.1) x 1077,
BR(B;} — 71u,)|?M = (8.48 + 0.28) x 1077, (2.3)

and the corresponding experimental values are [27]

BR(B; — eT1)|P*P' < 9.8 x 1077,
BR(B} — ptw,) PP < 1.0 x 1076,
BR(B; — 771,)|®Pt = (1.09 £ 0.24) x 1074 (2.4)
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Since B;” — [Ty, processes do not receive any contribution from tensor coupling, we
ignore the effect of tensor operator in this work. In our analysis, we consider the new
coefficients V7, g, Sr,r as complex. For simplicity, we consider the presence of only
one coefficient at a time and constrain its real and imaginary parts by comparing the
predicted SM branching fractions of B, — [T processes with the corresponding experi-
mental results. For B;” — 7Fv,, we compare with the 1o range of observed data. In Fig.
2.1, we show the constraints on the real and imaginary parts of the V, coefficient obtained
from the Bl — e'v, (top-left panel), B — p*v, (top-right panel) and B — 77v,
(bottom panel) processes. Analogously, the allowed ranges of the real and imaginary
parts of Sy, coefficient derived from the B — eTv, (top-left panel), B} — p*v, (top-
right panel) and B;" — 77, (bottom panel) processes are shown in Fig. 2.2. The
constraint on the imaginary part of the Vi (Sg) coefficient is same as Vi, (Sp) coeffi-
cient and the corresponding real part is related by Re[Vg] (Re[Sr]) = —Re[Vz] (Re[SL]).
It should be noted that the bounds obtained from B;f — etv.(u"v,) process are com-
paratively weak as only the upper limits on the branching ratios of these processes exist.
Furthermore, the bounds on new coefficients obtained from B, — e, process are too
weak to make reasonable predictions for the observables associated with b — ue™ v, de-
cay modes. Therefore, we only present the results for semileptonic B decays with p(7)

in the final state.

2.2 B — Ply; processes

In this section, we discuss the rare B — Pl processes, where P = 7w, K,n). The
matrix elements of various hadronic currents between the initial B meson and the final
pseudoscalar meson P, can be parametrized in terms of two form factors Fy, F; [29, 30]
as
~ M2 o M2 M2 o M2
<P(l<:)|u7u b|B(pp)) = Fl(q2) (pB + k:)# - %qu + Fo(f)%qu , (2.5)
where pg and k are respectively the four momenta of the B and P mesons and ¢ = pg—k

is the momentum transfer. Now using the above form factors, the double differential

decay distribution of B — Ply; processes in terms of the helicity amplitudes Hy, H; and
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Hg are given by [30]

dT'(B — Pl G2 |Vip? m2\ 2
( g l) _ F|3b‘3q2 /\P(qz) __21
dq 19273 M3, q
2 ml2 2 3ml2 2 3 2 772
X {’1+VL+VR’ |:<1+2—q2>H0+§q—2Ht +§|SL+SR| HS
+ 3Re[(1+VL+VR)(S}j+S§)]%HsHt}, (2.6)
q

where

Ap(q?) = N(Mp, M}, q%) = Mj + Mp + q* — 2(MEMB + Mpg* + Mig®) . (2.7)
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and the helicity amplitudes (Hpy,s) in terms of the form factors (Fp 1) are given as

Ho(@?) = /22D (),

2
oy _ ME—M3 .,
Hy(q") = TFO (q ) )
oy ME—ME o
Hs(q") =" = Fb (¢°) - (2.8)

Here Mp is the mass of the P meson and my; (m,,) is the mass of the b (u) quark.

The forward-backward asymmetry, which is an interesting observable to look for NP,
defined as

1 dr 0 dar
_ fO dquCOSHdCOSG - f,1 dqucosedcose
dT'/dg? '

Arp(d?) (2.9)

Besides the branching ratio and forward-backward asymmetry, another important ob-

servable is the LNU ratio. Similar to R, observables, we define the LNU parameter
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for B — Ply; processes as

(2.10)

in order to scrutinize the violation of lepton universality effect in b — wuly; decays.
In Ref. [22], the authors have studied the lepton universality violating ratio BR(B —
Pru.)/BR(B — Ply;), where | = e, . Since the constraints on new coefficients obtained
from B — etv, process are too weak, it would not be possible to predict reasonably
constrained result for the BR(B — Pr1v;)/BR(B — Per,) ratio. Therefore, we only
consider the BR(B — P71v,)/BR(B — Puv,) observable in our analysis.

In order to explore few other observables which are sensitive to NP in the b — uly;
processes, we define the parameter RlP pr as ratio of branching fractions of B — Pl™ 1

to B — P'l” i processes

BR(B — Pl 1)
BR(B — Pl 1) |

Rbpr = (2.11)

These processes differ only in the spectator quark content and hence, any deviation from

SM prediction, if observed would hint towards the existence of NP.

After setting the stage, we now proceed for numerical analysis. We consider all the
particle masses and the life time of B meson from the Ref. [27]. To make predictions for
the various observables or to extract information about potentially new short distance
physics, one should have sufficient knowledge on the associated hadronic form factors.
For the form factors of By — K1~ processes, we consider the perturbative QCD
(PQCD) calculation [31, 32] based on the kr factorization [33] at next-to-leading order
(NLO) in a [34], which gives

1 GIQQ/M%
FBS‘)K q2 :FBS%K 0 4 S 5
V=R o) T O 2mi) (- he /i)
FO SHK(o)

Fym () = (2.12)

(1 —aoq?/Mp +bog*/Mp )’

where Mp, is the mass of B; meson and the values of the parameters ag,1, bp,1 and

F[ff_m are listed in Table 2.1.

For B — m form factors, we use the light cone sum rule (LCSR) results as input for

a z-series parametrization which yield the ¢? shape in the whole semileptonic region of
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TABLE 2.1: Numerical values of the By — K form factors in the PQCD approach [31].

’ Parameters ‘ PQCD ‘
Fy(0) 0.2670 53 +0.02
ao 0.54 + 0.00 & 0.05
bo —0.15 4 0.00 + 0.00
F1(0) 0.26 + 0.035 + 0.02
a 0.57 £ 0.01 4 0.02
b 0.50 + 0.01 4 0.05

B — 7ly; processes. The ¢? dependence of the form factors is parametrized as [35]

T Mpe2

N—-1
Fi(?) = Fl(“l{l £ 3 by (2la% 1) — (0. 10)
(e G

(—1)N—k % [z(q2, to)N — 2(0, tO)N} ) }
N

Fo(q*) = Fo(0) {1 + > 0 (2 1) = 2(0,10)") } (2.13)
k=1

where N = 2 for Fy(q?) form factor and for Fy(q?) form factor, N = 1. Here the function
2(q%,to) is defined as [36]

V(Mg + Mz)2 — 2 — \/(Mp + M;)? —tg

2(q%, ty) =
V(Mg + Mz)2 —q2++/(Mp + M;)? —tg

, (2.14)

where tqg = (Mp + M;)? — 2/Mp M, \/(MB + M;)? — qfnin is the auxiliary parameter.
Here the values of various parameters involved are F}(0) = Fyp(0) = 0.281 £ 0.028,
by = —1.62 4 0.70 and b9 = —3.98 4+ 0.97 [35].

The B~ — n)I~ i processes are also mediated by the flavour changing charged current

(FCCC) transitions b — u. For the study of these processes, we use SU(3)r flavour
)

symmetry to relate the form factors of FIB “7 to FP7™. We choose the scheme as

discussed in [37-40], and consider

In) = cos ¢[ng) — sin ¢|ns),
") = sin @|ng) + cos P|ns), (2.15)

for the n — ' mixing, where |n,) = (vt + dd)/v/2, ns = s5 and ¢ is the fitted mixing
angle (¢ = 39.3°) [39, 41]. With these input parameters in hand, we now proceed to

discuss four different new physics scenarios and their effect on b — uly; processes.
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FIGURE 2.3: Counstraint on the real and imaginary parts of the V;, (left panel) and Sy,
(right panel) parameters obtained from B, — 770;u7# process.

2.2.1 Case A: Effect of V} only

In this case, we assume that only the new Vi coefficient is present in addition to SM
contribution, in the effective Lagrangian (2.1). From Eqn. (2.6) it should be noted that
as the NP has the same structure as the SM, the SM decay rate gets modified by the
factor |1 + V|2, The constraints on the real and imaginary parts of V, coefficient for
b — ut, are obtained from the branching ratio of B — 77 v, process as discussed in
section II. From the bottom panel of Fig. 2.1, one can notice that the constraint on V7,
is |Vi| < 2.5, obtained from B, — 7, process. In our analysis, we consider the values
for real and imaginary parts of V7, which give the maximum and minimum values of the
branching ratio within the 1o limit. Thus, imposing the extrema conditions, the allowed
parameters are found as (Re[V7], Im[V])™® = (0.130,0.761) and (Re[Vz], Im[VL])™" =
(—0.929,0.841). For b — wpuw, transition as only the upper limit of B, — pu, is
known, it will not provide any strict bound on the NP coefficient V. Therefore, to
avoid overestimation of the predicted values of various physical observables, we consider
the branching ratio of B~ — 7r0/f17“ process. Comparing the SM predicted value
BR(B~ — 7%u 7,)™ = (7.15 £ 0.55) x 107° with the lo range of corresponding
measured value BR(B~ — 7%~ 1,)%Pt = (7.80£0.27) x 1075, we obtain the maximum
and minimum values of the Vi, parameter as (Re[Vz], Im[V])™** = (—0.233,0.769) and
(Re[VL], Im[VZ])™" = (—0.833,0.968). The corresponding allowed parameter space is
shown in the left panel of Fig. 2.3.

Using the allowed constrained values, we show the plots for the variation of branching
fractions of various B — Pu~ v, processes with respect to ¢* in Fig. 2.4, both in the
SM and in NP scenario. Here the plot for B, — K D, process is represented in
the top-left panel, the top-right panel is for the branching ratio of B — 7t~ v, the
bottom-left plot is for B~ — nu~ 7, process and the branching ratio of B~ — 1/~ 1,
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process is presented in the bottom-right panel. In these figures, the red bands are due
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FIGURE 2.4: The ¢? variation of branching ratios of By — Ky~ 1, (top-left panel),

BY — ntu~v, (top-right panel), B~ — nu~ 7, (bottom-left panel) and B~ — n'u~1,

(bottom-right panel) processes for the NP contribution coming from only V}, coupling.

Here the contributions due to the Vi coupling are represented by red bands. The

blue dashed lines are for the SM contributions and the green bands are due to the
contributions coming from the theoretical uncertainties.

to the contribution coming from Vi, new physics parameter in addition to SM and the
blue dashed lines are due to SM. The green bands are the corresponding SM theoretical
uncertainties, which arise due to the uncertainties in the SM input parameters such as
CKM elements and form factors. Analogous plots for the variation of the branching
ratios of By — K771, (top-left panel), B® — 7+ 7~ i, (top-right panel), B~ — 57~ o,
(bottom-left panel) and B~ — 7/t~ i, (bottom-right panel) processes are shown in
Fig. 2.5. The integrated values of the branching ratios for these processes are given in
Table 2.2. Due to the inclusion of new V}, coefficient, we found certain deviation in the
branching ratios of B — P71, processes from the SM values, whereas the deviation in
the branching ratios of B — Ppuv, processes are relatively small. Our predicted results

for B — (m,17\"))ly; processes are consistent with the existing experimental data [27]

BR(B" — nlty)P®t = (3.8 £0.6) x 1075,
BR(B° — 77 1T1)™P" = (1.45 £ 0.05) x 107%,
(BT — 7/ITy)P*Pt = (2.3 £0.8) x 1075,

(

BR(B? — n= 7, )Pt < 25 x 1074 (2.16)
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FIGURE 2.5: The ¢? variation of the branching ratios of By, — K7~ 1, (top-left panel),
B — 77~ v, (top-right panel), B~ — 57~ ¥, (bottom-left panel) and B~ — n'7~ v,
(bottom-right panel) processes for the NP contribution due to Vi, coupling.

Since the Vi, contribution has the same structure as SM, the forward-backward asymme-
try parameter of B — Pu~ v, (77 ;) processes do not deviate from their SM values, and
the corresponding integrated values (integrated over the whole ¢? range) are presented
in Table 2.2. In Fig. 2.6, we show the plots for the LNU parameters of B(s) — Ply,
processes, R} (top-left panel), Rz" (top-right panel), R} (bottom-left panel) and R:]f‘
(bottom-right panel). Including only Vi, coupling, we also compute the RﬁrK, Rim and
Rﬁm, parameters, however, no deviation has been found from their corresponding SM

result. The numerical values of these parameters are listed in Table 2.3.

2.2.2 Case B: Effect of Vz only

Here we consider the effect of only Vz coefficient in addition to the SM contribution.
The constraints obtained on real and imaginary parts of Vi coupling from B, — Tv
process are related to that of Vi, as Re[Vg| = —Re[V] and Im[Vg| = Im[V], and thus,
allowed parameter space for Vy is same as that of V7, with a sign flip for the real parts.
The minimum and maximum values of the Vi parameters are obtained using the ex-
trema conditions as (Re[Vg], Im[VR])™a* = (—0.242, —0.561) and (Re[Vg], Im[VE])™" =
(0.259, —0.406). However, the constraints on Vg obtained from B~ — 79u~9, for
b — up, transition are same as V7. Thus, the predicted branching ratios for B — Ppuu,,

processes in the presence of Vi coupling are same as those with Vj, coupling. Using the
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FIGURE 2.6: The plots for the LNU parameters R7(¢) (top-left panel), R7*(g*) (top-
right panel), R7#(q?) (bottom-left panel) and R (¢?) (bottom-right panel) for the NP
contribution due to Vz, coupling.

allowed values of the couplings, the plots for the branching ratios of B, — Kt7 i,
(top-left panel), B® — n+7~ 1, (top-right panel), B~ — n7~ 7, (bottom-left panel) and
B~ — 't i, (bottom-right panel) processes in the presence of Vi coupling are shown
in Fig. 2.7. In these plots, the cyan bands are obtained by using the allowed parameter
space of Vg. The predicted integrated values of branching ratios of these processes are
listed in Table 2.2. Like the previous case, the forward-backward asymmetry parameters
are also not affected due to Vi coupling. In Fig. 2.8, we present the plots for the LNU
parameters RF(¢%) (top-left panel), R7''(¢*) (top-right panel), Ry"(¢?) (bottom-left
panel) and R;f‘ (¢%) (bottom-right panel). In the presence of Vx coupling, the parame-
ters Rir K R; o) don’t have any deviation from their corresponding SM predictions. In

Table 2.3, we present the numerical values of these parameters.

