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Abstract

In this thesis, we present our study of CP violation in the B meson system
and also a study of some of the rare B decay modes, where we look for the
possible manifestation of new physics.

We consider the possibility of extracting the CKM angle v with B, de-
cays. The modes Bf — (D°)Df — (K**K~)D¥ and Bf — (D°)Df —
(K*t* K~)D¥ are found to be well suited for the extraction of . Since a large
number of B, mesons are expected to be produced at the LHC, it would be
very interesting to explore the determination of v with these modes.

The decay channels EZI . DK i D* K*0 are then investigated for
extracting weak CKM phase information v and 23 + . These channels are
described by color suppressed tree diagrams only and are free from penguin
contributions. The methods presented here may be well suited to determine
the CKM angle v and the combination 23 + 7.

We then consider the hadronic decay modes B*(® — f,(980)K*(©) in-
volving a scalar and a pseudoscalar meson in the final state. We compute
the branching ratio and the CP asymmetry parameter both in the SM and
in the R-parity violating (RPV) supersymmetric model. These decay modes
are dominated by the loop induced b — sgq (¢ = s, u, d) penguins along
with a small b — w tree level transition (for BT — fyKT) and annihilation
diagrams. Therefore, the standard model expectation of direct CP viola-
tion is negligibly small and the mixing-induced CP violation parameter in
the mode B — fyKj is expected to give the same value of sin(243), as ex-

tracted from B° — J/1Kg but with opposite sign. Using the generalized

viil



Abstract

factorization approach, we find the direct CP violation in the decay mode
BT — foK™* to be of the order of a few percent. We then study the effect of
the R-parity violating supersymmetric model and show that the direct CP
violating asymmetry in BT — f3(980) KT could be as large as ~ 80% and the
mixing-induced CP asymmetry in B® — fyKg (i.e., —Sj,xs) could deviate
significantly from that of sin(28)s/yx-

The results of the study of the decay modes B — foK (7), with fy being
f0(1370,1500), in the SM are also presented.

Finally, we investigate the effect of an extra fourth quark generation and
FCNC mediated Z and Z’ bosons on the rare decay mode B~ — ¢n~. In
the standard model, this mode receives only b — d penguin contributions
and therefore highly suppressed with branching ratio ~ 5 x 107?. This in
turn makes this mode a very sensitive probe for new physics. We find that
due to the above mentioned new physics contributions, there is a significant
enhancement in its branching ratio. Furthermore, the direct CP violation

parameter which is identically zero in the SM is found to be quite significant.

1X
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Chapter 1

Introduction

1.1 The Standard Model of Particle Physics

Out of the many pictures that came up over the years, the standard model
(SM) gradually emerged as the coherent picture to describe particles and
their interactions. It has provided a framework for the explanation of almost
all particle phenomena. In this model, one encounters two types of particles,
(a) fermions which have half - integer spin and (b) bosons which have integer
spin. The elementary particles which compose all matter are called quarks
and leptons and they are fermions. Quarks bind together to form hadrons
which are further divided into two categories, (a) baryons which are composed
of three quarks and therefore have half - integer spin and (b) mesons which
are composed of a quark and an antiquark and therefore have integer spin.
There are six different flavors of quarks known so far. They are the up (u),
down (d), strange (s), charm (c¢), bottom (b) and top (¢) quarks. Each of
the six quarks come in three different colors. Color is a quantum number
introduced to explain the co-existence of quarks in hadrons. The three colors
are conventionally taken to be red, green and blue. Hadrons are color-neutral.
Leptons are of two types in nature, (a) electrically charged leptons and (b)
neutral leptons. There are three charged leptons, namely, the electron (e™),

muon (p~) and tau (7). The neutral leptons are called neutrinos and they



Introduction

are the electron neutrino (), muon neutrino (v,) and tau neutrino (v, ).

In nature, there are four fundamental forces and they are the strong,
electromagnetic, weak and gravitational forces. Gravity is the weakest force
and acts only between massive objects. It therefore shows no significant
effect in the subatomic world. The forces between the elementary parti-
cles are mediated by gauge vector bosons namely, the gluons (mediating
strong interactions), the W= (mediating charged current weak interactions),
the Z° (mediating neutral current weak interactions) and the photon (me-
diating electromagnetic interactions). The weak interaction experienced by
all quarks and leptons is a point-like interaction according to Fermi’s the-
ory. The strength of the interaction is given by the Fermi coupling constant
Gr ~ 1.166 x 107° GeV~2. The electromagnetic interactions are described by
a theory called Quantum Electrodynamics (QED). According to this theory,
the charged particles interact via photon () exchange. The strength of this
interaction is given by the fine structure constant o = e?/4mweghc ~ 1/137.
The theory of strong interactions of quarks and gluons is called Quantum
Chromodynamics (QCD). The gluons G, are eight massless vector particles
which also carry color and thus can interact with each other. The strength
of the interaction is given by the QCD coupling constant o, = g2 /47 which
decreases with energy.

The electromagnetic and weak forces are unified. The electroweak (EW)
interactions are described by the Glashow-Weinberg-Salam (GSW) model
[1]. Together with the strong interaction they form the SM. The electroweak
and strong forces are believed to be unified at some grand unification energy
scale (~ 10') GeV. The standard model of particle physics is described by a
gauge group SU(3)cxSU(2), xU(1)y, where C' denotes color, L denotes left-
handed and Y is hypercharge. The group SU(3) is the gauge group of QCD
which has eight generators corresponding to the eight massless gluons. The
gauge symmetry group SU(2) x U(1) of electroweak interactions requires four

massless gauge vector bosons. But since the weak force is a short range force,
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the gauge bosons must be massive. In order to generate the particle masses,
the symmetry must be broken spontaneously. Through this spontaneous
symmetry breaking (SSB), the massless gauge bosons acquire mass through
the interaction with a complex scalar field called the Higgs field (the Higgs
Mechanism). Three out of the four gauge bosons acquire mass on allowing
the scalar field to have a nonzero vacuum expectation value. These three
massive gauge bosons are identified with the W= and the Z° particles and the
remaining massless gauge boson is identified with the photon 7. The gauge
group SU(3)¢ x SU(2)r x U(1)y is broken to SU(3) x U(1)ggp. One neutral
scalar field remains which is identified as the Higgs field. The associated
particle is called the Higgs boson which is yet to be produced and observed
experimentally. There is a lot of anticipation in this direction as results are
awaited from the Large Hadron Collider (LHC) at CERN. Interactions with
the Higgs boson also gives mass to the quarks and leptons in the SM. The
masses are proportional to the strength with which the Higgs couples to the
particles.

Initially, it was thought that the elementary particles (leptons and quarks)

take part in weak interactions through charged V — A (vector - axial-vector)

currents constructed from the pairs of left-handed fermion states (gf) (:’i)

u c
(d) ( ) . However, with the observation of the decay K+ — ptv,, where
s

a u quark couples to a § quark, the above scheme is contradicted where only

transitions like u <= d and ¢ <> s are allowed. To reconcile this, the quark

!/

u c
currents were assumed to couple to rotated quark states like <d’> ( > ,
s

where

d = dcosOc+ ssinfg

s = —dsinfo + scoslo .

The weak eigenstates d’ and s’ differ from the mass eigenstates d and s.
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As a result of the non-conservation of strangeness in weak interactions,
d and s can mix. The doublet containing v and d' was first introduced by
Cabibbo in 1963 to account for the weak decays of strange particles. The
quark mixing angle 6¢ is also known as the Cabibbo angle. To explain the
suppression of strangeness changing neutral currents s — d in the decay
K — ptp~, Glashow, Illiopoulos and Maiani (GIM) proposed the existence
of the ¢ quark long before it was discovered. With the addition of the doublet

S/

cancelled to zero. The GIM mechanism [2] allows for the suppression of

c u
( > to (d’ , the strangeness changing term in the neutral current actually

flavor changing neutral currents (FCNCs) processes which first proceed at
the one-loop level.
Generalizing the Cabibbo-GIM idea to more than four quark flavors, the

weak interactions now operate on N doublets of left-handed quarks as

U;
d )’

where i = 1,2, ....; N and d; are mixtures of the mass eigenstates d; given as
N

d; = Uyd; , (1.1)
j=1

where U is a unitary N x N matrix. With N = 3, the mixing matrix U
contains a phase factor e and the phase § gives rise to complex elements
in U allowing for CP (combined operation of charge-conjugation and par-
ity transformation) violating amplitudes in the SM. Below we give a brief
description of the origin of CP violation in the quark sector as a result of

having three generations in the SM.

1.2 CP Violation in the Standard Model

CP symmetry implies that the physical processes in nature occur in precisely

the same manner if all the particles were converted to their antiparticles us-

4
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ing the CP transformation. It was discovered that the symmetries C (charge
conjugation or particle-antiparticle interchange) and P (parity or space in-
version) are violated in weak interactions but seemingly the product CP is
not i.e., it is a good symmetry. It was thus thought for a long time that
CP symmetry was exact in nature. However, in 1964, Christenson et al. [3]
observed CP violation in neutral K meson system. They discovered that
the long-lived neutral kaon K, which normally decays into three pions with
CP eigenvalue —1, could also, with probability 1073, decay into two pions
with CP = +1. Thus, the picture changed with the discovery of CP viola-
tion and it has led to a lot of experimental and theoretical research work to
understand its mechanism and origin, more specifically in the context of the
SM. CP violation is one of the necessary conditions to explain the baryon
asymmetry in the universe i.e., the imbalance between matter and antimatter
in the universe. It is believed that during the early universe, the condition
was suitable for the production of more matter than antimatter with CP vi-
olation providing the mechanism for different decay rates to produce matter

and antimatter.

1.2.1 The CKM Matrix

In the SM, quarks are grouped into three generations. The left-handed (L)
quarks (i.e., quarks which have chirality -1) are put into SU(2), doublets as

- (%) i’

while the corresponding right-handed (R) quarks (with chirality +1) trans-

form as singlets under SU(2); denoted by uk and d,. The up-type quarks

have charge —|—§e and the down-type quarks have charge —%e.

The charged and neutral current interactions of the quarks with the

SU(2)r, bosons are given by
9

L
VG

(Wragyudy, + W, dpyuur) (1.3)
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and

Lz=5 COZ . Z (vl — diry,dy — 2sin® Oy J2) (1.4)
where

Tt = S+ ko) — 5o + o) (19

is the electromagnetic current.
The SU(2), x U(1) Yukawa couplings involving the left-handed doublets
of quarks, right-handed singlets and the Higgs doublet are given in

Ly = < — GQrodk, — FQLunf;i) + h.c.

- —|@ae ( 0) dh + (@l F (_Z_

where G and F' are 3 x 3 complex matrices and ¢ is the Higgs field. When

of

) ug} +he, (1.6)

¢ acquires a vacuum expectation value (VEV), it triggers SSB of the origi-
nal gauge group as SU(3)¢c x SU(2)r, x U(1l)y — SU3)c x U(1)gep- On
substituting ¢° by its VEV v/ V/2, the mass terms are obtained as

Limass = —di M% db — @l M™ uh + hec. (1.7)

where M = Gv/\@ and M¥ = Fv/\/§

On transforming from the weak interaction eigenstate basis to the physical
mass eigenstate basis (mass basis corresponds to diagonal mass matrices), one
has the following diagonalization

UgITMUIUEI - MY = dlag(mu’ me, mt) .

U}fﬂMdIUdI = M = diag(mg, ms, ms) , (1.8)
where the matrices U are unitary, M* and M¢ are diagonal with diagonal
elements m,(q¢ = u, ¢, t,d, s,b) being real.

The charged current interaction in Eq.(1.3) in terms of the quark mass

eigenstates is given by

Ly = %(WJ wy Vi + W, dy"Viag) (1.9)
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where

v=ur"yd (1.10)

is the Cabibbo-Kobayashi-Maskawa (CKM)[4, 5] matrix given as

Vud Vus Vub
V=Vekm=|Vaa Ves Vo
Via Vis Vi

The neutral current Lagrangian in the mass eigenstate basis remains un-
changed i.e., there are no FCNCs at the tree level in the SM.

Thus, when we have three generations of quarks, we have three left-

U c t
handed doublets ( /) ( /) ( /) , where ¢ and b are the up and
), b v/,

down quark states, respectively, in the third generation. The weak quark
states d’, s’ and b’ result from the mixing of the mass eigenstates d, s and b
and they are related through the unitary CKM matrix (the unitarity of this

matrix guarantees the absence of FCNCs at the tree level) in the following

way
d’ Viea Vs Vi d d
Sl =V Ves Vb s|=Vexkm | s
b Vie Vis Vi b b

The unitarity of the CKM matrix and the freedom to arbitrarily choose
the global phases of the quark fields reduce the nine complex elements of the
CKM matrix to three real parameters and one phase, which is responsible for
CP violation in the meson decays in the SM. Thus, the mixing matrix which
is responsible for the weak charged current interactions of quarks contains
three real parameters (Cabibbo-like mixing angles) and a phase factor ™.
Due to this nonzero weak phase, the matrix is complex and this introduces
the important possibility of CP violating amplitudes in the SM.

There are many ways to express the elements of Vg in terms of three

rotation angles and one phase. Thus, many different parametizations for the
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CKM matrix have been proposed in literature. The standard parametrization

used by the particle data group (PDG) is [6]

0

C12C13 512C13 S13€
V _ o o 20 o 20
CKM = 512C23 — C12523513€ C12C23 — 512523513€ 523C13 )
6 6
512823 — C12C23513€ —C12523 — 512€23513€ C23C13

where ¢;; = cosb;; and s;; =sinb;; (4,7 = 1,2, 3) (6,5 are the rotation angles)
and the complex phase ¢ is responsible for CP violation in the SM.
One of the most important and popular parametrizations is the Wolfen-

stein parametrization [7] which has the following change of variables
sl =X, ss3= AN =136 © =AN3(p=in)k (1.11)

where A\, A and p are known as the Wolfenstein parameters. The CKM

matrix now becomes

1—12 A AN (p —in)
Vexkm = =\ — X AN? :
AN(1 —p—in) —AN? 1

where 1 # 0 is responsible for CP violation in the SM and p and 7 are given
. A2 A2

p=p1-5), d=n1-2). (1.12)

In the SM, any CP violation observable involves the product J which is

independent of the parametrization and defined as

3
Im(Vi; ViV Vi) = ) €ikm€jin (1.13)

m,n=1

where the V’s are the elements of the CKM matrix and 7,5, k,l =1,2,3. In

terms of the standard parametrization

J = 012023C%3812823813 sind . (114)
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Thus, in order to have an observable CP violation effect in the SM, the
mixing angles ¢;; should not be zero or § and the phase ¢ should not be zero
or 7.

The Yukawa Lagrangian in Eq.(1.6) is, in general, CP violating. More
precisely, CP is violated if and only if [§]

Im(det|GGT, FF']) # 0. (1.15)

The relation of CP violation to the complex Yukawa couplings can be ex-
plained as follows. The hermiticity of the Lagrangian implies that Ly has its

terms in pairs of the form
Yiridr; + Y ;0riws , (1.16)
where Y denotes GG or F. A CP transformation exchanges the operators

Yripbrj < Vrjd L, (1.17)

but leaves their coefficients, Y;; and Y7,

unchanged. This means that CP is
a symmetry of Ly if Yj; = Y.
In the mass basis, the condition (1.15) translates to a necessary and

sufficient condition for CP violation in the quark sector of the SM as
AmZ AmZ Am2, Ami AmZ,Am2,J # 0, (1.18)

2 B 2
where Amj; =m; —mj.

Thus, in order that CP be violated in the SM, the following requirements
must be met

(a) the quarks of the same given charge should not be degenerate in mass.

(b) None of the three mixing angles should be zero or 7.

(c) The phase ¢ of the CKM matrix should neither be zero nor 7.



Introduction

1.2.2 The Unitarity Triangle

The CKM matrix is unitary as it is given by the product of two unitary
matrices U¥ and U¢'. Unitarity of the matrix indicates various relations

between its elements and the following sets of equations are obtained :

Veal® + [Vea? + [Vaa)* =1,
|Vus|2 + "/cs|2 ol |‘/ts‘2 =1 5
Viol* + Vo |* + [Vio|* = 1. (1.19)

|Vud|2 + |Vu5|2 + |Vub|2 =1,
Vea|” + [Ves)® + [V = 1,
|Vial? + [Visl® + Vi = 1 . (1.20)

VudVas + VeaVe + VidVie =0,
VudVay + VeaViy + ViaVyy =0,

C

VausVip + Vs Vi, + VisVip = 0. (1.21)

Vud C>)C<l + VUS‘/;; + Vub c?) = 0 Y
Vud‘/tz + Vus‘/ti; 13 Vub tz =0 )

The relations (1.21) and (1.22) can be represented as six unitarity triangles in
the complex (p,77) plane. Considering the most relevant relation describing
B decays i.e.,

VadVi + ViaViy + ViaVig = 0, (1.23)

a rescaled unitarity triangle in the complex (p,7) plane is obtained which is
shown in Figure 1.1. The areas of all unitarity triangles are equal and are

related to the measure of CP violation J
J=2-A, (1.24)

10
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where A denotes the area of the triangle.

The rescaled triangle contains sides of length 1, R; and R, defined by

|ViaVii|
Ry = ,
' VeaVi|
Vea V)
g P S 1.25
= v (1.25)

where R, = \/p? + 72 and R, = /(1 — p)2 + 7% and the side of length 1 is
real.

The angles of the triangle are labelled as «, § and v. § and  are directly
related to the complex phases of the CKM elements V;; and V,,;, respectively,
as

Via = |V;fd|e_i,8 ) Vb = |Vvub|€_i’y . (126)

The angle a can be obtained through the relation
a+B+v=180°. (1.27)

It can be seen that a nonzero value of 3 or v implies that 7 is nonzero and thus
CP violation cannot be ruled out. It is, therefore, imperative that the three
angles of the triangle be measured independently to get decisive information

on the origin of CP violation.

