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Abstract

A search for new physics beyond the standard model in some rare semileptonic B meson

decays has been precisely investigated in this thesis in the context of leptoquark model.

The SM describes the behavior of particles at the fundamental level and has capability
to elucidate almost all the existing experimental data so far. Still we need physics
beyond it in order to answer some of the open questions, such as the matter-antimatter
asymmetry, neutrino oscillation, dark matter and dark energy components etc. Recently,
the B factories BaBaR and Belle as well as the LHCb experiment have reported several
anomalies in the semileptonic B meson decays, such as P, observable, the Ry, and
Ry etc. These observables have discrepancy of (3 — 4)o from the corresponding SM
predictions. In order to resolve the anomalies in B meson, we extend the SM with an

addition of a scalar/vector leptoquark.

We study the rare B — KItl~ and B — K )y processes, driven by the quark level
transition b — sl™1~(v¥) by using (3,2,7/6) scalar leptoquark model. We work out the
constraint on the leptoquark couplings by using the branching ratios of By — [T]~ and
B — X, ITI~ processes, measured by the CMS and LHCb experiments. Using the new
couplings, we estimate the branching ratios, isospin asymmetries, lepton non-universality
parameters and the flat term of B — KI1I~ processes in the full ¢® region except the
intermediate region. The branching ratios of semileptonic B decays with neutrinos in

the final state, B — K® v are also computed in the scalar leptoquark model.

Furthermore, we investigate the effect of scalar leptoquarks (3,2,7/6) and (3,2,1/6) on
the exclusive rare B meson decays B — K*(— K ~7")I*1~ in both the low and high ¢?
region. In addition to the above constraint on leptoquark coupling, we also constrain
the new parameters by considering the present experimental data on B® — B oscillation.
We compute the branching ratio, forward-backward asymmetry and isospin asymmetry
distribution using the constrained parameter space. We also look into various form
factor independent observables like P4L576 and CP violating parameters of B — K*I1[~

decay modes in the scalar leptoquark model.

We investigate a simultaneous explanation of R ) and Rx anomalies by considering
the vector leptoquarks (3,3,2/3) and (3,1, 2/3) relevant for both b — cly; and b — slt1~
transitions. The leptoquark parameter space is constrained by using the experimentally
measured branching ratios of By, — [T1=, B — X 11~ (vp) and B} — Ity processes.
Using the constrained leptoquark couplings, we compute the branching ratios, forward-
backward asymmetries, 7 and D* polarization parameters in the B — D™y, processes.
We found that vector leptoquarks can explain both the Rx and Rp.) anomalies, simul-

taneously.
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We also envisage the consequence of vector leptoquarks on the rare semileptonic lepton
flavor violating decays of the B meson which are more promising and effective channels
to probe the new physics signal. We assume that the resulting leptoquark couplings are
real and constrain the new parameter space by using the branching ratios of B, 4 —
IT1=, K;, — ITl” and 7= — [~ processes. We estimate the branching ratios of rare
lepton flavor violating BY — KT (n)l” l;-r processes using the constrained leptoquark
couplings. We also compute the forward-backward asymmetries and the lepton non-
universality parameters of these decays in the vector leptoquark model. Furthermore,

we study the effect of vector leptoquark on the (g — 2),, anomaly.
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Chapter 1

Introduction

1.1 Standard model: Theory of fundamental particles

We being the followers of symmetry, endeavored to realize the symmetry in nature from
the days of yore. In the class of all possible theoretical ideas to explore the symmetry in
physics, the foremost success is the standard model (SM), which is a wonderful theoret-
ical framework build up by the particle physicists in order to narrate the particles, their
behavior, and interactions. Standard model, the one and only theoretical model which
could accommodate most of the observed experimental data at the most fundamental

level.

1.1.1 The particle content

In the SM, for every particle there exists an antiparticle which behaves in the same
way as the particle, with an exception of opposite charge. Based on the quantum
numbers, the particle spectrum in this model is categorized into two types: (i) Fermion,
(ii) Boson. The fermions are subatomic particles with odd half-integral spin, which are
characterized by the Fermi-Dirac statistics and obey the Pauli-exclusion principle. They
are further divided into quarks and leptons, which are the fundamental constituents of
all the visible matters. Quarks are massive half-spin elementary particles, which have
fractional electric charge as i% (for up type) or :F% (for down type). There exist 6 flavors
of quarks in nature namely, up (u), down (d), strange (s), charm (c), bottom (b) and
top (t), which are classified into three generations. Quarks of different flavors combine
with each other to form composite particles called hadrons, which in general are of two
types (i) Baryons, which contain three quarks and (ii) Mesons, which contain a quark-

antiquark pair. Imposing Pauli-exclusion principle to the triquark state, a new quantum
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number called “color” charge has been introduced. All flavors of quarks come in three
colors, namely red (R), green (G) and blue (B) and the corresponding antiquarks have
anticolors. The composite particles should be colorless. Leptons are half-spin point like
particles with no more internal structure. As like quarks, leptons are also arranged in
three families but don’t carry any color charge. Based on the electric charge, leptons are
divided into two categories, (i) charged leptons: electron (e), muon (x) and tau (7) (ii)
neutral leptons: electron neutrino (), muon neutrino (v,) and tau neutrino (v,). Each
generation of leptons is associated with a corresponding lepton number (L;), which is

conserved in the SM.

The integral spin elementary particles, obeying the Bose-Einstein statistics are known
as bosons. The observed fundamental bosons in the SM include the vector gauge bosons
such as photon (7), gluon (g), W* and Z°, which mediate the elementary interactions,
and the scalar Higgs boson, which generates masses of the SM particles. Strong, electro-
magnetic, weak and gravitational forces are the four fundamental forces of the universe.
Of these, the strong force is strongest one and is also known as color or nuclear force. The
massless bicolor gluon is the carrier of strong interactions, which can talk strongly with
quarks and other gluons. This interaction is well explained by the theory of Quantum
Chromodynamics (QCD) and the strength is represented in terms of the QCD coupling
constant (as), which decreases with the increase of energy. This property is known as
asymptotic freedom. The massless photon mediates the electromagnetic force. Quan-
tum Electrodynamics (QED) is the theory of this force and the corresponding strength is
represented by the fine structure constant (e ). The weak force is the only interaction
of the SM, which allows quarks to exchange their flavor with another. This force is me-
diated by the massive W= and Z° bosons and the corresponding strength is represented
by the Fermi constant (Gr), which is experimentally extracted from the life time of
muon. This interaction is unique in the sense that it allows the possibility of the change
of flavor of the participating particles (quarks and leptons). Gravitational force is the
weakest among all four fundamental interactions, which is mediated by a hypothetical
massless gauge boson called Graviton, however there is no experimental evidence so far
about its existence. This is an attractive force, which attracts all the massive objects

towards each other.

Glashow, Salam, and Weinberg suggested the electroweak theory by unifying both the
electromagnetic and weak interactions [1-3]. The unified electroweak theory along with
the strong interaction form the SM of particle physics, which is represented by the
SU(3)c x SU(2)r, x U(1)y gauge group. Here SU(3)¢ represents the strong interaction
with C' as the color charge, SU(2);, denotes the weak interaction where L stands for
left-handedness and U(1)y is for the electromagnetic force, where Y = 2(Q — T3) (@

is the electric charge and 73 is the third component of the isospin) is called the weak



Chapter 1 Introduction 3

hypercharge. The left (right) handed quarks and leptons are isospin doublets (singlets)
of the SU(2)1, gauge group. In the SM, the invariance of local gauge symmetry demands
that all the fundamental particles should be massless, thus contradicting the experimen-
tal fact that all the SM particles have non-zero mass. In order to resolve this issue,
Higgs mechanism [4-7] was introduced with a new scalar boson called Higgs. Due to the
spontaneous symmetry breaking (SSB) of SU(2)r, x U(1)y — U(1)em, the expectation
value of the scalar Higgs field (¢) in the ground state, i.e., the vacuum expectation value
(VEV) is found to be non-zero, which thus, provides masses to all the three gauge bosons
(W#, Z9) of weak interactions. The charged leptons also gain their masses through the
interaction with Higgs field, whereas the neutrino, photon and gluon remain massless.
The non-zero masses of the fermions and gauge bosons, strongly indicate the existence
of the Higgs boson. On 4" July 2012, the LHC Collaboration [8, 9] announced the
observation of a new particle, which was named as Higgs boson after Prof. Peter Higgs,
a tribute for his theoretical contribution to understanding the origination of particle

masses. The discovery of Higgs boson has strengthened the foundation of SM.

1.1.2 The interaction Lagrangian in the SM

There are 18 unknown free parameters in the SM, whose numerical values are evaluated
by various experiments. In order to get knowledge about the free parameters, we need
to elaborate the utmost general Lagrangian of the SM. More explicitly, the general
renormalizable Lagrangian of the SM can be written as [10-15]

SM SM SM SM
L = £kinetic + EHiggs + ﬁYukawa? (11)

SM
where £ kinetic

L'%l}ggs part is responsible for the Higgs mechanism and the Yukawa interaction, i.e., the

carries the fermion kinetic terms along with the gauge interactions, the
interaction of fermion with scalar is described by L%/Ikawa.

SM .
n Ekinetic'

The £3M . part of the SM Lagrangian is given by

kinetic

_‘Cléil\r/lletic = Z‘QilzilDQL QLi + imeR URi + iDRi]DDRDRi
+ZL7L1ELLLL1 +7/E7leERERN (12)

where ) = D#r,, and

1 2 1 1
QL¢(3a2a+6)a UR1(3717+§)7 DR¢(35157§)7 LLi(]-aza*i)a ERi(]-a]-ail)a (13)
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are the representations of various particles (left-handed quark (lepton) doublet Qp,
(Lpr,), right-handed up and down type quark singlets (Ug, and Dp, ), right-handed
charged-lepton singlet (Eg,)) under the SM SU(3)cxSU(2), xU(1)y gauge group.
For the sake of conservation of the local gauge symmetry, the derivatives (0") are
replaced by covariant derivatives (D*). Here the covariant derivatives for all the

quarks and leptons are related to the partial derivatives through the relations

i, = 0 fuGH N B, DL, =0 W~
i 2i .

Dy, = 0"+ §gstf>\a + gg'B“, DY =" —ig B!,
i i

Dy = 9"+ 50:Gida = 59/ B", (1.4

where G (W} and B*) are the neutral gluon fields of strong interaction (isotriplet
and isosinglet vector fields of weak interaction) with coupling strength g5 (¢ and
g') and A\, (1)’s are the SU(3)¢c (SU(2)y) generators.

N. B.: The £3M . Lagrangian contributes three free parameters, gs, g and ¢’.

kinetic

SM .
L:Higgs'

The interaction Lagrangian for scalar Higgs boson is given by [14]
1
Chiggs = 5 (0u0)” — 12676 — A(670)%, (1.5)

where u, A are two free parameters with A > 0.

N. B.: The Elsﬁégs Lagrangian contributes two free parameters, p and A.

SM .
u EYukawa'

The 5%1:1/[kawa part of the SM Lagrangian describes the Yukawa interaction between

a Dirac fermion and the scalar Higgs boson and is given by [15]

LN e = YIQL,0DR, + Y4QL,0Ur, + Y L1, ¢ER, + h.c., (1.6)
where ¢ = imydT, Yg (ij) is the Yukawa couplings of the down (up) type quark
with the Higgs field and Y;5 is the lepton Yukawa couplings with ¢, j as the genera-
tion indices of quarks and leptons. If we expand the SU(2)p indices and change the
basis, then one can easily see that this Lagrangian contains 13 unknown parame-

ters. The detailed description about the above free SM parameters is provided in

the section below.

N. B.: The E%('lt\fkawa Lagrangian contributes 13 free parameters: 6 quark masses,

3 charged lepton masses, 3 mixing angles, and one complex phase (9).
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1.2 CP violation and the CKM paradigm

CP is the combined operation of charge-conjugation (C) and parity (P), where C' converts
a particle into its antiparticle and P creates the mirror image. The CP conservation
implies that the rate of particle < antiparticle transitions should be equal. However,
our existing matter dominated universe demands that the conversion rate of matter <
antimatter should not be equal. In this regard Sakharov has suggested three conditions
[16, 17] to describe the present universe: (i) Interactions out of thermal equilibrium, (ii)
Non-conservation of Baryon number and (iii) Violation of C and CP in both the quark

and lepton sectors.

The investigation of beta decay has demonstrated the V' — A current structure for weak
interactions, where the gauge bosons couple only to the left-handed fermions. The
observation of flavor changing charge current (FCCC) K™ — ptw, process (u — s
transition) by various experiments contradicted the usual expectation that the flavor
changing transitions occur within the same family of quarks only, i.e., u < d and ¢ < s.
To settle this issue, Cabibbo proposed that the interaction eigenstates are (u,d’) and

(¢, s") doublets, and are related to the flavor states (u,d) and (¢, s) doublets by [18]

d - cos O¢ sin O¢ d\ [ Vue Vs d (L.7)
s )\ —sin 0c  cosfBc s ) Via  Ves s )’ .

where f¢ is the quark mixing angle (Cabibbo angle) and d), s\) are the flavor (weak)
eigenstates. Here |V,,|? implies the probability of transition of b flavor quark to the

quark of a flavor.

The real tension arises in the study of rare Kj — u™u~ process, which is mediated by
the flavor changing neutral current (FCNC) s — d transition. Since u and d spectator
quarks of K* — p*v, and K, — u'p~ processes are isospin partners, one should
expect BR(KT — pu*y,) ~ BR(K — ptp~). However, the experimental measured

values of the branching ratios of these processes are [19, 20]
BR(K" — pty,) = (63.44 £ 0.14)%, BR(Kp — ptp~) = (6.87+£0.11) x 1077, (1.8)

One can notice that the branching ratio of leptonic decay of neutral K° meson is
suppressed as compared to the K™ — u*w, process. To account this suppression of
strangeness violating K° meson decays, Glashow, Illiopoulous, and Maiani (GIM) [21]
proposed the existence of an additional up type quark, namely “charm” (c¢) before its
discovery. Hence, u quark exchanged one loop diagram exactly gets canceled with the

diagrams involving ¢ quark, which instigates mass difference of v and ¢ quark and put
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an upper limit on the charm quark mass. GIM mechanism [21] implies the FCNC tran-
sitions should be either absent or very much suppressed in weak interaction. In general,
for n doublets of left handed quarks, the down type flavor interaction eigenstates can be

written as
n
d; =Y Vijdj, i=1,2,....m, (1.9)
j=1
where V;; is a n X n unitary matrix.

1.2.1 The CKM (Cabbibo-Kobayashi-Maskawa) matrix

Expanding all the SU(2), doublets of the Lagrangian in Eqn. (1.6)

B 0 [ Ui,
¢_<(v+h)/\/§)’ QLi—<DLi>, (1.10)

the Yukawa Lagrangian in the mass eigenstate basis can be written as

Ly = (Md)z] ELiDRj + (Mu)” ULiURj + h.C., (111)
where
v v
M,=—Y% My;=-—Y 1.12
e = (112

are the masses of up and down type quarks and (M, q);; are the 3 x 3 complex quark

matrices in flavor space.

One can apply the unitary transformation on the Y* and Y¢ Yukawa couplings as
YU V=V YUV Yo v =V YL, (1.13)
where Y (Y'?%) are real and diagonal

Y = diag (Yus yer o), V4 = diag (ya, s 90) - (1.14)
From the interaction basis of Y*, one can write
YU=Y"  Yi=VY9 (1.15)
and from the basis of Y¢

. Yv=viyy (1.16)



Chapter 1 Introduction 7

Thus, from (1.15, 1.16), the matrix V can be written as

Vud Vus Vub
V=VuVl=| Vu Vi Ve |- (1.17)
Via Vis Vi

Here, this matrix is called the CKM matrix [18, 22], which is physical and independent

of basis.

1.2.1.1 Counting the no. of parameters in CKM matrix

A unitary n x n matrix can have 2n? parameters, which can be written as
Vij = Aij + iBij, (1.18)

where A;; (B;;) is the real (imaginary) part of the matrix elements. The unitarity of

the matrix V implies
8ij = (VIV)ij = Vil Vij = AiArj + BriBij + i(AiBrj — ArjBra).- (1.19)
Thus, we get
ApiAyj + BiiBrj = 0ij,  AwiBrj — AgjBri =0, (1.20)

which provides $n(n + 1) 4+ in(n — 1) = n? independent conditions. Hence, the no. of

remaining free parameters is
2n? —n? =n? (1.21)

A physical observable should be independent of phase. Since quark fields are physical,
(2n — 1) phases can be absorbed for n quark generations. Thus, the total no. of

independent parameters are
2 _ 2
n“—(2n—-1)=(n—1)". (1.22)

Of these, %n(n — 1) parameters are associated with the real rotation angles and the rest

2(n—1)(n —2) are the no. of complex phases. Hence, a 2 x 2 matrix has one rotational
angle (Cabibbo angle) and the 3 x 3 matrix has three mixing angles and one complex
phase, which is responsible for CP violation (CPV). Thus, to explain CPV Kobayashi
and Maskawa, proposed the existence of 3'4 generation of quarks in 1973 [22] before they

are experimentally observed.
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1.2.1.2 CKM parametrization

Several parametrizations have been proposed for the CKM matrix in terms of the four
parameters (three rotational angles and one phase), which differ from each other in
the aspect that the freedom of phase rotation will leave a single complex phase. Of
these, the most common parametrizations are (i) Standard parametrization [23-25], (ii)

Wolfenstein parametrization [26].

e Standard parametrization:

€12€13 512€13 s13e”"
_ i i
Vokm = | —s12c23 — c12523513€" €12€23 — $12523513€" 593€13 , (1.23)
i i
512823 — C12C23513¢€" —C12523 — S12C23513€" €23C13

where ¢;; = cos0;j, s;; = sinf;; with 4,5 = 1,2,3 and 6 is the CP violating phase.

¢ Wolfenstein parametrization:

This is another useful parametrization of CKM matrix, which is related to the

standard parametrization by
S19 = A, So3 = A)\2, 813671’6 = AN (p — i77) , (1.24)

where A, A\, p, and n are four Wolfenstein parameters. With these relations, the

new form of CKM matrix is given by [26]

1- %2 A AX3(p — in)
Ve = —A -2 AN2 + O\, (1.25)
AX3(1 — p—in) —AN? 1

ﬁ=p<1§>, ﬁzn(lA;), (1.26)

and 7 being the imaginary parameter should be nonzero for CP violation.

All the CP violating observables should be independent of the type of parametrization

used. Thus, one can define the Jarlskog invariant (Joxwm) [27] as

3
Im (Vi Ve Vi Vi) = Jokm Y €ikm€sin, (6,4, k,1=1,2,3) (1.27)

m,n=1
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where V,;’s are the CKM elements and €4 is the Levi-Civita symbol. In the standard

and Wolfenstein parametrizations, this invariant quantity is given as
JCKM = 6126236%3812523813 sind ~ )\6A217 . (128)

As we have already discussed that the only CP violating parameter in the SM, i.e.,
the complex phase is present in the Yukawa Lagrangian. Thus, the condition for CP

violation can be expressed as [27]
Im(det[Y Y4 YUy ¥i]) £ 0. (1.29)

An interesting question arises here. Why do we need a complex parameter to describe
the CP violation in the SM? To get the answer, lets again go back to the Yukawa
Lagrangian. Operation of CP on the Yukawa Lagrangian (the quark doublet part of the

Yukawa Lagrangian along with the corresponding hermitian conjugation)

LYukawa = njE¢ij + }/szRJQZ)T ¢Li

cP — —
— YijYr, ¢ L, + YL, ovn; (1.30)

will leave the coefficients Yj; and Y7 unchanged. Therefore, CP violation requires Y;; 7

Y*

i e Yij coefficients should be complex.

For the quark sector of the SM, the essential condition for CP violation in the mass

basis (the condition in Eqn. (1.29) is translated to the mass basis) is given by

AmZ.Am2, Am2, Am2 Am2,Am?2, Jexn # 0, (1.31)

2 _m2 — m?2

where Am” =m; —mj.

From the above discussion, we conclude that for CP violation in the SM, the following
conditions are essential.
» The up (down) type quarks should not possess any mass degeneracy,

» Values of all the three mixing angles in the CKM matrix should neither be 0 nor
/2,

» The complex CP violating phase (§) should not be equal to 0 or .
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1.2.2 Unitary triangle

The unitarity of CKM matrix implies VCKMVCTKM = I, which gives several relations
between the CKM elements. Out of the twelve possible equations, six relations are of
the form [28§]

> ViaVis=0, (1.32)

which are the required geometrical conditions to construct a triangle. Thus, one can
construct six unitary triangles in the complex (p,7) plane. Among these, the most

relevant unitary triangle is constructed from the following relation

VudVy, + VeaVy + ViV  =0. (1.33)
~—— ~—— ~—~—
AN3(p+in) —AX3 AN3(1—p—i7)

In Fig. 1.1, we show the unitary triangle formed by using the above relation, where the
length of all the sides of the triangles are roughly of same order (~ O(A\3)). Rescaling

the length of one side of the triangle to 1, the remaining two sides become

VudVy, — ViaVy, — =
R, = |2 ubl — /52 4+ 72, Ry = bl —\/(1-p2+72. 1.34
VoVt p*+1) = (1=p)?+17 (1.34)
The associated angles of this triangle are
ViaVy, eV, VudVyp,
o =arg | — , p=ar <1, =arg | — ——= | 1.35
1 Vs o 7 Ml 7 M

where a + 8 + v = 180°. The area of all the six unitary triangles are given by [29]
1 o 1
Ayt = 5’Im (Vi ViV Vi) ( = S Joxu- (1.36)

However, Jokm is constant irrespective of the CKM matrix parametrization, hence, all
the six unitary triangles have equal area. Thus, twice the area of the triangle will be

the measure of CP violation.

1.2.3 Role of K meson in CP violation

In 1964, the discovery of CP violation in the neutral K meson [30] is the first experimen-
tal observation of CPV in the meson sector. The K° meson contains a strange quark
which is produced via the strong interaction and it decays via weak interaction. Thus,

we can write the weak eigenstates (| K ?72>) as the reinforcement of the strong eigenstates
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()

(0,0) (1,0)

FIGURE 1.1: The resized unitary triangle constructed from the unitarity condition
VudViy + VeaVy + ViaVyy, = 0.

(1K), 1K) as

1 _ 1 _
K% = — (K% — |[KY), KY)) = — (K% + |K%). 1.37
|1>\/§(|>!>) |2>\/§(!>|>) (1.37)
Now, applying CP symmetry on |K ?72)
CP|KY) = +|K7), CP|K3) = —|K3) | (1.38)
CP even CP odd

we notice that K? (KJ) is CP even (odd). Thus, CP conservation implies K7 will decay
only to two pion state while Ky should go to three pion state . However, in 1964, for
the first time Cronin and his group have observed Ky — 27 process, which is a clear
indication of CP violation in weak decays. The detection of Ko — 27 implies that
the weak eigenstates differ from the CP eigenstates by a small admixture of other CP

eigenstates. Thus, the physical states are represented as
Ko — KV +eK? K, — K9 +eK?)
V(I +EP) V(I +EP)

where £ is the mixing parameter with value & ~ 2.3 x 1073,

(1.39)

1.3 Theory of B meson

Even though CP violation was observed in neutral K meson system, the order of CPV
(~ O(1073)) is not sufficient to explain the present matter-antimatter asymmetry. Later
in 2001, Belle [31-34] and BaBar [35-38] experiments have observed CP violation in B
meson system. The measured value of CPV in the B meson is ~ O(1). Besides this, the

relative phase between the B? — B? mixing parameter is much larger than the K% — K°
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mixing. The B meson being much heavier in comparison to the K meson, thus, provides
many decay channels to detect CP violation. The size of the mass difference (AM)
of K9 — K© system predicts the upper mass limit on charm quark. Analogously, upper
bound on the top quark mass is predicted from the size of AMpg. This provides strong

motivation to look for CP violation and physics beyond the standard model in B system.

B meson is one of the most interesting particles of nature to elucidate our present uni-
verse, which was first observed in the decays of T(4s) resonance in 1983. The backbone
of B meson is the bottom/beauty (b) quark, which combines with other light antiquarks
(@,d, ¢, 5) to form the By, Bg, B, and BY mesons, respectively. The quark content of

the existing B mesons are
B, = (bu), Bj=(bd), B, =(be), BY=(bs). (1.40)

To study CPV in the B system and to critically test the SM predictions, the LHCb at
CERN and two asymmetric B factories: Belle at KEK and BaBar at SLAC have provided
tremendous amount of data. The main objectives of these experiments are to test the
SM results very precisely and to explore possible new physics (NP) beyond it. The
spectacular performance of the B factories and LHCDb has enhanced our understanding
on CPV in B sector and the shape of flavor physics in the SM. The B factories have
also observed various rare decay processes of B mesons and the associated CP violating
observables. The high luminosity Belle II experiment is almost ready for operation to
study the rare B decays more precisely. The recent experimental results on some new
observables in the B sector have inconsistency with the SM predictions. The observation
of lepton universality violation (LUV) at LHCb in B — K®ITI~ processes [39, 40]
involving b — s transitions and in B — D™y, decay processes [41-46] mediated via
b — c transitions become a challenge for B physics lovers. Furthermore, the upper
limits on the branching ratios of lepton flavor violating (LFV) B decays [24], such as

Bsgq — l;cl;-t, BT — K'JrlfFlj-E strongly demand new theory apart from the SM.

Apart from unable to explain the observed anomalies in the B sector, the SM has also
some other limitations. Though it is considered as the fundamental theory of particle
physics, it fails to explain some of the important issues of particle physics [47-50], such
as the neutrino oscillation, hierarchy problem, dark matter and dark energy components,
gravitational force and so on. These above limitations of SM indicate that, the necessity
of NP beyond the SM is very much crucial. In this context, B physics provides a very
good platform to explain the baryon asymmetry of universe and to explore the NP

domain beyond the standard model.
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1.3.1 Effective Hamiltonian and the operator product expansion

The interchange of quarks and gluons inside the B meson couldn’t explain the QCD
effects for long distance hadronic states. Thus, we need to separate the low and high
energy scales in our theory in order to take into account the QCD effects precisely.
The method, which separates the full theory into two distinct parts: short and long
range terms, is called the operator product expansion (OPE) [51-54]. In the OPE
technique, the effective Hamiltonian is simply equal to the summation of point like
effective operators multiplied with the corresponding couplings. Thus, the shape of the
utmost general effective Hamiltonian illustrating the rare decays of B mesons at low

energy is given by [55]
Gr
Hen = 5 Veran > Cilw)Oip), (1.41)

where Vok is the combination of CKM matrix elements [18, 22], O;’s are the dimension
six effective operators and the C;’s are the coupling constants which characterize the
strength of the operators in the Hamiltonian and are known as Wilson coefficients [51,

52, 54).