2.2.3 Case C: Effect of S, only

In this subsection, we wish to see the effect of only St coupling on various observables
associated with B — Ply; processes. For b — urv, transition, using the extrema con-
ditions, we obtain the maxima and minima of Sy parameter as (Re[Sr], Im[SL])™?* =
(—0.1063, —0.0063) and (Re[Sy], Im[SL])™® = (0.5397,0.0244), from the allowed param-

eter space in the bottom panel of Fig. 2.2. Analogously, for b — uu,,, the extrema values
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FIGURE 2.7: The plots for the branching ratios of By — KV7~ i, (top-left panel),

B — 77~ 0, (top-right panel), B~ — 57~ ¥, (bottom-left panel) and B~ — n/7~ 1,

(bottom-right panel) processes for the NP contribution of only Vg coupling. Here the
cyan bands are for the Vg NP coupling contributions.

of Sy, are found to be (Re[S], Im[SL])™* = (—0.163,0.252) and (Re[Sy], Im[SL])™" =
(0.017,0.176) and the corresponding 1o range of allowed parameter space is shown in
the right panel of Fig. 2.3. Including the additional contributions from Sy, coupling, the
obtained branching ratios for various processes are listed in Table 2.4. It is observed
that the branching ratios of B(s) — P17, processes comparatively deviate more than

the corresponding processes with muon in the final state.

Fig. 2.9 represents the ¢* variation of the forward-backwad asymmetry of Bs — KTu~1,
(top-left panel), BY — 7 u~ 1, (top-right panel), B~ — nu~ 7, (bottom-left panel) and
B~ — ' v, (bottom-right panel) processes for only Sz, coupling. The corresponding
plots for B(S) — P71, processes are given in Fig. 2.10. Due to the additional Sy,
contribution, the forward-backward asymmetry parameters of these processes deviate
significantly from SM. The corresponding integrated values are presented in Table 2.4.
Fig. 2.11 represents the plots for the LNU parameters Ryt (¢%) (top-left panel), R7"(¢?)
(top-right panel), R;*(¢*) (bottom-left panel) and R;fl (¢%) (bottom-right panel) verses
¢*. The variation of Ry, R;n(’) parameters with respect to ¢ are shown in Fig. 2.12.

In Table 2.5, we give the numerical values of these parameters.



Chapter 2 Analysis of semileptonic b — uly; decay processes in model independent

approach 25
5 ' 10
Vg only =- Vg only
4 SM i I sM
'
i
— 3" ] —_ L
< S
= ] =3
X | "k
x 2- ! x 4
J
”ll
_______ i
P 2- _—’/'
oks". ‘ ‘ ‘ ol ‘ ‘ ‘ ‘
5 10 15 20 5 10 15 20 25
9% [GeV?] q? [GeV?]
7 10 '
6 Vi only Vg only i
r 1
----- SM 8 - SM i
1
5 i
i
—_— — L 1
T 4 € ° 1
g i i
3 A i
2 / i
’II 'I
_______ 2 o
b I A e e
0l=ee""" ‘ QLemsmm ‘
5 10 15 20 4 6 8 0 12 14 16 18
q* [GeV?] q* [GeV?]

FIGURE 2.8: The plots for the LNU parameters Ry (¢?) (top-left panel), RT*(q?)
(top-right panel), R7#(q?) (bottom-left panel) and R} (¢*) (bottom-right panel).

2.2.4 Case D: Effect of S; only

Here we perform an analysis of B — PIl™p; processes with the additional Si coupling.
As discussed in section 2.1.1, the real part of Si coupling differs from the real part
of S; by a negative sign while their imaginary parts are same. The minimum and
maximum values of Sp parameter are found as (Re[Sg],Im[Sg])™** = (0.003,0.268)
and (Re[Sg], Im[Sg))™" = (—0.54,—0.03) for b — uri, process. For b — uuv, the
constraints on Sg couplings are same as Sr. Using these value the ¢ variation of the
forward-backward asymmetries for B~ — PY7~ 7, processes are shown in Fig. 2.13. The
branching ratios and forward-backward asymmetries of these processes are presented in
Table 2.4. Fig. 2.14 represents the variation of the LNU parameters (R;(’fmnm,) due
to only Sg coupling. The variation of R}, parameters are similar to those with Sy,

coupling. Table 2.5 contains the numerical values of these parameters.

The rare semileptonic B; — Kly; and B — wly; processes are investigated in Refs.
[31, 42]. The analysis of B — 7l processes using the light cone QCD sume rule
approach [31] and 2HDM [43] are also studied in the literature. In Ref. [44-46], B —
n")1; processes are studied by using various model-dependent approaches. The model
independent analysis of b — wul; processes can be found in [47]. Our predicted SM

values of the branching ratios of B(s) — PT1~ iy processes are found to be consistent
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TABLE 2.2: The predicted branching ratios and forward-backward asymmetries of
B(sy — Ply, processes, where P = K, 7, n") and I = p,7 in the SM and in the presence
of Vi, r NP couplings.

’ Observables ‘

SM values

Values for V7,

‘ Values for Vi

BR(Bs —» Ktu~v,)
BR(Bs — Kt~ 1,)
(AFp)

(Arp)

(1.03 £0.08) x 10~%

(6.7 +0.54) x 1075

(2.984+0.24) x 1073
0.275 4 0.022

(1.03 — 1.22) x 10~*
(0.48 — 1.24) x 10~*
2.98 x 1073

0.275

(1.03 — 1.22) x 10~*
(0.6 —1.17) x 1074
2.98 x 1073
0.275

BR(B — ntu~v,)
BR(B — 7777 1;)
(A%p)
{(AFp)

(1.354+0.1) x 1074
(9.4 +0.75) x 107
(2.94 4 0.235) x 1073
(0.27 4 0.021)

(1.35 — 1.59) x 10~*
(0.67 — 1.75) x 10~*
2.94 x 1073
0.27

(1.35 — 1.59) x 10~*
(0.82 — 1.62) x 1074
2.94 x 1073
0.27

BR(B™ = nu~v,)
BR(B™ = nr7 ;)
(Arp)
{(AFB)

(3.1440.25) x 10~°

(1.96 4 0.16) x 10~°

(3.45+0.276) x 1073
(0.292 + 0.023)

(3.143 — 3.7) x 107
(1.4 — 3.64) x 1075
3.45 x 1073
0.292

(3.143 —3.7) x 107
(1.75 —3.43) x 107°
3.45 x 1073
0.292

BR(B™ — n'u"v,)
BR(B~ — /'t ;)
(AFp)
(Afp)

(1.4540.12) x 10~°

(7.8140.06) x 1076

(4.140.33) x 1073
(0.317 £ 0.026)

(1.45 —1.7) x 107
(0.56 — 1.45) x 10~°
4.1 x 1073

0.317

(1.45 —1.7) x 107
(0.695 — 1.37) x 107°
4.1 x 1073
0.317

TABLE 2.3: The predicted values of various parameters (R}' and Rbp,) of B(s) — Pliy
processes in the SM and in the presence of Vi rp NP couplings.

Observables | Values in the SM Values for V7, coupling ‘ Values for Vi coupling
RTKH 0.649 0.46 — 1.02 0.489 — 1.13
o 0.7 0.497 — 1.1 0.528 — 1.22
Ry 0.624 0.45 — 0.982 0.47 —1.09
R;V 0.54 0.385 — 0.85 0.408 — 0.946
RﬁK 1.31 1.3 —-1.31 1.3 —-1.31
REy 4.3 4.3 4.3
Rﬁn, 9.3 9.3 -9.35 9.3 -9.35
K 1.4 1.4 —-1.41 1.373 — 1.39
R, 4.8 4.785 — 4.808 4.709 — 4.723
R;rm, 12.0 11.96 — 12.1 11.82 — 11.86

with the predicted results in the literature, though due to updated input parameters,

the central values of the branching ratios of these processes have slight deviations.
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FI1GURE 2.9: The plots for the ¢® variation of forward-backward asymmetry of By —
KT u~ v, (top-left panel), B® — 7 u~ v, (top-right panel), B~ — nu~ v, (bottom-left
panel) and B~ — '~ 7, (bottom-right panel) processes.

2.3 B — Vly, processes

In this section, we study the B — VI processes, where V = K* p. The hadronic

matrix element of the B — Vi processes can be parametrized as [30]

o . ve p 1o 2VI(G%)
<V(k=€)‘u’mb‘B(PB)> = —€uvpc€ p/])gk M;
(Vb 2nasblBom) = & (Mp+My) Arlg?) = (o + ), (- ) o2
’ # a Mp + My
. 2M
— qu(=* - q) q;’ [A3(¢%) — Ao(4%)] , (2.17)
where
Mp + M Mp — M,
2\ B 174 2 B 1% 2
As(q®) = S0y A1(q%) S0y As(q”) . (2.18)
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F1GURE 2.10: The plots for the ¢? variation of forward-backward asymmetry of B, —
K*7~ 0, (top-left panel), B® — 7n+7~, (top-right panel), B~ — n7~#, (bottom-left
panel) and B~ — /7~ 7, (bottom-right panel) processes.

The differential decay rate of B — Vi, processes with respect to ¢? is given by [30]

dT(B — Vi) G2 |V | m2\ >
i = Tozwar © VA@) (1= ) (1 Vil £ VaP)
m? 3 m?
x [(1 + 2—(;2) (Hy, + Hy_ + Hig) + §q—2l H‘%t}
* ml2 2 3 le 2
- 2Re[(1 + VL)VR] 1+ 2—(]2 (HV,O + 2HV,_|_HV7_) + §q—2 HV,t
3
+ §|SL - SR‘QHg
* * m
+ 3Re|[(1+ VL — VR)(SE — SR)]\/—’_2 HSHW}, (2.19)
q
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(top-right panel), R7*(¢®) (bottom-left panel) and R (¢?) (bottom-right panel) due
to Sy, coupling.

where A\y = A(M%, M, ¢?) and the hadronic amplitudes in terms of the form factors

are given as

Hy+(q°) = (Mp + My) A1(q2) F MBA‘_/'_(;]\Z/ QQ),
Mp + M Av(q?)
vo(d®) = QJZV\/q—Z[— (M3 — MP — ¢°) Ai(¢®) + (MBV+ V)2 (@),
Hy(q?) = — /\V(I(SIQ)A (¢?),
Hs(a?) =~ () =~ ) (2.20

For the momentum transfer dependence of the form factors, we consider the most intu-
itive and the simplest parametrization of the By — (K*)p form factors, (V (¢%), Ao1,2(¢%))
from Ref. [48]. The masses of all the particles are taken from [27]. Using these input
values and the bounds on Vi, coupling obtained from B, — 77v, and B~ — WOM_DM
processes (discussed in sections 2.1.1 and 2.2.1), we show the plots for the ¢? variation
of branching ratios for By — K*Tp~ 1, (top-left panel) and B; — K*T7~ i, (top-right
panel) processes in the presence of Vi in Fig. 2.15. The corresponding plots in the
bottom panel of this figure are for Vi coupling. In the presence of Vi coupling, we

found reasonable deviation of the branching ratios from the SM predictions, whereas V7,
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affects mainly By — K*t77 0, process. In the top-left panel of Fig. 2.16, we show the
g* variation of forward-backward asymmetries of By — K*T ™1, processes for Vi cou-
pling. The forward-backward asymmetry of Bs — K**7~ i, processes for Vg (top-right
panel), Sy (bottom-left panel) and Sk (bottom-right panel) couplings are presented in
Fig. 2.16. We found significant deviation in the forward-backward asymmetry parame-
ters from SM values due to the additional Vg and S, g couplings. The presence of V7,
coupling does not affect the forward-backward asymmetry parameters. As seen from
the figure, due to Sp, g couplings, the forward-backward asymmetry of By — K*Tr~ i,
process receives significant deviation from its SM values, whereas the deviation is negli-
gible for By — K *t 117D, process. The integrated values of the branching ratios and the
forward-backward asymmetries for Vi, gr and Sy, g couplings are presented in Table 2.6
and 2.7 respectively. In Fig. 2.17, we present the plots for the R;(“*(QQ) parameters for
Vi (top-left panel), Vi (top-right panel), Sz, (bottom-left panel) and Sr (bottom-right

panel) couplings and the corresponding integrated values are presented in Table 2.8.

The ¢? variation of the branching ratios of B — p*l~; processes for VL, r couplings are
presented in Fig. 2.18. In the presence of Sy g couplings, the branching ratios of B —
p 1~ 1 processes have negligible deviation from the SM predictions. The predicted values

of the branching ratios of these processes are given in Table VI and VII respectively.
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TABLE 2.4: Same as Table 2.2 in the presence of Sp r NP couplings.