1.2.3 CP violation in the K system

In the SM with six fundamental quark flavors, weak transitions can occur
between different flavors and a CP violating phase angle can be involved.
CP violation is elegantly described by the CKM mechanism in the SM. A
nonzero weak phase in the complex CKM matrix gives rise to CP violation.
More specifically, it occurs in weak interactions when quarks undergo weak
transformations and turn into quarks of different electric charges.

We now briefly discuss the manifestation of CP violation in neutral K

system. The two neutral kaons K° and K° can decay to pions via the weak

11
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A=(p.M)

Ry

¥ 3
C=(0.0) B=(1.0)

Figure 1.1: The rescaled Unitarity Triangle

interaction |AS| = 1. Thus, mixing can occur via (virtual) intermediate pion
states. These transitions are |[AS| = 2 transitions and are thus second-order
weak transitions. Thus, if at time ¢ = 0, we have a pure K state, then at
any later time ¢, we can have a superposition of both K° and K°. Therefore,

we can form the linear combination (CP eigenstates)

N (1.28)

where Kg and K, are the particles associated with the short-lived and long-
lived 27 (CP even) and 37 (CP odd) states, respectively. A diagram called
the box diagram as shown in Figure 1.2 depicts the K — K° mixing.

With the discovery of the decay K — 27 in 1964, K; and Kg are not
CP eigenstates anymore but the new CP eigenstates are K; and K5 defined

as
K1: (KO—[_(O), CP’K1>:K1,

Ky = —(K"+ K%, CP|K,) = — K, (1.29)

Sl
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5 W d w,e,t d
— A —— & < L <
w,e,t et W w
—— AN — >—0 > T—
d W 5 d et H

Figure 1.2: Box diagrams depicting K — K° mixing.

and the mass eigenstates Kg and K are given by

KS:M K TR (1.30)

VaHED *Y R,
where & parametizes the deviation from the CP conserving limit. This viola-
tion is called indirect CP violation as it arises from the fact that the weakly
decaying eigenstates of definite lifetimes, K¢ and K, are each an admixture

of the wrong CP to a degree £. The measure for this type of CP violation is

defined as
A(Kp — (mm)1=0)

A(KS - (71'7'[')[:0) 1
where € = £+ i€ and £ = ImAy/ReA,.

!

(1.31)

CP violation can also be direct and is realized via a direct transition of
a CP odd to a CP even state: Ky — 7. A measure of such a violation is

given by the complex parameter
1 A
e EIm(A—E) exp(ige) (1.32)

where A; is the amplitude for K° to decay into a two pion final state with
isospin I, with the strong phase ¢. factored out. Experimentally, the two

parameters ¢ and &' can be determined by measuring the ratios

A(K; — 707° AKp —» 7o~
Moo = (5 0 0) ) - = St _) (1.33)
A(Kg — m070) A(Kg — mtm)
or
Moo = € — 2¢", ny_=cec+¢e. (1.34)

13



Introduction

The three types of CP violation observed in K — 7 decays are [9]

Re(e') = (254 0.4) x 1079, (1.35)
Re(e) = (1.657 +0.021) x 107, (1.36)
Im(g) = (1.572 £ 0.022) x 1073 . (1.37)

As can be seen from the expressions (1.35 - 1.37), the CP violation measures &
and £’ in the K systems show small effects and since the kaons are light, there
are not too many decay modes available, therefore it is difficult to relate these
CP violation effects to CKM parameters. However, it came to be realized
that CP violation may not be restricted to neutral kaon systems but may
also be present in the neutral mesons containing charm and bottom quarks.
Investigations have shown that CP violation in charmed D systems may not
be observable or is small in the SM. It is expected that in B mesons, the

effects will be larger and so it will be easy to relate them to SM parameters.

1.3 B Physics

After the discovery of CP violation in K system in 1964, there was a lot of
enthusiasm to look for CP violation in other systems as well. It was found
that CP violation in K systems is rather small. However, theoretical pre-
dictions have suggested that the B meson system may be an ideal place for
detecting sufficiently large CP violating effects. In fact, large CP violation
in B systems has been observed in the two dedicated B factories, namely,
BABAR at SLAC and BELLE at KEK. When we consider CP violation in
the B meson system, we obtain an interesting and relevant unitarity trian-
gle whose angles are denoted by «a, # and . The nonzero values of these
angles indicate CP violation. It is therefore imperative that these angles be
determined experimentally.

With the advent of B factories dedicated to the precise measurements

of SM parameters, certain hints of discrepancies in the measured and the
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theoretical predictions have been noticed. In addition to these, the SM falls
short of being the complete theory because it (i) does not include the fourth
force gravity, (ii) cannot explain the observed neutrino oscillations, (iii) does
not explain why there are three generations of particles and many other
problems. As they cannot be explained by the SM alone, it is believed that
there exists some kind of new physics (NP) beyond that of the SM.

One of the most promising and interesting fields of particle physics today
is B physics which basically deals with b quarks and, in particular, their decay
modes or their transformations to other quarks. The B mesons are strongly
interacting particles and are made up of a b quark (antiquark) and another
light (u,d, s) antiquark (quark) and have a spin-parity combination J¥ = 0~
and therefore are pseuodscalars. The B meson can also contain the charm (c)
quark and it is denoted as B.. The resonance T = bb produced at the ete~
colliders of the B factories provides a clean source of b quarks. It decays into
Bt — B~ pairs and into B} — BY pairs with branching ratios close to 50%
each. Experiments involving neutral B mesons involve the determination of
the flavor of the neutral meson at the time of its production and/or at the
time of its decay i.e., determining if it is a B® meson or its antiparticle B°.
This is achieved through a method known as tagging. The production of the
neutral B mesons is dominated either by the strong interaction pp collisions
or by the electromagnetic interaction ete™ — T (4S) — BYBY. Due to flavor
conservation in both strong and electromagnetic interactions, the quark b
is always produced in association with its antiquark b. One of the ways of
tagging a neutral meson is by identifying the flavor of the charged meson it
was produced together with, through the decay of the latter. We thus have
a single tagged neutral meson. The flavor of a neutral meson at the time of
its decay can be determined from flavor-specific final states i.e., final states
that can be reached either from B° but not from B or the other way round.
One can also tag the neutral meson via its semileptonic decay and then look

for the decay of the other neutral meson into a CP eigenstate. But when we
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have the two neutral mesons produced via the strong or the electromagnetic
processes as mentioned, both of them oscillate or mix as in the neutral kaon
case. So detecting a flavor-specific final state in one side of a detector informs
us about the flavor of that meson at its decay time but not about its flavor
at production time. This is because the tagged neutral meson might have
oscillated in between the time of its creation and the time of its decay. Also
identifying the flavor of one of them at decay time does not identify the
initial flavor of the other one, which we wish to tag in order to follow its
tagged, time-dependent decay rate. However, one can have a situation in
which the semileptonic decay of one meson really identifies the flavor of the
other meson. This is possible when the two neutral mesons are produced in an
antisymmetric wave as at the T (45). As the two identical bosons cannot be in
an overall antisymmetric wave, tagging is possible and thus the determination
of the flavor of one neutral meson through its semileptonic decay at time t,
ensures that the other neutral meson has the opposite flavor at the same time
and evolves thereafter as a tagged meson with time ¢t = t; — 5.

The study of B meson decays plays a very prominent role as it provides
valuable information on the SM, which includes interesting insights into the
various realms of particle physics, in particular flavor physics and CP viola-
tion. Numerous studies have been carried out in this direction before. The
system of B particle decays provides us with avenues of measuring the SM
parameters which includes measurement of various CP violating parameters
and determination of the CKM angles and to look for possible hints of new
physics beyond the SM. In fact, the main objective of the two B factories is
to test the SM and to look for possible signals of new physics. They have
started a new era in the exploration of CP violation. Now one of the ways
of searching for new physics is by studying rare B decay modes i.e., decay
modes that are suppressed in the SM. Thus, with B decays, not only can the
KM (Kobayashi - Maskawa) mechanism, which allows CP violation in the
SM of electroweak interactions, be tested and the CKM unitarity angles be
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determined but models beyond the SM can also be explored to explain the
observed discrepancies. Therefore, there is a strong motivation to carry out a
theoretical study in the area of B physics. The study would supplement the
existing studies and also be of valuable contribution to particle phenomenol-
ogy especially in the LHC era as a lot of data is expected to be collected.
In this thesis, we intend to study some of the rare B decay modes and CP

violation in the b-sector.

1.3.1 Theoretical Framework for Studying Nonleptonic
Two-Body B decays

A framework is developed for the theoretical formulation of weak nonleptonic
two-body B decays. The requirement is a low energy effective Hamiltonian
which drives the nonleptonic decays of B mesons. In this work, we consider
only nonleptonic B decays. In order to compute decay amplitudes, one needs
to know the structure of the effective Hamiltonian which governs the tran-
sitions. It is constructed using a technique known as the Operator Product
Expansion (OPE) which gives it as a sum of local operators multiplied by

effective coupling constants. Its generic structure is given as

Hepp = %VCKMZQ(M)@, (1.38)
i
where G is the Fermi constant, Vo are the CKM elements in the SM, O;
are the relevant local operators or effective vertices in the effective theory and
C; are the effective coupling constants associated with the effective vertices
and are known as the Wilson coefficients.

In the full theory, the local operator is represented by Feynman diagrams
with full W, Z° and top-quark (¢) exchanges and these represent situations at
short distance scales O(My,, Mz, m;). However, the actual situation when a
hadron with mass O(m;) decays is more correctly described by effective point-
like vertices and these are given by the local operators O;. Thus, starting at

a high energy scale O(Myy ), the heavy degrees of freedom are consecutively
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integrated out from appearing explicitly in the theory. In the effective theory,
the heavy propagators W, Z° and t are therefore removed from the theory
and the operators do not involve the heavy degrees of freedom. However,
their effects are merely hidden in the effective gauge coupling constants and
in the Wilson coefficients.

Having known the structure of the effective Hamiltonian, one needs to
evaluate the decay amplitudes. The amplitude for a B meson to decay to a

final state f is given by
Gr
V2

where (f|O;(u)|B) are the hadronic transition matrix elements of O; between

A(B = f) = (f[Hess| B) = VCKMZCZ-(quIOi(M)IB) o (1.39)

B and f and they also depend on the renormalization scale p as do the Wilson
coefficients C;. The renormalization scale i separates the physics contribu-
tions to the decay into two distinct parts: the short distance contributions
(high energy QCD corrections) coming from scales higher than p which are
contained in the Wilson coefficients C; and the long distance contributions
(low energy non-perturbative confinement effects) coming from scales lower
than ;o contained in the hadronic matrix element (f|O;|B). This scale is
usually chosen to be of the order of the mass of the decaying hadron.

It can be seen that the Wilson coefficients C; depend on the renormaliza-
tion scale p. These coefficents can be computed by matching the standard
model and the effective theory at a scale u ~ My,. The evolution of these
coefficients down to lower scales can be computed perturbatively (as a result
of the asymptotic freedom of QCD) with the help of renormalization group
(RG) techniques as long as p is not too small. This is also known as the
running of Wilson coefficients from high to low energies. The detailed dis-
cussions of the calculations can be found in [10]. During the running of these
coefficients, one encounters large logarithms (InMy, /u) due to two vastly
different scales (My, > p). In the perturbative expansion, there are terms

proportional to the QCD coupling constant « and also terms proportional
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to an(M3 /p?). Even when ay is small, aIn(M7,/u?) can be large when
p is low. At leading order, terms of the type a”In™(M3,/u*) have to be
summed to all orders in «; (leading logarithmic approximation or LLA) and
at next-to-leading order (next-to-leading order approximation or NNLA),
terms of the type a?In" (M2, /u?) have to be summed to all orders in a.
This is efficiently carried out using the renormalization group and results in
a renormalization group improved perturbative expansion for the C;’s which
are more reliable.

Now the full decay amplitude does not depend on the renormalization
scale p. Therefore, the p-dependence of the Wilson coefficients must cancel
the p-dependence of the matrix elements of the operators. Since the local
operators represent effective vertices, they undergo renormalization and as
such the matrix elements (f|O;|B) are also dependent on the renormalization
scheme used. The C;’s depend on the same scheme also. As the physical am-
plitudes are independent of renormalization schemes, the scheme dependence
of the C;’s have to cancel that of the matrix elements. The cancellations may
involve several terms in the expansion and may in principle be quite compli-
cated.

We now give a brief explanation of the quark diagram description which is
useful in working out decay amplitudes. There are two such diagrams depict-
ing the decay and they are the tree and penguin diagrams and therefore we
have two interfering amplitudes, (a) the tree amplitude and (b) the penguin
amplitude, in the decay. The spectator approximation is considered where it
is assumed that the B meson decays through the decay of its b quark (or b
antiquark) without the interference of the other quark in the B meson (hence,
the spectator quark). The simplest diagram in this approximation is the tree
diagram which involves only one intermediate W= boson for the decay of the
b quark (or b antiquark). This is shown in Figure 1.3 where ¢; and go repre-
sent up-type quarks wu,c. The other diagram which is a one-loop diagram is

called the penguin diagram and we have two types of penguin diagrams and
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they are the QCD and EW penguin diagrams. The QCD penguin diagram
involving one W and one gluon is shown in Figure 1.4. As can be seen, the
pair ¢1q; is created from the gluon G. The intermediate particles running in
the loop are the up-type quarks u, ¢, t. Besides the gluonic penguins, we can
have penguins in which the gluon is substituted by a Z boson or by a photon
7. These are the EW penguins (Figure 1.5) and they involve the same CKM
factors as gluonic penguins, the pair ¢;q; is created from the Z boson or the
photon v and the particles in the loop are the up-type quarks as in the gluon
penguins. The basic difference is that EW penguins couple differently to up-
type quark-antiquark pairs and to down-type quark-antiquark pairs whereas
the gluonic penguins couple to all quark-antiquark pairs equally. Besides
the tree and penguin diagrams, we can also have diagrams that involve the
spectator quark but they are usually neglected as they are suppressed by
fB/mp compared to the tree and penguin diagrams. Here fp and mp are,

respectively, the decay constant and mass of the B meson.

d(s)

Figure 1.3: Tree diagram with ¢1, ¢ € {u,c}

Due to the presence of electroweak and strong interactions in the weak
decays, the local operators can be classified according to the color structure,
the Dirac structure and the type of quarks relevant for a given decay. We

give below the operators that are needed for weak B decays.
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b d(s)

1

Figure 1.4: QCD Penguin diagram with ¢; = ¢2 € {u,d, ¢, s}

w U, ¢, t
whe. b d(s)
d(s)
W
Z,y @=a Z,vy ©=a
g1 51

Figure 1.5: Electroweak Penguin diagram with ¢; = ¢ € {u,d, ¢, s}
Current-current operators (¢ = d, s and ¢, ¢ € u,c)

01 = ((b)v-a(qq2)v-a ,
O,

(Cﬁabﬂ)VfA(q_ﬁfQZa)VfA 5 (140)
QCD penguin operators (¢ = d, s)

Os = (@)v-n) (@ )v-a,

q

Oy = (Tabs)v-n Y _(Tsda)v-a

q

Os = (@)v-a Y (T¢)v+a

q

O = (%%)V—AZ(%C];)VJFA, (1.41)

q
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Electroweak penguin operators (¢ = d, s)

3, _
Or = §(qb)v—AZ€q’(Q'ql)v+Aa
q/
3 _
Og = §(qabﬁ)v—AZ€q'(q/@q;)v+A,
q/
3
Oy = §(qb)V—AZ/6q’(q_,q,)V—Au
q
S =
O = §<qab5>v_AZeq/<ng;)v_A, (1.42)
q

where o and [ are color indices, V and A are the Dirac structures which
refer to the vector and axial-vector currents, respectively and V + A refers to
Yu(1£75). In the sums, the quark ¢’ runs over the quark fields that are active
at the scale u = O(my) i.e., ¢ € u,d, ¢, s and e, are the corresponding electric
charges of the quarks. The tree, QCD and EW penguin processes in the
full theory originate from the above current-current, QCD and EW penguin
operators and have been depicted in Figures 1.3, 1.4 and 1.5, respectively.
What remains is the computation of decay amplitudes. In order to do
so, the matrix elements (f|0;|B) have to be evaluated. As they involve
long distance contributions, one has to resort to non-perturbative methods
to compute them. These methods have some limitations and therefore a
major part of the theoretical uncertainties in the decay amplitude come from
the hadronic matrix elements. The standard procedure in computing the B
decay amplitudes is the factorization hypothesis. This consists of the decay
amplitudes being factorized into products of two current matrix elements by
inserting the vacuum. This approximation amounts to evaluating the matrix
elements of the four-quark operators, given in (1.40 - 1.42), between the
decaying B meson and the final hadronic states f;fy as the product of two
matrix elements of the type (f1|gb|B) which mediates the B — f; transition
and (f|q'q’|0) which describes vacuum — f; transition. The resulting matrix

elements are parametrized in terms of form factors and decay constants. The
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form factors are usually calculated using a model and therefore the results

are model-dependent. Form factors for B — P, S,V transitions are defined

by

OIAP@) = ifr, .
QT Nk,
o ’ m2 —m2/
(PEVAIPR) = (pu+pu—%qM)Fl<q2>
m% —m2,
i FO(QQ) = PQua

(SEAIPE) = z'(pﬁp;—@qﬂ)m?)