In weak interactions, the Feynman diagrams for the decay processes of B mesons in
the full theory are sketched by the exchange of W*, Z% among the initial and final
state interacting quarks, which differs from the reality. In real, the B meson decays are
more precisely described by the local point-like operators (O;) in the effective theory.
The heavy bosons and quarks are removed from the operators and their effects are
included in the corresponding Wilson coefficients in the effective field theory. The physics
contributions into the short and long distance parts are separated by a renormalization
scale factor pu. The physics contribution above p are included in the Wilson coefficients
and the effective operators constitute the theory below the renormalization scale p,
thus, the full theory is preserved. The matching scales (u) is of the order of O(my)
(O(me)) for the case of B (D) meson decays, and p ~ O(1 — 2) GeV for the study of
K decay processes. Since the Wilson coefficients include all the massive W+, Z° bosons
and the top quark contributions, these are at the scale of Myy,z. However, the decay
amplitudes should be independent of any scale. Thus, we have to evolve either the Wilson
coefficients, C'(My) — C(myp) or the effective operators (O;(Mw)) — (O;(mp)) such
that the p dependence of the Wilson coefficients will cancel with the scheme dependance
in the effective operators. In general, we express C'(My) in terms of C(my) by using

the renormalization group equation (RGE) [55].

The effective operators are categorized into various types depending on the final state

quarks and leptons, and the Dirac and color structure of quarks. The B meson decays
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can occur either at tree level or loop level (penguin and box) diagrams. All possible
relevant operators [55] of the SM and the Feynman diagrams associated with these

operators are presented below.

Tree level operators:

O1r = (Tabs)y_4 (@690) y_4 O2 = (70)y,_ 4 (74")y_4> (1.42)

QCD penguin operators:

O3 = (@)v-a Z (@a1)v-a, Os=(Gabs)v-a Z (715q10) V-4,

q=u,d,s,c,b q=u,d,s,c,b
Os = (@v-a >, (@@)via, Os=(Gabs)v-a Y (©1p61a)v+4,(1.43)
qa=u,d,s,c;b qa=u,d,s,c;b

Magnetic penguin operators:

e
07’7 = @mbixawj(l =+ ’75)baFuV7 Osa = ;#mb(,iaoﬂuy(l + 75)TngOCGZw (1'44)

Semileptonic operators:

o, i _a _
Ov = L @v-alip)y, — Ow=p(ab)v-alip)a, (1.45)
« «
0p = 5 (@v-a@)v-a, O = —(@)v+a(@V)vya, (1.46)
AB = 2 operators:
Orr = (bd)y_, (bd)y_y»  Orr=(bd)y 4 (bd)y 4 - (1.47)

Here O 2 represent the current-current operators, which arise from the simplest tree level
diagrams mediated by the charged W= bosons in the SM. In these operators ¢ = d or s,
¢ = q" = u,c and «, B are the color indices of quarks. Here V F A = v*(1 F v3)
with V' (A) is the vector (axial-vector) current structure of electroweak interactions. In
Fig. 1.2, we have shown the tree level Feynman diagram for B decays. The tree level
FCNC diagrams driven by Z° gauge boson are forbidden by GIM mechanism. The me-
diators of one loop penguin diagrams are gluon (QCD penguin), Z° and 7 (Electroweak
penguin) vector gauge bosons. The exchange of internal up type quarks and W takes
place inside the loop of penguin diagrams. The QCD penguins operators are denoted
by 03456 and the corresponding diagram is shown in the left panel of Fig. 1.3. The
five dimensional Oy, (mediated by photon) and Ogg (mediated by gluon) operators are
known as magnetic operators. The schematic diagram corresponds to 07, operator is

presented in the right panel of Fig. 1.3. The FCNC semileptonic b — ¢l™I~ processes
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occur via one loop box or penguin diagrams and the corresponding operators are sym-
bolized by Og 19. These operators involve both quarks and leptons. In Fig. 1.4, we show
the penguin (left panel) and box (right panel) diagrams for semileptonic processes. The
operators for semileptonic B decays mediate via b — quv transitions are denoted by
OZ(R) in Eqn. 1.46. The AB = 2 operators are responsible for Bg — Bg mixing, whose
schematic diagram is given in Fig. 1.5. The left handed O, operator is only contribute
in the SM.

FIGURE 1.3: QCD penguin (left panel) and magnetic penguin (right panel) diagrams
in the SM.

The decays of B mesons are of three types: (i) leptonic decays, which have only leptons
in the final states, (ii) nonleptonic decays, whose final states are only hardons and (iii)
semileptonic decays, which contain both hardons and leptons in the final state. In this
thesis, we intend to study the theoretical tools for some rare semiletonic B decays and

the NP associated with these processes.
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b u,c,t q

FIGURE 1.4: Penguin (left panel) and box (right panel) diagrams for semileptonic
b — ql™l™ processes in the SM.

b _ bou a b 4 q
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4 t,c,u b 4 w b

FIGURE 1.5: Schematic diagram for B® — B® mixing in the SM.
1.3.2 Formalism of rare semileptonic B meson decays

The analysis of rare semileptonic decays of B mesons is one of the active research topic
in recent times. The elements of CKM matrix can be precisely determined from the
investigation of these decays. The semileptonic decays are of two types: (i) Exclusive
decays (ii) Inclusive decays. The exclusive decays imply that we are measuring the
energy, momentum and other physical observables of one particular decay channels,
e.g., B— KWIl, B — DMy, processes. However, inclusive decays involve the decays
of a specific initial B meson to a couple of possible final states. In the B — X1y inclusive

decays, the initial B meson can decay to a lv; pair plus any hadrons.

The effective Hamiltonian of semileptonic decays with b — ¢l™1~ transitions in the SM
is given by [55-58]

4G

He:
A

A0 Agmg] +heec., (1.48)
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where

HE = C1(0f—0%) +Cs (05— 0),
10

HY = G105+ 05+ oy, (1.49)
=3

with A, = Vip Vs (g2 = t,u).

The effective Hamiltonian for b — qui processes is given by [59]

4Gy
V2

where C¥ = —X (z4)/sin? Oy [60, 61] is the SM Wilson coefficient associated with the

left handed current and the C% Wilson coefficient corresponding to right handed current

Heg Vi Vit (CLOY + CHO%) + hec., (1.50)

is negligible in the SM.

The effective Hamiltonian mediating the semileptonic decays b — ¢'li, considering

neutrinos only to be left handed, is given as [62]

4G
He = =
T

where Vi, is the CKM matrix element. The C’é( coefficients, with X = Vj 2, 512 are the

Voo (14 L) Ol + Cl0h, + 0504 +CkoL], ()

Wilson coeflicients and the corresponding operators are

0L, = (eLy"br) (Fryuvin), O, = (€ry"br) (Trvunin)

qul = (¢rbr) (TrRUIL) , OQQ = (¢rbr) (TRUIL) , (1.52)

where qr,(r)y = L(R)q are the chiral quark fields with L(R) = (1F75)/2 as the projection
operators. In the standard model, the Cé( Wilson coefficients are zero. These coefficients

can only be generated in new physics models.

Now to estimate the decay rate of a semileptonic process, we should have knowledge
on computing the hardonic matrix elements. For semileptonic decays, the hardonic
matrix element of the current between the initial and final mesons can be described by
various form factors. The form factors for B meson decays to any pseudoscalar meson
(P =K, m) are given by [63, 64]

2 g2
(Pe)VBpa) = (208 - 0), Fi@®) + 0,72 [Rle®) = B, (153)

Fr(q?)

(P )ioywa’|Blps)) =  [(205 — 0),4" ~ (M} = MB) 0] 57~

(1.54)
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where Mp (Mp) is the mass of the B (P) meson respectively and ¢ = pp — pp is
the intermediate momentum transfer. Here Fy;7(g?) are the form factors which are
estimated by using various methods such as heavy quark effective theory (HQET), lattice
QCD, light cone sum rule (LCSR) etc. Similarly for B — V transitions, where V =

K*, p, ¢ are vector mesons, the hardonic matrix element can be parametrized as [63, 65]

QV(q2) *v, a [
(V(pv,e)|Vu F AulB(ps)) = Mg+ My, ess PBd
F| (Mp + My) e Ai(q%)
e*-q 9
gy g A
Mp + My (2pB Q)M 2(q”)
oMy

, (1.55)

2 €0 a[A(a) — Aol

(V(pv.e)liowq”(LF75)|B(ps)) = —2i€uwase™pBq Ti(q?)
+ [(s; (Mg — M{) — (" q) (2p —q), )Tz(q2)

2

+ 0 (- e (s —a), ) Ta(a?)

— 1.56
Vs v (1.56)

where My is the mass of vector meson, ¢ = pp — py and € is the polarization vector of
V meson. Here Ag12(q%),V(q?) and T1 23(q?) are the form factors and Asz(q?) is related
to Aj2(q?) through

Mg — My
2My

Mg+ My

20, Ax(q?). (1.57)

As(q?) A1(¢?)

1.4 Mixing of neutral mesons

In the SM, the particle-antiparticle (P° — P°) mixing occurs in BY, Bg, K9 and DY
neutral mesons by the box diagrams with the exchange of internal W boson and top
quark. This in turn implies that the flavor eigenstates differ from the mass eigenstates.
The time evolution of P® — P° structure at the time of mixing of two flavor state is
illustrated by [66, 67]

dip(t)

= = MU, [p() = a(t)|P°) + b(t)| P°), (1.58)

where H is a 2 X 2 non-hermitian Hamiltonian written as

2 M21 M22 2 P21 F22
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Here the M’ and I hermitian matrices are the off-shell and on-shell intermediate states
of AP = 2 transition which carry the dispersive and absorptive part respectively. The
hermicity implies, My = M7,, I's1 = I'5; and imposing the invariance of CPT, we get
M1 = Moy = M, T'y; = I'gg = T' [68]. Thus, the non-hermitian Hamiltonian (1.59)

simplifies to

M- 1 My — LT
H = 2 LR (1.60)
Miy — 5, M —35T

Now diagonalizing the Hamiltonian, the obtained eigenstates are

1

VPl + lq)?

where the subscript L (H) stands for light (heavy) and ¢, p are related to the mixing

P p) = [IP°) £ 4| P")], (1.61)

parameter (€) and the off-diagonal matrix elements by

e A i\ V2
q_ S . (1.62)
P Mo — 5112

After diagonalization, the corresponding eigenvalues of H are simply the mass (real part)
and decay width (imaginary part) of the neutral mesons. For CP conservation |¢/p| =1
and Mjs (T'y2) is real.

1.5 Classification of CP violation

After knowing the theoretical tools for B and K decays, we now discuss all possible ways
to see CP violation. The decays of B and K mesons will occur either through decay

or through mixing. Let’s consider the decay processes, where the initial state i (i) will

decay to a final state f (f). The amplitudes are given as
Ap=(fIHli), Ap=(fIHl), A= (fIHlD), Af=(fIH]i). (1.63)

Using the above parameters, the following observables in B meson decays and mixing

can be constructed to investigate CP violation

q 7f_
K T i S P G 1.64

For two types of processes (decays and mixing), CP violation can be classified into three

types as [11]
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m CP violation in decay (Direct CP violation):

The CP violation of this category appears in both the charged and neutral particles
and arises due to the difference between the decay amplitudes of P™ — fT and
P~ — f~ processes, i.e., A(PT — fT) # A(P~ — f7). This CP asymmetry is

given as

decay _ D(PT = fH)—T(P" = f7)  1—|Ap [Ap (1.65)

CD(Pt = fH)+T(P~ = f7) 1+ |Ap JAp 2

In the Ag+ and Af, decay amplitudes two types of phases arise (i) weak phase
which appears in the electroweak interaction of the SM and have opposite sign in
A+ and A = (ii) strong phase which appears in the decay amplitudes and have

same sign. Thus, the decay amplitudes can be written as
Ape = " A0t A =3 " 4090 (1.66)
i i

From the above equations one can notice that for CP violation the following rela-
tion should hold

Ap-
Apt

£1. (1.67)

Thus, Adc‘;;:ay is nonzero and is given by

—2AZA i sin (¢Z — qf) ) sin ((51 — (5)
Adecay _ J 7 7 ) 1.
Cp Z (A? + A? + 2A1A] Ccos (qf)l — (;5]) Ccos (62 — 5]) ( 68)

]

m CP violation in mixing (Indirect CP violation):

Indirect CP violation occurs in neutral meson decays when the physical eigen-
states differ from the CP eigenstates and is governed by the above defined ’q/p}
parameter. Even though ‘/_1 f/A f‘ = 1, this type of CP violation arises for

4
SR (1.69)

This asymmetry can be measured in semileptonic decays of P meson if one finds a
wrong sign lepton in the final state. For example, the amplitudes of P — X"y, and
P — X1, decay processes are equal whereas the P — X[~ 7, and P — X1ty

semileptonic processes have vanishing decay amplitudes. Thus, the indirect CP
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asymmetry can be defined as

miving _ 4 (P(6) = XUtw) — G (P(t) > XUm) _ 1~ a/p"

t
T E PO X H (PO S X)Lt o]

(1.70)

m CP violation in the interference between mixing and decay:

As the name suggests, this type of CP violation arises due to the interference be-
tween the decay and neutral meson mixing and exists even if |A /Afl =1, lg/pl =
1. If there is a single final state f, to which both the P and P meson can decay,
then the CP asymmetry is defined as

G (P = )= G (P(t) = f)

Acp(t, f) = =
@ (P(t) = )+ % (P(t) = f)
= Ciepcos(AMpt) — Sgep sin(AMpt), (1.71)
where
1-— ’x\f’z ZIm)\f
Crop = — M1 op = ot 1.72
fep 1—|—|/\f’2 fep 1+|)\f|2 ( )

Here Cfcp, are the contribution from the direct CP violation and St describes the
CP violation in the interference and mixing and is commonly known as mixing-

induced CP violation.

Eqn. (1.71) implies that even though the CP violation in decay is absent, i.e.,
|A7/Af| = 1 and there is also no CP violation in mixing (|¢/p| = 1), still CP
violation can occur through the interference between decay and mixing, if ImA; #
0. Thus, Eqn. (1.71) reduces to

Acp(t, f) = —ImAf Sin(AMpt). (173)

1.6 Why do we need extension of the SM?

Though, SM is a well established and fascinating theoretical model of particle physics
which has an ability to explain all the observed experimental data, but it fails to answer
some of the open questions of particle physics. The limitations and the unanswered

questions of the SM are:

» Why there are only three generations of fundamental particles in the SM ?

3rd

» The masses of generation quarks/leptons are greater than the quarks/leptons

of second generation, which are again higher than the first generation particles.
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There is no satisfactory answer to this puzzling nature, i.e., why there is mass
hierarchy in the SM?

» In the SM, the masses of neutrinos are negligible and their is no oscillation between
different flavors of neutrinos. However, various experiments have confirmed that
neutrinos oscillate during propagation and they have non-zero mass. Here the

question arises, why SM unable to accommodate the observed neutrino oscillation?

» SM does not contain any component for the fourth fundamental interaction of

nature, i.e., the gravitational force.

» Though our universe constitute 26.8% of the dark matter (DM) and 68.3% dark

energy (DE), the SM does not include any components of invisible sector.

These are the basic failures of the SM, which motivates every particle physicist to move

forward and to look for NP beyond it.

In addition to these common limitations, SM once again fails to accommodate some of
the observed angular observables of the rare semileptonic B decays. Many of the rare
B decay observables have discrepancy at the level of (3 — 4)c between the SM results
and the experimental data. Below, we have listed the recent important anomalies in the

rare semileptonic decays of B meson.

Recent anomalies in rare semileptonic B decays

m The discrepancy of 2.60 [39] is found in the observed lepton non-universality (LNU)

parameter (Rf), in the BT — K]~ processes.

m The observation of 30 deviation in the decay rate [69] and the well known P!

observable [70] of B — K*ITI~ decay processes.

m Recently LHCDb Collaboration has reported inconsistency between the SM and
experimental results of Ry« parameter at the level of 2.20 (2.40) [40] in the ¢* €
[0.045,1.1] GeV? (¢ € [1.1,6.0] GeV?) bin.

m Deviation of 1.90 [41-45] and 3.30 [45, 46] in the LNU parameters Rp and Rp-

respectively.

m 3.30 [71] discrepancy in the measurement of the decay distribution of Bs — ¢u™ ™

modes in the high recoil limit.

m The experimental observation of lepton flavor violating decay processes [24] in
the charged lepton and B sector such as uy= — e v, 7= = 17y, 7~ — 3u (e7),

Byg— I717, BY — K*(7)ITI= which are forbidden in the SM.
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The occurrence of these anomalies may be due to the statistical fluctuation or due to
the presence of NP beyond the SM. The experimental observed data on these physical
observables strongly indicate the presence of either new theory or new particles. These
anomalies motivate us to study rare semileptonic decay modes in a simplified theoretical

framework with an additional leptoquark (LQ).

1.7 Thesis overview

In this chapter, we gave a brief introduction to the SM and to the physics of quark sec-
tor. After mentioning the failures of SM and the B decay anomalies in this chapter, we
present a comprehensive discussion on the new hypothetical gauge boson, namely lepto-
quark in the next chapter. We mainly focus on the leptoquarks, which play an important
role in resolving the anomalies associated with the rare semileptonic B meson decays.
We also compute the constraints on leptoquark couplings from various rare exclusive/in-
clusive B decay processes in chapter 2. The rest of the chapters of this thesis provide
a detailed analysis of above defined anomalies in the SM and in the leptoquark model.
In chapter 3, we investigate the rare B — KIt1~ and B — (K®), X,)vi processes in
the (3,2,7/6) scalar leptoquark model. Chapter 4 deals with a comparison study of
the effect of (3,2,7/6) and (3,2,1/6) scalar leptoquark on various angular observables
of B — K*ITI~ processes in the full ¢ region. We perform a simultaneous study of
Ry and R+ anomalies with (3,3,2/3) and (3,1,2/3) vector leptoquark couplings in
chapter 5. The lepton flavor violating B decay modes are explored in chapter 6 and

chapter 7 summarizes our findings in the leptoquark model.






Chapter 2

Leptoquark Model

2.1 Leptoquark in a nutshell

The SM particle content does not have any boson with both color and electric charge
quantum numbers, thus quarks and leptons are treated as two distinct fields in the SM.
Nonetheless, the equal and opposite contribution of two sectors cause phenomenal can-
cellation of triangle anomalies of gauged currents in the quantum theory and fabricates
the SM a renormalizable theory [72]. Though quarks and leptons belong to two differ-
ent sectors of the SM, there exist several similarities between them. Both have three
families with mixing between different generations and the electric charges are integer
multiples of 1/3. The above spectacular symmetry indicates the existence of a new kind
of particle beyond the SM, which connects quarks and leptons at the fundamental level.
Consequently many extended SM theories such as SU(5) grand unified theories (GUTSs)
[73-77], color SU(4) Pati-Salam model [77-81], super-sting inspired models based on
Es group [82], quark and lepton composite model [83] and technicolor model [84, 85]
are proposed to describe the quark lepton interactions. All these theories predict the

existence of a new hypothetical gauge boson, named as “LEPTOQUARK?”.

As the name suggests, leptoquark (LQ) provides the link between the quark and lepton
sectors. They are hypothetical color-triplet elementary particles which have both the
lepton (L) and baryon (B) quantum numbers. LQs may or may not conserve B and
L quantum numbers. Based on the spin quantum number, they can be either scalar
(spin = 0) or vector (spin = 1). The schematic diagram for b — ¢ll’ processes mediated
via scalar (left panel) and vector (right panel) LQs are presented in Fig. 2.1. As
LQs connect up type (@ = +2/3) or down type (Q = +1/3) quarks with the charged
(Q = =£1) or neutral () = 0) leptons, their feasible fractional electric charges are

Q = +£5/3, £4/3, £2/3, +1/3. Beyond the spin and charge, they are also distinguished

25
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from each other by their fermion no. (|F'| = 3B+L), which can be either 2 or 0 depending
on their couplings to fermion-fermion (Ig) or fermion-antifermion (Ig) pairs. According
to the couplings of LQs with different families of quarks and leptons, they are also
divided into three types, namely first, second and third generation LQs. In the effective
theories, the B and L number violating LQs are very heavy, at the level of GUT scale
(~ O(10%) GeV) and have both the LQ and diquark couplings, thus destabilize the
proton. On the contrary, the LQ gauge bosons that conserve either B or L or both do
not allow proton decay, and hence, they could be light enough (~ O(10%) GeV) to be

observed in the current colliders.

LQ

=
O

FIGURE 2.1: Feynman diagrams for semileptonic b — ¢ll’ processes mediated by the
scalar (left panel) and vector (right panel) leptoquark.

Since the leptoquarks couple to quarks and leptons simultaneously, the light LQs could
be useful to explain the recent anomalies in the B sector. Thus, one should have best
knowledge about the couplings of the light LQs. In order to avoid the problematic mas-
sive GUT scale LQs in the NP models, the following constraints should be implemented
on the LQs [86-88].

m The presence of diquark couplings should be avoided [73], since these couplings in

combination with the genuine LQ couplings destabilize the proton.

m The strict bound on LQ couplings coming from the FCNC processes [77, 89, 90]
can be eschewed by requiring that LQ couplings are diagonal, i.e., they interact
only with the same generation of SM fermions (quarks and leptons). However, one
couldn’t foise diagonality on LQs which interact only to the left handed quarks
[87, 88], as the CKM matrix rotation restricts simultaneous diagonalization of LQ

interaction with the up and down type quarks [18, 22].

m The nonchiral LQs that couple to both the left and right-handed quarks have
significant contributions to the leptonic pion decays and the decays of other pseu-

doscalar mesons[81, 87, 89, 91], which lead to stringent bounds on L(Q couplings.
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To evade these strict bounds, chirality on LQ couplings are demanded. Chiral-
ity implies that LQs interact to specific chiral quark only, i.e, they interact to
left-handed or right-handed quarks at a time but not to both.

From the above discussion we notice that, if the light LQs could couple chirally and
diagonally with SM fermions and do not have any diquark couplings, then they could
affect the low-energy physics.

The production of LQs in the proton-proton (pp) collisions are two types: single and pair
productions. The scattering cross section for the single production of LQ depends on
the Yukawa couplings whereas in the pair production, the cross section has dependance
only on the LQ mass. Therefore, the single productions are model-dependent and the
pair productions are independent of any models. Currently, the LHCb as well as the
CMS and ATLAS Collaborations are profoundly looking for L.Q pair production. They
have obtained the mass bounds on all generation scalar LQs at 95% CL. The mass limit
on the vector LQs are more stringent in comparison to the scalar LQs. The measured
lower bound on the mass of first and second generations scalar LQs by the CDF, DO,
CMS and ATLAS experiments are presented in Table 2.1. In this Table 8 represents the
branching ratio of LQ — I*¢ processes, whose value can be 0 ,0.5, or 1 [92]. The CMS
Collaborations have set a limit on the mass of third generation LQs above 685 GeV [93],
740 GeV [94] and 450 GeV [95] for the case of LQ —t —7, LQ —b—7and LQ — b — v,
channels, respectively. Similarly ATLAS experiments have excluded the mass of 3"
generation LQs below 625 GeV [96] and 640 GeV [97] respectively for LQ — b — v, and
LQ — t — v, interactions.

TABLE 2.1: The experimental lower bounds on the mass of first and second generation
scalar leptoquarks at 95% CL [98].

Experiments Limits on the scalar LQs mass
1st gen 2nd Gen

| CDF \ > 236 GeV (B8 =1) [99] > 226 GeV (8 =1) [100] |
| DO \ > 299 GeV (B =1) [101] > 316 GeV (B =1) [102] |

CMS > 830 GeV (8 =1) [103] > 1070 GeV ( =1) [104]

> 640 GeV (8 = 0.5) [103] > 785 GeV (8 = 0.5) [104]

ATLAS > 1050 GeV (B = 1) [97] > 1000 GeV (B =1) [97]

> 900 GeV (8 = 0.5)[97] > 850 GeV (8 = 0.5) [97]

After getting an idea on the experimental mass limits of the scalar LQ bosons, some
important questions may strike to our mind. These are (a) where do the relevant LQs
come from? (b) what are the roles of LQs in the B meson anomalies? The existence of
LQs at TeV scale are strongly motivated by various extended SM theories, in which both

the quarks and leptons are treated on the equal basis. They are mainly found in Grand
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Unified Theories [73-77] based on SU(5) [73, 105] and SO(10) [74, 106] gauge group,
Pati-Salam color SU(4) model [77-81], extended technicolor model [84, 85], super-sting
inspired Eg model [82], and composite models [83]. Though LQs fail to answer some
important open questions like the dark matter content of the universe or the origin of
the electroweak scale, they play a vital role to settle almost all the anomalies in the
B sector (which we have already mentioned in chapter 1). In Ref. [107], the authors
have investigated both the R ) and Rg anomalies in the (3,2,1/6) scalar LQ model.
According to the Ref. [108], the extension of the SM with the SU(2)y, singlet scalar
LQ can accommodate the Rg through a loop correction and the R via the tree level
LQ contribution. The LFV decays in the B sector are analyzed in the context of LQ
model in the literature [109-111]. There are many articles in the literature where the
phenomenology of scalar LQs and their contributions to new physics are studied. The
LQ model in the context of B meson anomalies has been investigated in the literature
[90, 107-131], though the effect of scalar LQs in various observables associated with the

B — KM+~ processes has not been elaborately investigated.

2.2 Classification of leptoquarks

The light LQs are required to settle the flavor physics anomalies. Light LQs demand
chirality, diagonality and vanishing diquark couplings. Besides this, LQs should have
renormalizable interactions with the SM elementary particles and the interactions should
be invariant under the SU(3)c x SU(2)r x U(1)y SM gauge group [132, 133]. These
requirements lead to 14 relevant LQs (7 scalars and 7 vectors) [134-136]. Of these, the
LQs that couple only to the SM fermions are listed in Table 2.2 [132]. In this Table,
we classify the LQs according to their fermion no. and spin. The scalar (vector) LQs
are denoted by S; (V;), where the subscript ¢ stands for the SU(2)., representation of
LQ multiplet. The LQ states which have same SU(2), representation and different YV
are denoted by an extra tilde above the symbol of LQ state. Out of these possible LQ
states, we only study S»(3,2,7/6), S2(3,2,1/6) scalar LQs and V3(3,3,2/3), Vi(3,1,2/3)
vector LQs to investigate the issues in B sector. The detailed discussion on these four

LQ multiplets are presented in the subsection below.

2.2.1 Scalar leptoquark

There are two genuine scalar LQ multiplets S»(3,2,7/6) and So(3,2,1/6) having fermion
number zero. These LQs conserve baryon number and don’t allow proton decay in the

perturbation theory. This is the main reason of our interest in these LQs.
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TABLE 2.2: List of pertinent leptoquarks which are invariant under the SM SU(3)¢ x
SU(2)r x U(1)y gauge group [113].