’ Observables ‘ Values for Sy, coupling ‘ Values for Si coupling
BR(Bs; — Kt~ v,) (1.1 —1.15) x 10~* (1.1 —1.15) x 10~*
BR(B; — KTr7 ;) (0.62 — 1.29) x 10~* (4.97 —7.4) x 107°

(A¥.5) (—3.32 = 3.52) x 1073 | (—3.32 — 3.52) x 1073
(AFp) 0.255 — 0.272 0.058 — 0.26
BR(B — " v,) (1.39 — 1.49) x 10~* (1.39 — 1.49) x 10~*
BR(B — 7t 77 1;) (0.82 — 1.93) x 10~* (0.66 — 1.02) x 10~*
(A 5) (—3.86 — 3.51) x 1073 | (—3.86 — 3.51) x 1073
(AFp) 0.25 — 0.27 0.0264 — 0.2468
BR(B™ = n°u"v,) (3.28 — 3.44) x 10~° (3.28 —3.44) x 107
BR(B~ — 0’77 v,) (1.74 — 3.82) x 107 (1.32 — 2.12) x 1075
(A p) (—3.39 5 4.0) x 1073 | (—3.39 — 4.0) x 1073
(A% p) 0.27 — 0.277 0.085 — 0.272
BR(B~ — n°u~v,) (1.49 — 1.55) x 107° (1.49 — 1.55) x 10~°
BR(B~ — 't ;) (0.7 — 1.46) x 107° (5.0 — 8.33) x 1076
(AR L) (—2.82 — 4.68) x 1073 | (—2.92 — 4.68) x 1073
(AFp) 0.287 — 0.31 0.153 — 0.298
TABLE 2.5: Same as Table 2.3 in the presence of S;, rp NP couplings.
’ Observables Values for St coupling | Values for Sp coupling
R 0.537 — 1.17 0.45 — 0.645
o 0.55 — 1.38 0.47 — 0.685
Ry 0.5—1.16 0.4 —0.62
R 0.448 — 0.976 0.33 — 0.538
Rl 1.263 — 1.3 1.263 — 1.3
RE, 4.238 — 4.33 4.238 — 4.33
R 9.329 — 9.61 9.329 — 9.61
T 1.32 1.5 1.328 — 1.378
Ry, 4.71 — 5.05 4.81 — 5.0
R, 11.71 — 13.22 12.45 — 13.2
The experimental branching ratio of Bt — p°I*1; process is [27]
BR(BT — pO1T )Pt = (1.58 £0.11) x 1074, (2.21)

Our predicted results for B~ — p° [~ v, process is consistent with the above experimental
data (though a part of the allowed parameter space of Vi, r and S, g give values on the
higher side of the observed central value). The forward-backward asymmetry plots for
B — ptl~p; are presented in Fig. 2.19 and the corresponding numerical values are
given in Table 2.6 and 2.7. Fig. 2.20 represents the plots of LNU parameter R,"(q?) for
Vi (top-left panel), Vi (top-right panel), Sz, (bottom-left panel) and Sr (bottom-right

panel) couplings. In Fig. 2.21, we show the variation of the parameter RJ . (¢?) with
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F1GURE 2.13: The plots for the q? variation of forward-backward asymmetry of B, —
K*7~ 0, (top-left panel), B — 7n*7~, (top-right panel), B~ — n7~#, (bottom-left
panel) and B~ — n'7~ 7, (bottom-right panel) processes.

TABLE 2.6: The predicted branching ratios, forward-backward asymmetries of B( 5) =
V+i~ 1, processes, where V.= K* p and | = p,7 in the SM and for the case of VL, g
NP couplings.

‘ Observables ‘ SM prediction ‘ For Vp, ‘ For Vi ‘
BR(B; — K*Tu~v,) (3.97+£0.32) (3.97 — 4.68) (3.97 — 8.05)
x10~4 x10~4 x1074
BR(Bs — K*Tr717;) (2.16 £ 0.173) (1.54 — 4.0) (1.92 — 3.8)
x1074 x1074 x1074
(A% 5) —0.293 +0.023 —0.293 —0.293 — —0.052
(A%p) —0.146 £ 0.012 —0.146 —0.138 — 0.037
BR(B™ — po/fﬂu) (1.56 +0.124) (1.56 — 1.85) (1.56 — 3.0)
x1074 x107% x1074
BR(B~ — p’r ;) (8.97+0.71) (0.64 — 1.67) (0.8 — 1.52)
x107° x1074 x1074
(A%p) —0.362 4+ 0.028 —0.362 —0.362 — —0.065
(A%p) —0.184 +0.015 —0.184 —0.168 — 0.024

respect to ¢? for only Sz, (left panel) and Sp (right panel) couplings. The integrated

values of these parameters are given in Table 2.8. The additional V7, g couplings don’t

affect the Rﬁ) i+~ barameters.

In the literature, the B — Vv, processes are investigated in both model-dependent and

independent ways [49, 50]. Our findings on these processes are consistent with these
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TABLE 2.7: Same as Table 2.6 in the presence of Si, g couplings.
‘ Values for Sg coupling

] Observables ‘ For S7, coupling
BR(Bs - K*Tu1,) (3.97 — 4.0) x 10~* (3.97 — 4.0) x 10~*
BR(Bs — K*tr71,) (2.1 —2.58) x 107* (1.99 — 2.2) x 10~*

(A% ) —0.293 — —0.291 —0.293 — —0.286
(AFp) —0.169 — —0.043 —0.144 — —0.056
BR(B~ — p%u~1,) (1.57 — 1.6) x 1074 (1.57 — 1.6) x 1074
BR(B™ — p’r7 ;) (0.87 — 1.12) x 10~* (8—19.2) x 1075
(A% 5) —0.36 — —0.35 —0.36 — —0.35
(AFp) —0.21 — —0.07 ~0.32 — —0.18
predictions.

2.4 Chapter summary

In this chapter we considered the most general effective Lagrangian associated with
B — (P,V)ly; decay processes containing additional scalar and vector type of NP cou-

plings in addition to the SM. We constrain the parameter space of these new couplings
associated with b — wu(e, p, 7) transitions. within the allowed parameter space of these

new couplings we have calculated the differential branching ratio, LNU parameters and
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FIGURE 2.15: The plots in the top panel represent the ¢ variation of the branching

ratios of By — K*Tu~, (top-left panel) and By — K*T7~ i, (top-right panel) pro-

cesses for only V7, coupling. The corresponding plots for only Vg coupling are shown
in the bottom panel.

TABLE 2.8: Values of R}, RyH, RY . and R} . parameters for different cases of NP

p
couplings.
’ Model ‘ R Ry RZ e R g«
SM 0.544 0.573 0.393 0.415
%7 0.388 — 0.856 0.41-0.9 0.393 —0.395 | 0.415—0.42
Vr 0.47 —0.474 0.5-0.51 0.373 —0.393 0.4 —0.42
St 0.522 — 0.646 | 0.542 —0.712 0.393 — 04 0.414 — 0.434
Sr 0.497 — 0.544 0.5 —-0.573 0.393-04 0.4 —0.42

forward backward asymmetry of the considered decay processes. We also present the
plots showing the ¢? variation of these parameters associated with several decay pro-
cesses. In our analysis we show the observed deviation of these parameters from their
SM predicted values in presence of individual NP couplings and we got a significant

deviation of the considered observables in presence of NP.
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forward-backward asymmetry of B, — K** w~ v, processes for only Vi coupling.
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Chapter 3

Model independent study of

semileptonic A\, decays

The number of A baryon is a major amount (20%) of the total production of hadrons
in LHCb[51, 52], making the study of A, fascinating at the present time. The b —
qly (¢ = u,c) quark level transitions can be probed in both B and A decays. Similar
to B decays we can also look over the presence of lepton universality violation in the
corresponding semileptonic baryon decays Ay — (A, p)lD; to authenticate the results
from B sector and thus, to explore the structure of NP. The heavy-heavy and heavy-light
semileptonic decays of baryons can serve as an additional source for the determination
of the Cabbibo-Kobayashi-Maskawa (CKM) matrix elements Vg, [27, 53-55]. In the
literature [56-68], the baryonic decay modes mediated by b — (u,c)ly; quark level
transitions are studied both in model dependent and independent approaches. The
analysis of Ay — A.77; decay in the context of SM and various NP couplings has been
performed in [58]. In Ref. [60], the SM hadron and lepton polarization asymmetries are
computed in the covariant confined quark model. The precise lattice QCD calculation
of Ay — (A¢, p) form factors and the investigation of semileptonic baryonic b — (u, ¢)ly;
processes are performed in [61]. Ref. [67] investigates the impact of five possible new
physics interactions, adopting five different form factors of Ay, — A7, decay mode.
Considering various real NP couplings, the differential decay distributions, forward-
backward asymmetries and the ratios of branching fractions of these baryonic decay
modes are investigated in [62]. In this work, we intend to analyse the effect of complex
new couplings on A, — (A¢, p)ly decay processes in a model independent way. The
main goal of this work is to check the possible existence of lepton universality violation
in baryonic decays. The new coefficients are constrained by using the branching ratios
of By, — Tv;, B — mri; processes and the experimental data on RD(*)7RJ/¢,R;.

ratios. We then compute the branching ratios, forward-backward asymmetries, lepton

39
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and hadron polarization asymmetries of these baryonic decay modes. We also check the
LNU parameters by using the constrained new couplings. The main difference between
our approach and the previous analyses in [58, 65] is that, we investigate the impact of
individual complex new couplings on all the angular observables including the lepton
and hadron polarization asymmetries. We use the updated experimental limits on R,

RL ratios including new R 7/ Darameter to constrain the allowed parameter space.

3.1 Theoretical framework

The most general effective Lagrangian associated with By — Bsly; decay processes,
where By = Ay, By = A, p mediated by the quark level transition b — ¢l, (¢ = u,c)
is given by [25, 69]

4Gp

Lg = -
T V2

qu{(1+VL)Z_L%VL(¥L7“5L+VRl_L7ul/L67R7“bR
+SLZ_RVL(ijL—I—SRZ_RI/LQLbR—I—TLZ_RO‘HVI/L@RO’“V()L}—I—h.c., (3.1)

where G'r denotes the Fermi constant, Vy;, are the CKM matrix elements and ¢(l)r r =
Pr, g q(l) are the chiral quark(lepton) fields with Pr, g = (1 F 75)/2 as the projection
operators. Here Vi, g, St r, T represent the vector, scalar and tensor type NP couplings,

which are zero in the SM.

In the presence of NP, the double differential decay distribution for By — Bsyly; processes
with respect to ¢? and cos ) (6; is the angle between the directions of parent By baryon

and the [~ in the dilepton rest frame) is given as [58, 66]

T mi\* mj 1
dqQTOS(QZ) - N< _(]2> |:A1+q72A2+2A3—|—1A4
4
7z (o o)+ 4], (3.2)

Vi
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where

A = QSinzgl(H;O—FHz%p)—|—(1—COSH[)QH;++(1+COS@1)2HE%’_,
2 2 2 .2 2 2 2 2
As = 2cos HZ(H%,O+H—%,O)+SIH Ql(H%#—&—H_%,_)—I—Q(Hévt—l-H_%?t)
—4cos€l(H1 oH%,t+H_%,0H_%,t) ,

Ay = HSP2 Hsl o

_ Iy .2 T2 T2 T T T
Ay = ?[25111 oHT + T HT v HY el HT poHt  HT )
+(1+cos6y)*(HE 1o +Hﬂ7t+2H507HT%ﬁt)
2 T2 T T T
+(1—cos0)? (HT + 0T, 20T AT )]
2 T2 T2 T2 T T T
+2cos® Oy (HL +H10t+H_l’+, +HLL o 20T HY G +2H, L HD )
-2 T2 T2 T2 T2 T T T T
+ sin 91(H2’+0+H2’+t+H 10_+H L +2H§7+0H§7+t+2H_;0_H_%,_7t)a
Ay = —cosHE(H%’OH%,O—I—H_%70Hf%7) (Hy, tH +H_ uHS o)
2
cos” 6
A = — L (H, oHIL, +Hy HI o\ +H yoHY |+ H oy oHT )
cos 6, T T
——(Hy Hi |+ Hy H10t+H L T L HH O H )
(1 — cos 6;)? T T
T 4 (H;JrHQ,JroJFH1 H§,+t)
(1+C089l)2 T T
f(H—é,—H-%,o,- T H—%,—H—%,—,t)
i 2
Sin 91 T T T
1 (H1 H27+0+H1 H2’+t+H_; Hﬁl07+H_%_H7%mt
F2H GHY L+ 2Hy o Hi o +2H 3 oHy 4+ 2H ) oHT )
SP SP
Ar = —2cos0(HEPHT |+ HIHT |+ HY HT, Y AT, ), (3.3)
with
A A A A
H;\/Ac)\ = H;/A@)\_H)\Ac,/\’ H/‘\/Acy)\w:HY/\Acy_)\w’ H)\Ac,)\w:_H_)\Ac,_)\w
SP S P S S P
HY amo = H3, amo T HA, smor HR e = H20 e Hiowe = —HD
T T T
Hyoan = —Hy v Hy ax=0 (3.4)
and
Gl Vanl*a® MM, M3, ¢?)
N = - : . Ma,b,¢) = a® + b2+ & —2(ab + be + ca). (3.5)

103 7Af3
2 71'MB1

Here M Bi2) and my are the masses of By baryon and charged leptons respectively.