<V(p/75)|VM|P(p)> = mewaﬁ*”pap’ﬁv(f),

V(,)APD) = z'[<mp+mv>e:A1<q2>

5*'29 / 2
- Ba-00 A
mP+mV(p+p)u 2(q%)

- =LA - ]| (143)
where P"), S and V denote pseuodoscalar, scalar and vector mesons, respec-
tively, V,, and A, denote the vector and axial-vector currents, respectively, &
is the polarization vector of V and ¢ = p —p’. The decay constants are given
by fp, f&, fv and the form factors by Fi(¢®), Fo(q®), V(¢*), Ai(¢?), Aa(d®),
A3(g%). Further, F1(0) = Fy(0), A3(0) = Ap(0) and

mp+m
A3(g?) = 2L Ay(g?) -

va

2 7 4, (g2) . (1.44)

2mv
1.3.2 CP Violation in B meson system

CP violation has been extensively described in [11]. Its effects are expected to

be larger in B meson systems and in fact large CP violation has been observed
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in the B factories. A lot of study in the area of CP violation has been carried
out by many facilities collecting data with B events. CP violation effects can
manifest themselves in the B decay modes or in particle-antiparticle mixing

i.e., B® — B® mixing where B is either a BY or a BY.
B° — B Mixing

Particle-antiparticle mixing is related to CP violation and is the reason for
the mass differences between the mass eigenstates of neutral mesons. It is
a second-order weak transition and in the SM first appears at the one-loop
level and is induced via a box diagram as in the kaon system with s replaced
by b in the case of By — BY mixing. In the case of the B, system, the s is
replaced by the b and the d by the s. The flavor eigenstates in the By, — B,

mixing are given by
By=(bd), Bj=(bd), B/=(bs), B/=(b3). (1.45)

When we have flavor mixing, the time evolution of the B® — BY system is

described by

W) _(1Bw)
R N R (S (1.16)
where R - .
- T My it My, — it
H_M—ZE_(MQI_Z.% Mﬂ_i%) (1.47)

with M and I being the mass matrix and decay width matrix, respectively
and they are hermitian. Due to hermiticity of the M and I' matrices, My, =
M1*2, F21 = FT? and due to CPT invariance, Mll = M22 = M, Fll = FQQ =T

The Hamiltonian thus becomes

. M-y M-t
H = - : (1.48)
My, =i M — Zg

With the diagonalization of the Hamiltonian matrix, one obtains the two

physically observed mass eigenstates given by
By =pB°+¢B°, B;=pB°—¢B°, (1.49)
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where
1+ép 1—2p

RV Tt N (Ea =

and g corresponds to £ in the kaon system and H and L indicates heavy

(1.50)

and light, respectively. In the B® — B° system, the lifetime difference AI' =
['y —I'p, is much smaller as compared to the mass difference AM = My — M,
ie., AI' < AM. Therefore, the mass eigenstates By and By are usually
distinguished by their masses and not by their lifetimes.

The strength of the ij{s — Bgvs mixing is described by the mass difference
AMy, = My — Mp* (1.51)

and one obtains [12] in terms of the off-diagonal elements in the B° meson
mass matrix and decay width matrix, respectively

Re(M12F’1‘2)

AM, = 2|]\41(g)| , Alg=2 | M|

<K AM,, q=d,s. (1.52)
The quantity € is given in terms of p and ¢ as

1™ B My — 5T'o

and after calculating the box diagrams, the off-diagonal element M5 is given

as [13]

G2 . "
(Miz)g = T;FéqBquBquv(V}thb)QSO(xt)’f?B, (1.54)

where F'p, is the B, meson decay constant, B B, 1s known as the renormaliza-
tion group invariant parameter or the bag parameter, So(x;)(x; = m?/M3,)
is the Inami-Lim function [14] which parametrizes the electroweak contri-
butions without any gluon (QCD) corrections and np parametrizes short

distance QCD corrections. Thus, we have
(Miy)a o< (ViaVip)® (M) o< (VisVip)? (1.55)

and since the CKM elements V4 and V;, are expressed in terms of the angle

B(s) (which in turn is related to the complex phases of the CKM matrix) of
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the unitarity triangle as
Via = [Vidle ™, Vg = [Vile ™ , (1.56)

we have to an approximation

q 7 d,s S
<I—)) = e 2¢]\J , qﬁ?w = —/6 o ¢M — —ﬁs > (157)
d,s

where qﬁﬁ’j is given in terms of the weak phases of the CKM matrix.

Various Types of CP Violation

The complex phases of the CKM matrix can manifest themselves in the decay
processes and in the particle-antiparticle mixing. When the decay of a hadron
is considered, theoretical uncertainties are encountered as a consequence of
the hadronic matrix elements. It is important that the CP violating mea-
surements be free from such uncertainties. Three types of CP violation are
considered, (1) CP Violation in Mixing, (2) CP Violation in Decay,
and (3) CP Violation in the interference of mixing and decay.

(1) CP Violation in Mixing : This type of CP violation is a result of
the fact that the mass eigenstates are different from the CP eigenstates and is
defined by Re(e) # 0 or |¢/p| # 1. The effect can be observed in semileptonic
decays of B and K where the final states contain “wrong charge” leptons and
can be attained only through B° — B? mixing. The asymmetry is defined as

as1(B) = D(B°(t) — I'vX) —T(B(t) — I"9X) _1—|g/p*

= TB() = 0X) + T > ox) ~ ixfgpp’ %

where B°(0) = B, B%(0) = B%(0) and the time evolution of these states are

given by

IBY(t)) = g+ (1) BY) + gg<t>|B°> ,

B°(1)) = gg_<t>|BO> +9:(1)|B%) (1.59)
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where

%(e_i(MH_;FH)t + e—i(ML_%FL)t) . (160)

The asymmetry becomes nonzero as the phases in the transitions B — B°
and BY — BY differ from each other.

(2) CP Violation in Decay : This type of CP violation is also known

g£(t) =

as direct CP violation and is best described in charged B and K decays. It

can also be measured in the neutral modes. Defining
Ape = (fFIHY*|BYY | Ap- = (f~|HY**|B™), (1.61)

the asymmetry is given as

(B = fH)-T(B —f) _ 1-|Ap/Ap P

D(Bt — fH)+T(B- = f7) 1+ | A [Ap P
(1.62)

For direct CP violation, one requires at least two different interfering con-

Al (B — f*) =

tributions to the decay amplitude having different weak (¢;) and strong (d;)
phases. For example, they can be two tree diagrams, two penguin diagrams
or one tree and one penguin diagram. In this way, we can write the decay

amplitude A+ and its CP conjugate A;- as

Af+ r Z Aiez’(&;—l-@) ’ Af_ g Z Aiez‘(&—@) : (1.63)

i=1,2 i=1,2
The weak phases ¢; have opposite sign. But the strong phases §; have the
same sign as CP is conserved in strong interactions. Thus, we can have
|Aj-/Ap+| # 1 and the direct CP asymmetry is, therefore, nonzero and is

given as

A —2A, Ay sin(dy — 0o) sin(¢y — ¢o)
Adzr BT ) _ Sk . 1.64
crl ) A + A3 + 241 Aj cos(d1 — 02) cos(d1 — ¢2) 6

(3) CP Violation in the interference of Mixing and Decay : This
type of CP violation occurs in neutral B decays only where the final states

are common to both B® and B°. The effect can be observed by comparing
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the time-dependent decays into final CP eigenstates. A complex quantity A;
is introduced which describes the interference phenomena between B° — f

and B® — f and is defined as

/\f _ C]A(BO - f) o 6¢2¢MA(BO - f)

pAB S AR 6

where ¢y, denotes the weak phase in the B — BY mixing and A(B° — f) and
A(B" — f) are the decay amplitudes. The time-dependent CP asymmetry
is defined as

t) — L(B(t) — f)

L(B o
( °(t) = £)+T(B(t) — f)

Acp(t, f) T
= ALL(f) cos(AM¢t) + AZE(f)sin(AM¢t) ,  (1.66)

where A%", are the decay direct CP violating contributions and A% are

the contributions describing CP violation in the interference of mixing and
decay which is also usually called mixing-induced CP violation. In terms of

As, they are defined as

1— | Af 2 - 2ImA\
dir f s | mix o
= = = — il
'A (f) 1+|)\f|2 Cf7 CP(f) 1+‘)\f|2 Sf ( 67)
and
Acp(t, f) = Cpcos(AMt) — Sysin(AMt) . (1.68)

The amplitude A(B° — f) can, in general, have several different con-
tributions like tree, QCD penguin and electroweak penguin contributions.
Therefore, we can write

AB = f) Apei0r=97) 1 A Lei(0r—0p)
A(BO — f) nf A 61(6T+¢T) =B Apel (6p+op) |

(1.69)

with 7y = %1 being the CP-parity of the final state, Appy (17" denotes tree
and P denotes penguin) contains the hadronic matrix elements, dp(p) and

¢7(py are the strong and weak phases, respectively. The minus sign comes

from the CP phase convention CP|B°) = —|B%). The direct CP violation
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contribution Cy and the mixing-induced CP violation contribution Sy now

become

Cf = —2r SiIl(gbl - ng) sin((51 - 52) s (170)
Sp = —ns[sin2(d1 —par) +2r cos 2(p1 — dar) sin(¢y — po) cos(dy —d2)] , (1.71)

where = As/A; < 1 is assumed and ¢; and ¢; are the weak and strong
phases, respectively. It can be seen that by measuring the CP asymmetry
parameters, the CKM weak phases can be measured.

If there is only one weak phase which dominates in the decay amplitude
or if the different contributions to the decay amplitude have the same weak
phases, then the hadronic matrix elements and the strong phases drop out

and one obtains i
A(BY — .
( S f) = _nfe_zquD
A(BY — f)

with ¢p being the weak phase in the decay amplitude A(B° — f). Hence,

(1.72)

Ap = —npexp(i2¢n) exp(—i2¢p) , AP =1 (1.73)

and
ALp(f)=Cr =0, (1.74)
¢p (f) = ImA; = 1y sin(2¢p — 2¢u) = =S . (1.75)

Consequently, the asymmetry is given as
Acp(t, f) == —Sf SID(AMLL) o (176)

After having an idea of CP violation and its materialization in the B
meson system, we now proceed with presenting a study of the B, meson decay
modes from which we can determine the angle v of the unitarity triangle in
chapter 2. Chapter 3 is dedicated to the extraction of the weak CKM phase

: : E) 5>0 }?*0 5)*0 }?*0
(7/28 + ~) information from the decay modes By — : :
Chapter 4 contains a study of the rare decay mode B — fyK () both in the

SM and in some extensions of the SM (new physics models). In chapter 5,
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we present a study of another rare decay mode B — ¢ and show how some
new physics models can provide an enhancement in the branching ratio and

CP asymmetry parameters. Chapter 6 contains the summary.
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Chapter 2

Determination of the CKM
angle v with B, decays

It is now known that in the standard model (SM), CP violation arises from
the nonzero weak phase in the complex CKM matrix which is responsible for
the charged current weak interaction. One of the main ingredients of the SM
description of CP violation is the CKM unitarity triangle (UT). When we
consider the most relevant unitarity relation describing B decays, we obtain
the angles of the UT termed as « (¢2), 8 (¢1) and v (¢3) [15]. Therefore,
to have a more precise information of CP violation, it is important that we
find new ways and methods to extract the three angles «, 3 and v of this
triangle. Large CP violation, as was expected, has already been established
in B systems in the running B factories at SLAC and KEK. The present
status is that we have measured, with the huge data sets available, the angle
B (actually, sin (23)) with a reasonable accuracy and we expect to have a
precision measurement of angle (5 in the years to come, with the help of the
golden mode B) — J/¢Kg. Unfortunately, we do not have three golden
modes to determine the three angles of the UT. So we have to be contented
with the best available modes like B — 77 (and some related modes) for the
determination of the angle «, but these modes are accompanied by a generic
problem called penguin contamination. So finally, we are left with the angle

v = arg(—VuaV./VedVy), which was believed to be the most difficult one,
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Determination of the CKM angle v with B, decays

among all the three angles, at the beginning. But, fortunately, in this case,
nature has been very kind to provide us with many options to determine the
angle v in various avenues.

There have been many attempts in the past to devise methods to de-
termine the CKM angle v as cleanly as possible. One of the methods to
determine 7 is the Gronau-London-Wyler (GLW) method [16], which uses
the interference of two amplitudes (b — cus and b — wucs) in B — DK
modes. In this method, v can be determined by measuring the decay rates
B~ — D'K~, B~ — DK~ and B~ — DY K~ (where DY is the CP-even
eigenstate of neutral D meson system) and their corresponding CP conjugate
modes. However, because the mode B~ — D°K~ is both color and CKM
suppressed with respect to B~ — DYK~, the corresponding amplitude trian-
gles are expected to be highly squashed and it is also very difficult to measure
the rate of B~ — D°K~. To overcome the problems of the GLW method,
Atwood-Dunietz-Soni (ADS) [17] proposed an improved method where they
have considered the decay chains B~ — K~ D°— f]and B~ — K~ D°— f],
where f is the doubly Cabibbo suppressed (Cabibbo favored) non-CP eigen-
state of D°(DY). These methods are being explored in the B-factory experi-
ments and will also be taken up at the collider experiments along with another
method called the Aleksan-Dunietz-Kayser (ADK) method [18], which uses
the time-dependent measurement of BY(B?) — DT K* modes. Because of its
importance and, of course, possible options available, there are many meth-
ods that exist in the literature. Some of the alternative methods to obtain ~
are those using B and B; decays [19]-[27], B, decays [28] and also A, decays
[29].

Another method, the Giri-Grossman-Soffer-Zupan (GGSZ) method (oth-
erwise also known as the Dalitz method) [19] has also been proposed (using
B — D°(D°)K — KgnrK), which has many attractive features and has
already been explored at both the B factories. It should be noted here that
the GGSZ method uses the ingredients of GLW and ADS methods where the
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D°(D°) decays to multi-particle final states. This method in turn helps us
to constrain the angle v directly from the experiments. But at present the
error bars are quite large, which are expected to come down in the coming
years. It may be worthwhile to emphasize here that one has to measure the
angle with all possible clean methods available to arrive at a conclusion and

thereby reducing the error in v to a minimum.

2.1 The Method

In the continued effort, we now wish to explore yet another method with the
decays Bf — DfD° — DE(K**K~)po and Bf — DD — DE(K**K~)po.
It has been shown earlier in [28] that the decay BX — D°(D°)DZ modes can
be used to determine the CKM angle v in a better way since the interfering
amplitudes in B, case are roughly of equal sizes, whereas the corresponding
ones in GLW method (using B mesons) are not so. In [28], it has been shown
that v can be determined from the decay rates BXf — D°D* Bf — D°D*
and BX — DYDZ (where DY are the CP eigenstates of neutral D meson
system with CP eigenvalues +1, which can be identified by the CP-even and
CP-odd decay products of neutral D meson). In this work, another method
is proposed where we consider the BY — D°(D®)D¥ decay modes, that are
followed by D°(D°) decaying to K** K, which is a non-CP eigenstate.
The decay modes B, — D;D°® and B, — D; D° are described by the
quark level transition b — cus and b — wucs, respectively and the amplitudes

for these processes are given as

AB: = D°D}) = TEVAVi(C+4).

A(B- — D'D-) — G—\/gvubv;(é Y, (2.1)

where C' and A denote the color suppressed tree and annihilation topologies

for b — ¢ transition and C' and T denote the color suppressed tree and color
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allowed tree contributions for b — wu transition. Now let us denote these

amplitudes as

Ap=A(B, - D°D;), Ap=A(B, — D°D]), (2.2)

c S C S

and their ratios as

where 0 and (—7) are the relative strong and weak phases between the
two amplitudes. The ratio of the corresponding CP conjugate processes are
obtained by changing the sign of the weak phase . One can then obtain a

rough estimate of rg from dimensional analysis, i.e.,

ViVe| a5’
’,"B == & — ) O 1 9 24
‘/'va’ljs ajgff ( ) ( )
where aff 7 and agf T are the effective QCD coefficients describing the color

allowed and color suppressed tree level transitions. For the sake of compar-
ison, we would like to point out here that the corresponding ratio between
the B~ — D°(D°)K~ amplitudes are given as |A(B~ — D°K~)/A(B~ —
DYK)| = [(VuVi) / (Vo Vis)| - (a5 Ja!7) = ©(0.1). The D° decay ampli-

tudes are denoted as
Ap=AD’ - K**K~), Ap=AD’ - K*"K"), (2.5)
and their ratios as

Ap
Ap

. A
— rpe? | with rp = A—z : (2.6)

It is interesting to note that the parameters rp and dp have been measured
by CLEO collaboration [30], with values rp = 0.52 £+ 0.05 £ 0.04 and 0p =
332° £ 8° £ 11°, rendering our study more appealing.
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With these definitions the four amplitudes are given as

= |ABAD| 1+TBTD€i(6B+6D_7) s

) -

) = |ABAD’€i6D _TD‘I‘TBei((SB_(SD_’y)_ s
) = |ApAp||1+rgrpeiCrtoon)
)

— ‘ABADIGMD TD—i-TBei(aBiaDJr’Y) . (27)

From these amplitudes one can obtain the four observables (Ry,--- , Ry),

with the definition
R; = | Ai(BT — DF(K":K¥)p)/ApAp|" . (2.8)

We can now write Ry =1+ 7’1257“2D + 2rgrp cos(dp + dp — ) and similarly for
Ry, R3 and Ry.
Here we assume that the amplitudes |Ap| and |Ap| are known (so also
rg, which is O(1)).
Thus, one can obtain an analytical expression for v as
[R1 — Rs]” — Ry — Ra)?
4{[Rs — RypllRa — Fap) — Ry — BypllRs — B3,

sin?y = : (2.9)
where R%,, = (r% +73) and RS, = (14 1r313).

We then study the sensitivity of v in some limiting cases in the method
described above.
(a) If the relative strong phase between Ap and Ap is zero then Eq.(2.9)
can no longer be used to extract the angle v as both numerator and denom-
inator vanish in this limit. However, still 4 can be extracted, in this limit,
from either the observables R; and R3 or Ry and R4. Now, considering the
observables Ry and Ry, for example, one can obtain an expression for v as

cot 5D(R4 - RQ)
Ry+ Ry —2(r% +13)

tany = (2.10)

An analogous expression for v can also be obtained from R; and R3 with the

replacement of Ry y < Rz and (r% +1%) < (1 4+ r%r%).
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(b) If r5 = 1 and dp = 0, then the four observables (Ry,--- , R4) are
no longer independent of each other and we have two degenerate sets with

(R; = R4) and (Ry; = R3). One can then define two parameters

1
C_. = cos(dp —7) = Y- (Ry— 1% —1%)
Cy = cos(dp+7) = (Ry =15 —713) , (2.11)
2rprp

where we have deliberately retained the rp term in the above expressions, so
that one can still use this method for 75 # 1 case. Thus, one can now obtain

the solution for v, in terms of these observables, as

sin®y = %[1 -C,C_ &+ \/(1 -CH(1-C?)], (2.12)

one solution of which will give sin?y while the other being sin® 6p. Since §p
has already been measured, sin? v could be extracted from these observables,
once we know the values of Ry, Ry (otherwise R; and R3) and rp (it may be
noted that the value of rp is already known now).