Leptoquark ‘ Spin ‘ ]FH (SU3)¢, SU(2)p, U(l)Y)‘

Sy 0 2 (3, 1, 1/3)
S 0 2 (3, 1, 4/3)
Sy 0 0 (3, 2, 7/6)
Sy 0 0 (3, 2, 1/6)
Ss 0 2 (3, 3, 1/3)
Vi 1 0 (3, 1, 2/3)
Vi 1 0 (3, 1, 5/3)
Va 1 2 (3, 2, 5/6)
Va 1 2 (3, 2, —1/6)
Vs 1 0 (3, 3, 2/3)

52(37 2’ 7/6)

The Lagrangian describing the interaction of the scalar LQ doublet S2(3,2,7/6) with
the quarks and charged leptons is given by [113, 120, 121, 132]

L=-\], WsS3€aplly — \ip €rS5,Q1, +hec. | (2.1)

where i,7 =1,2,3 (o, 5 = 1,2) are the generation (SU(2)z) indices, Qr, and Ly, are the
left-handed quark and lepton doublets, ur and er are the right-handed up type quark
and charged lepton singlets and € = 709 is a 2 X 2 matrix. These multiplets can be

represented more explicitly as

Go/3 uL VL 0 1
Sy = 2 . QL= . Lp= , and e= (2.2
i ( S5/ ) - < dr, g er -1 0 (22)

The superscripts of the components of L doublets denote the electric charge of the LQ
components. The transition of weak basis to mass basis divides the Yukawa couplings to
two part of couplings pertinent for the upper and lower doublet components. We use the
basis where CKM and PMNS rotations are assigned to up type quarks and neutrinos,
i.e., ur, — Voxkmur and v, — Vpynsyr. Here AZ}%L and )\iLjR are the LQ couplings in the

mass basis of the down type quark and charged leptons.
Now expanding the SU(2)y indices, the interaction Lagrangian becomes

L= N3, @ pSae) + rrVenins] 7l g Sal vl

—orVerul? @S2 — NI s e, (2.3)

«
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Using the Fierz transformation, one can obtain from Eqn. (2.3), the contribution to the

interaction Hamiltonian for the b — qkl;rl; processes as

H ALRNER g0 (1 — gyl + 1o = AR (05 +00).  (29)
L = — )5 5 = 9 10 |- .
@ 8M2,,, 8 My,

One can thus write the LQ effective Hamiltonian (2.4) analogous to its SM counterpart
(1.48, 1.49) as

GFroem
Hig = — \Ff Vi Vi (Cy R0y + Cl2040) (2.5)
with the new Wilson coefficients as
)\i3 )\zk*
CgQ o _ _ 4 LROLR (2.6)

2v2Gpaem ViV Mz
2

where k is the generation index of the down type quark flavor .

S'12(3a 2a 1/6)

Similarly the interaction Lagrangian for the coupling of 5'2(3, 2,1/6) LQ to the fermion
bilinear can be expressed as [113, 120, 121, 132]

L=-X\}, dipStcaslly + hoc. (2.7)

~ ~ ~ ~ T
where the Sy LQ doublet in terms of its component is Sy = (53/3, 52_1/3) . Now
expanding the terms in Eqn. (2.7), the interaction Lagrangian in terms of different LQ

components is given by
L=-N\ d .53 + [ARLV g G130 2.8
RL%%RP2q eL [ArLVemnsV]V dy g So, L? (2.8)

After performing the Fierz transformation, the interaction Hamiltonian becomes

NELARL (p 7 _NRARL (o o o
Hiq = W[Q’Y (L4 75)b] 17, (1 + 5)l] = TAMZ <O9 + OlO)' (2.9)
§2/3 5213

where 0 and O}, are the four-fermion current-current operators obtained from Og 19
by making the replacement L <> R. Thus, due to the exchange of the LQ S5(3,2,1/6),

one can obtain the new Wilson coefficients CQLQ and C{I{)Q associated with the (’)g and
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O}, operators of b — qkl:rli_ process as

ki 3"
T ARLARL

C/LQ _ _C/LQ _
Y 2V2 Graen ViV Ml
2

9

(2.10)

In addition to the b — le;rli_ processes, these LQs also contribute new Wilson coeffi-
cients to the semileptonic B decay processes with dineutrino in the final state, b — qrv;7;.

The effective Hamiltonian of Sy LQ after applying the Fierz transformation is given by
_ )‘RL — _
Hiq (b — qrrivy) = =22 (gy" Rb) (079, (1 — v5)v) - (2.11)

Now comparing the SM Hamiltonian (1.48, 1.49) with the Hamiltonian of LQ model

(2.9), we obtain the C’II%Q new Wilson coefficient as

ki y3i*
LQ _ i ARLARL
CR = — NG -5 . (2.12)
2 2GFaemV;fb‘/tq l\4§_1/3
2

2.2.2 Vector leptoquark

V3(3,3,2/3)

The interaction Lagrangian of isotriplet state V3(3,3,2/3) with fermions is [62, 120, 132]
L= X}, Qup (7 Vaw)agy" Ly, + hec., (2.13)

where = 0,1,2,3 denotes the Lorentz indices. This baryon and lepton number con-
serving LQ allows only LL type coupling, thus chiral in nature. Now expanding all the

SU(2)r, indices, the Lagrangian can be written as

. _ 2 3 . s s 2 3 y
L= =M dy'Valel + Vo] Tai "V, v

+\@[VPMNS)\LL]ijJiL”y“%;UgVi + \/i[VCKMALL]ij'ITLZ’)/M‘GEL/ge% + h.c..(2.14)

Now using Fierz transformation and comparing with the SM effective Hamiltonian
(1.48,1.49), we observe that it contributes new Wilson coefficients to the b — gl 71,
processes as
T Akz )\32’*
Cy = —cpQ = LLZLL (2.15)
V2GRV Vitem M3

3
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It should be noted from (2.14) that, V3 vector LQ provides additional Wilson coefficient

contribution to b — qxv;; process, which is given by

3 ; -
27T )\nz )\mz

crQ = ViV SLLCOLL (2.16)
b V2GraenVaVyy AT MY

3

From Eq. (2.14), one can also notice that V3 vector LQ gives additional contribution to

the Wilson coefficients of b — cli; processes as

! L M
cl =————— N Vg , 2.17
T 2V2G RV Z} M%/s @.17)

where V;3 denotes the CKM matrix element, Mvz/g is the mass of the LQ and the
3

superscript denotes the charge of V3.

Vl (3’ 1’ 2/3)
The Lagrangian for isosinglet state, V3 is [62, 120, 132]
£ = (XL Qe Ly, + N dr 6y ) Vi + hec., (2.18)

which violates baryon number and has the coupling to both left and right-handed

fermions. In the basis of mass eigenstates, this Lagrangian can be written as

L o= [VCKM)\LL]JuL'y“VQ/?’ 4N di Ve,

)\gR MV2/3 ] )‘ZI-]zRﬁ%fyuvli/ ’/R + h.c.. (2.19)

In addition to Cg 19 Wilson coefficients, these nonchiral leptoquarks contribute scalar

and pseudoscalar operators to the b — gl l; processes [120]

LQ LQ m NELALL (2.200)
che = ol : 2.20a
’ U V2GR i Vaem Mo,
Nkt 33
= o= i RRZRR 2.20b
’ Y V2GRV Ve Mo (2:200)
1
e R S Ve S VA 24 (2.200)
P S GF‘/I‘,bV Qem M‘Z/Q/g ,
2 NERAYL
cre = e Vor Al (2.20d)

S GF‘/th Qem M‘2/2/3
1
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Furthermore, they also contribute additional Wilson coefficients to the b — clv; process
as [62, 132]

3

l 1 AT l
Cyy, = —— E Vig—=5—==, Cy., =0, (2.21a)
W 2\/§GFVcb ) M‘2/2/3 V2
1
3 -
1 AQZ )\13
ct, = -~ E Vg “LLZRR. 2.21b
1 2V2G Ve, = ‘2/2/3 ( )

2.3 Bounds on scalar leptoquarks

After gathering the information about the NP contributions to the processes b —
qltl~ (vp) and (b — clv) in hand, we now proceed to constrain the NP parameter
space using the recent measurement of various rare decay processes of B mesons such

as Bs 4 — 1717, B — X,lT1~ and the B? — B? mixing data.

2.3.1 B4 — lTl” processes

The rare leptonic decay processes Bsq — (717, where | = e, u, 7, mediated by the
FCNC transition b — (s,d)ITI~ are strongly suppressed in the standard model as they
occur at one loop level and also suffer from helicity suppression. These decay processes
are very clean and the only non-perturbative quantity involved is the B meson decay
constant, which can be reliably calculated using the non-perturbative methods such as
QCD sum rules, lattice gauge theory etc. Therefore, they are considered as one of the
most powerful tools to provide important constraints on models of new physics. In the

SM, only C19 Wilson coefficient contributes to the decay amplitude.

Including scalar LQ contributions, the effective Hamiltonian of B, — [T]™ processes is
given by [137]

Her = \/% Vi Vi | C1811 049 + C1 200 | (2.22)
where ¢ = d or s, C¥gtal = CPM —|—C%0Q. The corresponding branching ratios for B, — (71~

process are given as

+7— Gy 2 42 2 12 | ~total Q| Amj
BR(B, — [*17) = 1o55mm,02, 13, Mp,m?|VieVis 2| C13™! = O ’ 1- 5. (2.23)
By

However, as discussed in Ref. [137], the average time-integrated branching ratios BR(B, —

[t17) depend on the details of B, — Bq mixing, which in the SM are related to the decay
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widths T'(B, — IT17) by a very simple relation as BR(B, — [117) = T'(B, — IT17)/T%,

where I"}{ is the total width of the heavier mass eigenstate.

Including the corrections of O(aem) and O(a?), the updated branching ratios in the

standard model are calculated in [138] as

BR(B, — ee)™ = (8.54 +0.55) x 10714, (2.24)
BR(B, — pu)®™ = (3.65 £ 0.23) x 107, (2.25)
BR(Bs — 77)™ = (7.73 £ 0.49) x 1077, (2.26)
BR(By — ee)™™ = (2.48 £ 0.21) x 1071, (2.27)
BR(By — )™ = (1.06 & 0.09) x 10710, (2.28)
BR(By — 77)"™ = (2.22 4 0.19) x 107%. (2.29)
The corresponding experimental branching ratios of these processes are [139-143]
BR(B; — ee)™Pt < 2.8 x 1077, (2.30)
BR(B; — pp)™ P = (2.875:6) x 1077, (2.31)
BR(B; — 77)FP' < 3.0 x 1073, (2.32)
BR(Bg — ee)™P" <83 x 1078, (2.33)
BR(By — pup)®Pt = (1.8 £ 3.1) x 10710, (2.34)
BR(Bg — 77)%Pt < 4.1 x 1073 (2.35)

The experimental branching ratio [141] of B4 — ptp~ processes are more or less
consistent with the latest SM prediction [138], but certainly they do not rule out the

possibility of new physics as the experimental errors are still quite large.

Including the contributions arising from scalar L(Q exchange, one can write the transition

amplitude for these processes from Eqn. (2.22) as

_ _ GF N
M(BY = IF17) = (I*1 ]Heﬁ]B2>:—mwb%qaemeqMqulCISév[P, (2.36)
where | LG LG LQ
_ C{gta - 010 010 - C'10 iphQ
e ke IR (237)
with
e L L
re'®™ = (Cjpt - CgH /ot (2.38)

The expression r denotes the magnitude of the ratio of NP to SM contributions and
#"Q is the relative phase between them. As discussed in section 2.2, the exchange of

the leptoquarks S(3,2,7/6) and So(3,2,1/6) give new additional contributions to the
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Wilson coefficients C’{“OQ' and C’faQ respectively. Thus, the branching ratio in both the

cases will be
BR(B, — IT17) = BR(B, — I"17)|sm(1 + 72 — 21 cos ™) . (2.39)

Using the theoretical and experimental branching ratios from (2.24) and (2.30), the
constraints on the combination of LQ couplings can be obtained by requiring that each
individual LQ contribution to the branching ratio does not exceed the experimental
result. The allowed region in r — ¢"Q plane which are compatible with the 1o range
of the experimental data are shown in Fig. 2.2 for By — p*u~ (left panel) and for
Bgs — ptp~ (right panel). From the figure one can see that for By — utu~ the allowed

range of r and ¢"Q as
05<r<13, for (0<¢"?<7/2) or (3mw/2<¢"?<2m), (2.40)

which can be translated to obtain the bounds for the leptoquark couplings using Eqns.
(2.6), (2.10) and (2.38) as

32y12%
1.5 %1077 GeV 2 < w <3.9x107° GeV 2, (2.41)
MS

with Mg as the LQ mass !. For the B, — u+u™ process for 0 < r < 0.1 the entire range

for ¢*Q is allowed, i.e.,
0<r<01, for 0<¢"Q<2r. (2.42)
However, in our analysis we will use relatively mild constraint of
0<r<035, with =/2<¢"@<3n/2. (2.43)

This gives the constraint on leptoquark couplings associated with b — su™p™ transition
as

[AF2A27| -9 -2 LQ

——— <5 x 1077 GeV for 7w/2<¢" <3m/2. (2.44)

MZ

0<

For other leptonic decay channels i.e., Bs 4 — ete™, 7

7~ only the experimental upper
limits exists [24, 98]. Using now the theoretical predictions for these branching ratios
from [138], we obtain the constrain on the upper limits of the various combinations of
LQ couplings as presented in Table 2.3. However, the constraints obtained from such

processes are rather weak.

1For simplicity, we have not kept the subscripts on the LQ coupling parameters.
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FIGURE 2.2: The allowed region in the r — ¢\ parameters space obtained from the
BR(Bg — pt ™) (left panel) and BR(Bs — putpu™) (right panel). Here NP = ¢lQ.

TABLE 2.3: Constraints on the leptoquark couplings obtained from various leptonic
Bg.q — IT1™ decays.

Decay Process Couplings involved Upper bound of the
couplings (in GeV_z)
By — e*eF PN <173 x 1077
S
By — 1T P <1.28 x 1076
S
B, — eeT L < 2.54 x 1077
S

2.3.2 B — X,I*l~ processes

For the analysis of semileptonic b — slTI~ process, we need to know the values of
the leptoquark couplings PEOL /Mg, which can also be extracted from the inclusive
decay rates B — X, I11~. To obtain such constraints, we closely follow the procedure
adopted in Ref. [123]. In this subsection, we discuss the constraint on LQ couplings
from the branching ratio of inclusive B — XTI~ decay process mediated via b — sl*1~

transitions. The branching ratio for this process in the SM is given by [144]

8 4¢2 2t2
= Bof(l — 81)2 1——x |:(281 + 1) ( + 1> ’CSH|2
SM 3 S1 S1

2(1 — 4s7)t2 2 22
s (R s ) onl o (2 41) (2 1) oo
1 1

S1

dBR
dSl

2t off*
+ 12( = +1)Re(C7Cs")] | (2.45)

51
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where t = my/mP', s; = ¢%/(m?”*)? and By is the normalization constant related to

BR(B — X.ei,) process as

By — 3O‘gmBR(B — Xceve) |thVt§‘2
O T R2n f(me)k(me) Va2

(2.46)
Here 7, = m?” /mP”® and the functions f(1h.) and (i) are defined in Refs. [123,
144]. For the numerical estimation, we use the values of the parameters as m. = 0.29 +
0.02 [145] and BR(B — X.ev.) = (10.1 £ 0.4)% [98]. For the CKM matrix elements
we use the Wolfenstein parameters with values A = O.814J_r8:8%i, A =0.22537 4+ 0.00061,
p = 0.117 £ 0.021 and 7 = 0.353 4+ 0.013 [98]. The particle masses and the lifetime
of B meson are taken from [98]. Now using these parameters, the branching ratios of
B — X1~ processes in the SM for the low ¢ € [1,6] GeV? region are found as
BR(B — Xse"e )| 2en.6) covz = (1.67£0.06) x 107°, (2.47)
BR(B —= Xsp" 117)| 2ep g eve = (1.6 £0.61) x 1077, (2.48)

q%e

and the predicted branching ratios in the high ¢* (> 14.2 GeVz) region are given as

BR(B = XseTe )| 25140 gevz = (3.9 £0.15) x 1077, (2.49)
BR(B — Xop 17)| 25140 ey = (3-840.25) x 1077, (2.50)
BR(B — X,7777)| 25140 qev? = (1.78 £0.29) x 1077 (2.51)

The corresponding experimental results for both low and high ¢?

[146]

regions are given by

BR(B — XgeTe )PPt = (1.937047 1021 +0.18) x 107%  For low ¢%, (2.52)
(0.569-19 £0-93 4 0.00) x 1075 For high ¢2, (2.53)
BR(B — Xop )P = (0.661052 1050+ 0.07) x 107®  For low ¢%, (2.54)
( ) (2.55)

0.6079:3L +9-95 4 0.00) x 107 For high ¢?, (2.55

where the first uncertainties are statistical, the second experimental systematics, and the
third model-dependent systematics. Since there is no experimental measurement for the
branching ratio of B — X717~ process, we consider the limit as ~ 1% in our analysis.

Including the new physics contribution, the total branching ratio of B — X1~ process
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is given by [123, 144]

dBR dBR 16 * *
- + Bo[ (1= 51)2(1+ 251) [Re(C5TCFY + Re(CroClyY |
ds1 ) Total ds1 ) su 3

8 L L L L
+ 50— 2+ 28) |G + [O1P + 1G9 + [CR°P

+32(1 — 1) Re(@ci?*)] : (2.56)

where C'é’)lIaQ are the new Wilson coeflicients.

In Ref. [123], the constraint on the r and ¢ parameters from B — X upu~ process
is already discussed. According to Ref. [123], the bounds on r and ¢? parameters are
given by [123]

0<r<0.36, 0 < ¢ < 2r. (2.57)

However, these constraints are more relaxed than those obtained from By — pu™ ™.

In the left panel of Fig. 2.3, we show the allowed region in C’{}? — ¢ parameter space
due to exchange of the leptoquark So(3,2,7/6) for b — seTe™ processes. The right
panel depicts the allowed region in the C’éLQ — CfaQ space due to the exchange of the
leptoquark 5’2(3, 2,1/6), where the green (red) regions corresponds to high-¢? (low-¢?)
limits in both the panels. Thus, it can be noticed that the bounds coming from the
high-¢? measurements are rather weak. Considering the exchange of the Sy(3,2,7/6)
leptoquark as an example, we obtain the bound on C’{“OQ' as —2.0 < C{“(? < 3.0 for the
entire range of ¢“Q, which gives the bound on r parameter associated with b — setTe™
transition as

0<r<0.17. (2.58)

2.3.3 BY— B mixing

Now we will obtain the constraint on the LQ couplings from the mass difference between
the B, meson mass eigenstates (AM,), which characterizes the B; — By mixing phenom-
ena. In the SM, B, — B, mixing proceeds to an excellent approximation through the box
diagram with internal top quark and W boson exchange, and the effective Hamiltonian

describing the AB = 2 transition is given by [147]

G2
Heff = E

= 1622 AP My So(we)ns(30)v—a(5b)v—a (2.59)
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0 50 100 150 200 250 300 350 ’ 5 P s
¢ C;NP

FIGURE 2.3: The allowed region in CNY — ¢ parameter space (left panel) and C(;NP —
CNP (right panel) obtained from BR(B — X,ete™), where the green (red) region
corresponds to high ¢* (low ¢?) limits. Here C’é:)llgp = C’éf)llaQ and NP = ¢LQ.

where Ay = Vi V%, np is the QCD correction factor and So(z;) is the loop function

dry — 1122 + 23 3 logzyx}
S, — _Z 2.60
() A(1 — 2,)2 2(1— )3 (2:60)

with @, = m?/M3,. Thus, the B; — B, mixing amplitude in the SM can be written as

1

_ G2 .
2MB <Bs|Heff|Bs> = T;MI%V )\? B Bsf%sMBsSO(:L‘t) ) (261)

SM _
Mpy" =

S

where the vacuum insertion method has been used to evaluate the matrix element

(Bul(53" (1~ 45)0) (591~ 35)0)| Bs) = 5 Bof3, M3, (262)

The corresponding mass difference is related to the mixing amplitude through AM, =
2|Mi2|. Now using the particle masses from [98], np = 0.551, the Bag parameter B B, =
1.3204+0.017£0.030, the decay constant fp, = 225.6£1.1+5.4 and the top quark mass
my = 165.95 from [148], we obtain the value of AM; in the SM as

AMSM = (17.426 & 1.057) ps~*, (2.63)
which is in good agreement with the experimental result [98]

AM, = 17.761 £ 0.022 ps . (2.64)
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However, the central value of the theoretical prediction deviates from the corresponding

experimental value. The ratio of these two results yields
AM,/AMSM = 1.019 £ 0.062 , (2.65)

which is consistent with 1, but it does not completely rule out the possibility of new

physics in By, — B, mixing. The mixing amplitude receives an additional contribution

lv LQ
b i s b
_______ e
 § 2 § *
] ]
] ]
] ]
] ]
] ]
LQ : : LQ I, v l,v
] ]
] ]
] ]
] ]
] ]
@ @ QP m-- Y —
s v b s LQ

FIGURE 2.4: Box diagram for B, — B, mixing phenomenon in the leptoquark model.

due to the flow of LQs and charged leptons/neutrinos in the box diagram as shown in
Fig. 2.4. For S5(3,2,7/6) LQ, there will be contribution coming only from charged
leptons in the loop whereas for S5(3,2,1/6), both charged leptons and neutrinos will

contribute to the mixing amplitude.

The effective Hamiltonian due to the leptoquark S2(3,2,7/6) and charged lepton in the
loop is given by

()\3@' )\Qi *)2 1 mZQ B B
Hig= ) szgfg e I 2 (by"Ls)(by,Ls) , (2.66)
2 2

i=e,u,T
where the loop function I(x) is given as

1— 2%+ 2zlogx
I(LU): (1_33)2 ’

(2.67)

which is always very close to I(0) = 1. For the S»(3,2,1/6) contribution there will
be charged leptons as well as neutrinos in the loop, and the corresponding effective

Hamiltonian becomes

Az [ 1 m? 1] .
o= 3 TR i Tz ) g |G ROGuEs) (208
2 2 2

i:e,,u,‘r
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To obtain the constraints on the LQ coupling, we require that the individual LQ contri-
bution to the mass difference does not exceed the 1o range of the experimental value.
Since we are interested in obtaining the bounds on A3? and A?? couplings, we consider
the muon contribution to the mixing amplitude. Neglecting the mass of muon and using

Eqn. (2.62), we obtain the contribution due to LQ exchange as

My ()\gizR/\%QR*)ZntB 2 Mg for S5(3,2,7/6) (2.69)
oY = —ALR sJ B, MB, 4 ’ ’
38472 M2,
ke (A%L*)‘%L)ZUBBB 3 Mp for 5'2(3 2,1/6) (2.70)
12 —ooz1s3 1BBB. f5,Ms, , 4 1/0): ’
1927 MS,2

Thus, including both SM and LQ couplings, the total contribution to mass difference is

given as
1
16GEVigViPmiy So ()

((A%%*)? <A322L*A%?L>2>]
2 2
2M2, M

1+

AM, = AMM

(2.71)

Now, varying the ratio of mass difference (AM,/AMSM) within its 1o allowed range
(2.65), we obtain the constraint on [A32A22 /Mg| as shown in Fig. 2.5, where the left plot
corresponds to the constraint on S2(3,2,7/6) and the right plot shows the constraint
on S5(3,2,1/6) couplings. From the figure, the bounds on |A\*’X?2/Mg| for the entire

allowed range of V¥ are found to be

232 )22 *
0< |[HLEZRL 1 <75 % 107° GeV™!, for 55(3,2,7/6),
Sa
)\32 *)\22 ~
0<|ZBLZRL) < 50%x107° GeV!, for S(3,2,1/6). (2.72)
So

It should be noted that using the By — B, mass difference, we obtained the bounds on
IA32)\22| /Mg, whereas using the By — p*pu~ and B — X,utp~ data, the bounds on
IA32022| /M2 have been obtained. So to correlate these two results, we need to know the
mass of the scalar leptoquark Mg. The upper limits on the LQs mass are discussed in
section 2.1. Hence, if we scale the couplings obtained from the By — By mass difference

for a benchmark leptoquark mass of 1 TeV, the bounds in Eq. (2.72) can be translated
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as
)\32 )\22 *
0< [FLECLE | <75 % 1078 GeV ™2, for S»(3,2,7/6),
So
32 *y22 ~
0< |ZBLZALI <50 % 107° GeV 2, for 55(3,2,1/6). (2.73)
Sa

Since these bounds are reasonably higher than those obtained from B; — putu~ and

B — X,utp~ , we will use the bounds (2.43) as mentioned in the previous subsection,

in our analysis.
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[0) [0]
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FicUure 2.5: The allowed parameter space for the leptoquark couplings in the
IN32X\22 /M| vs. ¢ ~ ¢LQ plane obtained from the mass difference between B,

meson mass eigenstates (AM;). The left panel corresponds to bounds on S3(3,2,7/6)
and right panel is for S2(3,2,1/6) couplings.

2.4 Bounds on vector leptoquarks

In this section, we discuss the constraint on new Wilson coefficients which are obtained
due to the exchange of V5(3, 3,2/3) and V1(3, 1, 2/3) vector LQs. We compute the bounds
on the vector LQ couplings by using various rare leptonic/semileptonic B and K decay
modes such as By — 1717, B — X "l~, B— X,wv, Bl — 1Ty, K — 171~ as well as

the LFV decay modes 7= — 7.
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2.4.1 Byg4 — "1~ processes

In the LQ model, the branching ratio of By — 71~ process including the pseudo(scalar)
Wilson coefficients is given by [137]

- G 2 2 | ~SM |2 2 |2 Amj
BR(B, = 1717) = 1673 TBqaemeq|CIO Mp,m; H/tb‘/;fq| 1- VR
Bq

x (1P +151) (2.74)

where P and S are defined as

P

L 'L 2 L L
CR + CIOQ - CmQ Mg, my (CPQ - Cp Q)
Clsé\/[ 2m; my + my Clsév[ '

L Amp M, my (CEQ - CQLQ) (2.75)
Mg, 2mymy+mg - CR ) '

Here C’QI;% are the new Wilson coefficients arising due to the exchange of vector LQ,
which are negligible in the SM. Thus, P =1 and § = 0 in the SM. The theoretical and

experimental results are interconnected through the following relation [137]

S

l—yg

BRth(Bq — l+l_) == m
q

BR®PY(B, — 1T17), (2.76)

where y, = 75, Al';/2 and Aar is the mass eigenstate rate asymmetry. Now to compare

the theory with the experiment we define their ratio as

~ BR™(B, = I*I7)
7 BRSM(B, — IF17)

= |P]? +|S)>. (2.77)

In our analysis, we compute the bound on vector LQ couplings for the two different

cases: (a) LQ couplings are real, (b) LQ coupings are imaginary.

Case-I: Real leptoquark couplings

Here, we assume that the couplings coming from the vector LQ exchange are real.
If we consider the LQ couplings as chiral, then only the C’%Q Wilson coefficient will
give additional contributions. Now comparing the SM theoretical predicted values [138]
with the corresponding experimental results [141] for the branching ratios of B, — {71~
processes, one can obtain the constraints on the new Wilson coefficients C’ﬁ))LQ generated
in the LQ model. The detailed formalism of the constraints on r and ¢“Q parameters
for scalar LQ has been discussed in the previous section. Using these bounds on the r

and ¢"“Q parameters, one can envisage the rare leptonic/semileptonic B decay processes
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driven by vector LQ, if the masses of scalar and vector LQs are of same order, Mg = 1
TeV. The upper bound on the product of the leptoquark couplings ()\%L)\%Z) from various
two body leptonic By 4 — {717, I = e, i, 7 decays are presented in Table 2.4.