The helicity amplitudes in terms of the various form factors and the NP couplings are
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given as [58, 66]

ﬁ

HYy = 0V Vi) V0, ) i) - )]
iy = VeV T [0, - M) @)+ te?)].
HY, = (14 Vi+VR) V2Q- [ = file®) + (Mp, + Mp,) ()]
Hi, = (14 Vi = V) V2@ [ = 91(e®) — (Mp, — Mp,) g2(a)|
Hgt = (1+VL+VR)\/\/62§{(M31 Mg,) f1(¢*) + ¢ f3(q ]
HY, = (1+VL_VR)\/\/C(2;[(M31+MBQ 91(6®) — ¢* g3(q }
gl

HY, = (SL+Sk) 2+ [(MBl Mpg,) fi(¢®) + 4 f3(q
b — My

HY, = (50— Sg) va-

50 my +m
HY ) = —TL\/?2 (fTJQT(MBI — Mp,) + gr/Q— (Mg, + Mp,)) .
HE = T (frV/Qr +9rVQ-) .
Hf , = T, [ - \F (fT\/CT— (M, + Ms,) + gr\/Q+ (Ms, — Ms,))

3

| (M, + MB) 1(6?) — ¢ 95(a)]

( V@-—gr \/Q+>}
H,, = [ frv/Q- = gr /@5 + FE Q- (M, + Ma,) — g¥ \/Q1 (M, — Mg,)
+HIPVQ-Q1 + 97/ Q1 Q|

HT%’J_, = Tr [fTﬁ_gT@} ;
HT, 0 = TL[\/Z (fT@(MBl — Mp,) — —grv/Q— (Mg, +MB2))} :

oY, | = TL[—@(fTﬁ<M31+MBQ)—gT Q+(Mp, — Mg,))
@ (V- +9k V@) |,

HT%AM = [ o/ Q-+ gr/Qy + f1 Q- (Mg, + Mp,) + +97/Q+ (Mp, — Mp,)
+17V/Q-Qs — 97V/Q1Q-]. (3.6)

where Q1+ = (Mp, iMBQ) — ¢? and f( ,gl , (1 =1,2,3,T & a,b = V,S) are the

various form factors. After integrating out cos#; in Eqn. (3.2), one can obtain the
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¢> dependent differential decay rate. Besides the branching ratios, other interesting

observables in these decay modes are

e Forward-backward asymmetry parameter:

0 d’T 1 d’r dr
App(d?) = deosO—n — | deosty—r ) /&, .
rB(@) (/1 O i 2d cos 0, /0 o8 ldq2dcos9,> iz B0

e Convexity parameter:

1 d? d’T
Ch(q?) = : 3.8
rl@) dl’/dq? d(cos 6;)? (dq2dcos 9;) (38)
e Longitudinal hadron polarization asymmetry parameter:

2 _ dPA2:1/2/dq2 _ dr)\gz—l/2/dq2

Pr(q”) AT/dg? , (3.9)

where dI'*2=%1/2 are the individual helicity-dependent differential decay rates,

whose detailed expressions are given in Appendix A [66].

e Longitudinal lepton polarization asymmetry parameter:

dr)\T:I/Q/dQQ _ dl-v\T:—l/Q/dq2

(3.10)

where dI'*2=%1/2 are the individual helicity-dependent differential decay rates,

whose detailed expressions are given in Appendix A [66].
e Lepton non-universality parameter:

BR(Bl — BQT_ﬂT)

BB = BBy = Byl )

l=e,p. (3.11)

e The LHCb Collaboration has measured the ratio of the partially integrated decay

rates of AY — pu iy over the AY — AT 1y process as

5GeV?2 7GeV? dq?
= (1.00 £ 0.04 = 0.08) x 1072 (3.12)

[ /qfnax dF(Ab—>p;wl / qmax dr’'( Ab—>Ac#Vl)d
Aep 1 q

and put constraint on the ratio |Vyp|/|Ve| = 0.083 £ 0.004 + 0.004 [53]. Similarly,

we define the following parameter, to investigate if there is any possible role of NP

Gmax (A Gmax dT(Ay — Ae
R, = / (b—>p7'l/7— // b—> TI/T)qu(.?).l?’)

15 GeV?2 GeV?2 2
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3.2 Constraint on new couplings

After assembling the expressions for all the interesting observables in presence of NP,
we now proceed to constrain the new coefficients by using the experimental bounds on
BR(B,. — 77;), BR(B — 777,), RL, Ry and Ry parameters. In this analysis,
the new Wilson coefficients are considered as complex. We further assume that only
one new coeflicient to present at a time and accordingly compute the allowed parameter

space of these couplings.

The branching ratios of B, — [7; processes in the presence of NP couplings are given
by [26]

_ G%|qu|2 2 2 m12 2
BR(B, —+lm) = ZE 7, £, mf M, —Mg)
M?B 2
x|V —ve) - : (SL—SR)( . (3.14)

my (mp + myg)

where Mp, is the mass of B; meson. By using the masses of all the particles, lifetime of
B, meson, CKM matrix elements from [27] and decay constants fp, = 190.5+4.2 MeV,
fB. =489+ 4+ 3 MeV from [28, 70|, the branching ratios of B, — 7 v, processes in
the SM are found to be

BR(B; — 771,)|"™M = (8.48 £ 0.5) x 107°, (3.15)
BR(BS = 771,)"™M = (3.6 £0.14) x 1072. (3.16)

Using the current world average of the B, lifetime, the upper limit on the branching

ratio of BI — 77 v, process is [71]
BR(BI — 7tv.) < 30%. (3.17)

The branching ratios of B, — Pl (P =, D ) are given as [30, 72]

dBR(B, — Plin) G |Vpl? m?\ >
= P LA Ld . Ap (g2 _
dg? "ito2niarg TV OF (@) ¢) "
1+ Vi + Va2 | (14 UAPE 3mlH2
LR 2q 2 ) Ho+ 5 e

3 2m?
+§ysL + Sg|* HZ + 8|Tr)? (1 + q;) H2

+3Re[(1 + Vi, + VR)(SE + S5)]

N2

T HTHO} : (3.18)

\/q>2

HsH,

—12Re[(1 + Vi, + Vi)T}]
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where the helicity amplitudes in terms of form factors (Fp ) are expressed as

AMg , mb, ¢%) M2 — M2
o= \/ 3 W(¢®), Hi= qigFO(qz)a
q V4
Mg, — M} Ap (@)
He=—% " Fy(q* Hr = —LF 2. 3.19
S = oy — e 0(q”) = "My, + Mp r(q”).  (3.19)

Using the values of the B — 7 form factors from [35, 36, 73, 74], the obtained branching

ratios of B, — mly; processes, in the SM are given as

BR(B® — 7" 7,) "M = (1.35 4 0.10) x 1074, (3.20)
BR(B? — 777 1,) ™ = (9.40 £+ 0.75) x 107°. (3.21)

It should be noted that, the branching ratio of the muonic channel agrees reasonably
well with the experimental value as given in Eqn. (3), whereas the tau-channel is within

its current experimental limit [27]
BR(B® — 77 ,) PP < 2.5 x 1074, (3.22)

The branching ratios of B, — Viy,, where V = D*, J /1, are given as [30, 72]

dBR(B — Vi) GZ|Vpl? m2\ 2
g TB, 1927‘(’3ng v(g?) e X
m?2 3 m?2
{(|1 + VL2 + |Vr[*) [(1 + 2qlg> (HY, . + Ht_ + Hiyg) + 5*1 Hw]
m2 3 m?2
—2Re[(1 + V)VE] Kl +5 g) (H{o+2Hy,+ Hy,-) + §q—l H‘Q/t}

2m
*|5L — Sgl|* H + 8|Tp | <1 + > (Hf., + Hf._ + Hi)

+3Re[(1 + VL — VR)(SL, — Sk)] HgHyy

ﬁ

—12Re[(1+VL)TL] (HToHv0+HT+Hv+ — Hp _Hy,_ )

Jc?

+12R6[VRTL] (HTOHVO + Hp +HV_ — HT Hv+> } (3.23)

\/(7
where Hy 4, Hy,o, Hy; and Hg are the hadronic amplitudes [30, 72]. In this analysis, we
consider the new physics contribution to third generation lepton only and the couplings
with light leptons are assumed to be SM like. By allowing only one coefficient at a time,
we constrain its real and imaginary parts by comparing the theoretically predicted values
of BR(B; — 7v;) and R! with their corresponding 3¢ range of observed experimental

results for b — w7y, transitions. We have also used the upper limit of the branching ratio
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FIGURE 3.1: Allowed parameterspace for NP couplings Vi, (top-left panel), Vi (top-

right panel), Sp (middle-left panel), Sg (middle-right panel) and 77, (bottom panel)

involved with b — wri, transition constrained from Br(Bl — 7v.), Br(B — 77i;),

RL experimental data. The T}, coupling is constrained from Br(B — 777,) experimen-
tal value.

of BY — nt7~ 0, process. In Fig. 3.1, we show the constraints on real and imaginary
parts of new coefficients V7, (top-left panel), Vg (top-right panel), S; (middle-left panel)
and Sk (middle-right panel) obtained from the BR(B;} — 77v;), BR(BY — 7777 ,)
and R. observables. Since the branching ratio of B;f — 7Fv, process does not receive
any contribution from tensor operator, the allowed region of real and imaginary parts of
tensor coupling (77,) obtained only from the upper limit on BR(B? — 77~ 7.), and is
presented in the bottom panel of this figure. Now imposing the extrema conditions, the
allowed range of the new couplings associated with b — w77, transition are presented
in Table 3.1. For the case of b — ¢, decay processes, the constraints on the real and
imaginary parts of individual V7, (top-left panel), Vi (top-right panel), S (middle-left
panel) and Sk (middle-right panel) coefficients obtained from Rp(.) and R/, parameters
are shown in Fig. 3.2. Till now, there is no precise determination of the form factors

associated with tensorial operators for B, — J/uly; process both from the theoretical
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FIGURE 3.2: Allowed parameterspace for NP couplings V7, (top-left panel), Vr (top-

right panel), S; (middle-left panel), Sgp (middle-right panel) and 77, (bottom panel)

involved with b — ¢77, transition constrained from Br(Bf — 7%v,), Rpe) and Ry,
experimental data. The T, coupling is constrained from Rp.) experimental value.

and experimental sides. In addition, the leptonic B, meson decays do not receive any
contribution from tensor coupling. Therefore, the constraints on 17, coupling is obtained
from the experimental data on Rp) , which is shown in the bottom panel of Fig.
3.2. In Table 3.1, we have presented the allowed values of (Re[Vy(r)] — Im[V(p)])
and (Re[Sr(r)] — Im[Sp(p)]) coefficients, which are compatible with the 3o range of the

experimental data.

The constraints on these parameters are obtained earlier from various B decays in Refs.
[22, 26, 58, 62, 72, 75-78]. Our analysis is similar to Refs. [58, 65]. In Ref. [58], the
authors have considered the couplings to be complex and constrained the new coefficients
associated with b — c7- from Rp.) data. However, they have not includeed the tensor
couplings in their analysis, and found that the effects produced by the pseudoscalar
coefficient are larger than those obtained from the scalar coefficient. In Ref. [62], the

author assumed the couplings as real and computed the allowed parameter space by
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TABLE 3.1: Constrained parameter space of the new couplings.

Decay processes ‘ New coefficients ‘ Minimum value ‘ Maximum Value ‘

b— urv, (Re[Vz], Im[VL]) (—2.489,—1.5) (0.504,1.48)
(Re[Vg], Im[Vg]) (—0.478,—1.185) (0.645,1.198)
(Re[SL], Im[S1]) (—0.136, —0.396) (0.672,0.398)
(Re[Sg|,Im[Sg]) | (—0.6743, —0.398) (0.1265,0.398)
(Re[Tr], Im[T7]) (—0.473,—0.773) (1.07,0.773)

b—cri; (Re[Vz], Im[VL]) (—2.224,—1.228) (0.225,1.225)
(Re[Vg], Im[Vg]) (—0.129,—0.906) (0.173,0.89)
(Re[SL], Im[SL]) (—0.116, —0.788) (0.474,0.8)
(Re[Sg|, Im[SR]) (—1.076,—0.809) (0.06,0.807)
(Re[Tr],Im[TL]) | (—0.0094,—0.028) (0.0467,0.028)

comparing the Ry, Rl parameters with their corresponding 3¢ experimental data.
In [78], the authors have considered the covariant confined quark model and studied
the effect of new physics in the BO — D*7~ 1. They took the new coefficients as
complex and constrained them using the experimental values of Rp and Rp~ within
their 20 range. Recently, the decay process B. — (J/v)7v, has been studied, in the
covariant confined quark model [77], where the parameter space is constrained by using
the experimental values of Rp, Rp«, R/, within 20 range. The new coeflicients are
considered to be complex and their best fit values are V;, = —1.05 + ¢1.15, Vg = 0.04 +
10.60, 77, = 0.38 — 40.06. Though our analysis is similar to these approaches, but we
get more severe bounds on the phases and strengths of the couplings due to additional
constraints from BR(B., — 7v;) and R J/ barameters for b — crv; case and from

BR(By — 7v;) and BR(B — n7v;) observables for b — urr, process.

3.3 Numerical analysis and discussion

In this section, we present the numerical results for semileptonic A decay modes with
third generation leptons in the final state. The masses of all the particles and the
lifetime of A; are taken from [27]. The ¢? dependence of the helicity form factors

(f+.1.00 94,10y 1, ﬁ+7l) in the lattice QCD calculation can be parametrized as [61, 65]

1
@) = ———— | +alx(d)], =+ 1,0 (3.24)
1 - q /(mpole)
where mgole is the pole mass and

N R
2(¢?) = Y21 2, (3.25)
Vir — @+ Vi —to
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with t+ = (Mp, + Mp,)?. The values of the parameters mgole,

(axial)vector and (pseudo)scalar form factors (fi 1,0, g+, 1,0) are taken from [61]. In

ag; 1 associated with

the lattice QCD approach, the mgole, a(];l parameters linked to tensor form factors

(hy, L,?LjL, 1) of Ay — Al process are computed in [65]. However, currently no lattice
results are available on the tensor form factors associated with A, — ply; process. Hence,
we relate the tensor form factors of Ay, — ply; decay mode with its (axial)vector form
factors by using the HQET relations as [66, 79, 80],

(Mp, + Mp,)*f+ — ¢*f1

S _
(MB1 + M32)2 - q2 ’

:g¥:fT

gr=0.  (3.26)

5=

fr=9r=fi=

The detailed relation between the helicity form factors (fi+ 1.0, 9+ 1.0, b+, L77L+, 1) with
other various hadronic form factors (fi23, 9123, fr, 97, f¥(s), g¥(s)) are listed in
Appendix A.1 [79]. Using all these input parameters, the predicted branching ratios of
Ay — (Ac, p)u, processes in the SM are given by

BR(Ay — pp~7,)[%M = (4.31 4 0.345) x 1074,
BR(Ay — Ao 7,) M = (4.994 + 0.4) x 1072, (3.27)

which are in reasonable agreement with the corresponding experimental data [27]

BR(Ap — pp7,) = (4.1£1.0) x 1074,
BR(Ap — Ad ™) = (6.27773) x 1072, (3.28)

The values of the forward-backward asymmetries in these channels are found to be
(Abp) L, = 0.316 £0.025,  (Ahpg) L, = 0.19 +0.0152. (3.29)

In Eqn. (3.27, 3.29), the theoretical uncertainties are mainly due to the uncertainties
associated with the CKM matrix elements and the form factor parameters. After hav-
ing idea on all the required input parameters and the allowed parameter space of new
couplings, we now proceed to discuss various new physics scenarios and their impact on

Ay — (Ae, p)70; decay modes in a model independent way:.