Our method consists of two parts, the first one being the B — D°(D°)DZ,
which will be measured at the hadron colliders, such as LHC, whereas the sec-
ond part consists of the measurement of D°(D°) — K** K~ which can also
be measured at the same collider experiments. Moreover, since we already
have experiments and there are upcoming dedicated experiments to measure
the parameters in the charm-sector, like at CLEO-c and the BEPCII, which
will provide us half of the parameters needed in our study, it is meaningful
to combine the data from various experiments, mentioned above, to obtain
~v with a better accuracy.

The possible effect of D° — D® mixing for the determination of 7 is not
taken into account in our analysis since it has been well studied in the liter-
ature [19, 31] and found that the effect is very small, unless we are doing a
precision measurement of v. To be quantitative, the error could be around
1°, with the present data available, which for all practical purposes is ignored

at the moment.

36



Determination of the CKM angle v with B, decays

Now, with rp already known (so also dp), we are left with only two un-
knowns (6 and ). Therefore, we have two unknowns and four observables.
We can consider different non-CP eigenstates (like p™7~), which will increase
the observables by four and unknowns by two (r, and §',) for each additional
eigenstate. One can also take B¥ — D%(D°)D:* mode, thereby further in-
creasing number of observables by four and unknowns by two (say 73 and %,
in fact it could be just d%). Hence we hope to have enough observables and
at best half the number of unknowns (actually, it will always be less than
half since new unknown parameters, namely, 1, and 0}, can also be inferred
from the D decay data) and we can obtain the value of v without hadronic
uncertainties.

Now we estimate the branching ratios for these modes. Using the gener-

alized factorization approximation, the amplitudes are given as

Gr
AB: - D°D7) = ZLZv,v* (o X +aTY) |
( c s) \/i b us( 2 1 )
| G
A(B: - D°D;) = ZZv, Vi@ X, + a7 X)), (2.13)

V2

where X = i fo (3, —m JEE-P (1), X = i fip, (my, —mie JFEP° (3, )
and Y = ifp (m3 — mo)Fy " ’ (m%,) are the factorized hadronic matrix
elements. For numerical evaluation we use the values of the form factors
at zero recoil from [32] as chDO(O) = 0.352, FPP+(0) = 0.37, the decay
constants (in MeV) as fpo = 235, fp, = 294, fp. = 360, the QCD coefficients
aiff = 1.01, agff = 0.23, particle masses, lifetime of B, and CKM matrix

elements from [33]. We thus obtain the branching ratios as
BR(B, — D°D;)=7.0x10"°, BR(B, — D°D;) =4.5x 107" .(2.14)

Let us now make a crude estimate of the number of reconstructed events that
could be observable at LHC per year of running. At LHC, one expects about
10" untriggered B.’s per year [34]. For the estimation, we use the branching

ratios as BR(B, — DD, ) = 7.0x107% and BR(D® — K**K~) = 3.7x107*
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[33] and assume that the D, can be reconstructed efficiently by combining a
number of hadronic decay modes. As the LHCD trigger system has a good
performance for hadronic modes, we assume an overall efficiency of 30% and

hence we expect to get nearly 80 events per year of running at LHC.

2.2 Discussion and Conclusion

We have outlined here that BY — (D°)D¥ — (K**KT)Df and Bf —
(D°)DE — (K**KT)DZ can be used to determine the CKM angle v at the
LHC. Since the interfering amplitudes are of equal order (which is not the
case with B — DK methods) and furthermore neither tagging nor time-
dependent studies are required to undertake this strategy and above all the
final particles are charged ones (and of course with reduced background),
this method may be very well suited for the determination of v without
hadronic uncertainties. But one has to pay the price for all the niceties of
this method in the sense that the branching ratios are smaller by an order
compared to the earlier modes. Nevertheless, we hope that this should not
cause any hindrance for the clean determination of the angle v using this
method and even if we get lesser number of events, the predictive power will
not be diluted.

In conclusion, in this study we have looked into the possibility of extract-
ing the CKM angle v using multibody B, decays and in view of the fact that
LHC is already underway, this method can be found to be very useful to

obtain v and to supplement the results from other methods.
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Chapter 3

Extraction of /26 + v from
5 . o ol

In the context of CP violation, we have already stressed the importance of
extracting the three angles «, 3 and ~ of the unitarity triangle. Usually, these
angles are extracted from CP violating rate asymmetries in B decays. The
angle [ (or sin 23) has been cleanly determined from the measurement of the
time-dependent CP asymmetry in the golden decay mode B} — J/¢ Kg [35].
The angle a can be measured using the CP asymmetries in B — 77~ [36],
but due to the existence of penguin diagrams there are theoretical hadronic
uncertainties which are very difficult to quantify. The last angle which is
hoped to be determined cleanly is . There have been many attempts, sug-
gestions and discussions to measure this angle as cleanly as possible without
hadronic uncertainties. The Gronau, London and Wyler (GLW) [16] method
to extract v has been cited in the preceding chapter. However, as pointed
out, we encounter difficulties for the extraction of v with the B — DK
modes.

There exist many studies in the literature [17, 19, 22, 25, 28, 37] to help
overcome the difficulty and to provide improved ways to determine the angle
7. It is highly desirable to have independent measurement of the angle v (or

otherwise the angle «), at least to the precision of the angle 3 as of today, to
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understand better the CKM mechanism of CP violation under the framework
of the SM. But so far we have not been able to succeed in this effort. Given
the various methods and wide range of options available, the measurement
of the angle v seems to be a better option. This is currently being done and
will also be taken up in the second generation experiments. There is also
another parameter, namely, 23+~ which is discussed in the literature [38] to
be measured. Since (3 is well measured by now, therefore, the measurement
of 23+~ will be very much useful for the clean determination of . It should
be noted here that we should measure the angle v in all possible ways (and
as cleanly as possible) to independently verify the measurements, improve
the statistics and to help resolve discrete ambiguities. To this end, we intend
to present here another important and simple way to extract the weak phase
v/(26 + 7) from the decay modes 7; . pb }?*Q Do,

In this study, we consider the color suppressed decay modes Ezl —
Db (b)*o ) 2% * to extract the CKM phase information. Several studies
[39, 40, 41] have been carried out using these decay modes for the extraction
of the angle ~. In this investigation, we present another alternative method,

which is very clean and simple to extract the weak phase tan®y (tan?(23+7)).

3.1 ~ from the decay modes B — D'K*' and
BO e DOK*O

First let us consider the decay channels B® — D°K*? and B® — DYK*0. It
has been shown in Ref. [40] that the CKM angle v can be determined by
measuring the following six decay rates: B’ — D°K*0 and B® — DOK*0
B — DcpK*® (where Dep = (D° + D°)/+/2, is the CP-even eigenstate
of the neutral D meson) and the corresponding conjugate processes. The
D°(D®) meson is considered to decay subsequently to the flavor state K+~

for which the ratio of the two amplitudes is found to be very tiny i.e., rp =

|A(B® — K*n7)/A(D® — K*r7)| = 0.06 & 0.003 [33]. Here we show
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that if we consider the decay of the D meson to the non-CP final state i.e.,
K*t* K~ for which rp ~ O(1), then it is possible to extract the CKM angle
~ by measuring only four decay rates. The method presented here is similar
to the one presented in chapter 2 but with the final state decay particle D
being replaced by the K*° meson. This method is very promising because the
experimental branching ratio for the process B® — D°K*? is already known
with value BR(B? — D°K*?) = (5.3 £0.8) x 107 and for the B® — D°K*0
process, we have the upper limit as BR(B? — D°K*Y) < 1.8 x 107 [33].
The advantage of using the non-CP eigenstate has been discussed in [25], in
connection with the charged B decays B¥ — K*D°(D), which renders the
corresponding interfering amplitudes to be of the same order.

Now let us denote the amplitudes for these processes as
Ap=A(B° — D°'K*®), Ap = A(B° — D°K*) (3.1)
and their ratio as

. A
2 —rpet8T) | with rp= g

Ak . and arg (/_XB/AB) =dp—7, (3.2)

where dp and (—v) are the relative strong and weak phases between the
two amplitudes. The ratio of the corresponding CP conjugate processes is
obtained by changing the sign of the weak phase . One can then obtain a

rough estimate of rp from dimensional analysis, i.e.,

VbV

~0.4. 3.3
VoV (3.3)

rgr=

Now we consider that both D° and D° will decay into the common non-

CP final state (K*"K ™). Denoting the D° decay amplitudes as
Ap =AD" - K*"K™), Ap=AD"— K**K™), (3.4)
one can write their ratio
Ap

A .
A—i = TDGMSD s with 'pD = A_D y (35)
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where dp is the relative strong phase between them. As mentioned in the
previous chapter, the parameters rp and ép have been measured by CLEO
collaboration [30].

With these definitions the four amplitudes are given as

= ’ABAD‘ 1+TBTD€i(6B+§D7’Y) ,

_ |ABAD| 1+TBTD6i(6B+§D+’Y) :

(BY — (K**K-) o) |

Ay (BY — (K KT)pK™) = |ApAp|e®? -T’D + rBei(‘sB";D"V)- ,
( ( ) )
( ( ) )

= |ABAD|€i5D _TD + TBGi(éB_5D+7) ) (36)

From these amplitudes, one can obtain the four observables (Ry,--- , Ry),
with the definition

2

By = ‘Ai(EZI — (K™*K%)p [K*)/(ApAp)

(3.7)

We can now write Ry = 1+ 7%4r% + 2rgrpcos(dg + 0p — ) and similarly
for Ry, R3 and R4. Thus, we get four observables and three unknowns,
namely, rg, g and . Hence, v can in principle be determined from these
four observables.

Assuming that the amplitudes |Ag| and |Ap| are known (so also rg, which
is expected to be ~ 0(0.4)), we obtain an analytical expression for - as

(R1 — Rs)* — (B2 — R4)?

[Re+ Ry — 2(r% +73)]2 — [Ry + Ry — 2(1 + 73732

tan? ¥ =

(3.8)

Thus the measurement of the four observables R; ... 4 can be used to extract

cleanly the CKM angle 7.

3.2 268+~ from B’ — D*(D*")K*"

Next, we consider the decay channels BY — D*K*0 D**K*0 and BY —
DK D*K*0 with two vector mesons in the final state. Considering the

decay of a B meson into two vector mesons V; and V5, which subsequently
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decays into pseudoscalar mesons i.e., Vj; — PP} and Vo — P,Pj, one can
write the normalized differential angular distribution as [42]

1 4T 9
I' dcos 0, d cos 6y dip Y

L
{L1 cos? 0 cos® Oy + 72 sin? 0y sin® By cos® Y

Ly

2v/2

L5 . . z L6 ) .. 92 3
— —— sin 260, sin 26, siny) — — sin” 67 sin“ 6y sin2vy », (3.9
5 1 5 sin Y 5 1 2 (U (3.9)

where 6; (05) is the angle between the three-momentum of P; (P,) in the 1}

L
+ 73 sin? @, sin’ @, sin® 1) + sin 26, sin 205 cos 1)

(V) rest frame and the three-momentum of Vi (14) in the B rest frame, and
1 is the angle between the normals to the planes defined by P, P] and PP},
in the B rest frame. The coefficients L; can be expressed in terms of three
independent amplitudes, Ay, A and A, which correspond to the different

polarization states of the vector mesons as

Ly = |Ao]?, Ly = Re[A|A7],
Ly = 4%, Ls = Im[A, A]
Ls=|AL]?, Le = Im[A, A]] . (3.10)

In the above Ay, A, and A, are complex amplitudes of the three helicity
states in the transversity basis. These observables can be efficiently extracted
from the angular distribution (3.9) using the appropriate weight functions as
discussed in Ref. [43].

The decay mode B — Vi V5 can also be described in the helicity basis,
where the amplitude for the helicity matrix element can be parameterized

as [44]
Hy = (Vi(\)Va(A\)[Heyps| BY)

= e(N)eg(A) [ag" +

ic
P+ ——epaps| , (3.11)
1My YD)

where p is the B meson momentum, A = 0, £1 are the helicity of both the

vector mesons and m;, p; and &; (i = 1,2) denote their masses, momenta
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and polarization vectors, respectively. Furthermore, the three invariant am-

plitudes a, b, and c are related to the helicity amplitudes by

Hiy=atcvVa?-1, Hy = —ax —b(z* — 1), (3.12)

where z = (p; - p2)/mima = (Mm% — m3 —m3)/(2mims).

The corresponding decay rate using the helicity basis amplitudes can be

given as
Pem
2
8mmp

where p.,, is the magnitude of the center-of-mass momentum of the outgoing

T

(IHol2+ |Hoa|* + IH_1|2> , (3.13)

vector particles.
The amplitudes in the transversity and helicity bases are related to each

other through the following relations

4 _ Ho—Ho sy Tt e
L il = B o = o~ g
V2 V2

The corresponding helicity amplitudes H) for the complex conjugate de-

Ay = Hy.  (3.14)

cay process B — V;V, have the same decomposition with a — a,b — b
and ¢ — —¢&. The amplitudes @, b and ¢ can be obtained from a,b and ¢ by
changing the sign of the weak phases.

In order to study the feasibility of this method, first we would like to
estimate the branching ratios of the above mentioned decay modes. Only the
experimental upper limits for these modes are known so far i.e., BR(B? —
D*K*) < 6.9 x 107° and BR(B® — D*K*) < 4.0 x 107° [33]. We expect
that these modes will be well measured in the asymmetric B factories or in
the LHCb experiment.

In the SM, these decays proceed through color suppressed tree diagrams
only and are free from penguin contributions. The decay B° — D*0K*0
arises from the quark level transition b — #cs and the process B® — D*0K*0
arises from b — cus. To evaluate the hadronic matrix element (O;) =

— =) . . .
<D*0}() *0 |Oi|Bd ), the factorization approximation has been used. Thus,
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in this approach, we obtain the factorized amplitude for the B — D*0K*0

modes as

H = G—\/EAZ 2 (K% (e1, p1)[(80)y,_4 | B (0)) (D™ (2, p2) | (@c),,_ 4 |0)

= E)\Z a9 ifD*OmD*O |i(mBO + mK*O)A?K* (sz*o)(&'T . 8;)

2ABK" (m2,,) , g
i . Do (e1-p)(E5 - p)
(mpo 4+ Mmo0)
2VBE (m2.,)
o . SH otV pa &) ’ 3.15
Z(mBo—i—mK*o)eu BE2 €1 D p1} ( )

where fp-o is the decay constant of the vector meson D** and X! = VA V...
Furthermore, AP%"(m?2.,), ABX" (m?.,) and VBE"(m?.,) are the form fac-
tors involved in the transition B® — K*°. The coefficient ay is given by
ay = Cy + C1/N¢g, with N¢ as the number of colors. Thus, in this way, we
can have the invariant amplitudes a, b and ¢ (in the unit of Gr/v/2) as
a = 7;@2)\2 fD*OmD*O (mBO + M+ O)ABK* (m2D*o) )
2mD*OmK*O ABK*

(mBo + mK*o)
QmD*OmK*O BK*(

[k = —Z.CLQ)\:Z fD*OmD*O (mD*()) 5

¢ = —iag\); fpromp«o Moo ) - (3.16)

Substituting the values of the effective coefficient a; = 0.23, the Wolfen-
stein parameters A = 0.801,\ = 0.2265,p = 0.189 and 7 = 0.358 from
[45], the decay constant fp« = 240 MeV, the particle masses and lifetimes
from [33] and the form factors APX"(m?.,,) = 0.32, APX"(m3.,) = 0.31
and VB (m2.,) = 0.52 from [46], we obtain the branching ratio for the
B® — D*K*0 as

BR(B® — D*K*?) = 3.87x107°. (3.17)

Similarly, one can obtain the transition amplitude for the B® — D*YK*°
process, which is analogous to (3.15) with the replacement of A\ by A. =

Vo V,), and hence the corresponding branching ratio as
BR(B? — D*K*) = 23x107°. (3.18)
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Since the branching ratios of the above two processes are very much within
the reach of the present experiments, we expect that these processes will be
measured soon by the running B factories and one will have a plenty of such
events in the upcoming LHCb factory.

Now, we consider the extraction of (23+7) from the modes Ezl ., DHOH0
Since it is possible to obtain the different helicity contributions by performing
an angular analysis [43, 47|, from now onward we will concentrate on the
longitudinal (i.e., Ap) component, which is the dominant one. The Kgr°
mode of K* allows the B® — D*K*0 and B° — D[+ amplitudes to
interfere with each other. As discussed earlier, the decay amplitude for the
mode BY — D*OK*" arises from b — 7ic5 and carries the weak phase ¢ while
BY — D*K*0 arises from the quark transition b — ciis and carries no weak
phase. The amplitudes also carry strong phases €' and e*2. Thus, we can

write the longitudinal components of the decay amplitudes as

Ao(f) = Amp(Bj — flo = Mie"e®

Ao(f) = Amp(B§ — fo = Mze™

Ao(f) = Amp(Bf — f)o= Mye e,

Ao(f) = Amp(BY — flo = Mye™. (3.19)

Since the final state f = D*E*0 s accessible to B® and B, inserting
the time evolution of the observables Ag(t) as in [48], one arrives at the

usual expression for the longitudinal component of the time-dependent decay
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widths [49] as

Fo(B(1) — f) = {|A0 DI+ 1AalHP)
+ ]AO HIP = [Ao(f)]?) cos Amt

— 2Im < > sin Amt},

LB = /) = {(|Ao< )+ A7)

— [[Ao()? = 1Ao(f)I?) cos Ami
q . .
b 2 (L7 Aol ) st (3.20)

where q/p = exp(—2i03) is the B — B® mixing parameter and I' and Am
denote the average width and the mass difference of the heavy and light B
mesons and we have neglected the small width difference AI' between them.