TABLE 2.4: The allowed values of the product of vector leptoquark couplings obtained
from the processes B, g — I+

Decay Process Couplings involved Upper bound of
the couplings

Bs — etet IAZL 3L <11.8
By — pFpu® INZZ 2327 <23x 1073
By — 77T AT <04
By — eteT AL AL < 8.0
By — pFuT T2 232 7| (0.7 —1.81) x 1073
By — 7T AL 337 < 0.593

As seen from Eqn. (2.75), the scalar and pseudoscalar Wilson coefficients are dominated
by the M]%q /my multiplication factor, therefore, the new physics contribution to the C{JOQ
Wilson coefficient can be neglected. In the presence of only Cg}LQ Wilson coefficients,
using Eqns. (2.94), (2.20c), (2.20d) and (2.77), the R, parameter turns into

CLQ_C/LQQ
_los-ogtp

2
q

leg® et

Ry .
q

1 (2.78)

r

where

_2my (my 4+ my) CISOM
Tq= M2 ’
Bq

(2.79)

Now comparing the theoretical and experimental branching ratios of B, — [T]~ decay
modes, we estimate the allowed range of CEQ + C’fgLQ coefficients. In the presence of only
real pseudo(scalar) Wilson coefficients, Eqn. (2.78) will be a circle of radius |ry|\/ Ry ™"
with center at <C’I§Q + CéLQ, CI§Q — CgLQ) = (r¢,0). We show in Fig. 2.6, the allowed
region in the CEQ - CfgLQ, C’EQ + C;LQ plane, obtained from the Bs — ete™ (top
left panel), By — putu~ (top right panel) and Bs — 77~ (bottom panel) processes.
Analogously, the constraint on real Wilson coefficients acquired from By — ete™ (top
left panel), By — ptu~ (top right panel) and By — 777~ (bottom panel) decays are
presented in Fig. 2.7. In Table 2.5, we report the constraint on the CISfQ + CgLQ real
Wilson coefficients obtained from the experimental bound on the branching fractions of
the processes By — [T1~. Using the bounds on the real Wilson coefficients, one can

obtain the constraints on the product of several LQ couplings using the Eqns. (2.20c,
2.20d).
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FIGURE 2.6: The allowed region for the Cg + Cy Wilson coefficient obtained from
By — eTe™ (top left panel), Bs — uu~ (top right panel) and By — 777~ (bottom
panel) processes.

TABLE 2.5: The allowed values of the combinations of Cg)LQ Wilson coefficients ob-
tained from the processes By q — [T1™.

Decay Process Bound on C’]S?Q + C’fgLQ Bound on CEQ — C’gLQ

By, — pruT 0.0 — 0.32 0.1 — 0.18
B, — etef —14—1.4 —14— 1.4
B, —» 77T —150 — 150 —150 — 150
Bg — pFpuT —0.16 — 0.44 0.2 — 0.36
By — eteT —4 =4 —4 =4
By — 71T —1000 — 1000 —1000 — 1000

Case-II: Imaginary leptoquark couplings

Here, we assume the leptoquark couplings as imaginary. Now comparing the theoretical
value of branching ratio of By — ("]~ processes from Eqn. (2.24) with the 1o range
of the experimental data (2.30), the allowed region of real and imaginary parts of the
chiral LQ couplings are shown in Fig. 2.8, for By — eTe™ (top left panel), Bs — putu~
(top right panel) and Bs — 777~ (bottom panel) processes. The constrained values of

real and imaginary parts of LQ couplings are given in Table 2.6. Now considering only
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FIGURE 2.7: The allowed region for the Cs + Cy Wilson coefficient obtained from
By — eTe™ (top left panel), By — upu~ (top right panel) and By — 77~ (bottom
panel) processes.

the C g }17 9 new Wilson coeflicients, the allowed region on real and imaginary parts of LQ
couplings for B — eTe™ (top left panel), Bs — putu~ (top right panel) and Bs — 717~
(bottom panel) processes are shown in Fig. 2.9 and the allowed range of LQ couplings

are presented in Table 2.6.

TABLE 2.6: Constraints on the real and imaginary parts of the leptoquark couplings
from B, — [T1~ processes, where | = e, i, 7.

Leptoquark Couplings Real part Imaginary part
A%lL)\%lLZ —13.0 - 13.0 —13 — 13
N —0.016 — 0.0 —0.008 — 0.008
AB BT —0.4 — 0.4 —0.4 — 0.4
AL (—0.8 = 0.8) x 1072 | (—0.8 — 0.8) x 1073
A2 N2 —0.016 x 1072 — 0.0 | (—0.8 — 0.8) x 10~*
AN —0.1 - 0.1 —0.1 - 0.1
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F1GURE 2.8: Constraints on the real and imaginary parts of the leptoquark couplings
from B; — ete™ (top left panel), B — uTu~ (top right panel) and By — 77~
(bottom panel) processes in V5(3,3,2/3) leptoquark model.

2.4.2 B — X,I*l~ processes

The detailed expressions for the branching ratios of inclusive B — X 71~ processes
are discussed in subsection 2.3.2. Therefore, in this subsection we will present our
findings on LQ couplings from these processes. By comparing the theoretical and ex-
perimental branching ratios, we show the constraints on V3(3,3,2/3) LQ couplings from
B — Xsete (utpu~) process for low ¢? (left panel) and high ¢* (right panel) in Fig.
2.10 (Fig. 2.11) respectively. Similarly in Fig. 2.12, we show the allowed region from
B — X, 7777 process in high ¢? region. From these figures, the allowed range of real
and imaginary parts of LQ parameter space in the low and high ¢? regime are presented

in Table 2.7.

2.4.3 B — X,vU process

The study of the processes involving b — svv transitions are quite important, as they
are related to b — sl™1™ processes by SU(2),, and are also very sensitive to the search

for NP beyond the SM. The inclusive decay B — X v is theoretically very clean,
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F1GURE 2.9: Constraints on the real and imaginary parts of the leptoquark couplings
from B; — ete” (top left panel), B — uTu~ (top right panel) and By — 77~
(bottom panel) processes in V;(3,1,2/3) leptoquark model.
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FIGURE 2.10: Constraints on the real and imaginary parts of the leptoquark couplings
from B — X, ete™ process in low ¢? (left panel) and high ¢? region (right panel) in the
V3(3,3,2/3) leptoquark model.

since both the perturbative and the non-perturbative corrections are small. Thus, these

decays do not suffer from the form factor uncertainties.
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FIGURE 2.11: Constraints on the real and imaginary parts of the leptoquark couplings
from B — X,utp~ process in low ¢2 (left panel) and high ¢? region (right panel) in
the V3(3,3,2/3) leptoquark model.

Re[A AL ™)
FIGURE 2.12: Constraints on the real and imaginary parts of the leptoquark couplings
from B — X,777~ process in the V3(3,3,2/3) leptoquark model.
TABLE 2.7: Constraints on the real and imaginary parts of the leptoquark coupling for
low and high ¢° region from B — X, 11~ process, where [ = e, i, T
¢° bin Leptoquark Couplings Real part Imaginary part
low ¢? AL T —0.01 — 0.01 —0.01 — 0.01
)\ )\32 * —0.008 — 0.008 | —0.008 — 0.008
A%lLA?;gR* —0.022 — 0.022 | —0.022 — 0.022
high ¢ A%A;R;R: —0.018 — 0.018 | —0.018 — 0.018
AT AER —-3.8 =+ 3.8 —-3.8 = 3.8
The branching ratio of B — Xsvi process is [59)
dr’ 5 0emGE 2 2 2\ \1/2/1 2
G = ISRV R(O) (ICEP +CHE) AL )
Re(CYC%
X |3sp(1 4+ 102 — 5 — i (CLCR) Y+ A1, M2, s) (2.80)

CLI? + |CRI?
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where ms = ms/mp, s, = s/m? and £(0) = 0.83 is the QCD correction to the b — svi

matrix element [61, 149].

The V3(3,3,2/3) vector LQ has additional CIL“Q coefficients contribution to the SM. In
the presence of LQ, the total decay rate of B — X v¥ process can be obtained from
(2.80) by replacing the Wilson coefficient, C7 — CY +CIEQ. Using all the particle masses
and the lifetime of B meson from [98], the branching ratio in the SM is given by

BR(B — X,wp) = (2.74 4+ 0.16) x 1077, (2.81)

and the corresponding experimental upper limit, measured by the ALEPH collaboration

is given by [150]
BR(B — Xwo)PP' < 6.4 x 1074 (2.82)

Now comparing the theoretical and experimental branching ratio, we show the con-
straints on V35(3,3,2/3) leptoquark couplings in Fig. 2.13. From the figure, the allowed

ranges of real and imaginary parts of the couplings are found as

—0.02 <ReAZZN32771<0.02, —0.02<Im[A\2Z X327 <0.02. (2.83)
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FIGURE 2.13: Constraints on the real and imaginary parts of the leptoquark couplings
from B — X,vi process in the V3(3,3,2/3) leptoquark model.

2.4.4 B} — [Ty, processes

The rare leptonic B;Y — [ty decay modes, where | = e, u, 7 mediated by b — ulv

transitions can provide significant constraints on models of new physics. Neglecting the
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electromagnetic radiative corrections, the branching ratio of the B" — IT1; processes

in the V) 3 leptoquark model is given by [151],

BR(B = Ity) =

G2 Mp,m? m? \2 9
it
By

M3, 2
x) (1+Cy —Cp) + —— B g |, (2.84)

my(mp + my,)

where Cy, , and Cg, Wilson coefficients arise due to V13 leptoquark exchange and is
negligible in the SM. Using the particle masses and life time of B meson from [98],
the decay constants fp, , = 190.5(4.2) MeV [152] and |Vy| = 4.13(49) x 1073 [98], the

branching ratios in the SM are found to be

BR(B] — et1,)™ = (8.9 £0.23) x 10712,
BR(B; — puTv,)™ = (3.834+0.1) x 1077,
BR(B; — 771,)%™ = (8.48 £ 0.28) x 107°, (2.85)

and the corresponding averaged experimental values are [98]

BR(B, — e¢"v)™P < 9.8 x 1077,
BR(B;} — ptv,)PPt < 1.0 x 1079,
BR(B] — 77v,)BPt = (1.14 £ 0.27) x 107 (2.86)

If we apply chirality on LQ, then only Cy, Wilson coefficient will contribute to the
branching ratios. Now comparing the theoretical (2.85) and experimental (2.86) values,
the allowed region of real and imaginary parts of LQ couplings from B — etv. (top
left panel), B — p*v, (top right panel) and B;f — 7Fv; (bottom panel) processes
are shown in Fig. 2.14 and the constrained values are given in Table 2.8. From (2.84),
it should be noted that the contribution of Cgs, Wilson coefficient is enhanced by the
factor M]%u /my, so we will neglect the NP in Cy, for simplicity. Then the branching
ratio is only sensitive to the C's, Wilson coefficient. In Fig. 2.15, we show the constraint
on V4(3,1,2/3) LQ couplings from B;} — etv, (top left panel), B — u*v, (top right
panel) and B — 77v, (bottom panel) processes and the allowed ranges are given in
Table 2.8.
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F1GURE 2.14: Constraints on the real and imaginary parts of the leptoquark couplings
from B — etv. (top left panel), Bf — p*v, (top right panel) and Bf — 77u,
(bottom panel) processes in V5(3,3,2/3) leptoquark model.

TABLE 2.8: Constraint on real and imaginary part of the leptoquark couplings from
B — Iy, processes, where | = e, 1, T

Leptoquark Couplings ‘ Real part ‘ Imaginary Part ‘
AL AT —40.0 — 40.0 —40.0 — 40.0
>\ )\32 * —0.08 — 0.32 -0.2 > 0.2
)\ )\33 * 0.24 — 0.32 -0.2 > 0.2
A >\31 * —0.002 — 0.002 —0.002 — 0.002
/\ >\32 - —0.0008 — 0.0032 | —0.002 — 0.002
)\ ,\33 - —0.034 — 0.046 —0.028 — 0.028

2.4.5 K, — putu (ete”) processes

In the SM, the effective Hamiltonian describing the quark level transition s — du™p~
is given by [153]

%eff = G—\/E%:ﬁ ()\CYNL + )\tY(xt)) (gfyu(l - '75)d) (/_’7#(1 - 75)N) ) (2'87)
= Grlemy K (594(1 — 5)d) (1 — 15)p) (2.88)

V2 2
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F1GURE 2.15: Constraints on the real and imaginary parts of the leptoquark couplings
from B — etv. (top left panel), Bf — p*v, (top right panel) and Bf — 77u,
(bottom panel) processes in V;(3,1,2/3) leptoquark model.

where \; = ViqV: and z; = m? /MI%V Here the SM Wilson coeflicient Cé(M is given by

)\CYNL + )\ty(l‘t)

2.89
sin2 ew)\u ( )

K _
CSM_

The functions Yyz and Y (x¢) [60, 61] are the contributions from the charm and top
quark, respectively. At next-to-leading order (NLO), the expression for Y (z;) function

is given by

x [ 4 — 2y 3T
Y =y — 1 . 2.90
(@) =m 5 (1_xt+(1_mt)2 nxt) (2:90)

The estimated branching ratio of the short distance (SD) part of the K — putpu~
process is BR(Ky, — uTu™)|sp < 2.5 x 1072 [154]. The branching ratio for the SD part
of Kj, — pup~ process in the SM is given by

4+, - Gy iy 2 dmi o 2|~k |?
BR(KL = 1 7)ls = T, 5 a1 - —2fKMKmu’C’SM) . (2.91)
s My,
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The total branching fraction of the leptonic K — p*pu~ process in the V3(3,3,2/3)

vector LQ model is given by

B G2 4m2 CLQ 2
BR(KL = 1t07) = i, S MucmZ Pl [1 - T x ‘C§<M + 0%, (2.92)
K

and in the V1(3,1,2/3) vector LQ model,

+ - G} 2 42 21y (2|~ |2 4mj,
BR(Kp —»p"p”) = @TKLaemeMKmup‘u’ [es% 1=
K

x (|Px[* +[Sk[?) (2.93)

where Pg and Sk are defined as

:C§{M+Ch§g—C’faQ+M[2<( Mg )(CILDQ—CQ“Q)

P =
K CE, 2my, \mg +mgq C¥,
K= M2 2my, \mg; + mg Cé(M ' '

Here the additional coefficients Ci(/)LQ, where i = 10, .5, P arise due to the vector LQ
exchange’s between the external fermion particles. These new coefficients are related to

the LQ couplings through the relations below.

T ReDFAL]

0 = =G M, (2.95a)
121 222 *]
CclR— Lo 2GF;TemAu Re[;%fﬁ], (2.95¢)
1
clLQ — oQ _ 2GFZemAu Re[j}ifi*] (2.95d)
1

The present experimental limits on the branching ratios of the dileptonic decays of the

B meson are [98]

BR(Kp — eTe )Pt = 910 5 10712

BR(Kp — ptp™ )PPt = (6.84 £0.11) x 1077, (2.96)

If we impose chirality on the scalar leptoquarks, i.e., they couple to either left handed
or right handed quarks, but not to both, then the C’g%Q Wilson coefficients will vanish
and we get only the additional contribution of the C%)LQ Wilson coefficients to the SM.
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Now comparing the theoretical and experimental branching ratios of K — putu~(ete™)

decays, the allowed ranges of the vector LQ couplings for My,q = 1 TeV are given by

1.3x107% < Re[AMLAELT] < 235 x 1073, (2.97)
1.4 %107 < ReMZAET] < 1.5x 1074 (2.98)

Since the scalar and pseudoscalar coefficients are dominated by an additional multipli-
cation factor, one can neglect the new physics contribution to the Wilson coefficient C1g.
In Fig. 2.16, we show the allowed region in the (CI§Q + CgLQ) plane, obtained from the
K — eTe™ (left panel) and Kp — p*p~ (right panel) processes. From the figure one

can see that for K, — eTe™ the allowed range of the LQ couplings are

—2x 107" < 0§+ CF? < 2x 1074, (2.99)
125 x 1074 < O49 —C® < 2x 1074, (2.100)

and for K;, — u™pu~ process

—6x107° <Cg%+ 0 < 3x1073, (2.101)
5x107° < O -5 < 5.6x107°. (2.102)
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FIGURE 2.16: The allowed region of CI§Q + C’gLQ Wilson coefficients from K; — ete™
(left panel) and Ky — ptp~ (right panel) processes.

2.4.6 T — u 7y process

The constraints on the vector LQ parameter spaces from the 7= — [T+, where [ = pu, e
decay modes are calculated in this subsection. The study of these radiative charged LEV
processes provide hints for new physics beyond the SM. The 7= — |7~ decay modes in
scalar LQ model have been investigated in the literature [155-157]. In the Ref. [158],

the authors have given the general loop formulas for the radiative decay modes. In the



Chapter 2 Leptoquark Model 56

vector LQ model, the effective Hamiltonian responsible for 7= — p~~ decay is given by
Heff:6<CL,uRO"uVFIuyTL-I-CR/LLO"LWFMVTR), (2.103)

where the C'r, g Wilson coefficients are expressed as

N, 1 *
Cp, = —S—| — | A3 A3\
L 167r2M‘2/2/3 ( 3[ 7 fa(as) + AERAER f1 ()
1
AR o) + A%Aﬁ*fm)]
P . .
+3 AFLNTL fa(m) + NErAER fi(2)
+ )\ fg(xb) + )‘RR)‘ f4($b)] >
N,
A3 A3 * (3) 2.104
167T2M22/3 [ 6 ( )+ f2 ( ) ) ( 0 )
N, 1
= — [ —=[2B AN
Cr 167r2M‘2/2/3< 3[ 7 1(@) + AERAER fa ()
1
NENER fal@) + NErATL f3(95b)]
2| 33 B2 *
+ 3 AN Fi@y) + NErAER fo(a)
NBNER fal@) + NErATL f3(33b)])
Ne * 3) Lz
bt B3 f( zp) + = f1 P () | 2.105
167T2M‘2/32/3 LL ( ) 3 ( ) ( )
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Here N, = 3 is the color factor, z, = m} /]\4‘2/2 /5 and the loop functions are given as [158]
1

fi(wp) = m. [_ng TQ?;;E__ 13)(;% 0 izflilf;;] ; (2.106a)
foley) = m, [—5:[:2 BZE—_ 13)(;% +8 Q?Eii lilﬁzi] 7 (2.106b)
fa(zp) = my U;E(;af ;324 - (izbinf;%] , (2.106¢)
Falan) = — m;rg:i% —23(752(;; ixi,)g 11 (xll)n_xbl)4] 7 (2.106d)
71 (2s) = ms [—4:):2 +1;1?§§__ f)ixb +10 szii’ lilrlv;l] 7 (2.106¢)
A —— [-4@? +1;LZE _— 13)sz +10 2?33 lilflvq 7 (2.106f)
falap) = my [xi(_xil_xi;g ! f’;}ginf;’;] : (2.106g)
Falay) = m;;::j% !xg — 5y, —66(;13 6:611(; + 2p) In (if ln:f;l] .(2.106h)
!

The branching fraction of 77 — ™y process in the vector LQ model is given by

Tr m72. —m2)®
BR(t™ = p ) = (167rm3 1) [\CL|2 + yORyQ] (2.107)

Using this expression, one can also analyze various charged LFV radiative processes like,
7~ — e~ and u~ — e~ 7 by incorporating the appropriate input parameters and LQ
couplings. The present experimental limits on the branching ratios of radiative decays

of 7 lepton, 7~ — pu~ (e )y are given by [9§]

BR(7™ — pu )Pt < 4.4 x 1078,
BR(7™ — e )PPt < 3.3 x 1075 (2.108)

For numerical evaluation, we take the particle masses and the lifetime of the 7 lepton
from [98]. Now comparing Eqn. (2.107) with the present experimental upper limit, the
constraints on )\%LAijL* ()\%R)\?}’{R*) leptoquark couplings from 7= — e~y (left panel)
and 77 — p~y (right panel) decay processes are presented in Fig. 2.17. The allowed
region of the /\%iL)\igR* (A%R)\?L*) leptoquark couplings are shown in Fig. 2.18, for
7~ — e~ (left panel) and 7= — p =~y (right panel) processes. The predicted integrated

values of the bounds on the product of vector LQ couplings are presented in Table 2.9.
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TABLE 2.9: Bounds on the product of vector leptoquark couplings obtained from
T~ — 1~ processes. Here i = 1 (2) for e (u).

Couplings involved T~ — e~ 7y process T~ — W~y process
AN —0.14 — 0.14 —0.16 — 0.16
B Ai’n * —0.14 — 0.14 —0.16 — 0.16
)\ A?ﬂ s —0.04 — 0.04 —0.05 — 0.05
A )\3’ * —0.04 — 0.04 —0.05 — 0.05

2.5 Chapter summary

Leptoquarks are unique speculative gauge bosons which interact with both quark and

lepton simultaneously. In recent times, they draw the attention of many particle physi-

cist due to their unique behavior.

Because of their interesting behavior, they could

be the potential candidates to solve the anomalies in the flavor physics. In our work,

we have investigated the phenomenology of light leptoquarks which could be seen in
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the current running experiments. The light leptoquarks couple chirally and diagonally
with the SM fermions so that the strict bounds from FCNC processes can be avoided.
Furthermore, these leptoquarks have vanishing diquark coupling, thus, they don’t allow
proton decay. Out of 10 possible leptoquark states, we have considered S3(3,2,7/6)
and 5’2(3,2, 1/6) scalar (spin=0) leptoquarks and V(3,1,2/3) and V3(3,3,2/3) vector
(spin=1) leptoquarks in our analysis, which are invariant under the SM gauge group
SU3)c x SU(2)r x U(1)y. The bound on scalar leptoquark couplings are obtained by
using the branching ratios of Bs g — [T, B — X, IT1~ processes and the experimental
data on BY — BY oscillation. The vector leptoquark couplings are constrained by using
various leptonic/semileptonic B (K) decay processes such as By — (717, B — X 11,
Bf — Iy, K — I"l” and 7= — [7v. At present, LHCb, CMS and ATLAS experi-
ments are dedicately looking for the signature of leptoquarks. These experiments have
put the upper limit on different generations of leptoquarks masses. If experiments will
succeed to discover leptoquarks, then it will definitely open a new era in the high energy

physics.






Chapter 3

An analysis of rare semileptonic
B — Kt~ and B — (K™, X, )vw

processes with scalar leptoquark

Recently the LHCb experiments, as well as the B factories have studied various promis-
ing channels involving the b — s flavor changing neutral current interactions. The par-
ticularly important decay channels are the rare semileptonic decays B — KIT1~(vi).
In the SM, FCNC transitions occur via either one loop penguin or box diagrams. Since
these processes involve only electroweak loop diagrams, the possibility of the presence
of new particles inside the loop is more. In addition, these processes also strongly suffer
from both helicity and GIM suppression, hence, they are very rare in the SM. However,
they can occur at tree level in various extensions of the model and are considered to be
ideal testing ground to look for new physics. In this chapter, we would like to investi-
gate the B — KI*I~(vi) decay processes in the scalar LQ model. Due to the presence
of charmonium resonance in the intermediate ¢? region around ¢? ~ (mfp, m?p,), the
theoretical prediction of various observables of B — KII processes in this region is very
difficult. Therefore, these processes are generally studied in the high and low recoil lim-
its. However, the analysis of semileptonic B decay processes with a neutrino pair (vv)
in the final state can be performed in the full ¢? region without any such of difficulty.
The SM does not have any intermediate bosons which can decay to dineutrino, thus,

there is no long distance QCD contribution to the B — (K, X,)vi processes.

61
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3.1 B — KI*l~ processes

In this section, we consider the semileptonic decay processes B — KIt1~, which are
mediated by the quark level transition b — sl™1~ and hence, they constitute a suitable
tool to look for new physics. In this chapter, we will study these processes in the large
recoil region (1 < ¢?> < 6 GeV?) in order to be well below the radiative tail of the
charmonium resonances, using the QCD factorization (QCDf) approach [58, 159, 160].
Though the experimental measurement on most of the physical observables of B —
KIt1~ processes are in accordance with the SM results, still some observables have
appreciable deviations. LHCb has measured the branching ratio of BT — KTpu*pu~

process in the large recoil region, the updated result is [69]

BR (B* — Kmm—)EXpt = (1.19 £ 0.03 £ 0.06) x 1077, (3.1)

slightly lower than the SM predicted values [161-163]

SM

BR (B* — K*ptp )™ = (1.755059) x 1077, (3.2)

However, the branching ratio of BT — Ktete™ process [98]

BR (BT — Ktete )™ = (554 0.7) x 1077, (3.3)

is in good agreement with the SM prediction, though the error is large.

All the charged leptons in the SM behave equally except the heirachy in their masses.
The electroweak interactions of all the three families of leptons with the vector gauge
bosons are alike, which is called lepton universality. In this formalism, the branching
ratio of BT — KTITI~ processes, where | = pu, e should be equal. Hence, the ratio of

the branching fractions of these two decays [164]

BR (Bt = Ktutu™)

R pu—
K7 BR(BT - Ktete )’

(3.4)

is a measure of lepton universality. The experimental measured value of Ry in the

dilepton invariant mass squared bin (1 < ¢? < 6) GeV? is [39]
Ex .
R e ceve = 0.745700% +0.036. (3.5)

Combining the statistical and systematic uncertainties in quadrature, this observation
corresponds to a 2.60 deviation from its SM prediction R$M = 1.0003 & 0.0001 [164],

where corrections of order oy and (1/my) are included. In contrast to the anomaly in
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the rare decay B — K*utpu~, which is affected by unknown power corrections, the ratio

R is theoretically clean and this might be a sign of lepton flavor non-universal physics.

Besides the above anomalies, another promising observable for NP search is isospin
asymmetry, which is defined as the difference of decay rate of neutral (B°) and charged
(B™T) decays of B meson to a K meson and dileptons. Mathematically,

dl'(B® = K%u =) —dl(BT — KTputu™)

A = . 3.6
! dI'(B® = K%utp=) +dl(BT — K*tptp~) (36)

This asymmetry arises due to the emission of a photon from the spectator quark. The
decay rates of these processes are directly proportional to the charge of corresponding
spectator quark. The v and d are respectively the spectator quarks of BT — K+t pu~
and BY — K%~ decay processes. Since u and d are interconnected by the SU(2)r
symmetry, so isospin symmetry is expected for this process. However, due to the dif-
ference in the charge of up and down quark, the value of A; deviate from zero in the
negative direction. The measurement of isospin asymmetry in B — Ku™pu~ process by
LHCb experiment [165] with a 1 fb~! data set gave a negative deviation from zero at
the level of 40 taking into account the entire g?-spectrum. The isospin asymmetry in
B — Kl is expected to be vanishingly small in the SM and hence, the measured asym-
metry provides another smoking gun signal for new physics. However, the current data
on isospin symmetry is consistent with the SM prediction. The observation of above
anomalies provide the indirect hint for the presence of NP, thus motivate us to study

these processes in the LQ model.