3.3.1 Scenario A: Only V} coefficient

In this scenario, we assume that the additional new physics contribution to the SM
result is coming only from the coupling associated with the left-handed vector like quark
currents i.e., V, # 0 and Vg, St r,Tr, = 0. Since in this case, the NP operator has the
same Lorentz structure as the SM operator, the SM decay rate gets modified by the
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factor |1 4 Vi|?. Imposing 30 constraint on Br(B, — 77v;), Br(B® — a7~ i), R.

T

Rpe) and Ry, observables, the allowed parameter space of VI, couplings associated

with b — (u,c)Tv, are shown in Figs. 3.1 and 3.2 respectively. Using the minimum

1.4 i i i i 1.2
VL Only V. Only
1.2p 1 1.00
— Error — Error
1.0 1 08
° s 081
- |- SM - [ == SM
> 08} )
ND' NU' 06,
3 0.6} 3
o I
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© 04} °
0.2- 0.2
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qIGeV?] qlGeV?]

FIGURE 3.3: The ¢? variation of branching ratio of A, — pr~ ¥, (left panel) and

Ay — AF 770, (right panel) processes in the presence of only V7, new coefficient. Here

the orange bands represent the new physics contribution. Blue dashed lines stand

for the SM and the theoretical uncertainties arising due to the input parameters are
presented in grey color.

and maximum values on real and imaginary parts of Vj, coefficient from Table 3.1, we
present the differential branching ratios of Ay, — pr~ 1, (left panel) and Ay — A 770,
(right panel) processes with respect to ¢ in Fig. 3.3. In these figures, the blue dashed
lines represent the SM contribution, the orange bands are due to the presence of new
V1, coefficient and the grey bands stand for the theoretical uncertainties associated with
the input parameters like form factors, CKM matrix elements etc. The branching ratios
of Ay — (A¢, p)7~ 17 deviate significantly from their corresponding SM values due to the
NP contribution. In addition to the decay rate, other interesting observables, which can
be used to probe new physics, are the zero crossing of the forward-backward asymmetry
and the convexity parameters. From Eqn. (3.8), one can notice that the convexity
parameter depends only on the Vi, g and T, couplings. The values for forward-backward

asymmetries of Ay — (A, p)7¥; processes in the SM are
(Afp) L, = 0.115£0.0092 ,  (Afp)|[Rt,a, = —0.09 £0.007,  (3.30)
and the corresponding values for the convexity parameters are
(CRIANL,, = —0.157+£0.013,  (CE)L, A, = —0.098 + 0.008 . (3.31)

We found no deviation from SM results for the forward-backward asymmetry and con-
vexity parameters due to the presence of Vi, coefficient. In Fig. 3.4, left (right) panel
depicts the ¢? variation of lepton universality violating parameters R, (RA.). We ob-

serve that the NP contribution coming from the Vi, coupling has significant impact on
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FIGURE 3.4: The variation of R, (left panel) and Rp, (right panel) LNU parameters
with respect to ¢? in the presence of only V7, new coefficient.

R, and R), parameters. The variation of R} , parameter with ¢? for this case, is pre-
sented in the left panel of Fig. 3.7. The numerical values of the branching ratios and
the LNU parameters for both the SM and the Vi-type NP scenario are given in Table
3.2. Besides the branching ratios, forward-backward asymmetry and LNU parameters
of Ay — (A¢, p)T0; processes, the NP effects can also be observed in the hadron and
lepton polarization asymmetries. However, no deviation has been found in the presence

of V1, coupling from their corresponding SM results.

3.3.2 Scenario B: Only Vj coefficient

Here, we assume that only the new Vg coefficient is present in addition to the SM
contribution, in the effective Lagrangian (3.1). To investigate the effect of NP coming
from Vg coefficient, we first constrain the new coefficient by imposing 30 experimental
bound on the b — (u,c)Tv, anomalies. Using the values from Table 3.1, we show the
plots for the branching ratios of Ay — p (A.)77; process in the top-left panel (top-right
panel) of Fig. 3.5. In these figures, the cyan bands are due to the additional contribution
from Vg coefficient. We notice significant deviation in the branching ratios from their
corresponding SM results. The predicted values of the branching ratios for Vi coefficient
are presented in Table 3.2. Apart from branching ratios, we are also interested to see the
effect of this new coefficient on various ¢? dependent observables. The ¢? variation of the
forward backward asymmetry and the convexity parameters for Ay, — pr— . (left) and
Ay — A7~ v, (right) decay processes are depicted in the middle and bottom panels of
Fig. 3.5, respectively. The deviation of convexity parameters from their SM prediction
are quite noticeable in these plots. In the presence of Vi coefficient, the numerical values
of the UL, parameters are

(CRYAE,, = —0.169 — —0.147,  (CE)|",, = —0.105 — —0.094 . (3.32)

Ap—p
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The effect of Vi coefficient is found to be rather significant on the forward-backward
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FIGURE 3.5: Top panel represents the ¢ variation of branching ratio of Ay — pr =7,
(left panel) and A, — AF77 1, (right panel) for only Vi new coefficient. The cor-
responding plots of forward backward asymmetry and the convexity parameters are
shown in the middle and bottom panels respectively. Here cyan bands are due to the
additional new physics contribution coming from only Vg coefficient.

asymmetry observables of both Ay — p(A;)7~ 7, decay modes and the corresponding

numerical values are

(App)it,, = —0.248 5 0.115, (ARp)[\",, =—0.23— —0.09. (3.33)

Left and right panels of Fig. 3.6, depict the variation of R, and R, parameters with
respect to ¢>. Though there are no experimental limits on these parameters, significant
deviation from their SM values are noticed in the scenario with only Vg coupling. The
right panel of Fig. 3.7 represents the ¢ variation of RzT\Cp parameter. The corresponding

numerical values are listed in Table 3.2.
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FIGURE 3.7: The variation of R} , parameter with respect to ¢? in the presence of
only Vi, (left panel) and Vg (right panel) new coefficients.

TABLE 3.2: The predicted values of branching ratios and lepton non-universality pa-
rameters of A, — (A, p)Ti, processes in the SM and in the presence of only Vi, g

coefficients.
Observables SM prediction Values for Vi, Values for Vg
coupling coupling
BR(A, = pr7r) | (2.9840.238) x 107% | (0.298 — 1.34) x 1073 | (2.98 — 8.17) x 1074
R, 0.692 0.692 — 3.09 0.692 — 1.895
BR(Ay, = Af7 o) | (1.76 £0.14) x 1072 | (1.76 —5.29) x 102 | (1.76 — 3.4) x 1072
Ra, 0.353 0.353 — 1.06 0.353 — 0.68
RAp (1.693 £ 0.19) x 1072 | (1.693 — 2.533) x 1072 | (1.693 — 2.4) x 102

Though the presence of V7, coefficient has no effect on the lepton and hadron polarization
asymmetries of b — (u, )7y, decay modes, the Vi coefficient has significant impact on
these parameters. In the top panel of Fig. 3.8, the distribution of the longitudinal
polarization components of the daughter baryon p (left panel) and A. (right panel) are

shown both in the SM and in the presence of only Vg coefficient, and the corresponding

plots for the charged 7 lepton are presented in the bottom panel. The integrated values

of the hadron longitudinal polarization asymmetry parameters in the full physical phase




Chapter 8 Model independent study of semileptonic Ay, decays 54

1.0 T T T - 0.4

Vg Only Vg Only
0.2
5f----- SM g e— SM
0.5 0.0f
— — r
< G -0.2F /]
,i" 0.0r : /
Py o -0.4f J
] //
-0.5} /1 e
/ e
-08f
e et R it : ‘ : : : :
5 10 15 20 4 5 6 7 8 9 10 1
F1GeV?] q’[GeV?]
0.2 i i ' ' ] 0.2K ' ' ' ' '
. Vg Only N Vg Only
\, .
0.0 ‘\\ RN
. SM 0.0l N SM
-0.2f “ ] N
= 04 ) N = _oa2l e
~ ~. -~ S
<« L Ty <N
-06f e 40 s
_______________ -0.4} T
-08F .
-1.0 : : : : -0.6 ‘ ‘ ‘ : ‘ ‘ ‘ ‘
5 10 15 20 4 5 6 7 8 9 10 N
FlGeV?] qlGeV?]

FiGURE 3.8: The plots in the left panel represent the longitudinal polarizations of

daughter light baryon p (left-top panel) and the charged 7 lepton (left-bottom) with

respect to g2 for only Vi coefficient. The corresponding plots for A, — A.7~ 7, mode
are shown in the right panel.

space are
(PD)|Rs, = —0.897 , (Prey M, ) = —0.797, (3.34)
(PP O = —0.807 — 0276, (P} >\X§ﬁmy —0.797 — —0.068 (3.35)

and the corresponding numerical values for the charged lepton 7, are

(PDIRL,, = —0.514 (PO, 4, = —0.207 , (3.36)
(PL)IY,, = —0577 — —0433,  (PP)[\",, =—0.25— —0.146 . (3.37)

3.3.3 Scenario C: Only S}, coefficient

Here, we explore the impact of only Sy, coefficient on the angular observables of heavy-
heavy and heavy-light semileptonic decays of Ay baryon. In section III, we discussed the
constraints on the Sy, coupling. In the top panel Fig. 3.9, we present the plots for the
differential branching ratios of Ay — p7o, (left) and Ay — A 70, (right) decay processes
with respect to ¢? in the presence of Sy, coefficient. The corresponding plots for the
forward-backward asymmetry are shown in the bottom panel. In these figures, the red

bands stand for the NP contribution from S, coefficient. The additional contributions



Chapter 8 Model independent study of semileptonic Ay decays 55

provide deviation in the branching ratios and forward-backward asymmetries from their
SM values. The ¢? variation of the R, (left panel) and Ry, (right panel) LNU parameters
in the presence of St, coupling are given in Fig. 3.10. In the presence of only Sy, coupling,
the longitudinal polarization components of the p (top-left panel) and A, (top-right
panel) daughter baryons with respect to ¢ are presented in the top panel of Fig. 3.11
and the bottom panel depicts the longitudinal lepton polarization asymmetry parameters
for Ay — p(A.)Tv; processes. The lepton polarization asymmetry parameters provide
profound deviation from the SM in comparison to their longitudinal hadron polarization
parameters. The top-left panel of Fig. 3.18 shows the variation of R} , parameter with

¢. In Table 3.3, we report the numerical values of all these parameters.
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FIGURE 3.9: Top panel represents the g2 variation of branching ratios of Ay, — pr~ o,

(left panel) and A, — AT7~ 1, (right panel) decay modes in the presence of only S,

new coefficient. The corresponding plots for forward-backward asymmetries are shown

in the bottom panel. Here red bands are due to the additional new physics contribution
coming from only St coefficient.

3.3.4 Scenario D: Only Sy coefficient

In this subsection, we perform an analysis for semileptonic decay modes of Ay baryon
with the additional Sk coupling. Using the allowed ranges of the real and imaginary part
of Sk coupling from Table 3.1, the branching ratios of Ay, — p7i; (left) and Ay — A7
(right) decay processes with respect to ¢? are presented in Fig. 3.12. The bottom

panel of this figure represents the ¢ variation of the forward-backward asymmetry for
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FIGURE 3.10: The variation of R, (left panel) and Ry, (right panel) with respect to
¢ in the presence of only S;, coefficient.
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FIGURE 3.11: The plots in the left panel represent the longitudinal polarizations of

daughter light baryon p (left-top panel) and the charged 7 lepton (left-bottom) with

respect to g2 for only Sy, coefficient. The corresponding plots for Ay, — A.7~ 7, mode
are shown in the right panel.

Ay — pri, (left) and Ay, — A7, (right). In these figures, the green bands are due to the
additional new contribution of Sg coefficient to the SM. We observe profound deviation
in the branching ratios and forward-backward asymmetries of these decay modes from
their SM values. Left (right) panel of Fig. 3.13, show the effect of Sg coupling on
the ¢? variation of R, (Ra,.) parameter. The longitudinal polarization components of
the p (top-left panel) and A. (top-right panel) daughter baryons with respect to ¢? in
the presence of contribution from only Sgr coefficient, are presented in the top panel of
Fig. 3.14 and the bottom panel depict the longitudinal lepton polarization asymmetry

parameters for Ay, — p(A.)Tv; processes. We notice significant deviation of hadron and
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lepton polarization asymmetries from their corresponding SM values due to additional
contribution from Sy coupling. The plot for the R}, parameter with ¢2 in the presence
of only Sk coefficient is presented in the right panel of Fig. 3.18. The numerical values
of all these parameters are presented in Table 3.3. Since the convexity parameters are

independent of scalar type couplings, the Sy, g coefficients play no role for this parameter.
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FIGURE 3.12: Top panel represents the ¢? variation of branching ratios of Ay — pr~ 7,

(left panel) and Ay, — AT7~ 0, (right panel) decay processes in the presence of only Sg

coeflicient. The corresponding plots for the forward-backward asymmetries are shown

in the bottom panel. Here green bands stand for the additional new physics contribution
coming from only Sg coeflicient.
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FIGURE 3.13: The variation of R, (left panel) and Ry, (right panel) with respect to
¢? in the presence of only Sg coefficient.
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FIGURE 3.14: The plots in the left panel represent the longitudinal polarizations of

daughter light baryon p (left-top panel) and the charged 7 lepton (left-bottom) with

respect to g2 for only Sk coefficient. The corresponding plots for A, — A.7~ 7, mode
are shown in the right panel.