Thus, the time-dependent measurement of the longitudinal component of

B°(t) — f decay rates allows one to obtain the following observables :
= _ q "
[Ao(HI* +14u(NI, AN = [Ao(f)I, and Im[;z‘lo(f) Ao(f)], (3:21)

i.e.; the longitudinal components of CP averaged branching ratio, the direct
CP violation and the mixing-induced CP violation parameters.

Similarly, one can obtain the time-dependent decay rates for the final
state f i.e., [o(B%(t) — f) from T'o(B°(t) — f) by replacing Aq(f) by Ao(f)
and Ag(f) by corresponding CP conjugate Ao(f). To(B°(t) — f) can be
obtained from I'g(B°(t) — f) with similar substitution.

Now substituting the decay amplitudes as defined in Eq. (3.19) in (3.20),
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we get the decay rates as

e—Ft

Do(B°(t) — f) = 5 {(Ml2 + M3) + (M}? — M2) cos Amt

— 2M;Mssin(§ — ¢) sin Amt} :

- ot

Do(B(t) — f) = {(]\412 + M3) — (M? — M2) cos Amt

2

+ 2M;Mssin(d + ¢) sin Amt} ,

F o Tt

[o(B%(t) — f) = . {(]\412 + M3) + (M? — M2) cos Amt

— 2M M, sin(§ + ¢) sin Amt} :

e—Ft

Do(B(t) — f) = . {(Ml2 + M2) — (M? — M2) cos Amt

+ 2M,Mssin(d — ¢) sin Amt} : (3.22)

where § = 0 — 0; is the strong phase difference between the longitudinal
components of the two amplitudes B — f and B — f and ¢ = 26 + 7.
Thus, through the measurements of the time-dependent rates, it is possible
to measure the amplitudes M; and M, and the CP violating quantities S, =
sin(d+¢) and S_ = sin(d — ¢). In turn these quantities will determine tan? ¢

up to a four fold ambiguity via the expression

B T > (84 —5-)?
it i allF 282 -82+2,/0-5)(1-82)’ (3:23)

where one sign will give tan? ¢ and the other cot? .

Let us now estimate the number of reconstructed events that could be
observed at the B factories assuming that 3 x 108 (10'?) BB’s are (will
be) available at the eTe™ asymmetric B factories (hadronic B machines like
LHCb). Let us first estimate the number of B — D°(D%)K*° events that
will be available in the upcoming LHCb experiment. Assuming the branching

ratio for the process B® — DYK*? to be |(VipVi)/(VaVE)|? x BR(BY —
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DK*%) ~ 8.5 x 1075 BR(D" — K**K~) = 3.7 x 107 [33] and 10% overall
reconstruction efficiency, we expect to get nearly 9 x 103 events per year of
running at LHCb. For the corresponding vector-vector modes, we use the
longitudinal component of the branching ratio as BRo(B? — D*K*?) =
0.65 x BR(B® — D**K*%) ~ 2,51 x 107%, BR(D*® — D% = 62% [33],
BR(K* — Kgn’) = Br(K* — Km)/3, and an overall efficiency of 10%.
Thus we expect to get approximately 15 (5 x 10%) reconstructed events at
the ete” (hadronic) machines per year of running. This crude estimate
indicates that this method may be well suited for the extraction of the weak

phase (208 + ) at LHCb.

3.3 Conclusion

We have carried out a study of the color suppressed decay modes BY —
DY(D)K% to extract the weak phase (23 + ~). For the extraction of ,
we considered the decay modes B° — D°(D°)K°%, with subsequent decay
of D°(D°) into the non-CP state K**K~. The use of the non-CP state
allows the two interfering amplitudes to be of the same order and hence one
can cleanly extract the CKM angle v. Next, we considered the processes
BY — D*(D*) K% where the final states are admixtures of CP-even and
CP-odd states. However, it is possible to disentangle them using the angular
distributions of the final decay products. Now considering the longitudinal
component of the time-dependent decay rates of these modes, we have shown
that ¢ = (26 + ) can be cleanly obtained. Since these modes are free from
penguin pollution and also the branching ratios are measurable at hadron
factories such as the LHCb, we feel that they could be very much suited for
determining the phase v(203 + 7).
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Chapter 4

Probing new physics with the
decay mode B — fyK ()

In B physics domain, the main interest lies in critically testing the SM and
looking for possible signatures of new physics. Towards this end, a variety
of useful observables are being measured and are compared with the corre-
sponding theoretical predictions. If a discrepancy is noted, new physics or
physics beyond the SM is assumed as a plausible explanation, although theo-
retical uncertainties are present which also have to be accounted for. A study
of some B decay mode is carried out with this aim in mind, with emphasis
on certain observables like the CP asymmetry parameter and the branching
ratio of these modes.

The measurement of rare hadronic B decays induced by FCNC transitions
b — s,d which are loop suppressed in the SM can help us to understand
and test QCD and EW penguin mechanisms and also to look for any NP
contribution as they are sensitive to physics beyond the SM. One of such
decay modes that is of interest is the B — fo K () decay. We have considered
the scalar fy in the final state being fy(980,1370,1500). We first present
the decay mode involving f,(980) in the next section and the one involving

f0(1370,1500) is presented after that.
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4.1 B — £,(980)K

We consider the hadronic decay modes B*® — £;(980)K*©) involving a
scalar and a pseudoscalar meson in the final state. These decay modes are
dominated by the loop induced b — sqq (¢ = s, u, d) penguins along with a
small b — w tree level transition (for BT — fyK) and annihilation diagrams.
The two B factories Belle [50, 51, 52, 53] and Babar [54, 55, 56, 57, 58] have
both reported the measurement of the branching ratios and CP violating
parameters in the rare decay modes B%* — [f3(980)K%". The measured

decay rates (in units of 107%) for the mode BT — fy KT are
BR(B' — f3(980)K" — ntnr~ K1) = (8.78 £0.8270%%) [52]
BR(B' — fo(980)K+ — nta~K*) = (9.47+£0.97138) [57] (4.1)
with an average (in units of 107)
BR(B* — fo(980)K* — mr~ K*) = (9.21 £ 0.97) . (4.2)
For the process B — fy K, the measured rates (in units of 107%) are

BR(B? — f3(980)K° — 777~ K°) = (7.60+1.6670%%), [53]
BR(B°® — f3(980)K® —» 777~ K°) = (554+0.7+£0.7).[58] (4.3)
The absolute branching ratios for the B — fyK processes depend on the
branching fraction of fy — @77~ process. Using the results from [59] for
['(fo — 7m) = 64 £8 MeV, IT'?" = 80 4+ 10 MeV along with the relation
I'(fo — nt7~) = 2T(fo — wn), we obtain the branching ratios for B — foK
processes as
BR(B' — f5(980)K™) = (17.38 +£3.47) x 107° |
BR(B? — £3(980)K°) = (11.26 £2.52) x 107°. (4.4)

The mixing-induced parameter for the process B° — fyKg, observed by
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both Babar and Belle is

sin(28) s = 0957035 +£0.10, [60]
sin(28) s = 0.1840.23 +£0.11, [61] (4.5)

with an average
sin(25) f,xs = 0.51 £ 0.19 (4.6)

which has nearly one sigma deviation from that of sin(28)y_.s = 0.687 £
0.032 [62]. These observations not only provide us another way to test the
SM and/or to look for new physics but also may help us to understand
the nature of the light scalar meson f;(980). It should be noted here that
the mixing-induced CP violation parameter seems to be, at present, not
deviated significantly from its SM expectation. But since the error bars are
quite large, the situation is still very much conducive to explore some non-
standard physics.

The light scalar mesons with masses below 1 GeV are considered as a
controversial issue for a long time. Even today, there exists no consensus on
the nature of the f,(980) and a((980) mesons. While the low energy hadron
phenomenology has been successfully understood in terms of the constituent
quark model, the scalar mesons are still puzzling and the quark composition
of the light scalar mesons are not understood with certainty. The structure
of the scalar meson f;(980) has been discussed for decades and appears to be
still not clear. There were attempts to interpret it as K K molecular states
[63], four-quark states [64] and normal ¢g states [65]. However, studies of
& —vfo (fo — 77) [59, 66] and D — forrt decays [67] favor the qg model.
Since f(980) is produced copiously in Dy decays, this supports the picture of
large s§ component in its wave function, as the dominant mechanism in the
Dy decay is ¢ — s transition. The prominent ss nature of f,(980) has been
supported by the radiative decay ¢ — f5(980)~ [68]. In this interpretation,

the flavor content of fj is given by fo = nnsin® + sscos @ with nn = (ua +
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dd)/\/2. A mixing angle of = 138°+6° has been experimentally determined
from ¢ — 7 fy decays [59]. We follow this structure for our study.
Theoretically, these decay modes have been studied in the standard model
using perturbative QCD [69] and QCD factorization approach [70, 71]. In
our study, we study the decay modes B — f;(980)K® and BT — f,(980) K™
using the generalized factorization approach. We consider f,(980) to be com-
posed of fp(980) = nnsinf + s5cos @ with dominant s§ composition. There-
fore, these processes may be considered, at the leading order, as dominated
by b — sss penguin amplitudes. Hence, the mixing-induced CP violation in
the decay mode B® — fyKg is expected to give the same value of sin(24)
as extracted from B? — J/¢Kg, with an uncertainty of 5%. Comparison
of these two values, therefore, could be a sensitive probe for physics beyond
the SM. Since the predicted branching ratios available from previous studies
[69, 70, 71] are not in agreement with the experimental values, we would like
to see the effect of the R-parity violating (RPV) supersymmetric model in
these modes. Moreover, since we are interested to see whether it is possible
to extract any signature of new physics from these modes or not, we resort

to generalized factorization approach in analyzing these modes.

4.1.1 Standard Model Contribution

The effective Hamiltonian describing the charmless hadronic B decays is

given as
Hopt = { VsV, Z Ci0; — VisVi: Z @ oj} : (4.7)

where G is the Fermi coupling constant, C;’s are the Wilson coefficients,
O, 2 are the tree operators and Os_jy are the QCD and electroweak penguin
operators.

To calculate the branching ratios of the B — fyK decay processes, we
adopt the generalized factorization framework to evaluate the hadronic ma-

trix elements i.e., (O;) = (foK|0;|B). In this approximation, these hadronic
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matrix elements can be parametrized in terms of the decay constants and

the form factors which are defined as

(0| A"K (k) = ifick" . (0lgalfo) = my, [, . (4.8)

2

KOV - 0,05 = [P+ m), - (ST o] rovey

m2 — m?2
—+(4i—ﬁ)%ﬁ“wm (4.9)

2 .9
+ (%) kuFffo(kz)} , (4.10)

where V and A denote the vector and axial-vector currents, fx and f, f, are the

decay constants of K and fy mesons, Fj1(q*) are the form factors and P, q, k

are the momenta of B, f, and K mesons satisfying the relation ¢ = P — k.

Now, let us first consider the process BT — fyK . Within the SM, it

receives contributions from b — wu tree, b — sqq (with ¢ = u, s) penguins and

annihilation diagrams. Using Eqs. (4.7)-(4.10), one can obtain the amplitude

in the SM as

A(B+ w4 f0K+)

where

G
-] [ViaVauas  ViValan + o = ry (oo + as))] X

‘/:g‘/;s(2a6 s ag)Y — [VJqusal

3 2((16 + ag)m%
Vi Vis (a4 + ayo — @ T mu)>] Z o, (4.11)

2m?2.
(my, + M) (mg + my,)
X = fr(mp —m3 ) Fy " (mi)
2 2
s Mp — MK ~BK, 2
Y = /3, mfomFO (m})
Z = fo(m?, — m&) R (m3,) (4.12)

Ty = ;
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and a;’s are the combinations of Wilson coefficients given by
1 1
agi1 = Co1 + Co, a5 =Cy+—Coi 1, (1=1,2,3,4,5)(4.13)
N¢ N¢

with Ng as the number of colors.

The corresponding neutral process B — fo K receives contributions only
from b — sqq (with ¢ = s, d) penguins and annihilation diagrams. Thus, one
can write the amplitude for this process as

Gr. . a a
AB® — 1ok = ZEVav] [ - B = (e = D)X

2
+ (20,6 - CLg)Y = |:CL4 —

% E (mb(—?-a’rﬁnd_) (C:L)sﬂfmd)] Z}(ZLM)

where 7, can be obtained from r, by replacing the K and u-quark masses

by K° and d-quark masses. The branching ratios can be obtained from these

amplitudes as

BR(B — 1K) = 28145 - ), (4.15)
B

where |pc| is the c.m. momentum of the final mesons and 75 is the lifetime of
the B meson. For numerical analysis, we have used the particle masses and
lifetimes from [72]. The current quark masses are taken as m;, = 4.88 GeV,
ms = 122 MeV, myg = 7.6 MeV and m,, = 4.2 MeV. The values of the effective
QCD parameters (a;’s) are taken from [73], which are evaluated at the scale
= my/2. For the CKM matrix elements, we have used the Wolfenstein
parametrization with the parameters A=0.801, A = 0.2265, p = 0.189 and
7 = 0.358 [45]. The form factors describing the transition B — fy are given
as [70]

un BO f(()i(i

_ 1 - 1
F(F fo _ E sin@Ff fo 7 FOBOfO — ESinQFO , (4.16)

with Fffgq(O) (q¢ = ui or dd) being of the order of 0.25 [74]. For the ¢

dependence, we assume the simple pole dominance as

FBIo
FOBfO(QQ) o 0 ( )

=2 7 4.1
e (417)
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with mp being the mass of the 0~ pole state with the same quark content
as the current under consideration. For the form factors describing B — K
transition, we use the corresponding QCD sum rule value [75]

0.3302

o=
]-—= mfo
37.46

FP¥ (mb,) = (4.18)

The annihilation form factor Fg K (¢?) is expected to be suppressed at large
momentum transfer (i.e., ¢> = m%) due to helicity suppression. However,
it may receive long distance contributions from nearby resonances via final
state interactions. In Ref. [76], its value is extracted using the experimental
values of BR(B — fyK), where it has been shown that in order to explain the
observed data in the SM, one requires large value of annihilation form factor
if the B — f; form factor will be Ff fo < (0.2. Since we are interested to look
for new physics signature in this mode, here we use the lowest value of [Fof °K|,
which is around 0.03, as seen from Figure 2 of [76]. Furthermore, since both
the components of fy (nn and ss) are involved in the annihilation topology,
the corresponding amplitude should be multiplied by (sin 6/v/2 + cos6).

The decay constants used are fx = 0.16 GeV, fz = 0.19 GeV and f5 =
e ).
o f, cos O with fy(u = 2.1GeV) = 0.39 GeV and m{ ~ (1.02 £ .05) GeV

mfo

[70].

Using these values and the mixing angle § = 138°, we obtain the branch-

ing ratios for the B — f,(980) K processes as

BR(BT — f5(980)K ) = 6.56 x 107,
BR(B? — £3(980)K°) = 4.73 x 107, (4.19)

which are quite below the experimental values (4.4). The variation of the
branching ratios for the strange, non-strange mixing angle 6 between 0 and
7w are shown in Figures 4.1 and 4.2. Thus, one can see from Figure 4.1
that for Bt — foK* process, generalized factorization approach cannot

accommodate the experimental data for any value of the mixing angle 6. For
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the B — f, K° mode also, it cannot explain the data unless 6 is very close
to 0 or 7 as seen from Figure 4.2.
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Figure 4.1: The branching ratio for the process B~ — f3(980)K ~ (in units
of 107°%), versus the mixing angle @ in degrees.
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Figure 4.2: Same as Figure-4.1, for the B® — fyK° process.

4.1.2 CP Violation Parameters

Here, we briefly present the basic and well known formula for the CP violating
parameters. Let us first consider the process Bt — fy K, which has only

direct CP violation. The amplitude for this process can be symbolically
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written as

A<B+ N f0K+) — )\Z|Au|€i6u +)\:|At|ei6t ’
AB™ = foK7) = XAyl + N|Agle” (4.20)

where A, = Vi,V with (¢ = u,t) denote the product of CKM matrix ele-
ments which contain the weak phase information. It should be noted that the
weak phase of X} is arg(V.5V,,s) = v and that of A} is arg(V;Vis) = 7. A, and
A; denote the contributions arising from the current operators proportional
to A, and A, respectively and the corresponding strong phases are taken as
0, and 0.

For the charged B* — fyK* decays, the CP violating rate asymmetry in
the partial rates is defined as follows :
['(Bt — foKt) —T(B™ — foK")
(Bt — foK*) + (B~ — foK~)

2r sin y sin(d,, — ;)

= 4.21
1+ 72 — 2rcosvycos(d, — ;) ( )

Acp

where 7 = |\, A,/ A\ A:|. Thus, to obtain significant direct CP asymmetry,
one requires the two interfering amplitudes to be of the same order and
their relative strong phase should be significantly large (i.e., close to 7/2).
However, in the SM, the ratio of the CKM matrix elements of the two terms
in Eq. (4.20) can be given (in the Wolfenstein parametrization) as |\, /| ~
/\QW ~ 2%. Therefore, the first amplitude will be highly suppressed
with respect to the second unless A, >> A;. Hence, the naive expectation is
that the direct CP violation in the SM in this mode will be negligibly small.
Using the generalized factorization approach, we find r = 0.15, ¢; — 9, ~ 7°
and the direct CP violation in the mode B* — fy KT is ~ (—4%). This in
turn makes the mode interesting to look for NP in terms of large direct CP
asymmetry.