The semileptonic b — sll decay modes have only contribution from Oz 19 operators.
The brief discussion on the required effective Hamiltonian and operators for semilep-
tonic decay processes in the SM are presented in chapter 1. Semileptonic decay modes
have both lepton and quark parts. The theoretical computation of leptonic part is
very trivial. Whereas the hadronic part includes the form factors (Fy 1 r), which have
QCD corrections, thus, need to be computed using any non-perturbative methods. The
hadronic matrix elements can be computed by using the form factor relation (1.53). In
the large recoil region, the energy of the kaon (Fk) is large compared to the typical size
of hadronic binding energies (Agcp) and the dilepton invariant mass squared q? is low.
As a consequence, in this region the virtual photon exchange between the hadronic part
and the dilepton pair, as well as the hard gluon scattering can be treated in an expansion
in 1/Ex [164], using either QCD factorization [58, 160] or soft collinear effective theory
[166-168]. At leading order in the 1/ Ex expansion, all the form factors Fp 1 7(¢?) can be
related to a single form factor F;(g?). Within the QCDf approach, including subleading
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corrections, the other form factors can be written as [164]

Fy 2Ek @ [Agep

- = — |1 s — ;

7 My + O(as)+ O <M]23 B

Fr  Mp+ Mg Agep

O P 1+ 0(as)+ 0O (, / o , (3.7)

where M is the mass of K meson. Thus, only one soft form factor F}(q?) appears in
the B — K transition amplitude due to the symmetry relations in the large energy limit
of QCD [159, 169]. The transition amplitude for the process B — KT~ can be written
as [164]

7
V2n
[va%<[7pl)+FAp%(z7u75l)+FP(Z’YSZ> , (3.8

where the coefficients F;, i = V, A, P are defined as

2y M
Fy = o5t ¢ 0B ot
q
Fy = 3,
M2 — M2 /1 Fo(q?)
Fp = mCSM[ B K( —1)—1}. 3.9
r 0 q? Fi(q?) (3.9)

Here m; is the charged lepton mass and the b quark mass is denoted by my. pp and px
are respectively the momenta of B and K mesons and ¢> = (pp — p K)2 is the momentum
transfer between the initial and final particles. The C?% and C$M are the SM Wilson
coefficients which are calculated at the next-to-next-leading order (NNLO) by matching
the full theory to the effective theory at the electroweak scale and, subsequently solving
the renormalization group equation to run them down to the b-quark mass scale. More
explicitly, C§T = C§M + Y (¢?), where the function Y (¢?) denotes the perturbative part
coming from the one loop matrix elements of the four quark operators and is given in
Ref. [160].

With Eqn. (3.8), the double differential decay rate with respect to ¢> and cos @ for the
lepton flavor [ is given as [164]

a1,

2 2 2 2
— 1
ddcost a;(q°) + by(q°) cos 0 + ¢;(q°) cos” 0, (3.10)
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where the a;(¢?), bi(¢?), and ¢;(¢?) functions in terms of the F; coefficients are given as

A (M%, M2, ¢?
ale®) = Tou/s (M3 007 @) [ + 2L o L1Fal + 1PV )
+ 2mu(ME — ME + ¢*)Re(FpFy) + 4mPMB| Fal?|
bl(q2) = 0,
A (M3, M. ¢?
ald®) = ~Toy/A (M3, MR, ¢?) 5 F ( S L(EaP+18vR), ()
with
GQ 052 ‘va*‘Q
L= SR A= 1 amie, (312
and

AN (M3, ME,¢*) = Mj + My + ¢* — 2(MEME + MEg* + MEq?). (3.13)
The kinematic region of the physical parameters in these processes are given by
4m12§q2§(MB—MK)2, —1<cosf <1. (3.14)

The forward-backward asymmetry is an another useful physical observables to probe
NP, which is defined as

! d’T 0 d’T dl’
App(@®) = deosO—— — | deosf—o— | [
r5(7) [ /0 €08 dq?d cos 6 /_1 o dq?dcosf |/ dg?

B bi(q?)
= al(q2) n cl(qQ)/S' (3.15)

The b;(¢?) function is directly proportional to the Cg)P, Oty Wilson coefficients, thus
the forward-backward asymmetry is zero in the SM. Since the S3(3,2,7/6) scalar LQ does
not provide any pseudo(scalar) coefficients, so it doesn’t affect the forward-backward

asymmetry parameter.

One can also study a unique parameter called as the flat term

ar(q®) + c(q?)

Fuld) = i+ ald)/3

(3.16)

where the hadronic uncertainties are reduced due to cancellation between the numerator
and denominator. It should be noted that the lepton mass suppression of (a;+¢;) follows

as (F}LI)SM oc m?, hence, it vanishes in the limit m; — 0.
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With these formulae at hand, we now proceed for numerical estimation. To make predic-
tions for SM observables, or to extract information about potentially new short distance
physics, one should require the knowledge of associated hadronic form factors. For this
purpose we use value of the form factors Fj(q?) calculated in the light cone sum rule

approach [170], where the ¢? dependence is given by simple fits as

_ 71 n 72
- 2 27
e ()

Fi(q%) (3.17)

and the values of the parameters used are taken from [170]. For low recoil limit, we use

the following parametrization for the ¢ dependence of form factors Fy 1 7(¢?) [162, 171]

RU) = T |1 ()~ 20+ 5 (@) = 20))]. (a9
with
)= VDL VT T (3.19)
VT — @+ -1
and

n= i (Vir -V - 1), = (Mp+ Mg)”. (3.20)

The values of F;(0) and b} are taken from [162]. The particle masses, lifetime of B
meson, and the decay constants are taken from [98], and the values of the SM Wilson
coefficients C;’s used in this analysis are listed in Table 3.1 [172]. For the CKM matrix
elements we use the Wolfenstein parametrization with the values A = 0.814f8:8%i, A=
0.2253740.00061, p = 0.117+£0.021 and 7 = 0.353+0.013 [98]. The values of the quark
masses used in our analysis are as follows. The b-quark mass used in 7p and Fy is the

potential subtracted (PS) mass mpg(uy) at the factorization scale py ~ /Agcpmy and

is denoted by my. The function Y (¢2) is evaluated by using the pole mass m?”¢, and its
y q y g p b
relation to the PS mass is given as mele = mfs(,uf) +4aspg/3m. The quark masses (in

GeV) used are mp=4.6, m.=1.4, and the fine structure coupling constant ey, = 1/130.

TABLE 3.1: The SM Wilson coefficients evaluated at the scale p = 4.6 GeV [172].

Ci Cy Cs Cs Cs Cs

—0.3001  1.008  —0.0047  —0.0827  0.0003  0.0009
CeF CeE Co Cio

—0.2969 —0.1642 4.2607 —4.2453

In the LQ model, these processes will receive additional contributions arising from the
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LQ exchange and hence, the Wilson coefficients Cg 19 will receive additional contribu-
tions Cg;’ % as well as new Wilson coefficients C’gjl% associated with the chirally flipped

operators (96710 will also be present, as already discussed in chapter 2. Mathematically,
citl = s+ oy + g, olg = O+ o + o (3.21)

In section 2.3 of chapter 2, we already discuss the bounds on these new Wilson coefficients
obtained from the constraint on r (2.43) which has been extracted from the experimental
results on BR(Bs — ptu~), BR(B — Xsutp~) and BY — BY mixing. Thus, for the
LQs S and So, we obtain the value of r < 0.35 for 7/2 < ¢“? < 37/2, which can be
translated with Eqns. (2.38) and (2.43) to give the value of the new Wilson coefficients

as

Gy =[O} < [r O for Sa(3,2,7/6),
GV = 1O} < |r O] for S5(3,2,1/6) . (3.22)

Since both B, — It~ and B — KItl~ processes are mediated by b — sll quark
level transitions, these constraints can be used to analyze various angular observables
of B — KItl~ processes. Using these values, we show the variation of differential
branching ratios of B — K% pu~ and BT — K+ putu~ processes with low ¢? in the
left and right panel of Fig. 3.1. In this figure, the S3(3,2,7/6) LQ contributions are
shown in red color bands, the blue dashed lines are for the SM. Here the red bands are
obtained by using the upper bound of r parameter (r = 0.35) and varying the phase in
the /2 < ¢™Q < 37/2 range. For r = 0 (lower bound), there is no contribution from
LQ and the branching ratio will consistent with the SM. The bin-wise experimental
values are shown in black in B — Kpuu process. We observe that our prediction on
branching fractions are slightly larger than the experimental data. For the calculation
of the BT — KTeTe™, we have used the constraint on the LQ couplings obtained from
B — X,ete™ inclusive decay rate. In the ¢* € [1,6] GeV? regime, the integrated values

of the branching ratios of B — Kutu~(eTe™) processes are given in Table 3.2.

For B — K77 processes we use the limits on the LQ couplings extracted from By —

7~ processes. With these input parameters, the differential branching ratios for B —

-
Kete™ (top left panel), B — KuTu~ (top right panel) and B — K777~ (bottom panel)
processes with respect to high ¢2 > 14.18 GeV?, both in the SM and in the S, leptoquark
model are shown in Fig. 3.2 and corresponding numerical values are presented in Table
3.2. The gray bands in these plots correspond to the uncertainties arising in the SM due
to the uncertainties associated with the CKM matrix elements and the hadronic form
factors. Since the LQ couplings are more tightly constrained in b — suu transitions, the

deviations of the branching ratios in the LQ model from the corresponding SM values
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FIGURE 3.1: The branching ratios of B — KT~ (left panel) and Bt — KTt~

(right panel) processes in the high recoil limit. Here the blue dotted lines stand for the

SM and the red bands represent the contributions from LQ. The binwise 1o experimen-
tal data are shown by black plots.

are found to be small. For B — Kee and B — K77 these deviations are found to be
significantly large. The integrated branching ratio for B — K%u*u~ process in the
range ¢> € [15,22] GeV? has been measured by the LHCb Collaboration [69] and is

given as
BR (B —» Kutp™) = (6.7£1.14£0.4) x 107%. (3.23)

Our predicted integrated value of the branching ratio of B® — K%u*u~ process in the
q® € [15,22] GeV? region is

BR (B —» K°utp™) = (835£05)x107%,  SM (3.24)
= (8.34-9.26)x 1078 55(3,2,7/6) LQ.  (3.25)

The predicted values of the branching ratios are slightly higher than the central measured

value but consistent with its 1o range.

The ¢* variation of the isospin asymmetry parameter of B — Kpuu process in the
¢® € [1,6] GeV? regime is presented in Fig. 3.3 and the numerical value is given in Table
3.2. The plots in Fig. 3.4 explain the violation of lepton universality in BT — KTt~
process. Here the left panel represents the variation of Ry (¢?) ratio in the low ¢? region
and the right panel is for the low recoil limit. Table 3.2 contains the ¢? integrated values
of lepton universality parameter. We found that in the scalar LQ model the lepton
universality parameter deviates remarkably from the SM in both the regions and the
experimental value can be accommodated. Our results confirm the violation of lepton
universality in this process. The flat term for B — Kete™ process has been found to be

negligibly small (F'§; ~ O(1077)) due to tiny electron mass. For the B — K pu process,
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FIGURE 3.2: The branching ratios of B — K°te™ (top left panel), B — Kutpu~
(top right panel) and B — K777~ (bottom panel) processes versus ¢ in the low recoil
limit.

the flat term has also no deviation from the SM even in the presence of LQ. However,

the process having tau lepton in the final state has significant deviation from the SM

Fhlsm =T7.5x 1073, Fhlpq = (7.4 —7.55) x 1073,
Filsm = 0.89, FflLq = 0.8 — 1.38. (3.26)

3.2 B — KWy processes

The rare semileptonic B — K® v processes driven by the b — svi transitions are
studied in this section. Since these processes are related with B — K*) [t processes by
SU(2), symmetry, the analysis of these processes in the context of some NP models are
very much crucial. The upper limit on the branching ratios of exclusive decay processes,

B — K®ui are measured by the LHCb Collaborations. The experimental information
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FIGURE 3.3: The plot for isospin asymmetry of B — K process versus low ¢? in the
scalar leptoquark model.
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FIGURE 3.4: The variation of Ry ratio with respect to low ¢? (left panel) and high ¢?
(right panel) in the Sy LQ model.

about this exclusive decay process can be described by the double differential decay
distribution. In order to compute the decay rate, we must have the idea about the
matrix element of the effective Hamiltonian (1.50) between the initial B meson and
the final particles. The differential decay rate of these processes with respect to the
kinematic parameter sp, where sg = ¢?/M3 can be obtained by using Eqns. (1.50),
(1.53) and (1.55). From Eqns. (2.11, 2.12), one can see that S(3,2,1/6) scalar LQ has
coupling with the down type quarks and neutral leptons, thus can contribute nonzero Cr
coupling to the SM. Including the LQ contributions, the total decay rate of B — Kvv
process is given by [173]

2

dl' (B — Kvi 2 a2
( — w/) Gro (3.27)

em |y /% Y v L
T = oo VAVaP MNP (s, M DIFy(s) P OF + O
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TABLE 3.2: Our predicted numerical values of the branching ratios, isospin asymmetry
and the lepton universality parameter in both the high and low recoil limit in the
(3,2,7/6) scalar leptoquark model.

q° bin \ Observables \ SM Predictions \ Values in LQ model
BR(BT — KTete™) 1.82 x 1077 (2.3-3.7) x 1077
BR(BT — K*Tutpu™) 1.99 x 1077 (2.2-2.3) x 1077
low ¢> | BR(B° — K% "u™) 1.82 x 1077 (2.04 —2.16) x 1077
(Af) —-0.03 —0.036 — —0.024
(Rk) 1.09 0.62 — 0.96
BR(B — KY%e™) (1.005 £ 0.06) (1.004 — 1.5)
high ¢ | BR(B® — K%utpu™) (1.01 + 0.06) (1.01 — 1.12)
(Rk) 1.0035 0.75 — 1.00

where M; = M; /Mp. Since, one can use any generation of neutrino to probe NP, the
decay rate has been multiplied with an extra factor 3 due to the sum over all neutrino
flavors. In contrast to B — K171~ process, which has dominant charmonium resonance
background from B — K(J/¢) — KITI~, there are no such analogous long-distance
QCD contributions in this case as there are no intermediate states which can decay into
two neutrinos. For the b — svv LQ couplings, we use the values as we used for b — suu
as these two processes are related by SU(2)r, symmetry. The numerical values of B — K
form factor evaluated in the LCSR are taken from [170]. Now using all the necessary
input parameters from [98], the plot for the branching ratio of B — Kvi process is
given in the left panel of Fig. 3.5. Here the branching ratio deviate remarkabley due
to the addition of LQ couplings. The predicted numerical value is given in Table 3.3,

which is well below the measured experimental upper limit [98].

Due to the non-detection of the two neutrinos, experimentally we can’t distinguish be-
tween the transverse polarization of K™ meson, so the decay rate will be the addition
of both longitudinal and transverse polarizations. The double differential decay rate of

B — K*vi process with respect to sp and cos@ is given by [59, 174]

d*I' (B — K*vv)  3dlr . , dly
= 28T oL 2
dsgdcosd 4 dsp sin”6 + 2dsp cos” 9, (3.28)
where
dFL dFT
L g3l T SMB(ALP + 14y, (3.29

are respectively the longitudinal and transverse decay rate of this process and the

transversity amplitudes (A, o) in terms of form factors and Wilson coefficients are
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defined as
Al(sp) = 2NV2\/A(L M2, sp) (cg + c}:ﬁ) 1‘1(;2)( (3.30)
Aj(sg) = —2NV2 (1 + MK) (cz - c,%ﬁ) Ai(sp), (3.31)

N LQ 2 -
Ao(sB) = ——= (CZ—C ) (1_MK*_3B) <1+MK*>A1(SB)
Mpg++/sB f
~ A
A1, VT, sp)228) | (3.32)
1+ Mg+
with
. [GZa2 MyspAl/2(1, M2, sp)

N = V:fbv;fs\/ en 2 9105 . (3.33)

The K* meson longitudinal and transverse polarization fraction is given as [59]

dFL T/dSB

Frop=—2-1"=2 .34
BT T drJdsg (3:34)

Using the F7, 7 observables, one can also define a new useful observables know as K*

polarization factor as

2Fy,
axe = o (3.35)

The transverse asymmetry parameters are given as [175, 176]

—2Re(ALA]) 40 _ [ALP — 4P

AW - e e L
T AL+ 142 T AL+ 142

(3.36)

However, one can not extract Agpl ) from the full angular distribution of B — K*vw,

as it is not invariant under the symmetry of the distribution function and requires
measurement of the neutrino polarization. So it can not be measured experimentally at
B factories or in LHCb. The transverse asymmetry Ag? ) is theoretically clean and could

be measurable in Belle II.

For numerical evaluation we use the ¢> dependence of the B — K* form factors
V(q?), A1(g2), A2(q?) from [177,178]. The variation of the branching ratio of B — K*vi
with respect to the neutrino invariant mass, sp is shown in the right panel of Fig. 3.5.
Fig. 3.6 contains the longitudinal and transverse polarizations of K* verses sg. The
polarization factor and the transverse asymmetry variation with respect to sp in the full

region are shown in Fig. 3.7. Although there is certain deviation found between the SM
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and LQ model predictions for the branching fraction, but no such noticeable deviations
found between the SM and LQ predictions for the longitudinal /transverse polarizations,
transverse asymmetry parameters A(T2 ). The predicted integrated values of branching
ratio and the experimental upper limit over the range sp € [0,0.69] are presented in

Table 3.3.
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FIGURE 3.5: The branching ratio of B — Kvv (left panel) and B — K*vi (right
panel) with respect to sp in the scalar LQ model.

1 e 0.8 e
LQ Mode| s ] L
SM ]

LQ Model == |
] SM
08 [

0.6 [

F (sp)
Fr (sg)

0.4 F

0.1 02 03 04 05 06 0.7 0.1 02 03 04 05 06 0.7
S S

FIGURE 3.6: The variation of longitudinal (left panel) and transverse (right panel)
polarization of K* with sp.

3.2.1 B — X,v? process

The inclusive decay B — X vv is dominated by the Z-exchange and can be searched
through the large missing energy associated with the two neutrinos. This decay mode
is theoretically very clean, since both the perturbative ay and the non-perturbative
corrections are small. So these decays do not suffer from the form factor uncertainties

and thus, are very sensitive to the search for new physics beyond the SM. The decay
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FIGURE 3.7: The variation of K* polarization factor (left panel) and the transverse
asymmetry (right panel) with respect to sp.

rate of the inclusive decay mode is calculated in terms of b and other light quarks. The
decay distribution with respect to s, = s/m? can be written as [59)]
dl' (B — X,vi) a2, GEm3

a5, = S VAV PR(0)(ICF + [CRA PN (1,2, 51)

Re(CyCRY
3sp(1 +T~n§ — s, — 4 M

~ 2
og+ jogap) T AE )| 33D

X

Here m; = m;/ms, ms is the mass of the strange quark and x(0) = 0.83 is the QCD
correction to the hadronic matrix element [149, 179]. In Fig. 3.8, we show the variation
of the branching ratio of B — X,v¥ with respect to s, and the integrated branching
ratio values over the range s, € [0,0.96] both in the SM and in the leptoquark model
are presented in Table 3.3.

7 T LI AL I
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6 fimia Error 3
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o N,
= 3 ‘.\s 1
T, ;
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0 0.2 0.4 0.6 0.8
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Fi1cURE 3.8: The plots for the branching ratio of B — X vv against sp.
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To search more NP in the semileptonic process, where B decays to a meson and two

final state neutrino, we define the following ratios as [173],

BR(B — K*vi)

R BR(B — Kvb)
BR(B — X))’

- = 3.38
K7 BR(B = X,wvi)’ (3:38)

R?{* -

Fig. 3.9 contains the plots for the R}, (left panel) and R%.. (right panel) ratios against
sp in the full kinematically allowed region and the corresponding numerical values are
given in Table 3.3. From this figures, we observe that the deviation of LQ results from

the SM is negligible.
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FIGURE 3.9: The RY. (left panel) and RY.. (right panel) parameters versus sp.

TABLE 3.3: Our predicted numerical values of the branching ratios and R, (., param-
eters of B — (K| X,)ui processes in both the SM and S5 LQ model.

’ Observables ‘ SM prediction ‘ Values in Sy LQ model ‘ Expt. value [24, 98] ‘
BR(BY — Kvi) (4.9 +£0.29) x 1075 (3.6 —5.2) x 107° <4.9x107°
BR(BY — K*vi) (9.54 £0.57) x 10~° (7.02 —10.13) x 1076 <5.5x107°
BR(B — Xvi) (2.98 +0.18) x 107° (2.2 —3.17) x 1075 e

(RY.) 0.164 (0.163 — 0.164)
(RY..) 0.32 0.32

3.3 Chapter summary

The flavor changing neutral current b — s processes occur only through one loop di-
agrams in the SM and are also highly suppressed by several mechanisms. We have
investigated the rare B — K111~ (vi) processes in the full ¢ regimes in the framework
of (3,2,7/6) scalar leptoquark model. The constraints on the new couplings are taken

from the branching ratios of By — 71~ and B — X,Itl~ processes and By — B,
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oscillation data. We then estimated the branching ratios, isospin asymmetry and lep-
ton non-universality parameters of B — K111~ decay modes in both the high and low
recoil limit. We observed that due to the effect of leptoquarks, the theoretical results
on branching ratios deviate from the SM values. Leptoquark model explained the Ry
ratio very well. We have also analyzed the B — (K, X s)vD processes with the scalar
leptoquark couplings. We have computed the branching ratios and various asymmetries
associated with these processes. The branching ratios deviate significantly from the SM

and are found to be well below the experimental upper bounds.



Chapter 4

Probing new physics in rare
semileptonic B — K*[l decay

modes

This chapter is based on the semileptonic decay mode B — K*(— Kn)u®pu~, which
is quite an interesting channel, as the measurement of four-body angular distribution
provides a large number of observables which can be used to probe and discriminate
different scenarios of NP. Theoretical predictions for such observables are particularly
precise and free from hadronic uncertainties in the low range of dimuon invariant mass
squared ¢2, i.e., 1 < ¢> < 6 GeV2. While the observed forward-backward asymmetry
is systematically below the SM prediction, the zero-crossing point is consistent with
it. The measured decay rate of B — K*utu~ process has about 30 deviation [69]
from its SM prediction. Also there are a few deviations from the SM expectations have
been observed by LHCb experiment in the angular observables. Specifically, the largest
discrepancy of 3.70 encountered in the observable P! [70] in the bin ¢* € [4.3,8.68] is
quite captivating. Another interesting observable to look for the evidence of new physics
is the isospin asymmetry distribution, which is measured by the LHCb experiment in
the entire ¢ spectrum [180]. The leading uncertainties due to the B — K* form factor

are expected to cancel in this asymmetry.

The angular distributions of B — K*I*]~ processes with the dilepton invariant mass
have been studied by various experiments such as BaBar, Belle, CDF, and LHCb. All
these experiments cover the full kinematical dilepton mass region, i.e. 4ml2 < ¢ <
(Mp — MK*)Q, leaving the regions around ¢? ~ m?mp and mi,. In general, the kine-
matically allowed region can be classified into three regions, and different theoretical

approaches are usually adopted to study the properties of various observables. In the

7
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region of large hadron recoil, i.e. for ¢°> < m?] o the kaon is very energetic and the
physical observables can be computed using QCD factorization approach. The inter-
mediate values of ¢%, i.e., 7 GeV? < ¢® < 14 GeV?, fall into the narrow resonance
region, and appropriate cuts are employed to remove the dominant charmonium reso-
nance (éc) = J/1,v' backgrounds from B — K* (¢c) — K*IT1~. The larger dilepton
invariant mass region, i.e., ¢> > 14 GeV?, corresponds to the low recoil limit, and in this
region the kaon energy is around a GeV or less. Here soft collinear effective theory and
QCD factorization approaches are not justified properly and become invalid near the
zero-recoil point ¢? ~ ¢2.. = (Mg — M K*)Q. At low recoil, the heavy-to-light decays
can be studied by an operator product expansion in 1/Q where Q = (mb, \/q72>, ie.,
/@2 is of the order of the mass of the b quark, m;, [181-183]. The combination of oper-
ator product expansion with the heavy quark effective theory and the use of improved
Isgur-Wise form factor relations [181, 184] allows us to obtain the B — K*IT1~ matrix
element expansion in the strong coupling and in power corrections suppressed by the

heavy quark mass, in low recoil.

Though phenomenologically the rare semileptonic b — sl™I~ decays have been studied
in the framework of scalar leptoquark, the effect of scalar LQs in various observables
associated with B — K*uT ™ process is not yet explicitly studied. In this work, using
the scalar LQ model, we would like to investigate the B — K*ITI~ processes, which
contain quite a large number of clean observables in the full kinematics except for the
intermediate ¢® region. In particular, we are interested in looking for the effect of the
S52(3,2,7/6) and 5’2(3,2, 1/6) scalar LQs on some of the observables such as dilepton
mass spectra, lepton-angle distribution, and various asymmetries like forward-backward
asymmetry and isospin asymmetry. We would like to see how the scalar LQs affect these
observables and whether it would be possible to differentiate between these two scalar

LQ models from some of these observables.

4.1 Analysis of B — K*I*]~ processes

Here we will consider the decay modes B — K*I*T1~. At the quark level, these processes
proceed through the FCNC transition b — si1~, which occurs only through loops in the
SM, and hence they are quite suitable to look for new physics. Moreover, the dileptons
present in these processes allow one to formulate several useful observables which can

serve as a testing ground to decipher the presence of new physics.

The transition amplitude for these processes can be obtained using the effective Hamilto-
nian presented in Eqn. (1.48, 1.49). The matrix elements of the various hadronic currents

between the initial B meson and the final K* vector meson can be parametrized in terms
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of seven form factors by means of a narrow width approximation. The amplitude for
the process B — K*(— Km)ITI~ can be represented by seven transversity amplitudes,
Aiﬁo and A;. The relevant form factors [65, 185, 186] are given in Eqn. (1.55). The
explicit form of these amplitudes (up to corrections O(ay)) are presented in section A.2

(A.3) of Appendix A for low ¢? (high ¢? ) region.

Assuming K*° — K~ 7" to be on the mass shell, the full angular distribution of the decay
B — K** (= K~7T) 1"~ can be described by four independent kinematic variables; the
lepton-pair invariant mass; and the three angles 0x+«,0; and ¢. The differential decay

distribution in terms of three variables can be written as [175, 187, 188§]

aT = iJ(q2 01,05+, 9) (4.1)
dq? dcosf; dcosOi~ dp 327 Rl

where the lepton spins have been summed over. Here ¢? is the dilepton invariant mass

squared, 6; is the angle between the negatively charged lepton and the B in the dilepton

frame, O~ is the angle between K~ and B in the K~ 7t center-of-mass system, and ¢

is given by the angle between the normals of the K~ 7" and the dilepton (I7/7) planes.

The full kinematically allowed physical region in the phase space is given by
am? < > < (Mg — Mg+)?, —1<cost <1, —1<coslp-<1, 0<¢<2m (4.2)

where Mg+ is the mass of K* meson. More explicitly, the dependence of the decay

distribution on the three angles can be written as

J (q2, 0, HK*,gZ)) = Jisin? O+ + J¢ cos? O + (JQS sin? g+ + JS cos? HK*) cos 26,
+  Jysin? O+ sin? 6) cos 2¢ + Jy sin 20+ sin 20; cos ¢ + Ji sin 20 i+ sin ; cos ¢
+ (J§ sin? 0~ + Jg cos? g+ ) cos O + J7 sin 20 ¢« sin 6 sin ¢
+  Jgsin 205« sin 260, sin ¢ + Jg sin? O« sin” 6; sin 2¢ (4.3)
where the coefficients Ji(a) = Ji(a) (q2) fori =1,....,9 and a = s, ¢ are functions of the

dilepton mass, and are expressed in terms of the transversity amplitudes Ao, A, A,

and A, as given in section A.1 of Appendix A.