3.3.5 Scenario E: Only T}, coefficient

The sensitivity of tensor coupling on various physical observables associated with semilep-
tonic baryonic b — (¢, u)7v, decay processes will be investigated in this subsection. The
allowed region of real and imaginary parts of the tensor coupling are presented in section
ITI. Using all the input parameters and the constrained new tensor coefficient, we show
the ¢? variation of branching ratio (left-top panel), forward-backward asymmetry (left-
middle panel) and convexity parameter (left-bottom panel) of Ay — pr, decay mode
in the left panel of Fig. 3.15. The right panel of this figure represents the correspond-
ing plots for A, — A.70, process. Here the magenta bands represent the additional
contribution coming from the new 17, coefficient. For Ay — p7Tv, process, as the bound
on Ty is weak, the branching ratio, forward-backward asymmetry and the convexity
parameter deviate significantly from their SM predications compared to the observables
for Ay, — A 70, process. For Ay, — A.70, process, the deviations are quite minimal as

the coeflicient 17, is severely constrained. In the presence of 17, coefficient, the numerical

values of the convexity parameters are

(CRIAL,, = —0.017 — —0.027,  (CE)3E,,, = —0.121 — —0.098 . (3.38)



Chapter 8 Model independent study of semileptonic Ay decays 59

The plots for the lepton nonuniversality parameter R, (left panel) and Ry, (right panel)
are shown in Fig. 3.16. The top panel of Fig. 3.17 represents the hadron polarization
asymmetry parameters of A, — p7i; (left panel) and A, — A.7; (right panel) process
and the corresponding plots for lepton polarization asymmetries are given in the bottom
panel of this figure. We observe that, the LNU parameter, longitudinal hadron and
lepton polarization asymmetries of A, — p7D, process have large deviation from their
SM values due to the presence of tensor coupling, whereas negligible deviations (Rj,
has some deviation from its SM result) are noticed for the observables of A, — A 70,
decay mode. The ¢? variation of R}, parameter is depicted in the bottom panel of Fig.

3.18. Table 3.3 shows the integrated values of all these angular observables.
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FIGURE 3.15: Top panel represents the ¢? variation of branching ratio of Ay — pr~ 7,

(left panel) and A, — A}7~ 1w, (right panel) for only T, new coefficient. The cor-

responding plots of forward backward asymmetry and the convexity parameters are

shown in the middle and bottom panels respectively. Here magenta bands are due to
the additional new physics contribution coming from only 77, coefficient.



Chapter 8 Model independent study of semileptonic Ay decays 60

5 10 15 20 4 5 6 7 8 9 10 11
[GeV?] ¢IGeV?]

FIGURE 3.16: The variation of R, (left panel) and Ry, (right panel) with respect to
¢ in the presence of only T}, coefficient.
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F1GURE 3.17: The plots in the left panel represent the longitudinal polarizations of

daughter light baryon p (left-top panel) and the charged 7 lepton (left-bottom) with

respect to g2 for only T, coefficient. The corresponding plots for Ay, — A.7~#; mode
are shown in the right panel.

3.4 Chapter summary

In this work, we have performed a model independent analysis of baryonic A, —
(A¢,p)ly; decay processes by considering the generalized effective Lagrangian in the
presence of new physics. We considered the new couplings to be complex in our analy-
sis. In order to constrain the new couplings, we have assumed that only one coefficient
to be present at a time and constrained the new coefficients by comparing the theoret-

ical predictions of BR(B,}, = 77v;), BR(B — n7;), RL, Ry and Ry, observables
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TABLE 3.3: The predicted values of branching ratios, forward-backward asymmetries,

longitudinal hadron ad lepton polarization asymmetries and lepton non-universality

parameters of A, — (A, p)70, processes in the SM and in the presence of only Sy, r
and 77, new coefficients.

Observables Values for Sy, Values for S Values for 17,
coupling coupling coupling
BR(Ay — pr—7-) | (298 —5.25).107% | (2.98 —3.48).10~* | (0.298 — 6.68).10~3
AT —0.019 — 0.139 0.086 — 0.177 —0.172 — —0.125
p? —0.896 — —0.73 —0.896 — —0.6 —0.896 — 0.337
Py —0.515 — 0.123 —0.515 — —0.31 —0.515 — 0.037
R, 0.692 — 1.266 0.692 — 0.81 0.692 — 8.8
BR(Ay — A7 0,) | (1.76 — 2.7).1072 (1.76 —2.2).10~2 | (1.553 — 1.82).10~2
A —0.121 — —0.06 —0.786 — —0.005 —0.034 — —0.09
P —0.796 — —0.725 —0.796 — —0.4 —0.79 — —0.812
Py —0.207 — 0.178 —0.207 — —0.0021 —-0.207
Ry, 0.353 — 0.539 0.353 — 0.44 0.31 — 0.364
Ra.p (1.693 — 1.95).1072 | (1.582 — 1.693).10~2 0.0192 — 0.367

with their measured experimental data. Using the allowed parameter space, we esti-
mated the branching ratios, forward-backward asymmetries, convexity parameters of
Ay — (Ae,p)lo, decay processes. We also investigated the longitudinal polarization
components of the daughter baryon (p, A.) and the final state charged lepton, 7. The

convexity parameter only depend on the (axial)vector and tensor type couplings and
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are independent of the S, g, T, coefficients. Inspired by the observation of lepton non-

universality parameters in various B meson decays, we have also scrutinized the lepton

universality violating parameters (R, Ra,, /T\Cp) in the baryonic decay modes.



Chapter 4

Exploring the role of New Physics

in B* — Plv; decay processes

In this chapter, we study the semileptonic decays of vector mesons BjL 5) to pseudoscalar
mesons (D(Ds),m(K)) in a model independent framework. The weak decay channels of
Bx meson are quite suppressed. Primarily they decay through electromagnetic processes
B;} s — Bgsvy, but due to the high luminosity of Belle II experiment the rare decay
modes of B* mesons are expected to be observed. The production crosssection of Y (5.5)
in e*, e~ colision (o(eTe — T(5S5)) = 0.301 nb and Br(Y(5S) — B*B*) = (38.14+3.4)%
implies the yearly production of around 4 x 10° B* meson pairs (Bya + B:7d). As
the production cross section of T(5S) in pp collision is larger in comparision to eTe™
collision, LHCD is also going to play an important role to observe B* decay channels.
The leptonic decay mode of Bj  are studied in [81-84], where as in ref. [85-87] various

semileptonic decays of B* meson to a pseudoscalar meson are studied.

4.1 Analysis of B* — Ply, processes

In effective field theory approach the most general effective Lagrangian associated with

B* — Pl processes which is mediated by b — ¢l~ 7, (¢ = u, c) can be expressed as [72],

Lepp = —2V2GpVy [(1 + V1) @uy*br lpveve + Ve @r*or loyuve + St arbe Lrvr
+Sr Gr.br ZRVL + 717, qRO'quL zRUMVVL + h.c.|, (4.1)
where P is any pseudoscalr meson, G is the Fermi constant, Vi, is the CKM matrix el-

ement, Vi, g, Sr g, T, are the new vector, scalar, and tensor type new physics couplings,

which are zero in the standard model. All these new physics couplings are considered

63
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to be complex. Furthermore, we consider the neutrinos as left handed. We assume
the NP effect is mainly through the third generation leptons and do not consider the
effect of tensor operators in our analysis for simplicity. Here (¢,1)r,r = Pr,r(g,1), where

Pr.r = (1 F75)/2 are the chiral projection operators.

We consider the kinematics of the decay process B* — Ply; using helicity amplitudes.
In this formalism, the decay process B* — Pl is considered to proceed through B* —
PW?*~, where the off-shell W*~ decays to [~ ;. One can write the amplitude from Eq.
(4.1) as

. . Gr _ o -

M(B* = Pliy) = \/ivqbzk:mqubw Y T yvy (4.2)
where I'* denotes the product of gamma matrices, which gives rise to different Lorentz
structure of hadronic and leptonic currents of Eq. (4.1) i.e., T* = v#(1£7s5), and (1£7s5).
Hence, the square of the matrix element can be expressed as the product of leptonic (L)

and hadronic (H*") tensors (related to the corresponding helicity amplitudes)
|M(B* — Ply|” = 5 Val > Ly HM (4.3)
,J

where the superscripts 4, j represent the combination of four operators (V F A), (S F P)
in the effective Lagrangian (4.1). We omit these superscripts in the following discussion
for convenience. It should be noted that, the polarization vector of the off-shell particle

W* (é*(m)), satisfies the following orthonormality and completeness relations:

et (m)eu(m’) = g

D EHm)e (M) g = g™, (4.4)
mm/
where g, = diag(+, —, —, —) and m, m’ = £, 0, ¢ represent the transverse, longitudinal

and time-like polarization components. Now inserting the completeness relation from

Eq. (4.4) into (4.3), the product of L,, and H*” can be expressed as

L H™ =Y L(m,n)H(m',n)gmm G’ (4.5)

m,m’ n,n’
where L(m,n) = L*€,(m)€&;(n) and H(m,n) = H" € (m)é, (n) are the Lorentz invari-
ant parameters, and hence their values are independent of any specific reference frame.
So for calculational convenience, we will evaluate H(m,n) in the B* rest frame and

L(m,n) in [ — ; center of mass frame as discussed in [85, 86].
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4.1.1 Hadronic helicity amplitudes

In the rest frame of B* meson, we consider the pseudoscalar meson P to be moving along
the positive z-direction. The polarization vector of the virtual W* boson are chosen to
be

1

e(t) = 2(90,0,0,=[pD), &(0) = 5(IP1,0,0, =), &() = 5(0, %1, 4,0, (4.6)

V2

1 1
a2

where qo = (m}. —m% +¢2)/2mp, |[p] = A2 (m%.,m%, ¢%)/2m}, ¢* = (pp+ —pp)?, is
the momentum transferred square and A(a, b, c) = a? + b? + ¢ — 2(ab + bc + ca). The

polarization vector of the on-shell B* meson ¢#(m = 0, +), takes the form

1
V2

In order to calculate the hadronic helicity amplitudes, we use the following matrix ele-

£4(0) = (0,0,0,1), (%) (0,¥1,—i,0) . (4.7)

ments of B* — P transition

_ = 2iV (¢?
(P(pp)|qVublB*(e,pB+)) = —nwfrn)lpﬁuupaé‘yp?ap%m
_ s €-q €-q
(P(pp)|qvuysblB*(e,pB-)) = 2mB*A0(q2)?qn + (mp + mpe) A1 (q*) (ep — ?qn)
2 2
€-q m%. —m
+ A2(q2)m [(pB* + PP)p — %qﬂ] , (4.8)

where V(¢?), Ao 12(q?) are the various form factors. The matrix elements for the scalar

and pseudoscalar currents can be obtained by using the equation of motion

iau(qf)/ub) = (mb - mq)qb , iau((j7u75b) = _<mb + mq)@75b 5 (4-9)
as
(P(pp)|gh|B*(e,pp~)) = 0,
_ S 2mps= 2
P b|B*(e, pp~ = —(e.q)————A , 4.10
(P(pp)|qvsbl B* (¢, pB~)) (e Q)mb+mq o(q%) (4.10)

where the my 4 represent the current quark masses evaluated at the b—quark mass scale.

The helicity amplitudes are defined as

N (@) = @) (P(pp)|gyu(1 — 75)bl B*(e(Ap+), p-)),

2 e (@) = @ Ow)(P(pp)|qvu(1 +75)b B*(e(Ap+), p5+)),
U (@) = Ow)(Ppp)|a(1 —15)bl B (e(Ap+), pp-))

NE e (@) = Ow) (PP (1+95)0|B* (e(Ap+), pp-)). (4.11)
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where for convenience, we use the notations Ag+ = 0,+ and Ay~ = 0,4, ¢ to represent
the helicity states of the B* and W* boson. Thus, with Egs. (4.8), (4.10) and (4.11),

one obtains the following non-vanishing helicity amplitudes

Hule) = B = ) = A
Ho(?) = (@) = ~HE @)
= gt e < b ) + AT ).
Hur(?) = HY5() = ~HYE() = ~(npe +mp) n(?) 7 o2y g2),
Hy = HH@) =~ (@) = By (412)

4.1.2 Leptonic helicty amplitudes

The leptonic helicity amplitudes are defined as

1 ,
h/\l,)\yl = 56#()\W*) ﬂl()\l) I ’Ul_’l(Al_/l) s (413)

where Ay« = A\ — Ay,. In the center of mass frame of I — 7, the four momenta of [ and

7] pair are expressed as
p‘[u: (El>|ﬁl’8in9707 |5Z‘COSH)1 plrjl = (|ﬁl’7_’ﬁl‘SineaOa_|ﬁl‘cose) ) (414)

where E; = (¢ +m?)/2+/a2, |pi] = (¢* —m?)/21/q? and 0 is the angle between the three

momenta of of P and [. The polarization vector of the virtual W* boson in this frame is

(t) = (1,0,0,0), &(0) = (0,0,0,1), €“(i):\}§(0,:|:1,—i,0). (4.15)

Thus, with Egs. (4.13) and (4.15), one obtains the following non-vanishing contributions

V Vi m
‘h_LiR;‘Z = 8(q2 - mz)’ ’h;LiRP = 82 2(q2 - mlz)y
272 272 q
S Vi S my
PP =4 —mp), [ xR = 8——=(? = mi) . (4.16)
22 22 272 2\/q2

4.1.3 Decay distribution and other observables

The double differential decay rate of B* — Ply; decay process can be expressed as

er Gyl
dg?dcos 19273 m?