In the presence of new physics, the amplitude can be written as
A(B" — foK) = Agy + Anp = Agyr [1+1yp €957] (4.22)
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where ryp = |Anp/Asnm|, (Asy and Axp correspond to the SM and NP
contributions to the BT — fo K decay amplitude, respectively) and ¢np =
arg(Anp/Asn), which contains both strong and weak phase components.

The branching ratio for the BT — fy K decay process can be given as
BR(B' — foK*) =BR™ (1 +1%p + 2rypcosgnp) , (4.23)

where BR®™ represents the corresponding standard model value.

Now, we present the basic formula of CP asymmetry parameters in the
presence of new physics. Due to the contributions from new physics, these
parameters deviate substantially from their standard model values. To find
the CP asymmetry, it is necessary to represent explicitly the strong and
weak phases of the SM as well as of NP amplitudes. Although it is expected
that the SM amplitude A\, A, is highly suppressed with respect to its A\ A;
counterpart, for completeness we will keep this term for the evaluation of
Acp. We denote the NP contribution to the decay amplitude as Ayp =

{0nt0n) wwhere 8, and 6,, denote the strong and weak phases of the NP

|ANP|6
amplitude, respectively. Thus in the presence of NP, we can explicitly write

the decay amplitude for Bt — fy K mode as
A(BY — foKT) = Xo|Aule’®™ + XAl + |AypleOnton) (4.24)

The amplitude for B~ — fy K~ mode is obtained by changing the sign of the
weak phases of the amplitude (4.24). Thus, the CP asymmetry parameter is

given as

2 (r sin -y sin dyy + 7 sin 6, sin 6,,; — rry sin(y — 6,,) sin 5un>

Acp =

Y

| A2 — 2 <r COS 7Y COS Oyy + Ty €OS B, cOS 0y — 77 cOS(y — 0,) cOS Oy
(4.25)
where |A|? =1+ 7r*+ 7%, ry = |[Ayp/MA:| and §;; = 6; — §; are the relative

strong phases between different amplitudes.
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Next, we consider the CP violation parameters in the neutral B meson
decays, which has both direct and mixing-induced components. Let us con-
sider the B® and B decay into a CP eigenstate fop (we consider fop = foKs
with CP eigenvalue +1).

The time-dependent CP asymmetry for B — fyKg is [77]

[(B(t) — foKs) —T'(B°(t) — foKs)

A t -
w58 = B3y = foks) + T(BY() = foKs)
= CfoKs COS(AMBdt> o SfoKs SiH(AMBdt) " (426)
where we identify
12
1—|Al 2Im(\) (4.27)

foKs — TW’ foKs — TW )

as the direct and the mixing-induced CP asymmetries. The parameter A

corresponds to h
. gA(BO — foKs)
pA(B® — foKs) '

where ¢ and p are the mixing parameters and are represented by the CKM

A (4.28)

elements in the standard model as

q V{;th )
- =—— ~exp(—2t0) . 4.29
" Vv p(—2ip) (4.29)

Now the amplitude for B® — fyKg can be symbolically written as
AB° — foKg) = MAy (4.30)

where \; = V V5, which is real in the SM. Thus, the mixing-induced CP
asymmetry is given as Sy kg = — sin 2, same in magnitude as the one for
B — Y Kg but with opposite sign and the direct CP asymmetry turns out
to be identically zero.

However, the decay amplitude also receives some contributions from the
internal up and charm quarks in the loop. Therefore, the CP violating pa-

rameters may deviate from their expected values. Now including the effects
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of u, ¢, t quarks in the loop and using CKM unitarity (A, + A. + Ay = 0), one

can write the decay amplitude as
A(B° = oK) = XA, + AfA. = A A, [1 + r'ei“’ﬂ)} , (4.31)

where the amplitude A, contains contributions from u and ¢ quarks in the
loop (i.e., A, = P, — P;, where P, .; are the penguin amplitudes correspond-
ing to u, ¢, t quark exchange in the loop) and the same argument holds for A..
The parameter 1’ is the ratio of the two amplitudes, i.e., ' = | A, Ay /AAL,
§ = 6, — . = arg(A,/A.) is the relative strong phase between them and ~
is the weak phase. The explicit expressions for these amplitudes (in units of
—Gr/V/2) are given as
q

a al
4 = a2 —raled = D)) x + (208 —ad)¥
g (248 — a)m3

_ [a;{ N % e md)] Z, (4.32)

with ¢ = w and ¢, Y and Z are given in Eq. (4.12). Thus, one obtains the

CP asymmetries as

sin 23 + 21’ cos ¢’ sin(28 + ) + r'?sin(25 + 2)
y 1+ 72 + 21" cos 0’ cos y
—2r'sin ¢’ siny
1+ 72+ 2r'cosd’ cosy

y)

SfoKs

CfOKS (4.33)

In order to know the precise value of the CP violating asymmetries one should
know the values of 7" and ¢’. Using the QCD coefficients from [70], we obtain
r" =0.02, ¢ = 12° and hence the CP asymmetries as

Sprs = —0.672 and Cjx, = —0.007 (4.34)

which are in accordance with the results of top quark dominance in the
penguin loop. Therefore, here onwards we consider the SM amplitude for

the B — fyKg process to be dominated by the top quark penguin.
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New physics could in principle contribute to both mixing and decay am-
plitudes. The new physics contribution to mixing is universal while it is non-
universal and process dependent in the decay amplitudes. As the NP con-
tribution to mixing phenomena is universal, it will still set Syxs = =St rs-
Therefore, to explain the deviation between Sy i and (sin 203) s, ks = —SfoKkss
here we explore the NP effects only in the decay amplitudes. Thus, includ-
ing the NP contributions, we can write the decay amplitude for B — foK

process as
A(B® — foK°) = Asu + Anp = N Ay [L — ry O] (4.35)

where ry = |Axp/MA|, O and 6, are the relative strong and weak phases
between the new physics contributions to the decay amplitude and that of
the SM part. The negative sign before ry in Eq. (4.35) arises because the
weak phase m of A} has been factored out. Thus, one can then obtain the

expressions for the CP asymmetries in the presence of NP as

GNP _ _ 8in 28 — 2ry o8 s 8in(20 + 0,) + 7 sin (25 + 26,,) (4.36)

14 7% — 2ry cos d, cos b,

and
27 sin 0, sin 6,

CNP

(4.37)

—— 73 — 21N €08 Ot cOS B,
Having obtained the CP asymmetry parameters in the presence of new
physics, we now proceed to evaluate the same in the R-parity violating su-

persymmetric model.

4.1.3 Contribution from R-parity violating (RPV) su-
persymmetric model

Despite its many spectacular successes, the SM still has some unresolved
issues. We do not know for sure that the electroweak symmetry is broken
by the vacuum expectation value (VEV) of a spin zero elementary field (the

Higgs field). Also there is no proper explanation of particle masses or mixing
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patterns. It offers no explanation for the replication of generations as well.
The SM does not incorporate gravity also. With regards to the Higgs sector,
the Higgs mass is quadratically divergent. The Higgs boson itself has not
yet been discovered and is only expected to be so at the LHC. As such, new
physics or physics beyond the SM is expected to provide an explanation for
the aforementioned issues of the SM. One of such attractive and promising
extensions of the SM is supersymmetry (SUSY). It offers the simplest and
natural solution to the gauge hierarchy problem. With SUSY, the particle
spectrum of the SM is doubled with every fermion having a bosonic partner
and vice versa. SUSY also inter-relates properties of matter fields (leptons
and quarks) and force fields (gauge and/or Higgs boson). In [78], it was
concluded that the main reason behind all the phenomenological interest in
SUSY is that it provides a solution for the naturalness problem, if the masses
of the superpartners are below 1 TeV. SUSY cannot be an exact symmetry
of nature but broken and this is justified by the fact that the superpartners
of the known particles with the same mass have not yet been discovered.
The minimal supersymmetric extension of the SM with minimal parti-
cle content is called the minimal supersymmetric standard model (MSSM).
The MSSM contains the particles of the SM with two Higgs doublets and
their superpartners. The gauge group is considered to be that of the SM
ie., SU(3)c x SU(2)L x U(1)y. In [78], a more detailed description of the
particle spectrum has been given. The MSSM assumes the conservation of
a discrete symmetry called R-parity defined as R, = (—1)BB+L+29) where B
is the baryon number, L is the lepton number and S is the spin of a par-
ticle. R, is +1 for all particles and —1 for all superparticles. In the SM,
baryon and lepton numbers are automatically conserved as a result of gauge
invariance and renormalizability in the model. As a consequence of R-parity
conservation, the SUSY particles are produced in pairs, they cannot decay to
ordinary particles but only to SUSY particles and the lightest SUSY particle

is absolutely stable. However, no compelling theoretical motivation such as
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gauge invariance nor SUSY requires the conservation of I,,. In fact, the most
general SUSY extension of the SM contains explicit R, violating interactions
that are consistent with both gauge invariance and SUSY. The most general
super-potential of the MSSM can be written as

W = MHIHQ -+ hULZHQE]C —+ h;]QZHgDJC —+ h;/‘QiHlch

J

ijk

1 1
+ gAinLiLy B+ NigpLiQ D + S AU DD} + paiLiH , (4.38)

where L;(Q;) and E;(U;, D;) are left-handed lepton(quark) doublet and lep-
ton(quark) singlet chiral superfields, respectively, i, j, k are generation in-
dices, ¢ denotes a charge conjugate field and H; 5 are the chiral superfields
representing the two Higgs doublets.

The couplings A and X' in Eq. (4.38) violate lepton number conservation
while the N violate baryon number conservation. Because of gauge invari-
ance, the X\ and \” couplings are antisymmetric with respect to the first two
indices and the last two indices, respectively. The simultaneous presence of
both the baryon number and lepton number violating interactions may in-
duce Lepton Flavor Violating (LFV) processes and also rapid proton decay
through product of couplings A’ x \” which may contradict strict experimental
bound. Therefore, in order to keep the proton lifetime within experimental
limit, one needs to impose an additional symmetry beyond the SM gauge
symmetry to force the unwanted baryon and lepton number violating inter-
actions to vanish. This symmetry is the one we have already defined i.e.,
R-parity. However, this symmetry is ad-hoc in nature. There is no theoreti-
cal argument in support of this discrete symmetry. Hence, it is interesting to
see the phenomenological consequences of the breaking of R-parity in such a
way that either B or L number is violated, both not simultaneously violated,
thus avoiding rapid proton decay.

Therefore, in our study, we analyze the considered decay modes in the

MSSM with R-parity violation. For our purpose, we consider only the lepton
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number violating super-potential with only A" couplings, which is given as

Thus the effective Hamiltonian for charmless hadronic B decays can be

given as [79]

Hep = dinldnayidisdigVurbal + din[dnavibsdisyurd;ol
+ uﬁcn[ﬂka’ygujﬁgnﬁ’YuRba]a (440)

a, (3 are the color indices, v ;, = 7*(1 & 75) and

/ 3 / 1%
dR )\’L]k:)\ln3 dL il A; Sk)\m] Ri B ign”‘ik3 (4 41)
dkn = sm2 skn o 8m2 Yikn = sm2
=i VLi F=il VLi i=1 €r;

Thus one can write the transition amplitudes as

AAI(B+ w fOKJr) 3 2(d§22 + d222>Y + Ufmrxx (dﬁ2 y d121)2Yd 5
AX(BO W fOKO) T _2(d§22 + d222)Y + (dﬁl + d112)TX1X
X
£ (8 ) <N - zyd) , (4.42)

where Y is the value of Y with f]fo replaced by f;fo.

Following the standard practice, we assume that the RPV couplings are
hierarchical, i.e., only one combination of the coupling is numerically signifi-
cant. Furthermore, we also assume that both the transitions B0 — fyK+°
receive dominant contribution from the quark level transition b — sSs, and
hence we consider only dk,, coupling to be nonzero. As discussed in Ref.
[80], we also discard the db,, coupling in our analysis as it is related to u,
by SU(2) isospin symmetry and its effect in the mode B — J/¢ Kg is found
to be negligibly small. Thus, with these approximations, the transition am-
plitudes for both the processes can be given as
N 1 / L L T
AY (B — foK) = _87< i32 z22)2mf0ffO—F0 (7)), (4.43)

—m
ULi S
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where the summation over ¢ = 1,2, 3 is implied. Now we consider the values
of R-parity couplings as
e L (4.44)

where R = |4, \5,| and 6, is the new weak phase with range —7 < 6,, <.
It should be noted that since the dominant SM amplitude (i.e., the ¢t-quark
dominated penguin amplitude A;) contains the weak phase 7, we vary the
weak phase 6,, between [—, 7| so that the NP amplitude will interfere con-
structively with the SM amplitude when the relative weak phase between
them is zero. To see the effect of R-parity violation in the decay modes
B — fo(980)K, it is essential to know the value of the RPV couplings (R).
We first present a crude estimation of R by assuming that R-parity will
explain the observed discrepancy between the observed and SM predicted
branching ratios for B — fyK modes. We further assume that the new
physics amplitude will interfere constructively with the standard model am-
plitude (i.e., oyp = 0 in Eq. (4.22)), so that one can obtain a lower bound
on ryp from Eq. (4.23). Now using the values of the experimental branch-
ing ratios from Eq. (4.4) and the corresponding SM values from (4.19), we
obtain the lower bound as ryp > 0.6. This, in turn with Eqns. (4.11), (4.14)
and (4.43) gives

R>1x107° (4.45)

for my,, = 100 GeV. In Ref. [81], it has been shown that the branching ratio
and the polarization anomaly in B — ¢K* modes can be resolved in the
R-parity violating supersymmetric model for a very narrow interval in the
parameter space as |AjgyAjsy|/m2, € [1.5x107%,2.1x 107%], for the sneutrino
mass scale my,, = 100 GeV. Therefore, in this analysis we consider the lowest
value for Ri.e., 1.5 x 1072 from the above allowed range, which also satisfies

the constraint (4.45). Using this value, we obtain the ratios of RPV to SM
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amplitude as

'nNp = 0.81 s N = 0.87 (fOI' B+ — f0K+) s
ry =0.92, (for B — fyK°). (4.46)

Therefore, the upper limits in the branching ratios (for ¢xp = 0 in Eq.(4.23))
in the RPV model are found to be

BR(B* — f5(980)K™) < 21.6x107°,
BR(B® — f5(980)K%) < 17.4x107°. (4.47)

Thus one can see that the observed branching ratios (4.4) can be accommo-
dated in the RPV model.

Now assuming the strong phase difference d,,; to be small (e.g., ~ 10°),
direct CP violation for Bt — fyK* process and the mixing-induced CP
violating parameter from B° — fyK° are shown in Figures 4.3 and 4.4,
respectively. Thus, as seen from the figures, the observed (sin2f)sx, =
—Strs = 0.51 £ 0.19 can be explained in the RPV model and large direct
CP violation (upto 80 %) in BT — fo K mode could be obtainable in this
model. However, there is no obvious reason why the strong phase difference
Ont could be small. To see the impact of the strong phase, we vary it between
the range of —m and 7 and plot the correlation between direct and mixing-
induced CP asymmetries for B® — fyKg, for two representative values of
weak phase 0, = 7/2 and 7 /4, in Figure 4.5. From the figure, it is seen
that R-parity violating supersymmetric model can accommodate large CP

violation in the BY — fyKg decay mode.

4.2 B — f,(1370,1500)K ()

Here we consider the two-body decay of the B meson to the scalar mesons
f0(1370,1500) and the pseudoscalar mesons K (7). The scalars f,(1370, 1500)

also have an uncertain structure. In [82], the scalar mesons above 1 GeV are
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Figure 4.3: Direct CP violation for the process BT — f3(980)K " versus the
new weak phase 6, in degrees.

1
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Figure 4.4: Mixing-induced CP violation for the process B® — f,(980) K"
versus the new weak phase 6,, in degrees.

identified as a conventional ¢q nonet with some possible glue content. In
our case, we assume fo(1500) to be dominated by the quarkonium content
as in [83] i.e., fy(1500) = nnsinf + sscosf. The scalar f,(1370) flavor
content is taken as in [84] i.e., fp(1370) = sssinf + nncosf. Here also
we follow the generalized factorization approach for the decay modes B —
f0(1370,1500) K ().

The decay mode B~ — f,(1370,1500) K~ receives contributions from
b — wu tree and b — sqq(q = u,s) penguins within the SM. We have the
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Figure 4.5: The correlation plot between SV and CN¥ for the process B —
f0(980)K g in the RPV model for two representative values of weak phases
(0, = m/2, w/4), where we have used ry = 0.92, and varied the strong phase
0t between —m and 7.

amplitude for this charged mode defined as

G
AB~ = fok7) = 7; [ — Vi Va1 Xo + thVZi{@aa —ag) Xy
+ (Cl4 + alo)Xg . 2((16 -+ a8>}/1}:| 3 (448)
where
(m% —m%) L

X; = { (me = mS FOBK<m?”O)mfoffo )
Xy = (my—mj)Fy(mi) fi-

P ) 2 7FBfo 2 N
v, i (m3 mfo)mK o (my-)fx 7 (4.49)

(mp + my,)(my, + my)

with the a;’s given as in Eq.(4.13). Here we have neglected the annihilation
diagrams as they behave as (fg/mp) in comparison with the tree and penguin
contributions and are also helicity suppressed by (myqs/mpg) since the B
mesons are pseudoscalars [85].

The mode B~ — fo(1370) 7~ receives contributions only from the nn
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component of fy. The transition amplitude therefore has the form

G
AB™ = form™) = TI; — VipVoga1 Xs + VZbV;&{(CM + a10)] X3
+ (2(16 — CLg)X4 + 2(&6 + ag))/g}:| s (450)
where

X5 = (mh—m})Fy(m2)fx,
B (mp —m2)EP™ (m7 ymo fr,

(mp — ma) ’

2

X

Y, = £ 5 , (4.51)

(mb it mu)(md - mu)

Here, the flavor wave function for fy(1500) is taken as sscosf + nnsin 6
where ni = (uti + dd)/+/2. The @ dependence of the form factor and decay
constant involving f,(1500) is therefore given as

— 1 B~ (IATA
Fy /= —singF, 4.52
0 \/§ 0 ( )

and

= iy = b _ 1
f}g 1 ESH] gffo’ ffO =y Hffo Y (453)

The expressions for the f(1370) form factors and decay constants are similar
to the above but with the replacement sin 6 « cos @ since the flavor content
for fo(1370) is taken as opposite to that of fy(1500). As the mixing angle 6
for the scalars fy(1370, 1500) is not well known, the variation of the branching
ratio with this angle is shown in plots for both decay processes.