The dilepton invariant mass spectrum for B — K*I*1~ decay after integration over all

dr’ 3 Jo

where J; = 2J7 + J7. Beside the decay rate, this process provides many interesting

angles [187] is given by

observables to look for NP, which are discussed below.
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» The zero crossing of forward-backward asymmetry App, which can be obtained
after integrating the 4-differential distribution over ¢ and 0+ angles and is defined
as [187]

3
8dTl/dg®

Arp (¢°) = (4.5)

» The longitudinal and transverse polarization fractions of the K* meson can be

defined in terms of the transversity amplitudes as

AP HIALP
[Ao2 4 A2 + [AL]?’

Fr(¢?) = 40P
|[Ao|? + [Ay 12 +]ALI2

Fr(¢?) (4.6)

and in terms of the angular coefficients J;’s, these observables can be expressed as

[189]

35

F1(a) = 4dT /dg?

Pr(¢®) =1-Fu(¢%), (4.7)

so that one can define the ratio of the K* polarization fraction ag+ as [190]

—2FL—1 —Jo

2 —_— =

» The transverse asymmetries are given as [190]

—2Re (4)A%) J
1) 2 e A AL 2) (2y_ 73
AT (Q) |AJ_|2+|A”|2, T (Q) 2,]5’
1/2 1/2
AD () = 4(Ja)* + B (J7)° A9 (¢2) = 4(Jg)* + B2 (J5)
r —QJQC (QJS + Jg) ’ T 4 (J4)2 + /82 (J7)2 )
A9 (@) = AL AR 4 AL AR o (@) = =20 (49)
g AL+ [4)12 " dT/dg? '

» Another set of interesting observables are the six form-factor-independent (FFI)

observables [191], which are given by

J: Jg Ji
PI(QQ) = 27}}7 PQ(QQ):BZT};S> P3(q2):_rjé97
V2J4 Bids
Pi(¢*) = : P (%) = :
4 (q ) _J2c (2J28 _ Jg) > (q ) \/—QJZC (2J28 + J3)
J
Ps (%) = bis (4.10)

/25205 — Js)
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» Also useful are a slightly modified set of clean observables Pzi,5,6 which are related

to P56 through the relations [192]

J
P =P;\/1-P = 7_;% :
V 292

Js
Pl=P\/1+P = ———
N

—J7
Pl=Ps\/1-P = ——T (4.11)
2\/—JSJ3

» Another interesting observable is the isospin asymmetry distribution, which has
been recently measured by LHCb experiment with a 3 fb~! data set [69]. This
asymmetry arises due to the non-factorizable part, where a photon is radiated from
the spectator quark in annihilation and spectator scattering. The CP-averaged
isospin asymmetry is defined as [193, 194]

dA; dU [BO — K’*Olﬂ’] /dg* — dU [Bt — K*TIT17] /dg?

Bl S A . 4.12
dg®> — dT [BO — K*0/+1-] /dg? + dT [B+ — K*+I+i-] /dg? (4.12)

Including longitudinal photon polarizations appearing for ¢> # 0, the isospin asym-

metry distribution in the QCD factorization scheme is given by

G5 (¢4 1 F(4*)
Ay (qz):Re bt (q2)—bi (q2) X , (4.13)
( >|Clo ()P +107 @) G@)
with
2 sz €2 (¢2) Re (b (¢2) = bl (¢2)) |01 (g2) 2
P =1 1EK*M 5( ) Re u(2?)) 10590 (2) | 1
M. &% (a%) Re (b7 (¢*) = b (6?)) (SO (g2) 2"
2 Ar2 ) 10Ol (2} 12 2
¢ =1 1E£<*J\24 & (2) IC ( ) I+ [Cuo (1) - (4.15)
Mg €1@) 105 (¢2) 2 + |Cho ()
where the generalized standard model Wilson coefficients are
2mpy M
CO™ (¢%) = Co () +Y (%) + m;’ Boet (), (4.16)

2m
C (@) = Co () + Y (¢) + V;C?H (1) - (4.17)
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The by, (a =L, ||) terms appearing in the above equations are given as

bt ( 2) _ 247r2MBfB€q ffg* 1 (q2) N free My KQL (q2)
¢2€1 (¢2) O3 (@) \ ' 6Ap+ (¢*) Mp1—q*/M3 |’

bl (g2) = 24T fpeqMic ( fie 2> i
q (q ) MBEK*SH (q2) CéO)H (qz) 3\ 3 1 (q ) ) ( )

where the expressions for the terms KT, are presented in the section A.4 of Ap-

pendix A.

4.1.1 Numerical analysis in the large recoil

After getting familiar with the different observables, we now proceed to study these
observables in the large recoil limit. For that we need to know the associated form factors
for the B — K*I*1~ process. In the heavy quark limit, the QCDf form factors obey
symmetry relations, and at leading order in the 1/E expansion, they can be expressed
in terms of two universal soft non-perturbative form factors, §; and §. In order to
calculate the universal form factors we use the QCDf scheme [58, 187], where they are

expressed as

Mg

Mp + Mg~

Mp

Mp — Mg+

Ai(q?) My

£1(Egs) = V(g®), &(Bk-)= As(q?). (4.19)

The ¢? dependence of the form factors V, Aj, A, can be parameterized as

2\ _ 1 T2
Vie) = T T @md,
T2
Ay (QQ) = W )
As () = L "2 . (4.20)

1—q?/mg, (1-— qz/m?it)2

The values of the parameters involved in the calculation of form factors are taken from

[178]. The T; formfactors are related to the universal form factors §| | as

 2Eg-
= S

Ti(q*) =&L(Bg+) . Ta(q?) EL(Ek+), T3(¢%) = €L(Bke) — &) (Ek-). (4.21)

After getting sufficient knowledge about the different observables and the associated
form factors for B — K*I*t]~ processes in the high recoil limit, we now proceed for
numerical estimation. The masses of particles and the lifetime of B meson are taken
from [98]. For the LQ couplings we use a representative value for the parameter r as

r = 0.3 and vary the associated phase between /2 < #"Q < 31 /2. Furthermore, we will
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TABLE 4.1: Summary of the values of various input parameters.

Qlem 1/137 ap, | 0.10
as(M,) 0.1184 as, | 0.13
My ps 4.6 GeV a| 0.10
Me pole 1.4 GeV CLQ’” 0.09
Tr+1 0.185 GeV A 0.22537+0.0006
Fiee | 0.220 GeV A 0.81470-023
fB 0.2 GeV 17 0.117 + 0.021
7 0.353 + 0.013
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FIGURE 4.1: The variation of branching ratios of B — K*utpu~ (left panel) and
B — K*ete™ (right panel) with low ¢? in the standard model and in leptoquark
model. The green bands are due to the leptoquark contributions and the gray bands
represent the theoretical uncertainties from the input parameters in the SM. The plots
in the top panel are for S5(3,2,7/6) and those in the bottom panel are for Sy(3,2,1/6).

present most of the the results only for S3(3,2,7/6) LQ and only a few representative
plots for Sy (3,2,1/6). The values of quark masses and all the input parameters used in

our analysis are listed in Table 4.1.

In Fig. 4.1, we show the variation of the branching ratios for B — K*u*u~ (left panel)
and B — K*ete™ (right panel) in the low ¢? region. The plots in the top panel are for
S5(3,2,7/6) and those in the bottom panel are for Sy(3,2,1/6). The variation of the
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FIGURE 4.2: Variation of longitudinal and transverse K* polarization fractions in the
low ¢? region. The plots in the top panel are for S3(3, 2, 7/6) and those in the bottom
panel are for S(3,2,1/6).
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FIGURE 4.3: The variation of forward backward asymmetry for S5(3,2,7/6) (left panel)
and for S5(3,2,1/6) (right panel) with ¢.

longitudinal and transverse polarization fractions of K* has been shown in Fig. 4.2 and
that of forward-backward asymmetry in Fig. 4.3. From these figures, one can see that
the effect of the LQs S3(3,2,7/6) and Sy (3,2,1/6) are quite different, and one can easily
differentiate between these two models from the measured values of the K* polarization
fractions F(q?) and Frr(q?). The transverse asymmetry parameters Ag,? ), Agﬁ ), Amn and

the K* polarization factor a+ variations with ¢? are presented in Fig. 4.4 and 4.5. The
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TABLE 4.2: The predicted values for the integrated branching ratio, forward-backward
asymmetry, isospin asymmetry and the polarization fractions in the range ¢ €
[1,6] GeV? for the B — K*utu~ process.

Observables SM prediction Values in LQ model VathGS in LQ model
52(3a2a7/6) 32(3727 1/6)

BR(B — K*utp™) (7.7384+0.464) x 1077 (6.88 = 8.73) x 1077 (4.8 »8.3) x 10"
BR(B — K*ete™) (7.74240.465) x 1077 (7.03 — 8.73) x 1077  (4.85 — 8.38) x 1077

(App) —(0.09 £ 0.005) —0.11 — 0.004 —0.185 — —0.08
(Af) —(0.03 £ 0.002) —0.06 — —0.04 ~0.02 — —0.01
(Fp) 0.71 £ 0.043 0.7 — 0.8 05— 0.7
(Pr) 0.29 + 0.017 0.2 — 0.3 0.3 0.5

" LQ Model mmm -

" 'LQ Model s
Y J—

9°[GeV?]

FIGURE 4.4: The variation of transverse asymmetry parameters Ag? ) (left panel), and
A%) (right panel) with ¢ in high recoil for Sy(3,2,7/6).

variation of form-factor-independent observables as a function of dimuon invariant mass
squared have been shown in Fig. 4.6. The total branching ratios and the asymmetries
integrated over the range ¢> € [1,6] GeV? are presented in Table 4.2, and the allowed
range of transverse asymmetry and the FFI observables are given in Table 4.3. It should
be noted that in the LQ model these observables deviate significantly from their SM
predictions. The variation of isospin asymmetry distribution with respect to dimuon
invariant mass squared in the S»(3,2,7/6) (left panel) and So(3,2,1/6) (right panel)
scalar LQ model are given in Fig. 4.7. Table 4.2 contains the allowed range of isospin

asymmetries.

4.1.2 Numerical analysis in the low recoil

At low recoil, the exclusive B — K*ITI~ decays depend on the improved form fac-
tor relations and an operator product expansion in 1/Q. The OPE controls the non-

perturbative contributions from four-quark operators and is important for the charm
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FIGURE 4.5: The variation of transverse asymmetry parameters A, (left panel) and
the K* polarization factor (right panel) with ¢ in high recoil for Sy(3,2,7/6).

TABLE 4.3: The predicted integrated values of the FFI observables and the CP violating
observables in the range ¢> € [1,6] GeV? for the B — K*utpu~ process.

Observables SM prediction Values in LQ model  Values in LQ model
S5(3,2,7/6) S5(3,2,1/6)
(P)) —0.044 £ 0.003 —0.037 — —0.046 —0.017 — 0.14
(P) 0.203 + 0.012 0.08 — 0.23 0.19 — 0.21
(P3) —(6.0£04)x107*  —(9.4—1.8) x 1073 —0.014 — 0.08
(Py) 0.395 =+ 0.024 0.294 — 0.45 0.24 — 0.52
(Ps) —0.204 4 0.012 —0.42 = —0.13 —0.39 - —0.13
(Ps) —0.0075 4 0.0005 —0.07 — 0.08 0.079 — 0.112
(AP 0.55 + 0.033 0.56 — 0.6 0.37 = 0.6
(AW 0.87 + 0.05 0.82 — 0.94 0.99 — 1.5
(A) (1.740.1) x 107* (2.0 = 5.3) x 1074 -0.023 — 0.005
(o) 3.73 + 0.22 3.6 = 5.6 1.8 = 3.6

quark, whose operators enter without any suppression from CKM matrix elements and
small Wilson coefficients. The QCD operator identity for the massless strange quark
(ms = 0) is [181, 195]

10 (5i0,,b) = —mp (5y,b) + 0, (5b) — 2 (57;5,1)) , (4.22)

which allows us to extract the relation between the form factors 77 and V' and the matrix
elements of the current Eigﬂb. The improved Isgur-Wise relations to leading order in

1/my including radiative corrections are

Ty (qz) =kKV (q2) , 1h (q2) = kA (q2) , I3 (qz) = kA2 (q2) ]\(]4_2]23 , (4.23)
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FIGURE 4.6: The variation of the observables P 53 and Pj 5 ¢ with ¢* for S5(3,2,7/6)

leptoquark.
where
(v)
K = (1 + 21)8) (“)> m&(“) , (4.24)
Co " (1) B

and at pu = my, including O(a;) corrections, it reads k = 1 + O(a?).

We have shown the variation of the branching ratio for B — K*u*u~ (left panel) and
B — K*ete™ (right panel) with ¢? in Fig. 4.8. In the low-recoil region, the variation

of forward-backward asymmetry (left panel) and isospin asymmetry (right panel) with
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FIGURE 4.7: The variation of isospin asymmetry for S3(3,2,7/6) (left panel) and for
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FIGURE 4.8: The variation of branching ratio for B — K*I*I~ with high ¢? for
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FIGURE 4.9: The variation of forward-backward asymmetry (left panel) and isospin
asymmetry (right panel) with high ¢ for S»(3,2,7/6) leptoquark.

respect to ¢? are shown in Fig. 4.9. In the low recoil limit, the longitudinal and
transverse polarizations of K* meson in the presence of LQ model are consistence with
the SM results. The plots for Fy,(¢?) (left panel) and Fr(q¢?) (right panel) are shown in
Fig. 4.10. Fig. 4.11 shows the variation of P, (left panel) and A% (right panel) with

respect to dimuon invariant mass squared. Table 4.4 contains the integrated values of
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FIGURE 4.10: The variation of longitudinal (left panel) and transverse (right panel)
polarization fraction with high ¢2 for S2(3,2,7/6).
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FIGURE 4.11: Variation of the observables P, (left panel), and Ag,fl ) (right panel) for
S2(3,2,7/6) leptoquark.

TABLE 4.4: The predicted values for the integrated branching ratio and other param-
eters in the range ¢* € [14.2,19] GeV? for the B — K*I*]~ processes.

Observables SM prediction Values in LQ model S2(3,2,7/6)
BR(B — K*utp=)  (8540.51) x 1077 (8.93 —9.31) x 10~ 7
BR(B — K*ete™) (8.52+0.511) x 1077 (8.92 — 9.32) x 1077

(AFB) 0.4 0.34 — 0.38
(Af) —(2.75 4 0.17) x 1073 (—3.3 = 2.5)x 1073
(Py) —0.42 —0.41 — —0.38
(AW 0.57 0.53 — 0.58
(FL) 0.35 0.35
(Fr) 0.65 0.65 — 0.66

branching ratio, forward-backward asymmetry, and isospin asymmetry in the low recoil,
i.e. ¢® € [14.2,19] GeV2. It should be noted from these figures that at high ¢2, there is

no significant deviation between the SM results and the LQ predictions.
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4.2 Chapter summary

We have studied the rare semileptonic decays B — K*ITI~ using the simple renormal-
izable leptoquark model, in which a single scalar leptoquark is added to the standard
model with the requirement that proton decay would not be induced in perturbation
theory. The leptoquark parameter space is constrained using the recent measurement
on By — pTp~. Using such constrained parameters we estimated the branching ra-
tios, isospin and forward-backward asymmetries for B — K*I*]~ processes in the full
physical region except for the intermediate region of ¢?. The CP violating observables
and the form-factor-independent observables have also been studied in the leptoquark
model. It is found that in these models, there could be significant deviation in these ob-
servables in high-recoil but comparatively less in low-recoil regimes. We found that the
time-integrated values of some of the asymmetry parameters have deviated significantly

from their corresponding SM values.



Chapter 5

Simultaneous study of Ry and

B )
leptoquark model

anomalies in the vector

This chapter deals with the analysis of semileptonic decays of B meson mediated through
flavor changing charged current b — cli; and neutral current b — sl™1~ transitions in
the vector leptoquark model. The b — ¢l processes occur at tree level with W+ gauge
boson as the propagator. The study of the nuclear beta decay has set the V' — A current
structure of the weak interaction, which describes various charged current interactions
in all the generation of quarks and leptons to a high precision. However, the recently
measured experimental data indicate that the processes involving the third generation of
fermions in both the initial and final states are comparably less precise than the first two
generations. The couplings of the third generation fermions to the electroweak gauge
sector is comparatively stronger due to their larger masses and thus, sensitive to new
physics, which could modify the V' — A structure of the SM. In this context, the study
of B — D™t charge current processes, involving the quark level transition b — ¢
are captivating. Recently, BaBar [41, 42] and Belle [43, 44] have measured the ratio
of branching fractions of B — D70, over B — DIy, where | = e, 1 and the current

experimental average [45] is

_ BR (B — Driry)

Rp = ——— % = 0.397 £ 0.040 + 0.028, (5.1)
BR (B — Dli)

which has a 1.90 deviation from its SM result R?M = 0.300 £ 0.008 [196]. In addi-
tion, both the B factories and LHCD [46] have reported a 3.3c discrepancy [45] in the

91
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measurement of Rp«

BR (B — D*r;)

— _—— "2 =0.316 + 0.016 £ 0.010, (5.2)
BR (B — D*liy)

D*

from its SM prediction RPM = 0.252 4 0.003 [116, 197]. These observations may con-
sidered as the smoking gun signals for the violation of lepton flavor universality (LFU).
The dominant theoretical uncertainties are reduced in these observables, as the hadronic
uncertainties cancel out to a large extent in these ratios. The branching ratio of the
semileptonic b — ¢l process can be computed precisely due to the light mass of lep-
tons in the final state, thus, the deviation in R could be from new physics affecting
B — D®ri, processes. Since these decays occur at the tree level in the SM, new
physics models with a mass of the new particles near the TeV scale would be required
to explain the R, anomalies. The branching ratios of B — D™ 7. processes and the
associated Rp(.) anomalies have been investigated in the literature both in the SM as
well as in various new physics models [62, 108, 110, 112, 116, 117, 119, 151, 198-216].

Recently, LHCD collaboration has measured analogous lepton flavor universality violat-
ing parameters, Ry (., in the B — K™+~ processes, which is defined as the ratio of
B — K®putu~ to B— K®ete™ process

BR(B — K®putpu™)

_ — . 5.3
BR(B — K®ete™) (5:3)

Ry =

In chapter 3, we have already presented an elaborate discussion on the Ry ratio. The
LHCD experiment has also reported a discrepancy of 2.2¢ [40] in the Rg+ ratio in the
q% € [0.045,1.1] GeV? bin

R = 0.66010 10 £ 0.024, (5.4)

from the SM prediction R3 = 0.9240.02 [217] and discrepancy of 2.40 [40] has reported
in ¢> € [1.1,6] GeV? region between the experimental value [40]

REECP = 0.68570 s £ 0.047, (5.5)

and the SM prediction R = 1.00 £ 0.01 [217].

In most of the studies in the literature, the authors have discussed either Ry or RS)

anomaly, but not both on the same footing. In Ref. [107], both the R and Rk
anomalies have been investigated in the (3,2,1/6) scalar LQ model. According to the
scenario presented in [108], the extension of the SM with the SU(2)r, singlet scalar LQ
can accommodate the Ry through a loop correction and the R ., via the tree level LQ

contribution. However, in Ref. [111], it has been argued that a simultaneous explanation
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of the Rk and Ry is not realistic and would imply serious phenomenological problems
elsewhere. In this chapter, we would like to focus on both the anomalies R ) and R

as well as some other observables in the b — ¢l decay processes.

5.1 B — D]y process

In this section, we discuss the theoretical framework to compute the branching ratios
and other physical observables in B — D™, processes. The hadronic matrix elements
between the initial B meson and final D meson can be parametrized in terms of the form
factors Fp1.7(g?) as discussed in Eqn. (1.53) of chapter 1. The expression for Fy o 7(q?)
form factors in terms of heavy quark effective theory form factors (h+ 7(¢?)) [62, 213]
are given in section B.1 of Appendix B. Using Eqn. (1.53), the differential decay rate of
B — Dty process with respect to ¢? is given by [62, 213]

dl' (B — Dy G|V |2 m2\ 2
( . ) _ F|3C|3q2 )\D(q2><1_ ;)
dg 19273 M3, q
2 m?2 3 m?

l 2 2

x ||%ir + Cy, <(1 + qu)H\s/,o T3 qu Ve )

3 2 L1 m
+ i\clgl H5? + 3Re [(517 + clvl) cgl} WHSHVt] (5.6)

where \p (q2) = [(MB — Mp)? — q2] [(MB + Mp)? — q2] and the hadronic amplitudes

(Hy,

(0.1 and HY) are given in Appendix B.

The differential decay distribution of B — D*71v; with respect to ¢ is given as [62, 213]

dr (B — D*ro G2 |Vp |2 2,2
oD GVl e (1 )

dq? 19273 M3 q
2 m2 3 m?2
el (0 g Gt a3 )
3| 1 |22 ! ] Mr
+ = 05'1 Hs+3Re 5ZT+CV1 051 HSHV,t s (57)
2 Vq?

where Hy +, Hyo, Hy; and Hg are the hadronic amplitudes described in section B.2 of

Appendix B.

Another interesting observable, i.e., the lepton non-universality parameter, is the ratio

of branching fractions of B — D® 7. to B — D™ processes, defined as [62, 108,
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119, 151, 213]

BR (B — D(*)Tﬂl)

BR (B = DOln) 5:8)

Rpe =
which probes the lepton flavor dependent term in and beyond the SM. Similarly, in the

b — slTI~ transition, the lepton non-universality parameter is given by [218]

BR (B — K&y ;f)
BR (B — K(*)e+e—) ’

Ry = (5.9)

Besides the branching ratios and lepton non-universality parameters, the following in-

teresting observables could be sensitive to new physics.

» The 7 forward-backward asymmetry in the B — D® 75 process is defined as
[62, 151]

_ bo(d?)
dr'/dq?’

Ap(¢®) (5.10)

where 6 is the angle between the direction of the charged lepton and the D)
meson in the 7 rest frame. The expression for by(¢q?) can be found in [62].
» 7 polarization parameter is defined as [62]

b2y _ ATOL = 1/2)/dg® — AP\ = ~1/2) /dg?
) = RN, = 1/2)jdg? - dU (O = —1/2)dg"

(5.11)

where the decay distribution dI'(\; = 41/2)/dq¢? is given in section B.3 of Ap-
pendix B.

» The longitudinal and transverse polarization of D* can be defined as [151]

_dlpr (B — D*Tﬂ) /dq?

FPo(?) = A , 5.12
Lr(d) dr (B — D*17) /dg? (5:12)

where the subscripts L, and T" denote the longitudinal and transverse components,
respectively, and dl'y/dq? = dU'y /dq? + dU'_/dq?. The complete expression for
dl'+ /dq? is presented in Appendix B.

» Analogous to Rp+, one can also define the ratio of the longitudinal and transverse
D* polarization distribution of B — D*r; to the corresponding B — D*Iy

process as [151]

_ dUpr (B — D*rv) /dg?
~ dTpr (B — D*lp) Jdg®

RP7(¢%) (5.13)
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5.2 Numerical analysis

After getting familiar with the expressions for branching ratios and different physical
observables of B — D™][i; processes, we now proceed for a numerical estimation. All
the particle masses and the life time of a B meson are taken from [24] and the CKM
matrix element |Vy| = 0.0424(9) [219]. We use the numerical values of form factors from
[62, 213]. To avoid rapid proton decay, we consider the V;(3,1,2/3) and V3(3,3,2/3)
vector LQs which do not couple to diquark and therefore conserve baryon and lepton
numbers. Chapter 2 contains a detailed discussion on these leptoquarks. Since the
LQ couplings associated with both b — sl;rl; and b — cl;v; processes are same, one
can use the constraint on new parameters obtained from B, — [T1=, B — XTI~
and B — Ity to envisage the b — cly; decay modes. Now using the constrained
leptoquark parameter space as discussed in section 2.4 of chapter 2 and the Eqns. (2.17,
2.21a, 2.21b), we calculate bound on the new Wilson coefficients Cy, (Cs, ). If we apply
chirality on vector LQs, then Cy, is the only additional Wilson coefficient to the SM.
As the constraint on Cly; is found to be same for both V; 3 leptoquark, (with only a sign

difference), we present the effects of only a V3 leptoquark in our analysis.
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FIGURE 5.1: The variation of branching ratios of B — Dew, (top left panel), B —
Dpuv,, (top right panel) and B — D7v, (bottom panel) processes with respect to ¢>
in the leptoquark model. Here, darker blue dashed lines are for the SM and orange
bands represent the leptoquark model. The lighter blue bands stand for the theoretical
uncertainties that arise due to the input parameters in the SM.
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FIGURE 5.2: The variation of branching ratios of B — D*ev, (top left panel), B —
D*puiz,, (top right panel) and B — D*7i, (bottom panel) processes with respect to ¢*
in the leptoquark model.

We show in Fig. 5.1, the branching ratio of B — Dew, (top left panel), B — Dup,
(top right panel), and B — D7, processes (bottom panel) with respect to ¢? in the
V3 vector LQQ model. Here, darker blue dashed lines represent the SM contribution, and
the orange bands are due to new physics contribution from the LQ model. The lighter
blue bands correspond to the uncertainties arising in the SM due to the uncertainties
associated with the CKM matrix elements and the hadronic form factors. Similarly,
the ¢ variation of branching ratio of B — D*ew, (top left panel), B — D*,ul?u (top
right panel) and B — D*7,; (bottom panel) processes in the LQ model are presented
in Fig. 5.2. The branching ratios of the B — D®) 71 process has a significant deviation
from its SM value whereas the deviation in the B — D™ process is negligible. The
integrated values of branching ratios of these processes in the SM and LQ model are
given in Table 5.1. In Fig. 5.3, we present the plot for the D* polarization distributions
in B — D*ly;. The left panel of the figure is for Rf " and right panel for Rg*. The
predicted numerical values are given in Table 5.1. Since the LQ contribution does not
affect some observables like forward-backward asymmetry, 7 polarization and FB;}(qQ),

we do not provide the corresponding results.