2
V| <1 - TZ;) |IM(B* — Pwl)\z : (4.17)
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Now, with Egs. (4.12) and (4.16), one can obtain L,,H"” in terms of Wigner d’-

functions as [86]

1 /
LH"™ = 2 > (=177 B A Oa e A Onge = (418)

AL Ay Ny o
J’ i J*
Xd)\w*7>\z—1/2d>\§/‘,*7)\171/2H)\B*AW* H)\B*)\;V* J (4.19)
where J and J' take the values 0 and 1 and the various helicity components run over
their allowed values. Thus, one can obtain the the differential decay rate to particular

leptonic helicity state (A = £3) as

d°’T(\ = _%) G |151 2 2 my ’ 2 2 772 2 772
dfdeosd T8O \V |“ q ( q2> {|1+VL| [(1—cos#)?H? | + (1 +cosf)’H7_
+ 2sin? HHO()] + |VR|? [(1 = cos 0)2H3_ + (1 +cos6)?H?, + 2sin” GHOO]
— ARe[(1 + V)VEI[(1 + cos0)2H _H_, +sin® 0HZ)] } , (4.20)
d°T' (A = 3) G Izﬂ 2 my ’ 2 2 2\ [ win2 2 2
“dPdeost © Tesomy, Vo ( qz> (114 Vi o+ Val?) [sin? 0012, + 1)

+ 2(Hy — cos HHOO) ] —4Re[(1+ VL)V5) [Sln OH_H,_ + (Ho — cos0Hy) ]

+ 4R€[<1 + VL — VR)(SZ SR)] \/7 [Hot(HOt — COS QH(]())]

2
+ 215 — SRF%H&Q}. (4.21)
l

From Egs. (4.20) and (4.21), one can obtain the differential decay rate as

dr G% ‘151 2 2 le ’ 2 2
- L 1
w2 = e Vel @ (1= ) {14 VAP 4 VaP)

X

2
[(H%++H3, ) <1+ ;”2> ¥ 32%11{ ]

2 mj 3mj o
ORe[(1+ VL)V}] [(QH,+H+, + H2) (1 + 22) + g;HOt}

m
+ 37 Re [(1 VL — VR)(SE — S;;)} H, Hoy + §|SL - SRPH()J, (4.22)

/2
where the values of the helicity amplitudes are given in Eq. (4.12).

Apart from the differential decay rate, the other NP sensitive observables, considered

here are
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e Lepton nonuniversality parameter:

Ri(g?) = dU(B* — P17 1;)/dq? '
dT(B* — Pl~1;)/dq?

e Forward-backward asymmetry:

fi]l dcos0(d?’T /dq*d cos 6) — fol d cos 0(d?T /dg*d cos 0)
a fi]l dcos 0(d?T" /dg?>d cos 0) + fol d cos O(d2T /dg2d cos §)

AIFDB(QQ)

which can be expressed in terms of the helicity amplitudes as

3X
AL () ===
rB(q°) 1Y’

where the parameters X and Y are given as

2
my

(4.23)

(4.24)

(4.25)

X = (1+V>—|VgP?) (H2, —H3_)+2 < 2 > (11 + Vi|* + [VR|*) HoHoo

m2
+ 4R€[(1 + VL)VE] <H+_H_+ — quHOtHOO)

my ’
—= Hy,Hy ,

Vi

+ 2Re[(1+ Vg — VRr)(S], — SR)]

v - 2 N[ (H2. 4+ H2 4 H2 mj ZLn?H
= (L+ VLl +|Vrl?) [(H?, + H} _+ Hg,) 1+2q2 + 2 o

* 2 mj 3mi s
— 2Re[(1+VL)VE] [(2H,+H+, + Hgo) | 1+ 202) " quHOt}

m N N 3
+ 3L Re {(1 + VL — VR)(SE — SR)] HiyHou + 551 — SrlH,

Vi

e Lepton-spin asymmetry:

dU(\ = —1/2)/dq? — dT'(\; = 1/2)/dg?

AX(¢*) = dU(\ = —1/2)/dg® + dT(\ = 1/2)/dg?

4.1.4 Form factors and their ¢> dependence

(4.26)

(4.27)

The main inputs required for the numerical analysis are the values of the form factors.

As the first principle lattice calculation results of the form factors for B , — D, D,(m, K)

transitions are not yet available, we use their values evaluated in the BSW model [88, 89).
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Their values at zero-momentum transfer are listed below

AF=P0) = 071, AFP(0) = 0.75, AF P (0) = 0.62, VEP(0) = 0.76,

A TPH(0) = 0.66, ATTTP0(0) = 0.60, A TPH(0) =059, VEIPH(0) = 0.72,
AP 7T(0) = 0.34, APTT(0) =038, AFUT(0) =030, VEUT(0) = 0.35,
AB R0y = 0.28, A 5(0) = 0.20, AZ7K(0) = 0.26, VE7K(0) = 0.30.(4.28)

The ¢? dependence of the form factors can be written as,

- Ao(0) - A1(0)
Ao(q°) =~ 1_q2/mQBq(07)’ Ai(q) =~ 1_q2/mQBq(1+)’
Aofg?) = — 200 Vi)~ — ) (4.20)

S 1= jmd, (1) S (1)

where mp, (0%) and mp, (1) are the pole masses whose values are presented in 4.1.

TABLE 4.1: Pole masses in GeV.

current m(07) m(0*) | m(17) m(1")
ub 5.27 5.99 5.32 5.71
cb 6.30 6.80 6.34 6.73

4.2 Constraints on new couplings

In this study we consider the new couplings as complex quantities. The allowed parame-
ter space of individual couplings are obtained by performing chi-square fitting where we
take in to account the effect of one coupling at a time while Considering the contribution

of all other coefficients as zero. The y? is defined as

th €xXp\2
V= Z W , (4.30)
where O stands for the theoretically predicted values of the observables, O sym-
bolizes the measured central value of the observables and AO;™ denotes the corre-
sponding 1o uncertainty. The real and imaginary parts of the new Wilson coefficients
associated with b — cli transitions are constrained from the x? fit of Ry, R 7/ and
Br(BF — 77v.) observables. and the coefficients related to b — urD, processes are
constrained from the fit of RL, Br(B} — 7tv) and Br(BY — 777~ 7) data. For the

fitting we use the mesured values of considered parameters from [15]. The upper limit

on the branching ratio of Bf — 77, decay process with the current world average of
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the B, lifetime is [71]
Br(B — 71v;) < 30%. (4.31)

The theoretical expressions of these parameters and their corresponding SM predicted

values are used from [90].

In Fig. 4.1, we present the constraints on Vi, (top-left panel), Vi (top-right panel), Sz,
(bottom-left panel) and Sk (bottom-right panel) coefficients of b — ¢ decay modes and
the corresponding plots for the coefficients of b — u are shown in Fig. 4.2. The best-fit
values and the corresponding 1o ranges of all the new coefficients are presented in Table
4.2. Since there are infinite solutions for the 1o range of the parameters, the above listed
values are obtained by fixing one parameter at its best-fit value, while varying the other,
which gives Ax? = x? — x2,;, = 1 (i.e., for one degree of freedom). The x?/d.o.f for all
the coefficients are also listed in this Table. One can notice that, the Wilson coefficient

corresponding to b — ¢ scalar operators have x?/d.o.f > 1, which implies that the fit is

not robust.
TABLE 4.2: Allowed parameter space for new couplings.
’ New coefficients ‘ Best-fit ‘ lo range ‘ x%/d.o.f ‘
b — cTv; decay modes
(Re[VL], Im[VL]) (—1.1474,1.1171) ([-1.3,-0.7], [1.088,1.148]) 0.988
(Re[Vg], Im[VRg]) (6.57 x 1073, —0.5368) | ([-0.015,0.025], [-0.6,—0.48]) 0.966
(Re[SL], Im[SL]) (0.2052,0) ([0.12,0.28], [—0.35,0.35]) 6.097
(Re[Sr], Im[SR]) (—1.003, —0.78906) ([-1.17,-0.77], [-0.89, —0.71]) 3.6
b — utv, decay modes
(Re[VL], Im[VL]) (—0.8318,1.098) ([-1.43,-0.43],[1.0,1.2]) 0.265
(Re[Vg], Im[VR]) (—0.115,0) ([-0.2,-0.025], [—0.45, 0.45]) 0.1363
(Re[SL], Im[SL]) (—0.0236,0) ([-0.042, —0.006], [—0.09,0.09]) | 0.1906
(Re[Sgr], Im[SR]) (—0.439,0) ([-0.46,—0.42], [-0.09,0.09]) 0.1906

4.3 Effect of new coefficients on B}, — (D, Ds, 7, K)Tv; de-

cay modes

TABLE 4.3: SM predicted value of branching ratio of Bj ; — Puy,, processes.

’ Decay processes \ SM Branching fraction
Br(B*O — DV p,) 9.318 x 10~°
Br(B; — DF u ~,) 1.709 x 1077
Br(B*O — 7t by,) 1.487 x 107
Br(Bf - K*p 1) 1.618 x 1077
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FIGURE 4.1: Constrained parameter space for individual new complex couplings related
to b — cri, transition obtained from the x? fit of Ry, Ry/y and upper limit on
Br(Bf — 7tv;). Here the red, blue and green bands represent the 1o, 20 and 3o
contours respectively where as the black dots stand for the corresponding best-fit values.

4.3.1 Effect of V, only

Here we consider the case, where the additional contribution to the SM Lagrangian
arising only from V7, coefficient and all other new coefficients are set to zero i.e., (Sp =
Sr = Vg = 0). Using the 1o allowed parameter space of V7, obtained from the x?
fit of Ry, Ry, Br(Bf — 77v) for b — crv transitions (R, Br(BY — 7t~ D),
Br(B;; — 7v for b — urv transitions), we then calculate the differential decay rate,
LNU parameter, lepton spin asymmetry and forward-backward asymmetry of B*? —
Dtrv and Bf — Dfrv (B — n77v and BY — K*t7v) decay processes. In the left
panel of Fig. 4.3, we show the ¢? variation of decay rate (top) and R}, parameter
(bottom) of B*® — D*7v process and the corresponding plots for B*Y — 7+ 7v channel
are presented in the right panel of this figure. Here the blue dashed lines correspond to
the SM prediction. The solid black lines are obtained by using the best-fit values of the
left handed vectorial new Vi, coupling and the orange bands represent the 1o allowed

ranges. From the plots, one can notice profound deviation in the branching ratios and
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FIGURE 4.2: Allowed parameter space for individual new complex coeflicients related
to b — uty, transition obtained from the x? fit of RL, Br(B; — 771;) and upper limit
on Br(B? — 7T~ ).

LNU parameters from their corresponding SM predictions due to presence of additional
Vy, coefficient. The plots for BY — D}rv (Bf — KT 7v) process follow the same form as
B*Y — D*rv (B* — nt7v), and hence, are not included in this article. The numerical
values of these observables are presented in Table 4.4. Furthermore, no deviations
have been observed in the forward-backward asymmetry and lepton-spin asymmetry
parameters from their SM results, so we don’t provide the corresponding plots. The
values of ¢? at which the forward-backward asymmetry vanishes are provided in Table

4.6.

4.3.2 Effect of V only

In this scenario, we explore the effect of only Vg coefficient on the decay rate and angular
observables of B* — (D° 7%)7v, processes. Using the best-fit values and corresponding

1o allowed ranges of V coefficients associated with b — (¢, u)77; transitions, we present
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FIGURE 4.3: The ¢ variation of differential decay rates and LNU parameters of

B — Dtr~v, (left panel) and B — w7, (right panel) in presence of only Vi,

new coefficient. Here the blue dashed lines represent the standard model predictions.

The black solid lines and the orange bands are obtained by using the best-fit values
and corresponding lo range of Vj, coefficient.

the plots for the decay rate (left-top panel), R}, parameter (left-middle) and forward-
backward asymmetry (left-bottom panel) of B* — Dt 7v decay modes in Fig. 4.4. The
corresponding plots for B* — 7 7v process are depicted in the right panel of Fig. 4.4.
Here the solid black lines are obtained by using the best-fit values of new Vg couplings
and the green bands from their corresponding 1o range. Reasonable deviation in all
the observables (except the lepton-spin asymmetry parameters) from their SM results
are found due to the presence of additional Vi coefficient. In Table 4.4, we present
the numerical values of decay rates and all these parameters. Due to the additional
contribution from Vg coefficient, we notice deviation in the zero crossing of the forward-
backward asymmetry towards high ¢? and the ¢® values of the zero crossing point are

given in Table 4.6.

4.3.3 Effect of S, only

In this subsection, we consider the contribution of Sy new coefficient by assuming that
all other new Wilson coefficients have vanishing values. As seen from Figs. 4.1 and 4.2,
the S;, parameters are severely constrained by the current data. Within the allowed
parameter space for Sy coefficient presented in Table 4.2, we show the ¢ variation

of lepton-spin asymmetry (top) and forward-backward asymmetry (bottom) of B* —
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FIGURE 4.4: The ¢? variation of differential decay rate, lepton nonuniversaity param-
eter and forward-backward asymmetry of B; — DTr~ v (left panel) and Bz — 7t
(right panel) in presence of new Vg coefficient. The black solid lines and the green bands
are obtained by using the best-fit values and corresponding 1o range of Vg coefficient.

D*rv (B* — w7i) process on the left panel (right panel) of Fig. 4.5. Here the
plots obtained from the best-fit values (1o range) of Sp coupling are represented by
dashed black lines (red bands). The numerical values of these observables are given in
Table 4.5. With the additional Sy contribution, the deviation in the branching ratios
and LNU parameters from their SM predictions are found to be minimal. Though the
lepton spin asymmetry and forward-backward asymmetry parameters of B* — DVrv
channel provide slight deviation from their SM results, the deviation is negligible in the
B* — 77y modes. The zero crossing point of the forward-backward asymmetry of
B* — DV process shifted towards the low ¢? region. The AEB vanishing values of ¢?
predicted from the best-fit values and 1o range of new Sy coefficient are presented in
Table 4.6 .
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TABLE 4.4: Predicted numerical values of differential decay rate, LNU parameters, lep-
ton spin asymmetry and forward-backward asymmetry of B} ) DT (DF)r~ i, and

B;(S) — 7T (K1), decay processes in the SM and in the presence of Vy, g coefficients.