For our numerical evaluation, we use the particle masses and lifetimes of
B mesons from [33]. The current quark masses are taken as my, = 4.2 GeV, m
=95 MeV, m, = 3.0 MeV and my = 6.0 MeV. The Wolfenstein parameters
used for the CKM matrix elements are given as A =0.2205, A=0.815, p=0.175
and 17=0.370 [86]. The effective coefficients a;’s used are also taken from [86].

For the form factors FOB 5" involved in the transition B — fo, the ISGW2

model [87] is used. They are calculated at m% or m? depending on the decay
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mode involving K or 7 and are given as :

F(;B*fo(mo)“ (m%_) = 0.112,
F[;B—fo(1370)uﬁ(m72r7) = 0.112,
FE P00 2y = 0.114. (4.54)

For the form factors involved in the transition B — K (), the results from
the relativistic covariant light front quark model [74] are taken where the
form factor is parametrized as :

e £(0)

1 —a(g*/m}) + b(q*/m5)*
where for B —  transition, FP™(0) = 0.25, a = 0.84, b = 0.10 and for
B — K transition, FPX(0) = 0.35, a = 0.71, b=0.04.

The decay constants used are fx = 160 MeV, f, = 130.7 MeV. The decay
constant ff0(1500) is taken from [71] (here, f}fo = f}’%) where ff0(1500)(2.1 GeV)
= 315 MeV. The decay constant for f,(1370) is taken as ff0(1370)(2.1 GeV)
= 460 MeV.

F(q®) (4.55)

Br.Ratio
10

theta

0 'S5, 11 1. 5928y 2. 5§ 83

Figure 4.6: Branching Ratio (in units of 107%) for the process B~ —
fo(1370) K~ versus the mixing angle 6.

The variation of the branching ratio with the mixing angle 6 for the
processes involving f,(1370, 1500) is shown as plots in Figures 4.6, 4.7 and
4.8. The flavor wave function for fy(1370) is taken as opposite to that of
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Figure 4.7: Branching Ratio (in units of 107%) for the process B~ —
fo(1370)7~ versus the mixing angle 6.
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Figure 4.8: Branching Ratio (in units of 107%) for the process B~ —
fo(1500) K~ versus the mixing angle 6.

f0(980) i.e., s§sinf + nn cosd, therefore, the plot for f(1370)K, which has
dominant ss contribution, has the form as shown in Figure 4.6 and for the
mode fo(1370)7, which has only nn contribution, the form is opposite, as
shown in Figure 4.7. It is found that the branching ratio for the mode B~ —
fo(1370) K~ lies within the range (0.15 —9.09) x 1076, for B~ — f,(1370)7~
within the range (2.80 x 1073 —0.70 x 107°%) and that for B~ — f,(1500)K ~
within the range (0.07 — 10.4) x 1075.
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4.2.1 Conclusion

In this study, we have considered the rare decay modes B — f,(980)K,
involving a scalar and a pseudoscalar meson in the final state. Since the
structure of the f; meson is not well established till now, we consider it as a
qq state, comprising of both s5 and (ut + dd)/ V2 components with a mix-
ing angle of 138°, which appears to be the most preferable one. Using the
generalized factorization approach, we find that the branching ratios in the
standard model are below the current experimental values, as was obtained
in previous studies using different approaches. The average value of the ob-
served mixing-induced CP asymmetry, i.e., (sin20)xs = —Sf ks, also has
about one sigma deviation from that of S;x. To explain the observed
discrepancy in the branching ratios and CP asymmetry parameter, we con-
sidered the R-parity violating model. Since these processes receive dominant
contribution from b — sss loop induced penguins, we assumed that the new
physics parameters will affect such transitions strongly. We found that the
R-parity violating model can explain the observed discrepancy in the branch-
ing ratios and the CP violation parameter —S, k.. It can accommodate large
CP violation even for small relative strong phase between SM and RPV am-
plitudes. In this analysis, we have considered a representative value for the
RPV coupling |N5,A\5,|. But it should be noted that using the data on the
branching ratios and CP asymmetries of the processes which have dominant
b — sss quark level transitions, it would be possible to obtain the allowed
parameter space for the magnitudes and phases of the RPV couplings.

We also considered the rare decay modes B — foK(7) involving the
scalars f,(1370, 1500) in the final state. As the mixing angle for the processes
involving fo(1370, 1500) is not very well known, the variation of the branching
ratios with the mixing angle is shown as plots only.

If in future, the qq structure for f; is established then we can understand

their nature properly and these modes could also play an important role
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to look for new physics beyond the standard model or else, at least, it will
certainly enrich our understanding regarding the nature of the light scalar

mesons.
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Chapter 5

Signature of new physics in
B — ¢m decay

Over the years, there has been profound interest in the search for physics
beyond the SM. The observed discrepancy between the measured Syx, and
Syrs [88] already gave an indication of the possible existence of NP in the
B — ¢Kg decay amplitude and this has, in one way, motivated many to
carry out an intensive search for NP. Although the presence of NP in the
b-sector is not yet firmly established, but there exists several smoking gun
signals [89] which will be verified in the upcoming LHCb experiment or super
B factories. As stated earlier, one of the ways of searching for new physics
is by studying the rare decay modes arising at the one-loop level, which are
induced by flavor changing neutral current (FCNC) transitions. Thus the
study of the same will provide us with an excellent testing ground for NP.
Therefore, it is interesting to examine as many different rare decay channels
as possible to have an indication of new physics.

In this study, we explore the effect of the extra fourth generation of quarks
and FCNC mediated Z(Z’) boson(s) on the rare decay mode B~ — ¢m,
which is a pure penguin induced process, mediated by the quark level tran-
sition b — dss. The interesting feature of this process is that it is domi-
nated by the electroweak penguin contributions as the QCD penguins are

Okubo-Zweig-Tizuka (OZI) suppressed and therefore expected to be highly
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suppressed in the SM. It therefore serves as a suitable place to search for new

physics. At present, only the upper limit of its branching ratio is known [90]
BR(B™ — ¢77) <0.24 x 1079 . (5.1)

This decay mode has been analyzed both in the SM [91] and in various
extensions of it [92] where it has been found that in some of these new
physics models, the branching ratio can be enhanced significantly from its

corresponding SM value.

5.1 The standard model result

In order to discuss the effect of the fourth quark generation and FCNC me-
diated Z(Z') boson, we would first like to present the SM result using the
QCD factorization [93]. As the decay mode B~ — ¢n~ proceeds through
the quark level transition b — dss and is a pure penguin induced process
occurring at the one-loop level, the relevant effective Hamiltonian describing

this process is given by
G 10
F *
Mo = E‘/pb o0 > Ci()O; (5.2)
i=3

where p = u, ¢, C;(1)’s are the Wilson coefficients evaluated at the b-quark
mass scale and O;’s are the QCD and electroweak penguin operators.

In QCD factorization [93], the decay amplitude can be represented in the

form
G
A(B~(pg) = ¢(e,p))T " (p2)) = —¢7§2m¢f¢<e*-pB>Ffﬂ<o>
< S Aok selp), (53)
p=u,c

where A\, =V, V3, the QCD coefficients ag(& Ew) are related to the Wilson
coefficients as defined in [93] and F'P™ is the form factor describing B — 7

transition. It should be noted that the QCD coefficients contributing to
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B~ — ¢n~ are independent of p = u,c, (i.e., the virtual particles in the
loop). Therefore, one can also represent the above amplitude using CKM

unitarity A\, + Ao + A\ =0, as

A(B_ — ¢ﬂ_) = iG—\/me¢f¢(e* 2 pB)Ffﬂ—(O)/\t(Oég — %OZS,EW) s (54)

where we have now omitted the superscripts on a’s. The above amplitude
can be simplified by replacing 2mge* - pg — m%. The branching ratio thus

can be obtained using the formula

BR(B™ — ¢77) = —2—|A(B™ — ¢r7)?, (5.5)

"~ 167mp

where 75 is the lifetime of B~ meson. Another possible observable in this

decay mode is the direct CP violation parameter, defined as

Bt - ¢nt) —T(B~ — ¢17)
Aor B T(B+ gt | 7T B o) B

In order to have nonzero direct CP violation, it is necessary that the cor-
responding decay amplitude should contain at least two interfering contri-
butions with different strong and weak phases. Since in the SM this decay
mode does not have two such different contributions in its amplitude, the
direct CP violation turns out to be identically zero.

For the numerical evaluation, we use the input parameters as given in
the S4 scenario of QCD factorization approach [93]. The particle masses and
lifetime of the B meson are taken from [33]. The value of the form factor at
zero recoil is taken as F2™(0) = 0.28. The value of the CKM matrix elements
used are [33], |Vip| = 3.96 x 1073, |Viq| = 0.97383, |Va| = 42.21 x 1073,
|Vea| = 0.2271 and 7 the phase associated with V,,;, as 70°. With these values

as input parameters, the branching ratio obtained in the SM is
BR*™(B™ — ¢7r7) =4.45 x 1077, (5.7)
which is quite below the experimental upper limit as given in Eq. (5.1).
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5.2 In the presence of new physics

Now in the presence of NP, the transition amplitude (5.4) receives an addi-

tional contribution and can be symbolically represented as
AT(B™ — ¢n7) = ASM 1 ANP — ASM(1 4 p £ ¢7405-9)) (5.8)

where [ is the weak phase of the SM amplitude i.e., we have used V4 =
|Vq|e =% with the value 8 = 0.375, ¢ is the weak phase associated with the NP
amplitude and 0 is the relative strong phase between these two amplitudes.
It should be noted that the strong phases are generated by the final state
interactions (FSI) and at the quark level they arise through absorptive parts
of the perturbative penguin diagrams. Furthermore, r denotes the magnitude
of the ratio of NP to SM amplitude. Thus, we obtain the CP averaged
branching ratio (BR) = [BR(B~ — ¢n~) + BR(B™ — ¢n)]/2, including

the new physics contribution as
(BR) = BR®™(1 + r? + 27 cos(8 — ¢) cos d) , (5.9)

where BR® is the SM branching ratio. It can be seen from the above equa-
tion that if r is sizable, the branching ratio could be significantly enhanced
from its SM value in the presence of new physics. The direct CP violation
parameter (5.6) in the presence of NP becomes

- 27 sin 0 sin(¢ — f3)
~ 1+7r242rcosdcos(¢p—f)

Acp (5.10)

5.2.1 Effect of a fourth quark generation

We now consider the effect of a sequential fourth generation of quarks [94].
This model is an extension of the SM with the addition of a fourth quark
generation. It retains all the features of the SM except that it brings into
existence the new members denoted by (¢#,b"). The fourth up-type quark

(t') like u,c,t quarks contributes in the b — d transition at the loop level
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and hence will modify the SM result. The effect of the fourth generation of
quarks in various B decays is extensively studied in the literature [95, 96].
Due to the additional fourth generation, there will be mixing among the
new b’ quark and the three down-type quarks of the SM and the resulting
mixing matrix will be a 4 x 4 matrix. Accordingly, the unitarity condition
becomes A\, + A\. + A\ + Ay = 0 and thus the effective Hamiltonian modifies

as
Hepp = [th Z CiO;i + VinViy Z @i'o } , (5.11)

where C! are the new Wilson coefficients arising due to the ¢’ quark in the
loop. The values of these Wilson coefficients at the My, scale can be obtained
from the corresponding contributions from the ¢ quark by replacing the mass
of t quark in the Inami Lim functions [14] by ¢’ mass (here we neglect the
renormalization group (RG) evolution of these coefficients from ¢’ mass scale
to the weak scale My ). These values can then be evolved to the m; scale

using RG equation [10], as
Ci(my) = Us(my, My, a)C(My) | (5.12)

where C is the 10 x 1 column vector of the Wilson coefficients and Us is

the five flavor 10 x 10 evolution matrix. The explicit forms of C/(My) and

Us(mp, My, o) are given in [10]. We briefly present the method here. The
renormalization group equation for the Wilson coefficients C is given as

i

d In [LO

="(9)C() . (5.13)
which can be solved with the help of the U matrix

C(p) = Ulp, My )C(My) (5.14)
where 77 (g) is the transpose of the anomalous dimension matrix v(g) and g

is the QCD coupling. With the help of dg/dInpu = ($(g), U obeys the same
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equation as C (). We expand 7(g) to the first two terms in the perturbative

expansion
V(as) = 7 in =4y 4 ( )

To this order the evolution matrix U(u, m) is given by

Ulp,m) = < O‘ng) J) U (1, m) <1 3 air) J) , (5.16)

where U is the evolution matrix in leading logarithmic approximation and
the matrix J expresses the next-to-leading corrections. We have

5(0)

2[30
UO(u,m) =V {O‘s(mq vl 5.17
(um) =V | |52 (.17
D
where V diagonalizes vO7 | i.e., Vg)) = V- 14OTY and 49 is the vector

containing the diagonal elements of the dlagonal matrix vg)). In terms of

G =V 14MWTV and a matrix H whose elements are

| & 5 (0) 51 Gz]
i Qﬂ (0) (0) ’
0 26 +% =

(5.18)

the matrix J is given by J = VHV L

Now there are also additional contributions to the RG evolution from
QED and therefore the matrix U(my, mgy) is substituted by U(m;,ms, )
which is the full 10 x 10 QCD-QED RG evolution matrix. The explicit ex-
pressions for the coefficients C'(Myy) including O(«) corrections can be found
n [10]. The 10 x 10 anomalous dimension matrix v(g?, «) which includes
QCD and QED contributions now becomes

g% @) = 7(6") + 119" | (5.19)

where the term due to QED corrections has the following expansion

T(?) = 70 + 240 4 (5.20)

Am
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The RG evolution matrix now becomes

U(my,ma, o) = U(my, ma) + %R(ml, ma) , (5.21)

where U(my, ms) represents pure QCD evolution and R(my, my) is the addi-
tional evolution in the presence of electromagnetic interaction. The expres-
sion for R(my,ms) is

13

2
R(mq,my) = —EV<K(O)(m1, my) + ST KD (ma, mQ)) V7l (5.22)

=1

The matrix kernels in the above equation are defined by

(Ko, fra)os— -Aﬁf)— AN 5 o “ié?’%%ﬂ |

(
oo | M () i=j
KM (mi,me) = —ag(ma) KO(my,ms) H, (5.25)
KM (my,ms) = ay(my) H KO (my, my) (5.26)
with
MO — -1 7éo)T v,
MO =y (véi)T—%véo)T+[véO)T,JDV, (5.27)

where the explicit expressions for the 10 x 10 leading order and next-to-
leading order anomalous dimension matrices %(0), éo), %Sl) and %Ei) are given
in [10].

Thus, on using this RG evolution, we obtain the new Wilson coefficients
C’f’ at the m, scale and we present their values in Table 5.1, for a represen-

tative set of values for my = 400 GeV.
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Table 5.1: Values of the new Wilson coefficients at my, scale where C}**"
represents C! for the fourth quark generation model and C; for the FCNC
mediated Z boson model. The phase ¢/ = (¢ — 3) is the relative weak phase
between the NP and SM amplitudes.

Wilson 4-Generation Z boson model 7" model
Coeflicients (my=400 GeV) </{ = \vgb;}y) (ér.r = |éL.Rl€™®)
Crew (my,) 0.0195 0.19 ke’ 0.05 &, — 0.01 &g
Cpe (my) —0.0373 —0.066 Ke™ —0.14 &, + 0.008 &g
Crew (my) 0.0101 0.009 rei’ 0.029 &1, + 0.017 &g
Cnew (my) —0.0435 —0.031 ke’ —0.162 &1, + 0.01 &g
Crew (my) 0.0044 0.145 ke’ 0.036 &7 — 3.65 &g
C2ev (my) 0.002 0.053 ke’ 0.01 £, — 1.33 &R
CE(imy,) —0.029 —0.566 ke’ —4.41 £, 4 0.04 &g
CPew (my) 0.0062 0.127 ke’ 0.99 &, — 0.005 &g

After obtaining the values of the new Wilson coefficients at the b quark
mass scale, one can directly write the decay amplitude due to the fourth

generation of quarks analogous to (5.4) as

G 1
il = —F2m¢f¢(e* .pB)Ff’T(O))\t/ <ag - —aéEW) | (5.28)

V2 2
where ag(& EW) ’s are the new contributions arising from the ¢’ quark contribu-
tion. We parameterize the new CKM elements as Ay = rqe’®, where ¢ is the
new weak phase associated with A}. Furthermore, since the unitarity condi-
tion has now become modified, the elements of the 3 x 3 upper submatrix of
the 4 x 4 quark mixing matrix will be different from the corresponding val-
ues of SM CKM matrix elements. Since Vj, and V4 are not precisely known
(i.e., not directly extracted from the experimental data, but fitted using the
unitarity constraint) we use the lower limits from [33] i.e., |V};| = 0.78 and
Vig| = 7.4 x 1073.