In Fig. 5.4, we show the variation of lepton non-universality parameters, Rp(q?) (left
panel) and Rp«(q?) (right panel) with respect to ¢2, and the corresponding numerical

values are presented in Table 5.2. Now using the constraints on the real and imaginary
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FIGURE 5.3: The plot for RP" (left panel) and RP" (right panel) in the leptoquark

TABLE 5.1: The predicted values of branching ratios, forward-backward asymmetries,
7 and D* polarizations of B — D™ 7 processes in the vector leptoquark model.

model

| Observables | SM Predictions | Values in LQ Model |
BR(B — Dly) (2.18 £0.13) x 1072 (2.13 — 2.25) x 102
BR(B — D1i) (6.75 4+ 0.08) x 1073 (2.48 —8.2) x 1073
BR(B — D*liy) (5.18 £0.31) x 102 (5.04 —5.32) x 102
BR(B — D*ri) (1.33 £0.14) x 1072 (1.3 —1.6) x 1072
RY” 0.227 0.215 — 0.283
RE” 0.29 0.274 — 0.36
10 T 0.8 T -
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FIGURE 5.4: The ¢? variation of lepton non-umiversality Rp(q?) (left panel) and
Rp-(q¢?) (right panel) in leptoquark model.

part of the LQ couplings as given in Tables 2.6, 2.7 and 2.8, and the Eqns. (2.15, 2.20a,
2.20b, 2.20c, 2.20d), we compute the constraint on the new Céf)lla%’ p
Using the constrained parameters, the plot for R%(¢?) in low ¢* (left panel) and in high
¢? (right panel) are presented in Fig. 5.5. Fig. 5.6 shows the R, (¢?) anomaly plots in
low ¢? (left panel) and high ¢? (right panel) in the LQ model. The predicted numerical

values of lepton non-universality (R (-)) are given in Table 5.2. From Table 5.2, one can

Wilson coefficients.

see that, the predicted values of lepton non-universality parameters in the LQ model

have significant deviation from the SM and are within the 1o range of experimental
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FIGURE 5.5: The plot for R%(¢?) in low ¢? (left panel) and high ¢* (right panel) in
the leptoquark model.
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FIGURE 5.6: The plot for RES. (¢%) in low ¢ (left panel) and high ¢? (right panel) in
the leptoquark model.

limit. We observe that the addition of the new vector LQ can explain both the Rp .

and Ry (.) anomalies very well.

TABLE 5.2: The predicted values of Rp«) and Ry in the vector leptoquark model.

| Observables | SM Predictions | Values in LQ Model | Experimental Limit |

Rp 0.31 0.11 — 0.386 0.397 + 0.040 £ 0.028
Rp- 0.26 0.243 — 0.32 0.316 + 0.016 = 0.010
RKls g 1.006 0.75 — 1.006 0.745199% + 0.036
Rig>141s 1.004 0.74 — 1.004 .
Ric= s g 0.996 0.725 — 0.996
Ri+551418 0.999 0.816 — 0.999




Chapter 5 Simultaneous study of Rk and Rp) anomalies in the vector leptoquark
model 99

5.3 Chapter summary

To summarize, we considered the vector leptoquark model to explain the anomalies ob-
served in the semileptonic B — D®) 75 decay processes in light of the recent B factories
result, especially the deviation of Rj.) observables from the SM predictions. There
are two relevant vector leptoquark (V; 3) states which conserve baryon and lepton num-
bers and can simultaneously explain the processes mediated by quark level transitions
b — cly; and b — slT1~. Using the constrained leptoquark couplings obtained from the
branching ratios of By — [T1~, B — X *I~(vv) and B} — Ity processes, where [
is any charged lepton, we estimated the branching ratios, forward-backward asymme-
tries, lepton non-universality, 7 and D* polarization parameters in the B — D™y,
processes. We looked into the lepton non-universality parameters in both B — D®)[p;
and B — K™t~ processes and found that both the Ry and Rp+) anomalies could
be explained by V3 vector leptoquarks. The observation of these processes at LHCb
and Belle II in near future could manifest NP beyond the SM.






Chapter 6

Rare lepton flavor violating decay
processes of B meson with vector

leptoquark couplings

This chapter comprises the rare lepton flavor violating decay processes of B meson.
The observation of neutrino oscillation has provided unambiguous evidence for lepton
number violation in the neutral lepton sector, even though the individual lepton number
is conserved in the SM of the electroweak interaction. The observation of the neutrino
masses and mixing and the violation of family lepton number could in principle allow
FCNC transitions in the charged lepton and B sector as well, such as l; — 1, l; — ljlkl_k,
By — IF lji and B - K (*)lfF lj-c etc. It is interesting to see if these branching ratios
could be enhanced in some new physics model which could simultaneously explain the
observed anomalies. LHCb has already reported violation of lepton universality in the
B — KITI~ process having deviation from the SM by 2.60, which in turn hints at the
possibility of observing lepton flavor violating decays as well. As pointed out in Ref.
[220], a possible explanation for the observed LHCb anomaly on Ry, i.e., the lepton
non-universality parameter, is due to a 25% deficit in the muon channel, which indicates
that LFV effects could be larger for muons than for electrons. In recent times, the CMS
Collaboration [221] has reported 2.60 discrepancy in the branching ratio of lepton flavor
violating h — 7u decay BR(h — 7u)|®*Pt = 0.84J_r8:§?, from the SM value. In the SM,
there are no intermediate states which can decay into two leptons belonging to different
generations. Therefore, LF'V decays have no long distance QCD contributions and no
dominant charmonium resonance background like the B — K ™[]~ processes and
hence, the background suppression for these channels would be relatively low. The LFV
decays in the charged lepton sector have been studied in various new physics models in

the literature [109-111, 222-225]. Even though there is no direct experimental evidence
101
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for such processes, there exist severe constraints on some of these LFV modes [24]. The
experimental observation of lepton flavor violating decays would provide unambiguous

signal of new physics beyond the SM.

To understand the origin of the current anomalies observed at LHCb experiment in a
particular theoretical framework, we extend the SM by adding a single vector LQ. The
baryon number conserving LQs avoid proton decay and could be light enough to be seen
in the current experiments. Thus, in this work, we consider the singlet (3,1,2/3) and
triplet (3, 3,2/3) vector LQs, which are invariant under the SM SU (3)cx SU (2), xU(1)y
gauge group and conserve both the baryon and lepton numbers. In addition to the
(axial)vector operators, these LQs also provide the (pseudo)scalar operators to the SM.
In this chapter, we are interested to investigate the LFV B meson decays such as BT —
K+ (x )l lj processes in the vector LQ model. These decay processes are extremely rare
in the SM as they are either two loop suppressed or proceed through box diagrams with
the presence of tiny neutrino masses in the loop. However, in the leptoquark model, they
can occur at the tree level and, hence, can give an observable signature in the LHCb
experiment. Fig. 6.1 depicts the tree level Feynman diagram for the LFV processes
b — qrl; lj mediated by the vector LQ, where LQ can couple to a quark and a lepton
simultaneously. In this figure, 4, j denote the lepton family numbers and k represent the

quark family.

b L b I
A3¢ 37
LQ LQ
)\kj Akz
dk l; dr l;

FIGURE 6.1: Feynman diagrams for lepton flavor violating b — ¢zl lj+ process (left
panel) and b — qkl;rl; (right panel) mediated by vector leptoquark, where I = e, u, 7.

6.1 The effective Hamiltonian for b — ¢l l;“ decays

This section presents the effective Hamiltonian mediating the rare semileptonic lepton
7+
U
effective Hamiltonian of b — sl l;“ process as one can obtain the Hamiltonian for the

flavor violating decays, b — gl where ¢ = s,d. We will emphasize mainly on the
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b—dl; l;f transition by incorporating clear-cut replacements in b — s Hamiltonian. In

the SM, the effective Hamiltonian for b — sl;l;r (I = e, u,T) process is given by [56, 57]

6
4GF * € = 174
My = —W‘Qs%b[z Ci (1) O; () + C’?MW (50 (msL +mpR) b] F*
i=1
aem — aem —
+C§M? (sy"Lb) LY, + Ry o (3"LD) LY, (6.1)

where Lé‘j = l;7,l; and L?Jf‘ = l;v,75l;. Here, 0787%/{10 are the SM Wilson coefficients for

1 = j and for ¢ # j these coefficients will vanish.

The total effective Hamiltonian for processes involving b — sl lj transition, in the pres-
ence of new physics operators with all the possible Lorentz structure, can be expressed

as
Heg (b = sz;zj) = MM 1R+ 1S+ M (6.2)

where H5M is the SM effective Hamiltonian as given in Eqn. (6.1), and the NP contri-

butions are given as

HY® = —Np Co (5Lb) L + C1o (57" Lb) L} + C§ (57"Rb) L,

+C1o (57" Rb) L7¥ |, (6.3)
HSE = —Np|Cs(3Rb) Li; + Cp (5Rb) L, + Cls (SLb) Lyj + Cp (SLb) LY, ], (6.4)
HL = —Np :2cT (80,0,b) LEY + 12075 (50,,b) L7 | (6.5)

where Np = (GroemVip Vi) /N2, L?j = l_i’)/5lj, and L?j”‘r’ = 21@0“”75@. Here we use
oty = —%e”“aﬁaag to calculate L%V‘r). The contributions from the primed operators,
C!, where i = 9,10, 5, P as well as the scalar, pseudoscalar and tensor operators are

absent in the SM and arise only in scenarios beyond the standard model.

6.2 B — K(7)l;l; processes

Here, we will discuss the lepton flavor violating semileptonic B meson decays to pseu-
doscalar mesons K and 7, which are mediated by the b — gl lj quark level transition.
As discussed earlier, these processes occur at tree level due to the exchange of vector
LQ. The relevant kinematical variables describing the three-body decays are the invari-

ant mass squared of the lepton pair ¢> and the polar angle #;. The differential decay



Chapter 6 Rare lepton flavor violating decay processes of B meson with vector
leptoquark couplings 104

distribution for the process B — K l;1; with respect to ¢? and cos 6; can be written as

(6.6)

P GRaZ BV AV Vil & I (cos 8
dq2dcos; 2127503 Z i (costr).
=1

where A = A (M%,Mf(,cf) and f§;; = \/(1 — w> (1 - (77%;72"%)2) The twelve

q

angular coefficients I;(cos ;) appearing in the angular distribution depend on the cou-

plings, kinematic variables, form factors and the polar angle 6;, which are defined as

I

I

I

Iy

I

I

mi; —m;j 2
2 [ <1 - W) (¢ = (¢° = (mi + m;)?) cos 0,) | Hy|*

m2 — mQ * i )2
+4k(z(127)Re [H‘(}H\t/} cos 0 + W (QQ — (mi + mj)z) H\tf‘zl , (6.7a)

my; m; 2
2 [ <1 — (—52)> (q2 — (q2 — (m; — mj)Q) cos? 91) ]Hgf

m? — m? \ ; )2
+4kMRe [H%HZ} cos 0] + (ml—;mﬂ) (q2 — (mi — mj)2) ’Hfél‘?] , (6.7b)

2 (¢* = (mi +my)?) |Hs?, (6.7¢)

2 (¢° — (mi —m;)?) |Hp|?, (6.7d)
)2

8 (1 - W) [(mi +my)? + (¢° — (mi +m;)?) cos” 91} |Hy|?, (6.7¢)

32 (1 — W) [(ml —m;)* + (¢* — (m; — my)?) cos? 61} |HY:|?, (6.7f)

4Re [2k (m; +m;) HY HE cos 0

(m; —m;)

\/?

ARe [Qk; (mi — my) HYHD cos 6]

(¢° — (mi +m;)?) HthE]v (6.7g)

(mi + mj)
Ve

—8Re [Qk (m; —my) H, HY cos 6

(¢* = (mi —my)?) H,ZH}S], (6.7h)

1 lmitmy) (¢ — (mi — my)?) H‘(}H%t*}, (6.75)

\/?

16Re [2]@ (m; +mj) HYHY cos 6,

(m; —m;) . )
TJ (QQ — (mi + mj)Q) HéH%tE]v (6.7j)
—16k\/>Re[Hs HY ] cos 0y, (6.7Kk)

32k+\/q>Re[H p HY%] cos b, (6.71)
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where k = (8ij1/¢?)/2 is the lepton momentum. Here, H; (i = V, A, P,T,TE) are the

helicity amplitudes, given as

A F
1) =[S [+ o+ Ch) File®) + 208 mig =] (68

"Mp + Mg
M2 _ M2
HY = % (G5 + Co + C3) Fo(d?), (6.8b)
q
A
HY =, /? (CM + C1o + 1) Fi(4%), (6.8¢)
M2 _ M2
M2 _ M2
Hg = % (CS + Cfg) Fo (q2) ) (6.8e)
M2 _ M2
Hp = ==K (Cp+ Cp) Fo (7). (6.8f)
VA
ot _ _vA 2
HYf = ~20r S Fr(). (6.82)
VA
ot _ SO 2
HYfy = —2Crs == Fr(e’). (6.8h)

If we integrate out the angle #; in Eqn. (6.6) in its kinematically accessible physical
range, we will get the differential decay rate for B — K l;l; process with respect to the

dilepton mass squared ¢2, which is given by

w1o 10
ar _ GZa2, Bii VAV Vi) ZJ,
i=1

i 2250

(6.9)
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where the expression for coefficients J; = fil I; (cos 0;) d cos ) are given as

J1 = 4[ (1 - W) 1 <2q2 + (m; + mj)Q) |HY?

q 3
+<m;2mf)2 (¢ = (mi+mj)’) |Htv|2], (6.10)
- 4[ (1 ) 2 o+ s mp?) 5
I (2~ - my)?) |Hz|2], (6.11)
Js = 4(¢* = (mi+my)?) [Hs|?, (6.12)
Jy = 4(q* = (mi—my)*) |Hpl, (6.13)
Js = 16 (1 - W) é(2 (mi +my)” + ¢ ) | HY P, (6.14)
Js = 64 (1 - W) é(z (mi = m;)* + ) | HYg . (6.15)
= B (k) Rel ity ) (6.16)
o = SR (2 o ) Rl (6.17)
Jo = —16% (¢* — (m; — my)?) Re[H) HY'], (6.18)
Jio = 3o M — ;) (¢* — (m; +my)?) Re[HEHY'E).- (6.19)

Ve

Here the coefficients J11 = J12 = 0. Another interesting observable is the zero-crossing of
the forward-backward asymmetry, wherein the position of the zero value of the forward-
backward asymmetry parameter (App) is very useful to look for the NP signal. The
lepton forward-backward asymmetry parameter is obtained by integrating over cos 6; in

Eqn. (6.6). After integration, we obtain

X
App(q®) = =5, (6.20)
legl Ji

where the numerator X is defined as

m* m*
X = SkRe [\/TJ (HYHY + BYHE) + (mg 4+ mj) (HY H + AH3 Y )
q

+ (mi—my) (HB,H;, - 2H€/H%t*) N (HgH%t* - 2HPH%§;) ] (6.21)

Recently LHCb has observed 2.60 discrepancy from the SM prediction in the measure-

ment of the ratio of the branching fractions of the BT — K17~ decays into dimuons
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over dielectrons in the dilepton invariant mass bin (1 < ¢? < 6) GeV?. Analogously,
we would like to see whether it would be possible to observe the lepton non-universality
effects in semileptonic LFV decays. Therefore, we define the following parameters as

the ratios of branching fractions of several LF'V processes as

BR (BT = Ktu~et)
He — 22
B = BRBY > K1) (6:22)
BR (Bt — Ktre)
TE — 2
KL™ BR (BT — K+iI+l-)’ (6:23)
BR (BT = Ktr—u™)
BR (BT — K*I+i-)’
BR(BT — Ktutu™)
HE 2
Ry BR (Bt — Ktete)’ (6:25)
++  BR(BY = Ktrtr)
KI™ BR(B* — K*I+l-)’

R;(“l — (6.24)

(6.26)

where | = p,e. Similarly, one can obtain the branching ratios and other physical ob-
servables in B — 7l l;r processes by incorporating the appropriate CKM matrix ele-
ments, form factors and the NP effective couplings. The ratio of branching ratios of
BT — rwtutp~ and BT — KT u™p~ has recently been measured by LHCb experiments
[226] as

BR(BY = ntutpu™)

= 0. 4 0.014(stat) = 0.001 t). 2
BR(BT = K+ i) 0.053 £ 0.014(stat) & 0.001 (syst) (6.27)

Analogously, one can also define the ratio of branching fractions of BT — 7r‘*‘l;lj+ and
BT — K*l;l; LFV processes as

. BR (B+ = Trﬂ;zj)
= BR <B+ — Kﬂi—lj) ' (629

6.3 Numerical analysis

After obtaining the expression for the branching ratio and various observables of the
Bt — Kt (x 1)l lj processes, we will proceed for numerical estimations. The LFV

B meson decays have no contributions from SM Wilson coefficients. Including the
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contributions from the vector LQ, the modified helicity amplitudes are given as

A
=[5 (c5?+ ) Rila?), (6.292)

M2 o M2
HFS = ZEK (0@ 4 o) Ry(e?), (6.29b)

Ve

Q= \/; (c n c’LQ> (), (6.29¢)

M2 o M2
HS = SRR (O + ) R, (6.290)
q
M2 — M2 /
L = —h Sk (ch n cSLQ) Folq?), (6.29¢)
M% — M2 '
HEQ = —h Sk (B +Cr) Ro(a). (6.29f)
5 ! ! 2.5 T T T T
— V4 LQ Model — V4 LQ Model
4 — V3 LQ Model | 2.0 — V3 LQ Model
E 3 ’E 1.5-
% 2 % 1.0

o
o

0.0

q? [Gev?]

— V4 LQ Model
— V3 LQ Model

dBR/dg? X 10"°
N

-

5 10 15 20
q* [Gev?]

FIGURE 6.2: The variation of branching ratios of BT — KTu~et (top left panel),

BT — KTr~e™ (top right panel) and Bt — K7~ T (bottom panel) processes with

respect to ¢? in the Vj 3 vector leptoquark model. In each plot, the purple band

represents the V7(3,1,2/3) vector leptoquark contribution and the green solid line is

for the V3(3,3,2/3) leptoquark model.

The particle masses and life times of the B, mesons are taken from [98]. The form
factors (Fp17) for the kaon and pion are taken from [227] and [228], respectively. For
the analysis of these LFV processes, we consider the L.QQ couplings as real. In order to
compute the required LQ couplings, we use the values of the couplings extracted from

B4 — 1717, as given in Table 2.4 and 2.5. Although the bounds obtained from K —



Chapter 6 Rare lepton flavor violating decay processes of B meson with vector
leptoquark couplings 109

— V; LQ Model

— V; LQ Model

— V3 LQ Model — V3 LQ Model |

q* [Gev?] q* [Gev?]

vvvvvvvvvvvvvvvvvvv

— V4 LQ Model
— V3 LQ Model

5 10 15 20
q? [Gev?]

FIGURE 6.3: The forward-backward asymmetry variation of BT — K+ pu~e™ (top left
panel), BT — K+7~e* (top right panel) and BT — K+7~u™ (bottom panel) processes
with respect to ¢? for V1,3 vector leptoquark exchange.

IT1~ processes (2.98) are little stronger than the bounds obtained from Bgg4 — [117,
only the Real part of the couplings can be constrained there. The bounds obtained
from 7= — [T processes are comparatively weak. Therefore, for numerical estimation
in the leptoquark model, we use the constrained leptoquark couplings obtained from
the process By — [T1~ as given in Table 2.4 and 2.5 and assume that the coupling
between different generation of quarks and leptons follow the simple scaling law, i.e.,
(ALL(rr);; = (mi/m) *(ApL(rR)),, with j > i. As discussed in [131, 229, 230], such
pattern of ansatz can explain the decay widths of radiative LF'V decay pu — ey. Now
using such ansatz, we compute the branching ratios, forward-backward asymmetry and
lepton non-universality parameters for B — K(7)l; l}" decays. We show in Fig. 6.2,
the variation of the differential branching ratios of the BT — KT u~e™ (top left panel),
Bt — K*r~e™ (top right panel) and BT — K7~ u™ (bottom panel) processes with
respect to ¢2 in the full physical region for both V; 3 vector leptoquark exchange. Here
the purple bands and green solid lines represent the allowed range of the branching ratio
of semileptonic LFV decays BT — KTi l;f induced by the V; and V3 vector leptoquark,
respectively. The predicted branching ratios of BT — K11~ l;.r LFV decays in respective
physical range in both the LQ model and their corresponding experimental upper limits
are presented in Table 6.1. In Fig. 6.3, the variation of forward-backward asymmetry for
Bt — KTp~e® (top left panel), BT — K+t7~e™ (top right panel) and BT — KT~ pu*



Chapter 6 Rare lepton flavor violating decay processes of B meson with vector
leptoquark couplings 110

— V4 LQ Model — V4 LQ Model

— V3 LQ Model — V3 LQ Model

q* [Gev?] 9% [Gev’]

o S 1os |
— V, LQ Model
1LQ Mode — V; LQ Model

6
— V3 LQ Model
3 0.03.— V3 LQ Model

RKem(qz)

0.00 : ! ! '
16 18 20 22 16 18 20 22

9* [Gev?] q* [Gev’]

FIGURE 6.4: The variation of lepton universality violating parameters, R}, (top right

panel), R}, (bottom left panel) and R} (bottom right panel) in the low recoil limit

for Vi 3 vector LQ exchange. Here R%’, (top left panel) shows the non-universality in
low ¢ € [1, 6] region.

(bottom panel) mode are depicted with respect to ¢ both in the V; and V3 vector LQ

model and the corresponding integrated values are presented in Table 6.2.

The variation of lepton non-universality parameters, Ry, (top right panel), R7, (bottom
left panel) and R}Y (bottom right panel) in their respective ¢? region are presented in
Fig. 6.4. In Fig. 6.5, we show the ¢ the variation of R‘I?M (top right panel), R},
(bottom left panel) and R%‘u (bottom right panel) in the Vj 3 leptoquark model. Also,
we show the low ¢ behavior of RS, and R“Keu parameters in the range 1 < ¢2 < 6 GeV?
in the top left panel of Fig. 6.4 and Fig. 6.5, respectively. The integrated values these
ratios such as Rl;(lj Rl;(lé, RZIZ(ZZL are presented in Table 6.2. The variation of R} parameter
with respect to low ¢ (left panel) and high ¢? (right panel) are shown in Fig. 6.6 and
the predicted values of this ratio are presented in Table 6.2. In these plots, the SM
contributions are represented by solid red lines and the corresponding integrated values

are given by
R (2epe = 1001, REFS, 1 =1.003, RE[PM =1.144, R "M =1.14. (6.30)
Similarly, we have estimated branching ratios of the BT — 7+l lj processes. Fig. 6.7

shows the differential branching ratios of the BT — 7" u~e™ (top left panel), BT —

7tr~et (top right panel) and Bt — 777~ u™ (bottom panel) processes with respect
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FIGURE 6.5: The variation of lepton universality violating parameters, R%S L (top right

panel), Rf, (bottom left panel) and R}/, (bottom right panel) in the low recoil limit

for V4 3 vector LQ exchange. Here R% u (top left panel) shows the non-universality in
low ¢* € [1, 6] region.
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FIGURE 6.6: The variation of lepton non-universality parameter R} for low ¢2 € [1, 6]
(left panel) and high ¢? (right panel) regimes.

to dilepton invariant mass squared. The integrated branching ratios these processes
in the range (m; +m;)? to (Mp — M;)? are presented in Table 6.1. The variation of
forward-backward asymmetries of Bt — 7w pu~e™ (top left panel), BT — 777 e™ (top
right panel) and BT — 777~ p" (bottom panel) decays for V] 3 vector LQ exchange are
shown in Fig. 6.8. In Fig. 6.9, we show the lepton non-universality factors Rf;, (top
right panel), R7¢, (bottom left panel) and Rz}, (bottom right panel) variation with high
¢>. Also, we present the low ¢ behavior of R7, (top left panel) observable in the range
1 < ¢® < 6 GeV? in the top left panel of Fig. 6.9. The integrated forward-backward

asymmetries and lepton non-universality factors for the BT — #7[~ lj-' processes over
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FIGURE 6.7: The variation of branching ratios of BT — wtu~e™ (top left panel),
BT — wtr~e™ (top right panel) and BT — 77~ pu* (bottom panel) processes with
respect to g2 in the V; 3 vector leptoquark model.

TABLE 6.1: The predicted branching ratios of BT — KT (7 t)l lj lepton flavor vio-
lating decays, where | = e, i, 7 in the vector leptoquark V3 3 model.

| Decay process | Values in V; LQ model | Values in V3 LQ model | Expt. upper limit [98] |

Bt — Ktpu~e® (0.009 — 6.16) x 1019 < 2.98 x 10710 <91x1078
BT — Ktr=et | (0.118 —1.882) x 10710 <712 x 10711 <43x107°
Bt — Ktr—put (0.0064 — 5.58) x 107 <252 x 1079 <45x107°
BT — rtu~e® (0.48 — 3.23) x 1010 <1.6x 10710 <6.4x1073
BT = rfr7et | 5.23x 10712 — 1.51 x 1076 < 7.55 x 1077 <74x107°
Bt — atr—ut (0.41 —2.99) x 107? < 1.46 x 1079 <6.2x107°

their respective physical ¢? range are given in Table 6.3. Table 6.3 also contains the
numerical values of RE" parameter in both the V; and V3 vector LQ model. In the SM,
the predicted values of lepton universality violating factors of BT — 71T~ processes

are given by

RM|pepg = 1.001,  REM|osyy 9 =1.003, R =1.149, RI, =1146. (6.31)
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TABLE 6.2: The predicted integrated values of the forward-backward asymmetries and
lepton non-universality parameters with respect to their respective ¢? range for the
BT — Kﬂ;lj process in the SM and the V3 vector leptoquark model. This also

. . 151 151 C e
contains the numerical values of R, R-7, RK; observables in high recoil limit.

’ Observables ‘ Values in V; LQ model ‘ Values in V3 LQ model ‘

(ARE) 7.65 x 1073 2.82 x 1073
(ABTe) 0.285 0.285
(AR (0.039 — 0.105) x 1073 4.8 x 1073
(R ) g2zepe | (0.0038 —3.5) x 10—+ 2.03 x 10~*
(REZ) (0.033 — 3.36) x 10~* 2.04 x 1074
(R3E.) 0.526 x 1074 — 2.52 1.63
(R} (0.285 — 5.45) x 1073 3.04 x 1073
(R, ) ene | (0.0039 —6.1) x 10~* 3.2x 1074
(RY,) (0.0454 — 6.44) x 1074 3.3x1074
(R, 0.72 x 107+ — 4.83 2.58
(RE,) (0.039 — 0.1) x 1073 4.8 x 1073
(R e 6 0.57 — 0.9688 0.63
(REH) 0.521 — 0.73 0.64

In the Vi 3 vector LQ model, the estimated numerical values of Rlﬁj parameters are

R{flving = 0.525 — 53.34, RYlvsq = 0.536, (6.32)
RS—“‘%LQ = 0.536 — 64.1, R:_M\vsLQ = 0.578, (6.33)
Ry g = 0.443 — 0.56, R™|v,1q = 0.56. (6.34)

6.4 (9—2),

The muon anomalous magnetic moment has discrepancy of ~ 30 [231] from the corre-

sponding SM prediction. The experimental value of a,, is given as [231]

aP*Pt — 116592080(63) x 1071, 6.35
W
which when compared to the SM value [232]
M = 116591785(61) x 107, 6.36
I
has the discrepancy

Aay = a7 — aiM = (205 £ 88) x 107 (6.37)
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TABLE 6.3: The predicted integrated values of the forward-backward asymmetries and
lepton non-universality parameters with respect to their respective ¢? range for the
BT — W+l;l;r process in the SM and the V3 vector leptoquark model. This also

. . Ll Ll .. e .
contains the numerical values of R‘I‘(“ , R7&, Ryl observables in high recoil limit.