’ Observables \ SM Predictions \ Values with V7, \ Values with Vg
Br(B** - Dfr—o,) | 2786 x 1078 (3.358 — 3.732) x 1072 | (3.394 — 3.755) x 1078
R, 0.299 0.360 — 0.40 0.364 — 0.403
AP 0.576 0.576 0.576
AL —0.054 —0.054 (0.002 — 0.026)
Br(B:® — Dfr=v,) | 5.074x10~% | (6.116 — 6.797) x 10~% | (6.181 — 6.838) x 10~
R}, 0.297 0.358 — 0.398 0.362 — 0.400
ADs 0.573 0.573 0.573
AL, —0.053 —0.053 0.003 — 0.027
Br(B* — rtr7,) 1.008 x 1072 | (1.036 — 1.479) x 10~ | (1.051 — 1.392) x 10~
R: 0.678 0.697 — 0.995 0.707 — 0.936
AT 0.781 0.781 0.780 — 0.781
Al —0.209 —0.209 (—0.198 — —0.129)
Br(BX — Kt 1,) 1.034 x 1079 (1.063 — 1.518) x 107 | (1.078 — 1.421) x 10~
R 0.639 0.657 — 0.939 0.666 — 0.878
AF 0.747 0.747 0.745 — 0.746
Ak, —0.207 —0.207 (—0.196 — —0.124)

4.3.4 Effect of S; only

Here we investigate the observables of B* — (Dt 7)) decay modes by considering
the presence of only additional Sy coefficient. Using the available experimental data
on b — (u,c)T transitions, we fit the corresponding Sk coefficients, which is already
discussed in section II. In the left panel of Fig. 4.6, we present the ¢ variation of
decay rate (top), R}, (second from top), lepton spin asymmetry (third from top) and
forward-backward asymmetry (bottom) of B* — D* 7 and the corresponding plots for
B* — 777 are shown in the right panel. In this case also, the deviation in the lepton
spin asymmetry and forward-backward asymmetry parameters are comparatively large,
whereas the deviations in the branching ratios and LNU parameters are nominal. The
numerical values are presented in Table 4.5. From Fig. 4.6, one can notice that the
zero crossing point of the forward-backward asymmetry deviates significantly towards
left (low g2 region) and the corresponding ¢? values of the crossings are shown in Table
4.6.

4.4 Chapter summary

As the vector meson B* decay dominantly through electromagnetic channel B* — By,

it’s week decay process are not experimentally probed. Due to recent development of
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FIGURE 4.5: The ¢? variation of lepton spin asymmetry and forward-backward asym-

metry of B5 — D1~ v, (left panel) and B — n 7, (right panel) in presence of S,

coefficient only. The black dashed lines and the red bands are obtained by using the
best-fit values and corresponding 1o range of S, coefficient.

LHCb experiment resulting into high luminosity, several weak decay process of branching
ratio ~ O(107?) are expected to be observed in near future. So LHCD is going to play a
very important role to explore rare decay channels of B* mesons. In this regard we study
the semileptonic decay of vector meson B* to a pseudo scalar meson. In this analysis
we considered the general effective Lagrangian associated with this decay process and
constrained the parameter space of the new couplings using x? fitting. The allowed
parameter space associated with b — w7, transition are obtained from Rir, branching
ratio of B, — 77, and upper limit on branching ratio of B — 7nt7~ 7, data where
as the constrained parameter space associated with btocTv, transition is obtained from
the upper limit on the branching ratio of B} — tau'v,, Rp- and R 7/ experimental
values. With presence of individual new couplings we calculated the values of various
parameters sensitive to NP such as branching ratio, LNU parameter, forward-backward
asymmetry and lepton spin asymmetry parameters. we got significant deviation of these
parameters in presence of these new couplings which will play an important role to probe

new physics in B* vector meson decay.
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FIGURE 4.6: The ¢? variation of differential decay rate, LNU parameter, lepton spin

asymmetry and forward-backward asymmetry of B — D*7~ 7, (left panel) and BZ —

777, (right panel) in presence of Sk coefficient only. The black dashed lines and the

cyan bands are obtained by using the best-fit values and corresponding 1o range of Sg
coefficient.
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TABLE 4.5: Predicted numerical values of differential decay rate, LNU parameters,
lepton spin asymmetry and forward-backward asymmetry of B;(s) — DT (DN i,

and BZ’(S) — (K1), decay processes in presence of S, g coefficients.

|

|

Observables Values with Sy, ‘ Values with Sg
Br(B** - Dfr 1) | (2.731 — 2.761) x 10=® | (2.670 — 2.715) x 10~°
R, 0.293 — 0.296 0.289 — 0.291
AP 0.591 — 0.608 0.617 — 0.633
AL, —0.076 — —0.064 —0.145 — —0.114
Br(BX — Df77v,) | (4.971 — 5.027) x 107° (4.894 — 4.941) x 107°
R}, 0.291 — 0.294 0.286 — 0.289
AYs 0.588 — 0.606 0.615 — 0.631
ARy —0.075 — —0.062 —0.144 — —0.113
Br(B* — 7t77u.) | (1.008 — 1.011) x 107 | (9.845 — 9.850) x 10~ 10
R: 0.678 — 0.680 0.662 — 0.663
AT 0.774 — 0.780 0.822 — 0.823
Afp —0.208 — —0.204 (—0.254 — —0.251)
Br(Bf — Ktr7,) | (1.034 — 1.039) x 1077 | (1.002 — 1.003) x 10~°
R, 0.640 — 0.642 0.619 — 0.620
AKX 0.738 — 0.745 0.800 — 0.802
ALK, —0.206 — —0.202 —0.261 — —0.256

TABLE 4.6: The ¢ values (in GeV?) of the zero crossing of forward-backward asym-
metries of By ; — P7; decay modes in the SM and in the presence of individual Vg,

St r coefficients. The presence of additional V7, coefficient don’t change the q? crossing

values of the ALy.

y Model | B;—Dro; | By —wrir | B = Dy | B — K1iy

SM 5.93 6.13 5.96 6.26

Vg Only (Best-fit) 7.98 6.87 8.02 7.02
(10) 7.49 —8.68 6.28-7.50 | 7.53-8.71 6.42 — 7.66

St Only (Best-fit) 5.56 6.19 5.59 6.33
(10) 544—5.71 | 6.14-6.23 547—5.74 | 6.28—6.37

Sk Only (Best-fit) 4.38 5.13 44 5.22
(10) 4.17 — 4.69 5.09—5.17 | 419—4.71 5.18 — 5.26




Chapter 5

Summary and Conclusion

This chapter summarizes our research work presented in this thesis, which is mainly
focused on the phenomenological study of the rare semileptonic B meson decays and
baryonic A; decays which are mainly mediated by b — (c,u) transitions. Chapter 1,
starts with a brief introduction to the SM, its particle content, the SM effective La-
grangian, the CKM paradigm and CP violation. Then we shed light on the drawbacks
of the SM. Explaining the importance of study of B decays, we present the theoretical
tools to study the rare semileptonic B meson decays. We conclude this chapter with
introducing the recent anomalies observed in beauty sector. Being inspired from the
observed anomalies in the LNU parameters Rp, Rp~, R/, associated with the charged
current transition b — cly; and Ry, Ry+, associated with flavour changing neutral cur-
rent transitions (b — sff) we test the possibility of observing lepton non universality
associated with semileptonic b — uf, transition in chapter-2. In this analysis we con-
sider the most general effective Lagrangian in a model independent way containing new
Wilson coefficients. The allowed parameter space of these new couplings are obtained
from the experimental values of B, — ¢, decay process where £ = e, j1, 7. The allowed
parameter space for b — uuw, process is also obtained from the experimental value of
branching fraction of B~ — 7r0/f17# decay process. Then we computed the branching
ratio, forward backward asymmetry and LNU parameter within the SM and in presence
of NP couplings as well. We also present plots showing the ¢? variation of these param-
eters in presence of individual new couplings. In this study we considered the processes
By, — KY0~ 0y, B— nt4~ 1, B~ — nl~ v, and B~ — 10~ 1,, where ¢ = p, 7. In case of

Bs — VT4~ 1y, we consider V as K**, p™.

Chapter-3 comprises of studying the sensitivity of various parameters to NP associ-
ated with A, — (A, p)fvy decay process. In this analysis, we calculated the branching

ratio, forward backward asymmetry, LNU parameter, lepton and hadron polarization
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asymmetry and convexity parameter in presence of new physics. Starting from the
most general effective Lagrangian containing new scalar, vector and tensor type of NP
couplings we expressed all the relevant parameters in terms of the new Wilson coef-
ficients. We constrain the parameter space of the new couplings Vi, Vg, Sr and Sgp
associated with b — ¢ quark level transition from the measured values of Rp«, R;/y
and BR(B — 77v,) observables, whereas the allowed parameter space for T}, coeffi-
cient is obtained from the measured value of Rp+. Similarly we got the allowed values
for these new couplings associated with b — u transition from the measured values of
BR(B, — 7tv,), BR(B — 777,) and R% observables. The values for Ty, is obtained
from BR(B — 7w7v,) experimental data. We calculated the parameters sensitive to
NP in presence of the individual couplings. We also showed the ¢? variation of these

considered parameters in the SM and also in the presence of NP.

In chapter-4, we performed a model independent analysis of vector meson B* decaying
to a pseudo scalar meson (B;,(s) — Plyy), where P = D, 7 (Ds, K). We considered
the most general effective Lagrangian containing additional NP couplings to the SM,
assuming them to be complex in nature. We constrained the parameter space of the new
couplings by performing the y? fitting of Rp-+, R/, and upper limit of BR(BS — 77 v;)
for b — crv, transition. For b — urv, the allowed parameter space is obtained from
the x? fitting of R, BR(B, — 7v,) and upper limit on BR(B — 777,) experimental
data. We calculated the branching ratio, forward backward asymmetry, LNU parameter,
lepton spin asymmetry for the best-fit values and one sigma allowed ranges of the new
couplings. We also presented the plots showing the ¢ variation of all the parameters
sensitive for the SM, as well as in the presence of individual new couplings for their best
fit value and 1o allowed regions. Thus, we can see how different couplings affect the
parameters and in presence of which parameter we are getting maximum deviation from

the SM. This will help us to probe NP in case of B* semileptonic decays.

To conclude, in this thesis we have studied in detail some of the semiletonic decay modes
of pesudoscalar B and vector B*mesons as well as A baryon, mediated by b — (¢, u)lvy
transitions. Adopting the model independent approach, we considered the effect of
new physics physics as additional contributions to the SM effective Hamiltonian and
constrained the new physics couplings from the existing data. We found that several
observables show significant deviations from their SM predictions, the observation of
which definitely shed light in our understanding of the nature of New Physics beyond
the Standard Model.



Appendix A

Helicity-dependent differential

decay rates

The expressions for the helicity-dependent differential decay rates required to analyze

the longitudinal hadron and lepton polarization asymmetries for A; decays are given by
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[66]
dF:q;l/z = Tg[i(ﬂg’++ﬂio+3ﬂg) 3(Hf,+’ +Hl,, + BT+ HT
+2H’;+ HY,, +2H] OHQT’H)} + g(H;O + H} ) +4HEY
3(H5T,+ +H10t+H§T,+0+H5T,+t+2HlT, H10t+2H§,+OH;+t)
+ilZi[(H1 oHT _+HyoHT  +Hy BT+ H BT )
+2(Hy HED)| |
dFAdQ;I/z - %[g(HE%7_+H 0+ 3H?, )+ ;(HT2%7+7_+H GHHT 4HT
w2l HT, 2HT HT%’_J)} +§(Hf;_+Hﬁ o) +AH
B(HT;+, +HTlot"HLIT 0,— +HT;7¢+2H£,+,7H 10t+2HT;,0,fHT%,7,t)
+il/ﬂ;l2[(H soHTs A H oy HTy +H o HT, +Hy HT, )
+2(H_y 1% )]
drzqzm - T;ZQ {g(Hz’++H FH?, £H?, ) +4(HS 4 H? )}+4(H M H5Y 0)
;[Hgi +H10t+HZ,+O+H;2-&-t+HT21+, +HT10t+HT ,0,— +HT2§,—,t
+2(HT,+7 H10t+HT,+0HT,+t+HT—,+, H 1.0 +HT10—HT%,—¢)}
+3%[6(H1 HEE+ H_y 57 )+ (Hy BT+ Hy 1T
+H%+H2T’+O+H1, HY +H o HDy 4+ H oy oHDy g+ H oy HE
Ty Hfi’*vt)}’
dri-=-1/2 8
gz = U eEE e, )+ﬁ[HT y +HT, +HT +HT
+HT2,+, HT10t+HT 0,— +HT2% 1t +2(HT,+, H10t+HT,+0HT,+t

8my T T T
3\/,(H10H2’+7 +H1oHlot+H§,+H2,+0+H§,+H2,+t
T T T
—|—H_%70H_%,+7_ +H—%,0H—%,O,t —i—H_%’_H_%’(L_ +H_%7_H_%7_7t)(.A.1)
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A.1 Form factors relations

The relation betwen various form factors are given as [79, 80]

2 2
q q
= + — 13, =fi———— /o, =f1— (Mp, +m ,
fo fi M, —mn f3 fv+=h Vn, + f2 fr=f1—= (M, +ma) f2
¢ ¢
_ _ 7 =g+ —qn, = g1+ (M, —mnp) g2,
9o g1 My, +ma 93 9+ =N My, — ma 92 g1 = g1+ (M, ) 92
My, +mp p T 1 T
h = IR T 5 h - - )
hy = ¢f =2 240 hi=g5+——97, A2
+ 92 Pz 91 1L =9 My, — ma 1 (A2)
with
T S 2 T 1% S 2 T ¢ T
= — = Mg, — M S e
fa Jr— frq”, fi (fT + fr(Mp, 32))q ) fi Mp, — Mg, 3
2
q
g = gr—9id’,  9i = (9F + 97 (M, + Mp,)) ¢,  g{ = ————=—03(A3)
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