In order to study the effect of the fourth generation, we need to know the
values of the new parameters (my, 74, ¢). Based on an integrated luminosity
of 2.3fb~!, CDF collaboration [97] gives the lower bound on my as my > 284
GeV. In [98], it has been shown that the observed pattern of deviations
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in the CP symmetries of B system can be explained in the fourth quark
generation model if my > 700 GeV . Therefore, in our analysis we consider
three representative values for my, i.e., my = 400, 600 and 800 GeV. The
value of r4 can be obtained from the measured mass difference AMp, of
B® — B system and the corresponding expression for AMp, in the presence
of fourth quark generation can be found in Ref. [96]. Thus, we obtain the
values 14 for different mj, consistent with the unitarity condition of 4 x 4
matrix as: 74 ~ —3.8 x 1073 (my = 400 GeV), rg ~ —2.7 x 1073 (my = 600
GeV) and rg ~ —2.1 x 1073 (my = 800 GeV). Using these values, in Figure
5.1 and Figure 5.2 we show the variation of the branching ratio and the
direct CP asymmetry, respectively, with the new weak phase ¢ for three
different values of my. From Figure 5.1, one can see that the branching
ratio is significantly enhanced from its SM value and this enhancement is
more pronounced for large my. It should also be noted that nonzero direct
CP violation in this mode could be possible in the presence of an additional

generation of quarks.

5

4 -
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3l = i N
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Figure 5.1: Variation of CP averaged branching ratio (5.9) (in units of 107%)
with the new weak phase ¢, where the solid, dashed and dot-dashed lines
correspond to my = 400,600 and 800 GeV, respectively. The horizontal line
represents the SM value.
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Figure 5.2: Variation of direct CP asymmetry (5.10) (in %) with the new
weak phase ¢, where the solid, dashed and dot-dashed lines correspond to
my = 400,600 and 800 GeV, respectively.

5.2.2 Effect of the FCNC mediated Z boson

Now we consider another extension of the SM, where the fermion sector is
enlarged by an extra down-type singlet quark. Isosinglet quarks appear in
many extensions of the SM like the low energy limit of the Fg GUT models
[99]. The mixing of this singlet down-type quark with the three SM down-
type quarks provides a framework to study the deviations of the unitarity
constraint of the 3 x 3 CKM matrix. The mixing also induces tree level
flavor changing neutral currents, which can thus substantially modify the
SM results. In this model, the Z mediated FCNC interaction is given by
[100]

L=—2"1dr Ussy"dislZ, , 5.29
2cos6W[L 87"drgl 2, (5.29)
with
Usg = Y, ViVig=0ap — Vi Vis , (5.30)
i=u,c,t

where «, (3 are generation indices and U is the neutral current mixing matrix
for the down quark sector. The non-vanishing component of U,z will lead to

the presence of FCNC transitions at the tree level. The implications of the
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FCNC mediated Z boson effect has been extensively studied in the context
of b physics [101, 102, 103].
Because of the new interactions the effective Hamiltonian describing b —
dss process is given as [102]
z T e = 2
Heps = _Evtb 1alC303 + C707 + CoOy] (5.31)
where the four-quark operators Oz, O7 and Ogy have the same structure as the

SM QCD and electroweak penguin operators and the new Wilson coefficients

C’i’s at the My scale are given by

Ca(My) -2

3( Z) 6‘/;517‘/;1’

= 28 UEn e

C-(M == 0

7( Z) 3‘/155,‘/;0} sim” Uy,

~ 2 Usg 5

Co(M = —= 1 —sin“ Oy ). 5.32
o(Mz) 3%%( sin” Oy ) (5.32)

These new Wilson coefficients will be evolved from the My scale to the my
scale using the renormalization group equation [10] as described earlier. Be-
cause of the RG evolution, these three Wilson coefficients generate a new set
of Wilson coefficients C;(i = 3, - - - , 10) at the low energy regime (i.e., at the
my, scale) as presented in Table 5.1. Thus, one can write the new amplitude
due to the tree level FCNC mediated Z boson effect in a straightforward
manner from Eq. (5.4) by replacing as(s gwy by &s(s,ew), where &’s are re-
lated to the new Wilson coefficients C;(m)’s. In order to see the effect of this
FCNC mediated Z boson effect, we have to know the value of the parameter
Z —b—d coupling parameter which can be explicitly written as U,q = |Ubd|ei¢
and the allowed range of |Uy,| is found to be (2 x 107 < |Upg| < 1.2 x 1073)
[103]. In Figure 5.3 and Figure 5.4, respectively, we present the variation
of the CP averaged branching ratio (5.9) with |Uyy| and ¢ and the direct
CP asymmetry parameter Acp with ¢, where we have used sin? fy, = 0.231.
From the figures, it can be seen that the branching ratio could be significantly

enhanced and large CP violation could be possible in this model.
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Figure 5.3: Variation of the CP averaged branching ratio (5.9) (in units of
1078) with |Uyg| (in units of 107*) and the new weak phase ¢

5.2.3 Effect of the FCNC mediated 7’ boson

Now we consider the effect due to an extra U(1)" gauge boson Z’. The
existence of an extra Z’ boson is a feature of many models addressing physics
beyond the SM, e.g., models based on extended gauge groups characterized
by additional U(1) factors [104]. In particular, they often occur in grand
unified theories (GUTSs), superstring theories and theories with large extra
dimensions. The new physics models which contain exotic fermions also
predict the existence of an additional gauge boson. Flavor mixing can be
induced at the tree level in the up-type and/or down-type quark sector after
diagonalizing their mass matrices. FCNCs due to Z’ exchange can be induced
by mixing among the SM quarks and the exotic quark which have different 2’
quantum numbers. The search for the extra Z’ boson occupies an important
place in the experimental programs of the Fermilab Tevatron and CERN
LHC [105]. At such hadron colliders, heavy neutral gauge bosons with mass
upto around 5 TeV can be produced and detected via two fermion decays
pp(pp) — Z' = 11" (I=e,p).

Here we consider the model in which the interaction between the Z’ boson

and fermions are flavor nonuniversal for left-handed couplings and flavor
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Figure 5.4: Variation of direct CP asymmetry (5.10) (in %) with the new
weak phase ¢ where the dashed and solid lines correspond to |Up| = 107
and 5 x 1074

diagonal for right-handed couplings. The model can be also be found in
Ref. [106, 107], where it has been shown that such a model can successfully
explain the deviations of Sgx and S,/ from Syx and also can explain the
B — wK puzzle. We briefly present the method here. The Lagrangian for

the neutral current interaction with the Z’ in the gauge basis is
Zh ! 71 7l
L2 =—-¢J,2*%, (5.33)

where ¢’ is the gauge coupling associated with the U(1)" group at the My,
scale. The renormalization group running between My, and My is neglected
here. The Z’ boson is assumed to have no mixing with the SM Z boson. The

chiral current is

L
T = Pivul(ep.)isPr + (epr)ii PRl ) | (5.34)
1]
where the sum extends over the flavors of fermion fields, the chirality pro-
jection operators are P, g = (1F 75)/2, the superscript I refers to the gauge
interaction eigenstates and ey, (ey,) denote the left-handed (right-handed)

chiral couplings. €, and €y, are hermitian under the requirement of a real
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Lagrangian. The fermion Yukawa coupling matrices Y, in the weak basis can
be diagonalized as

VP =V, Y,V (5.35)

using the bi-unitary matrices Vyy, , in oy g = Vi, ,¥] g, where ¢ p = Pp o’
and 11, r are the mass eigenstate fields. The usual CKM matrix is then given
by

Verm =V, Vi (5.36)

The chiral Z’ coupling matrices in the physical basis of up-type and down-

type quarks are, respectively,

BX =V, e, VI

ux

B = Vaea V], , (X=L,R) (5.37)

where Bj(( 1) are hermitian. As long as the € matrices are not proportional to
the identity matrix, the B* matrices will have nonzero off-diagonal elements
that induce FCNC interactions at tree level. The assumption of flavor diago-
nal right-handed couplings demands Bf( 2 X 1. However, the flavor changing
left-handed couplings will give new contributions to the SM operators.

The effective Hamiltonian describing the transition b — dss mediated by

the Z' boson is therefore given by [106]

, 4G -
Herf — —_F‘/;fbv;d

V2

where g; = e/(sinfy cosfy ) and BiLj(R) denote the left (right)-handed ef-

/M 2 BL
(;Mj) s BuOo + B0 |, (5.38)
' td

fective Z' couplings of the quarks i and j at the weak scale. The diagonal
elements are real due to the hermiticity of the effective Hamiltonian but
the off-diagonal elements may contain an effective weak phase. Therefore,
both the terms in (5.38) will have the same weak phase due to B%. We can
parameterize these coefficients as

‘M, \? ([ B: BL i ‘Mz \? [ BL BR i
5L2<g Z) ( db SS):|§L|€Z¢, st(g Z) ( db SS):|€R|6Z¢,
g1 My Vis Vi3 g1 My VsV
(5.39)
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where ¢/ = ¢ — 3 (¢ is the weak phase associated with BL).

In order to see the effect of the Z’ boson, we have to know the values
of the coefficients &;, and &g or equivalently B and BLE. Assuming only
left-handed couplings are present, the bound on FCNC Z’ coupling (B)

from B — BY mass difference has been obtained in Ref. [108] as
y|Re(B5)? < 5x 1078, y|Im(B%)? <5 x 1078, (5.40)

where y = (¢'Mz/g1Mz)* Generally one expects ¢’/g; ~ 1, if both the
U(1) gauge groups have the same origin from some grand unified theories,
My /Mg ~ 0.1 for a TeV scale neutral Z’ boson, which yields y ~ 1072
However in Ref. [108], assuming a small mixing between Z and Z’ bosons,
the value of y is taken as y ~ 1072. Using y ~ 1072, one can obtain a more
stringent bound |BL| < 1073. Tt has been shown in [107] that the mass
difference of B, — B, mixing can be explained if |B%| ~ |V;V;%|. Similarly,
the CP asymmetry anomaly in B — ¢K, 7K can be resolved if |BL BLE| ~
|VipVi|. From these two relations, one can obtain |BL| ~ 1. Thus, it is
expected that &, g ~ 1073, However, in this analysis we vary their values

within the range (0.01 — 0.001).

Figure 5.5: Variation of the CP averaged branching ratio (5.9) (in units of
1078) with ¢ (in units of 107®) and the new weak phase ¢ .
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Figure 5.6: Variation of direct CP asymmetry (5.10) (in %) with the new
weak phase ¢ where the dashed and solid lines correspond to & = 1072 and
5x 1073.

After having an idea about the magnitudes of these new coefficients which
are at the My scale, we now evolve them to the b scale using the renormaliza-
tion group equation [10] as described earlier. The new Wilson coefficients at
the my, scale are presented in Table 5.1. Using the values of these coefficients
at b scale, we can analogously obtain the new contribution to the transition
amplitude as done in the case of Z boson. Now using [£| = |€g| = &, in
Figure 5.5 and Figure 5.6, respectively, we show the variation of the CP av-
eraged branching ratio with £ and the new weak phase ¢ and the direct CP
violation with ¢. In this case also one can have a significant enhancement
in the branching ratio for large &, or in other words for a lighter Z’' boson.
Furthermore, the observation of this mode could in turn help us to constrain

the Z’ mass.

5.3 Conclusion

To conclude, we have studied the B~ — ¢n~ decay mode in the standard
model and in some beyond the standard model scenarios. This is a pure

penguin rare decay process and proceeds through the quark level transition
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b — dss, which occurs at the one-loop level and is therefore expected to
be highly suppressed in the SM. The SM prediction of its branching ratio
is ~ O(107%) which is below the experimental upper limit of O(10~7). We
have analysed this decay mode in the fourth quark generation model and
in the FCNC mediated Z and Z’ models. In the fourth quark generation
model, we find that the branching ratio enhances from its SM value with
increasing my and it can have a value of ~ O(107®). In the Z and Z’
models, the branching ratio can be significantly enhanced for sizable new
physics couplings |Upg| and &, respectively. In these cases it can reach up to
O(1077) level but still within the experimental upper limit. Furthermore, it
is found that large direct CP violation could be possible in this decay mode
in the presence of the mentioned new physics models. Thus, if this mode
could be observed in the upcoming LHCb experiment, it will provide a clear
signal of new physics and also can be used to constrain the parameter space
of various new physics models. However, it should be noted that it would
not be possible to distinguish between these new physics models considering

this mode alone.
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Chapter 6

Summary

In this thesis, we have studied some decay modes of the B meson which are
interesting in the context of CP violation and new physics. We studied some
of the rare B decay modes in the SM and in some beyond the SM scenarios
also. In such a study, our interest was on computing the two observables,
the CP asymmetry parameter and branching ratio of these modes. We also
studied some other B decay modes and we came up with methods to extract
the weak phase v and the parameter 25 + ~.

We explored the decay modes Bf — (D°)DFf — (K**K¥)DF and
Bf — (D°)Df — (K**K7T)DZ for the possible extraction of . The an-
gle B (or sin2f) has been cleanly determined from the measurement of the
time-dependent CP asymmetry in the golden decay mode BY — J/¢Kg.
The angle o can be measured using the CP asymmetries in B — 777~ but
there are theoretical hadronic uncertainties due to the existence of penguin
diagrams. It is imperative that the angle v also be measured independently
to understand better the CKM mechanism of CP violation in the SM. There
have been many attempts before to formulate methods to extract the angle
~. One has to measure the angle with all possible clean methods available
to arrive at a conclusion and thereby reducing the error in v to a minimum.
Therefore, in the continued effort, we came up with another method to de-

termine . This method is better suited as the interfering amplitudes of the
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two decay modes we have considered are roughly of equal sizes. Further-
more, as the decay B meson is a charged meson, we require no tagging nor
time-dependent studies for this method. Also since a large number of B,
mesons are expected to be produced at the LHC, it therefore would be very
interesting to explore the determination of ~ with these modes. We believe
that during the first few years of LHC run, we will have a meaningful value
of angle v with reduced errors and emphasize that the strategy we have pre-
sented here will be an added asset to our endeavour to measure the angle
.

With the decay modes B — DYK*? and B — D'K*?, we developed a
similar method for the extraction of 7. The other parameter to be measured is
2(3+. Since the angle [ is well measured by now, therefore, the measurement
of 26+~ will be useful in the clean determination of v. Since, as emphasized
before, one needs to have as many clean methods as possible to improve
the sensitivity and to resolve the discrete ambiguities, the method presented
will be very much helpful in this direction. We presented another important
and simple way to extract the weak phase v/(2(3 + «y) from the decay modes
72, — DhR e D*0J*0. These channels are described by color suppressed tree
diagrams only and are free from penguin contributions. For the extraction of
7, we considered the decay modes B® — D°(D%) K% with subsequent decay
of D°(D°) into the non-CP state K*TK~. The use of the non-CP state allows
the two interfering amplitudes to be of the same order and hence one can
cleanly extract the CKM angle v. We then considered the processes B® —
D*(D*0) K% where the final states are admixtures of CP-even and CP-odd
states. On using the angular distributions of the final decay products, it was
shown that it is possible to disentangle them. We considered the longitudinal
component of the time-dependent decay rates of these modes and we have
shown that ¢ = (20 4+ 7) can be cleanly obtained. These modes could be
very much suited for determining the phase v (25 + ) as they are free from

penguin pollution and also as the branching ratios are measurable at hadron
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factories such as the LHCb.

We then considered the rare hadronic decay modes B — fyK (), involv-
ing the scalars f(980, 1370, 1500) and a pseudoscalar meson K (7) in the final
state. We first presented the decay mode B — f,(980)K . Since the structure
of the f5(980) meson is not well established, we considered it as a ¢g state,
comprising of both s5 and (uw + dd)/+/2 components with a mixing angle
of 138°, which has been experimentally determined from ¢ — ~fy decays.
The decay modes under consideration are dominated by the loop induced
b — sqq (¢ = s, u, d) penguins along with a small b — u tree level transi-
tion (for BT — foK™) and annihilation diagrams. Therefore, the standard
model expectation of direct CP violation is negligibly small and the mixing-
induced CP violation parameter in the mode B® — f,Kg is expected to give
the same value of sin(203), as extracted from B — J/¢Kg but with oppo-
site sign. Using the generalized factorization approach, we found that the
branching ratios in the standard model are below the current experimental
values and the direct CP violation in the decay mode BT — fy Kt to be of
the order of a few percent. We then analyze the decay modes in the minimal
supersymmetric standard model (MSSM) with R-parity violation. On using
the RPV model, we could show that the direct CP violating asymmetry in
Bt — f5(980)K™ could be as large as ~ 80% and the mixing-induced CP
asymmetry in B® — foKg (i.e., =S k) could deviate significantly from
that of sin(20)j/4xs. In the second part, we presented the study involving
the scalars fo(1370,1500) in the final state. We have taken the flavor con-
tent of fy(1500) as fy(1500) = nnsinf® + sscosf and the flavor content for
f0(1370) as fo(1370) = sssinf + nncosf. Since the mixing angle 6 for these
two scalars is not known, we vary the branching ratios for these modes with
0 and show the variations as plots. The modes we have considered can be
important grounds for looking for new physics beyond the SM and can also
could help in the understanding of the nature of the light scalar mesons.

Finally, we look for the possible existence/manifestation of NP in the

94



Summary

decay mode B — ¢m. One of the ways of searching for NP is by studying
the rare decay modes which arises at the one-loop level and are induced by
flavor changing neutral current transitions. We presented the investigation of
the effect of an extra fourth quark generation and FCNC mediated Z and Z’
bosons on the rare decay mode B~ — ¢~ . In the standard model, this mode
receives only b — d penguin contributions and therefore is highly suppressed.
The branching ratio obtained is ~ 5 x 107 and this makes the mode a very
sensitive probe for new physics. With the fourth quark generation model, we
found that the branching ratio enhances from its SM value with increasing
my and it can have a value of ~ O(107%). With the Z and Z’ models, the
branching ratio could also be significantly enhanced for sizable new physics
couplings |Uyg| and &, respectively. It can reach up to O(1077) level in these
cases but still within the experimental upper limit. Also, it is found that we
can have large direct CP violation in this decay mode in the presence of the
considered new physics models.

B physics remains as one of the most exciting and active fields of particle
physics, especially in the context of CP violation and new physics. There is
anticipation that with the high precision measurement of the B decay modes
at the hadron colliders, some of the unresolved issues in B physics and in
particle physics in general, could be resolved and possibly new physics effects
will be revealed and also we could have more precise measurements of the

CP asymmetry parameters and other SM parameters as well.
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