’ Observables \ Values in V; LQ model \ Values in V3 LQ model ‘

(ATES) (0.432 — 4.42) x 1073 2.4 %1073
(AFE) 0.2632 0.263
(ATE) 0.263 — 0.271 0.26
(RE)] 2e1.6 1.084 x 107 —1.95 1.655 x 10~7
(R 1.09 x 1077 — 0.6 1.66 x 1077
(REe) | 2epg) | 248 x 10710 — 1.8 x 102 2.46 x 10~ 10
(RES) 2.5x 10710 —55%x 10~ 2.47 x 10710
(RTS) (0.0187 — 1.53) x 1074 1.86 x 1076
(R7E) 3.75 x 1079 — 7.33 x 1073 3.6 x 1079
(R |q2eq 6 (1.8 —2.29) x 1073 1.492 x 1073
(RE) (0.932 —2.3) x 1073 1.49 x 1073
(R7S) 2.57 x 107% - 17.14 11.23
(RZ) 0.0123 — 0.073 0.07

The absolute magnitude of the discrepancy is small and can be accommodate by adding

the new physics contributions. In the V; 3 vector LQ model, a,, is given by

2

(fala) + Falwn)) + 5 (Falen) + falan)) )

1
ACLM = —2Ncmu [)\%%)\%]Jt( - g

+ (NP + ) (- 31 + 2 i)

2N (P + INERP) (= /1) + 5 i),

: (6.38)

where the loop functions are given in section 2.4.6. Now using the constrained LQ
couplings from 7= — pu~ 7 process (discussed in chapter 2) with the scaling law as
discussed in the above section, Aa, in the LQ model is found as

2.38 x 107Y < Aa, <2.95 x 1077, (6.39)

which is within its 1o range.

6.5 Chapter summary

To summarize, we have studied the rare lepton flavor violating semileptonic B meson

decays in the vector leptoquark model in this work. These decays are extremely rare
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FIGURE 6.8: The forward-backward asymmetry variation of BT — 7" pu~e™ (top left
panel), Bt — nt7~e™ (top right panel) and BT — 777~ u™ (bottom panel) processes
with respect to ¢? for V; 3 vector leptoquark exchange.

in the SM as they occur at loop level. They are further suppressed due to tiny neu-
trino masses in one of the loop. However, in the vector leptoquark model, these decays
can occur at the tree level as the leptoquark couples to quark and lepton simultaneously
thereby mediating the LFV processes at tree level. We consider (3,3,2/3) and (3,1,2/3)
vector leptoquarks which do not have baryon number violation in perturbation theory,
forbid proton decay and could be light enough to be accessible in accelerator searches.
The leptoquark parameter space is constrained using the recently measured branching
ratios of Bs g — 1717, K1, — [T]™ and 7= — {77 processes and using such constrained
parameters, we estimated the branching ratios and forward-backward asymmetries of
Bt — KTl lj and BT — 7wtl l;-r processes. We studied the ratios of various combi-
nations of LFV decays like Rl;(lgﬂ)e, Rl;{lgﬂ)u
presence of lepton non-universality. We also study the effect of vector leptoquark on the

Lil; .
and R}’ parameters, in order to check the

muon g — 2 anomaly. We found that our predicted values are within the present exper-
imental limits, the observation of which in the LHCb experiment or upcoming Belle 1T

experiments would provide an unambiguous signal of new physics.
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FIGURE 6.9: Same as Fig. 6.5 for BT — i7" processes.



Chapter 7

Summary and Conclusion

This chapter summarizes our research work presented in this thesis, which is mainly fo-
cused on the phenomenological study of the rare semileptonic B meson decays. Chapter
1, starts with a brief introduction to the SM, its particle content and the number of
of free parameters, origin of CP violation in the SM etc. We then discussed about the
CKM mechanism and its role in explaining the CP violation in K and B meson systems.
After discussing the theoretical tools for the investigation of rare semileptonic decays of
B meson, we concluded the chapter by mentioning about the recent anomalies observed

in the B meson decay processes.

In spite of the precise illustration of the fundamental particles and their interactions,
SM fails to elucidate some of the imperative questions of particle physics such as the
baryon asymmetry of the universe, non-zero neutrino mass, dark matter and dark energy
components, etc. These limitations point towards the necessity of new physics beyond
the SM. In recent times, the search of new physics in B meson decays is an world
wide effort. Many dedicated experiments are committed in achieving the goal of this
grand challenge. Though the experimental results on many physical observables are
consistent with the SM predictions, some of them have (2 — 4)o discrepancy. To resolve
these issues in B meson, we need to go beyond the SM framework. In this context,
we have chosen the leptoquark model, where the SM is extended by inclusion of an
additional hypothetical leptoquark boson. The discussion on leptoquark model and the
constraints on the leptoquark parameter space from the B-sector are presented in chapter
2. Leptoquarks have the ability to couple with both quark and lepton simultaneously,
hence they have both the baryon and lepton quantum numbers. Though experimental
efforts are going on for the search of leptoquark signature for many years, but till now
there is no definitive result except the indirect limit on leptoquark masses. Leptoquark

with spin 0 (1) is known as scalar (vector) leptoquark. To evade the fast proton decay, we

117
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have considered (3,2,7/6) , (3,2,1/6) scalar leptoquarks and (3, 3,2/3), (3,1, 2/3) vector
leptoquarks which conserve both the baryon and lepton number and are invariant under
the SM gauge group SU (3)cxSU(2)r, xU(1)y. The new Wilson coefficients are obtained
by comparing the leptoquark Hamiltonian with the SM Hamiltonian. We found that
the C’S():)IOLQ new Wilson coefficients arise due to the scalar leptoquark exchange, whereas
the vector leptoquarks provide additional (pseudo)scalar coefficients contributions to
the SM. We have constrained the product of scalar leptoquark couplings by using the
measured branching ratios of By — I11~, B — X,tI~ processes and the B, — B,
oscillation data. The bounds on the vector leptoquark couplings are acquired by the
Bs — ITl7, B — XJ*l~, Bf — I"y, K, — 171~ and 7= — [~7 processes. It’s
quite difficult to compute bound on the vectorial and scalar couplings simultaneously
from By — [T~ and B} — [Ty processes. Therefore, we have assumed the vector

C(’)LQ

leptoquark as chiral and constrain the 9,10 Wilson coefficients. In the branching

ratios of these processes, the Cé:)lIaQ couplings are suppressed by a factor MJQ3 /my, thus

can be neglected. Then one can obtain the bound on Cg);; Q couplings. These bounds on
new Wilson coefficients can be used to scrutinize the issues in the B — K&+~ (vp),

B — DMy, processes.

Chapter 3 is based on the anomalies in flavor changing neutral current B — K11~ (vi)
decay processes in the context of scalar leptoquark. Here we have studied the B —
KIt1~ processes in both the high and low recoil limit except the intermediate region
around ¢> — m2J o and mfp, in order to overcome the dominant charmonium resonance
backgrounds from B — K (éc) — KIT1~. The branching ratios and isospin asymmetries
of B — KIT1~ processes had (3 — 4)o discrepancy from the SM predictions (at present,
almost consistent with the SM). Another important observation in these processes is
the 2.6 deviation in the lepton universality ratio (R ), which is the branching fractions
of B— KuTpu~ to B — KeTe™ processes. This is the first concrete evidence of the
violation of lepton universality in the semileptonic B decays. Since the leptoquark cou-
plings associated with By — (1]~ and B — KITl~ processes are same, the constraint
on new couplings coming from the By — [Tl~ processes can be used to resolve the
above anomalies. We then estimate the branching ratios, CP asymmetry parameters
and isospin asymmetry using the (3,2,7/6) leptoquark model. We found that the ob-
served lepton universality violation parameter can be accommodated in this model. We
also presented the analysis of the B — K Sy decay processes in both the (3,2,7/6) and
(3,2,1/6) leptoquark model. Unlike the B — KITI~ processes, these processes don’t
have large long-distance QCD contribution, thus could be studied in the full ¢? regions.
We computed the branching ratios and lepton non-universality parameters in this pro-
cesses . We found that the branching ratio deviates significantly due to the addition of
leptoquark couplings.
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In chapter 4, we have discussed the angular distribution of B — K*I*1~ decay processes
in the full ¢ regimes except the intermediate region to remove the dominant éc resonance
contribution from B — K*(J/1,v') — K*ITI~. Among all the semileptonic decay
processes of B mesons, the measurement of angular distribution of these processes (as
they involve four particles in the final state) provide various observables to look for new
physics. Recently, LHCb has reported 3o deviation in the measurement of the form-
factor-independent P! observable and the decay rate of this process. In addition, the
observed forward-backward asymmetry is systematically below the corresponding SM
prediction, though the zero crossing point is consistent with it. The isospin asymmetry
is also measured by the LHCb experiment in the full ¢? regions, which can be used to
explore the NP. Moreover, the LHCb Collaboration has reported many other deviations
from the SM expectations in the angular observables. Using the obtained bounds on the
leptoquark coupling, we investigated the B — K*I*]~ processes. We have performed a
comparison study of both the relevant (3,2,7/6) and (3,2,1/6) leptoquark in this work.
We computed the branching ratios, isospin asymmetry, forward-backward asymmetries
in the full ¢? regimes in both the leptoquark models. We found that the branching
ratios have a significant deviation from the SM and can accommodate the experimental
values. In the high recoil limit, we found a slight shift in the zero-crossing of the forward-
backward asymmetry towards right however, it does not give any significant deviation in
the high ¢ regions. The leptoquark model didn’t provide much deviation in the isospin
asymmetry in the full ¢ region. We have also computed the form factor independent
observables, Pi(/) where ¢ = 1,2, ...,6 in the leptoquark model, which gives significant
deviation from the SM in the low ¢ regions. We notice that the leptoquark model
can explain the famous P; observables. However, all the FFI observables and other CP
asymmetry observables have no much deviation in the low recoil limit. The interesting
point in this work is that both the scalar leptoquark is able to explain all the anomalies,
though (3,2,7/6) leptoquark gives comparatively significant deviation than (3,2,1/6)
leptoquark.

In chapter 5, we have discussed the B — D™y, processes mediated by the flavor
changing charged current b — cly; transitions. Due to the Rp ) anomalies, these pro-
cesses are at the center of attraction in recent times. The LHCb as well as BaBar and
Belle experiments have reported 1.90 (3.30) deviation in the measurement of Rp (Rp+)
anomaly from the corresponding SM results. We have investigated these processes in the
(3,3,2/3) and (3,1,2/3) vector leptoquark model. The isotriplet (3,3,2/3) leptoquark
provides only the Cy; Wilson coefficient, while the isosinglet (3,1,2/3) leptoquark has
both the vectorial (Cy,) and scalar (C's,) Wilson coefficients. We constrain the real and
imaginary parts of the leptoquark couplings by using the branching ratios of By — [T1~,
B — X 71~ and B} — Ity processes. These bounds on the product of leptoquark
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couplings can be used to study B — D™y, processes since the leptoquark couplings are
same in both the processes. We then compute the branching ratios, forward-backward
asymmetries, tau polarization asymmetries of B — D™y, processes, where [ is any
charged lepton. We found a significant deviation in the branching ratio of B — D)1y,
process in comparison with the processes with muon or electron in the final state. How-
ever, we didn’t find any satisfactory deviation in the forward-backward asymmetry,r
polarization, longitudinal and transverse polarization asymmetries of B — D™y pro-
cesses. The main aim of this work was to corroborate the lepton non-universality pa-
rameters. In the (3,3,2/3) vector leptoquark model, we have presented the R, and
Ry lepton non-universality parameters in both the high and low q? regions. We found
that all the non-universality parameters have sufficient deviations from the SM and can
accommodate the experimental results. We observed that the addition of one isotriplet
(3,3,2/3) vector leptoquark is able to explain all the R ) and Ry« anomalies simul-

taneously.

Chapter 6 devoted to the study of lepton flavor violating decay processes of B meson.
The observation of neutrino oscillation in various experiments has confirmed the violation
of lepton flavor in the neutral lepton sector, which implies that there could also be lepton
flavor violating decays in the charged sector. The predicted branching ratios of lepton
flavor violating B decays are negligible in the SM since these processes are mediated
either via loop diagram or via box diagram. But these processes could occur at tree
level in the leptoquark model. The bounds on vector leptoquark parameters are taken
from By — I1~, K, — 71~ and 7= — [~ processes. For the bound on other required
couplings, we have assumed that all the generations of LQ couplings follow the simple
scaling law, i.e., (ALL(rRR))ij = (mi/mj)l/Q()\LL(RR))ii with j > i. We have computed
the branching ratios of semileptonic B — K (*)lflj-[, B, — ¢lfl;-t and B — plfl;-t decay
processes in the vector leptoquark model. Our predicted branching ratios are sizable

and well below the experimental bounds.

In conclusion, the investigation of rare B meson decays provide new rooms to explore
new physics beyond the standard model. We have shown that most of the observed
anomalies in the rare semileptonic decays of B meson could be explained in the context
of leptoquark model. The confirmation of these anomalies in the experiment will be the

strong indirect evidence of the presence of leptoquark.



Appendix A

B — K*Il processes

A.1 J; coefficients

In terms of the transversity amplitudes Ao, A, Ay, and A; the J; coefficients can be

expressed as [177, 188]

2+ 6 4m}? . .
Jp = ( 451) |AT]? + |Af|* + (L = R) +—Z;ZRe(AﬁAf + A A}
4m? *
TEo= AP AR 4 5 1A+ 2Re (AFAT) |+ 671 As P,

. B
B o= L |IAbP Al + (- B,

J5 = =B A§P+ (L - R)],
1
Jo = 3B [JALE—|AfP+ (L= R)|.
1 *
I = ﬁﬁf [Re (AgAﬁ ) (L R)] ,
Js = V28 |Re (AgAﬁ*) —(L—R) - \’%Re (AﬁA*S + AﬁA;) :

B = 26i[Re(Afal) — (L R

c _ my L g%

J§ = 45;\/Q>2Re[AOAS+(L—>R)],
— L AL* my L g% R g%
_ i 2 L 4L*

o= 50 [Im(AOAL>+(L—>R)},

Jo = 87 [m(af ab)+ @ - R),
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where
4,45 = AL () A7 (¢) + AT (6) AT () (i, = 0,]|, 1), (A.13)

in shorthand notation.

A.2 Transversity amplitudes at NLO in the large-recoil

limit

In the large recoil limit, the transversity amplitudes at next-to-leading order (NLO)
within QCDf can be given as [177, 187]

AL = NN |((Co+ OB+ ) 5 (Cuo + O 4 ) 3 0Dy o ] ,
AP = —NavV2(ME - ME-) | ((Co+ C5® = G % (Cuo + O3 - O1%) M
A = | (104 O = O % (Cu+ O - )

Ay (¢?
X [(M?B — Mp. — ¢*) (Mp + Mg+) Ay (%) — )\]\M
2Bk~ o 2 2\ - A I
- o[ <MB+3MK*—Q>TL‘AM<“T)H’
2Ny Eg+
A = DB Sy (0 4l - ofe) As=0, (A14)

VP M A

where C; (30 and ngl% are the new Wilson coefficients arising due to leptoquark exchange
and B} = (M% + MIQ(* — q2) /2Mp is the energy of the kaon in the B meson rest frame.
The normalization constant Ny is given as

1/2

GQ 2
Flem |y, ve25/3g| (A.15)

Ny = |- —FTem
H = 135 210755 )

where § = ¢?/M?% and

A=\ (M}, Mz, q*) = Mp + Mp + ¢* — 2 (MEMp. + M7.q® + M3q*). (A.16)
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The transversity amplitude A; contains A and is negligible for a massless lepton. It
contributes only for m; # 0. The detailed expression for the function 7, (a =L,]|) at
NLO in the QCDf framework is given in Appendix A.4.

A.3 Transversity amplitudes in the low-recoil limit

The transversity amplitudes to leading order in 1/my at low recoil are given as

1/ Uiy o
Ai’R = 1 ((Cgﬂ + CSI;Q + CQLQ) F (Co + C1L(§;2 + CiLoQ)) + HTbC%H Jis
1/ My o
A\]\:’R = ((Cgﬁ + CgQ - Cs/)LQ) F (Cro + C{J(? - Ci%)%) + meC}H fH )
LR . off LQ LQ LQ LQ 2Mp o
Ayt = ((09 +Cy = Cy ) F (Cro+ Cpp” — O )) +r——C77 | fo(A1T)
where the form factors read
22 R
fio= NeMp—=2—V.  fj=NMpv2 (14 N ) A, (A.18)
1+ Mg~
. N2 .
(1= 812.) (14 M) Ay - Ad,
fo = NiMgp , (A.19)

< 1/2
and the normalization factor is Ny = [(G%agm\)\tPMBé\f)\> /(3 x 2107r5)] . Here

the dimensionless variables are m; = m;/Mp and A=A (1, s, MIQ(*) and the effective

coefficients including the four-quark and gluon dipole operators are given by [161]

1 4 80 Qg
cf = O - 3 [03 + 501+ 2005 + 306] + 0 [(01 — 6C5) A(¢?) — 08F8<7>(q2)} :

2

4 11
CsT = Cy+h(0,¢%) {301 tO+ 50— 3

2
Cy + 52C5 — ?;)CG]

1 4 64 4 16 16
= 5h(m ) [703 + 3Ca +T6C5 + 306] +3 {Cg + G5+ 906}
+ % [01 (B(¢%) +4C(¢%)) — 3Cy (2B (¢?) = C (¢?)) — Cx FY” (q2)}
m2 4 1
+ 8?26 [(901 + 302> (14 Ay) +2C3 + 2005] . (A.20)

These include the CKM suppression and the QCD matching corrections at next-to-
leading order proportional to A, = (VpV.5)/(VipViE), which corresponds to the small

amount of CP violation in the SM.
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A.4 T7F calculation

The B — K* matrix elements in large recoil limit depend on four independent functions
T corresponding to a transversely (a =1) and longitudinally (a =||) polarized K* and

next-to-leading order is given by [160]

1
§aC +LfoK o= Z/@Bi / du(I)K*,a (U)’]:l,:t (uaw) ) (Azl)

where =, =1, 5| = Mg+ /Eg- and the factorization scale puy = \/myAgcp.

The coefficient functions C, and 7, + can be written as

Co=C0 4 as(’;l‘jr)Cchﬂ : (A.22)
s C
Tow = T () + D7) ) (A.23)

(0)

The form factor terms Cy "’ at leading order are
2

o = ot 4 QmZMBY(lf) ; C\(\O) =— $H_2szy( ) - (A.24)

The coefficients Cgl) at next-to-leading order can be divided into a factorizable and a

non-factorizable part as,

oV =l 4 clnh, (A.25)

At NLO, the factorizable correction reads
2 m2
c) = cgt < 2"—L+AM> o) = et <1n2b+2L—|—AM> . (A.26)
M H

and the non-factorizable corrections for heavy to light transitions are

2
e = _CyRy) — gt RN - 1 [@Eg% +20 (ng) + 1F2(9)) + Cgﬁ“Fgg)} ,
meMB 6

(nf)
CFCH

) M
CoFy” + TR + 272 {C Y 420 ( P+ 6F(9)> + O } (A.27)

where L and AM have been given in Ref. [160]. At leading order the hard-spectator
scattering term 7;(32 (u,w) from weak annihilation diagram is given as

T (ww) =TI (u,w) = ’ﬁ(oﬁ (u,w) =0, (A.28)

(0) _ MBw 4MB
T)- (u,w) eqMBw—q2 — i€ my

(03 + 304) . (A.QQ)
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The hard scattering functions 771(1) at next to leading order contain a factorisable as well

as non-factorizable part:
7D = 7)) 4 7), (A.30)

Including O () corrections, the factorizable term for the hard scattering functions 7;(2
are given by
()
off 2MB 7ﬂ,+ (U,L«J)

T wew) =G = e T o) =7 (ww) =0, (A31)

and the non-factorizable correction can be computed by solving the matrix elements of

four-quark operators and the chromomagnetic dipole operator

(nf) _ 4edC§H Mp _ 5
717+ (u,w) = Ny Ve + ST [ent s (u,me) (C’g + Cy Cﬁ)
+ eqty (u,my) (0_3 +Cy—Cg— 4mb/MBC_5) + egty (u,0) C_g] , (A.32)
71572) (w,w) = 0, (A.33)
\ Mg L
7T|(,+f) (u,w) = Wb[eut” (u,me) (CQ +Cy— C@)
+ eql (u, my) ((73 +Cy — C_'G) +eqt) (u,0)C3] , (A.34)
(nf) . MBw chff
T2 (w,w) = “ Mg — ¢ —ic | a+ ug? /M3

6Mp
my,

+ G@M%wﬁmﬂ@+@+%)

+ h (EM% + ug?, mfde) (Cs + Cy + Cy)

+ h(aMp +ug?,0) (Cs +3Cy + 3Cs) — 2% (C3 — C5 — 15C%) ) (A.35)

The t, (u, mq) functions are given by

oM ¢ _
ty (uymy) = aE; I (mg) + B (Bo (M3 + ug?,my) — Bo (¢%,my)) ,
2M aM?3 + ug? B
tH (u7mQ) = @E}i Il (mq) + ugE%(*q (Bo (’U,M]% + uqz,mq) - B() (qQ,mq))(,A.SG)

where By and I; are

1
By (¢%,mq) = —24 [4m2/q? — 1 arctan T (A.37)
\/4mg/q? — 1

a (Mg — %) L1 (z4) + Ly (2-) = L1 (y+) = L1 (y-)] , (A.38)
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and

A.5 Functions involved in the isospin asymmetry parame-

ter

The function K ‘1‘ receives an annihilation contribution to leading order, and the functions
K f:Q appear at subleading order of the A /mp expansion. The meson-photon transition
form factors and their role in the annihilation contribution to B meson decays has been
given by the function with superscript (a). Here only transverse polarization contributes,
and there are no contributions from C5 and Cg. The functions K fb% contain the decay
amplitude from the diagram of hard-spectator interactions involving the gluonic penguin
operator Og, and the contributions of the hard-spectator interaction diagrams involving
the operator O1_g have been included in K gb% The functions K ll and K ﬁQ defined via

bg are given as [194]

Kt (%) = K79 (%) + K0 () + K79 (¢%) (A.41)

~ 1 1
K (¢?) = - (C% (1n) + 05]5,%)) Fi(3), FL(3)= 1/0 a2 ()

c 3 U+ us’

1 €L
Kf_(b) (q2) _ Cgff (/‘h) ﬂﬁas (Mh)XL (g)v X, (§) —F (§) + 1/0 du ¢K* (U)

Mp N, 4xw 3 (44 ud)?’
1@ oy Cras(un)2 (1 ¢x. (u) a2 2
K0 (7) ~N. 4r 3, s TV (aMp +uq’) (A.42)

and

K3 (%) = K3 (¢®) + K3 () + K39 (¢?) (A.43)
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with

Ky (¢) = -5 (Cl (1n) + Co (m)) Squ + (Ch () + & é”“) :

"(a)
L(e) _ Cras(u)l [! ) 9. (u) _
K, (q2)———Nc w2, du | g\ (u)—LT Fy (M3 + ug?) (A.44)

For the parallel case in Eqn. (61),
Kl () = K (¢%) + K]V (¢*) + K] (¢*) | (A.45)
with

K () = K3 (6?),

I6) (o et M CF as (pn) . o /1 ¢y (u)
K" (q%) = =C§" (un) M N, dr Fy(3), Fi(8) =2 ; dua+u§’
Cr« 1
K (¢?) = _Fi 848;‘“2 /0 dudy (u) Fy (aM3 + ug®) . (A.46)

The vector form factor Fy/(¢?) can be found in [194].






Appendix B

B — D[y, processes

B.1 B — Dty form factors

The nonzero hadronic amplitudes for B — D7y process are

s s s AD (QQ)
HV,O(QQ) = Hvl,O(QQ) = HVQ,O(QQ) = 5 —F1 (¢%) .

q
2 2 2 Mg — M, 2
Hxs/,t<q ) = H‘S/Lt(q )= Hxig,t(q )= TFO (q ) )
M2 — M?
H(¢%) = H, (¢°) = H, () ~ HFO (¢%),
(&

where the form factors Fp; are defined as

Fi(g) = @[(MBJFMD)M ((a?) ~ (M — Mp) h (w<q2>>]7
1 (Mp + Mp)® — ¢?
R = 2\/m[ A (w(g?))
_ 2_ 2
)

Here hy (w(g?)) are the HQET form factors taken from the Ref. [62, 233].
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B.2 B — D*ry form factors

The hadronic amplitude for B — D*[v process are

Ap=(q?
VAp (e V(g?),
MB —|—MD*

[~ (M3~ M3 — ) Au(@?)

Hy+(¢*) = Hy, 4 (¢°) = —HY, (¢") = (M + Mp-) Ai(¢*) T
Mp + Mp-

2Mp\/q?
i )\D*(QQ) ) AQ((]Q)],

Hvo(q?) = Hy, o(¢°) = —Hy, 0(d%) =

(MB+MD* 2
Ap=(q?
Hyy(¢?) = Hy, 4(q°) = —HY, () = — Dq§ )Ao(q2),
Ap+(q?)
2\ _ 770 (.2 0 /.2 2
= H Y Z T 74 B.
Hs(q%) = Hg, (q) 5, (q7) e 0(q7), (B.3)
where the form factors are defined as
MB+MD* 2
V(¢*) = ————h :
(¢*) NI (w(g?))
MB+MD*)2—q2
Al?) = ha, (w(d%),
) = G Ay ()
M +M * M *
2y _ B D D 2
Ax(q?) = T [y (@) + s (wl6) |-
Ao(g?) = h
o6 = G [ ha (w(e?)
M3 — M3, + ¢ oy ME— M3, 9
- B 2MZ hA2 (w(q )) - 2MD* hA3 ( (q )) . (B'4)

The complete expression for HQET form factors h;,i =V, Aj 23 are given in [62, 233].

B.3 7 and D* polarizations

For a fixed polarization of 7, the decay distribution of B — D7, process with respect

to ¢* are given as [62].

dTM =12 (B — D7 217,12 2.9
( i TVl) _ GF|3cb|3q2 )\D(q2)(1—m727—> %
dq 19273 M3 q
2H§2

1 2m2 3
5 0ir + Cly | — (Hirg® + 3Hy ) + 5\0451

l*mT

LV

+3Re[ (517 + cvl) oL s HS, |, (B.5)
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dlr=-12 (B — Dy G2 | V)2 m2
ngQ ) _ fopa VA () (1- q—;) 5+ CL | 132, (B.6)
and for B — D*7y; process
dr*=12 (B — D*71y) G2 |V |? m2\ 2
dq> 192 3M3 e
1 l 2 72' 2 2 2 2
3|0 + Cv | —5 (Hvy + Hy— + Hy + 3Hy,)
(051 Hg® + 3Re| (8- + O}, ) €, HSHVt], (B.7)
Vi

A2 (B D'rm) - GRVl o (q2)<1_m£)2
g2 19273 M3, ¥ ¢

5l7’ + C€/1

2H2 H?2 H? B.8
( vty + V,O) . (BS)

The ¢? distributions of B — D*71; process for a given polarization of D* are given as

dlAp*=+1 (B — D*Tiz) G2 |Vap|? m2 2

- ~¢*\/p- (g )(1f7)

dg? 19273 M3, 2
2 2
x| (14 503) [0+ O H%,i], (B.9)
A =0 (B — D*riy) G|V ? m2y 2
2 - 534 VAD+(a )( _T> X
dq 19273 M3, q

m2

l 2 2 T 172 3 l 2
o+ O | [(1+ 55 2)1rjrvo+§q—2 B +35|ck,

+3Re[ (517 + cvl) k" HSHW]. (B.10)
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