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Abstract

For the rare B meson decays, B; — K*I"]~ and B, — ¢l"l~ , the long distance effects are
studied. The form factors which give a description of meson transition amplitudes in the effective
Hamiltonian approach, are investigated by means of Wards Identities. These form factors are then
compared with the other approaches in the literature , like Light Cone Sum Rules (LCSR) approach
and Lattice QCD (LQCD) approach. Moreover, the By — K*I7I~ and B, — ¢l"]~ branching
ratios are computed in the framework of Standard Model and are compared with the experimental
results and the other approaches, LCSR and LQCD. The differential branching fractions are given

as a function of the squared-momentum transferred.
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Chapter 1

Introduction

The semi-leptonic decays are of great interest since last two decades. These decays provide rigor-
ous tests for Standard Model and also provide physics beyond the Standard Model. At tree level
these decays are forbidden in Standard Model and occur only at loop level via GIM-mechanism.
This mechanism was first presented by Glashow, Iliopulos, and Maiani [1]. It is easier to observe
the exclusive rare B decays experimentally than inclusive rare B decays [2}3] and converse is true
for theoretical point of view i.e. theoretically the exclusive decays are more difficult to observe due
to uncertainties in calculations of transition form-factors [4]. These form-factors are calculated in
literature by using different approaches like Wards Identities (WI) [5], Light Cone Sum Rules
(LCSR) [6], Lattice QCD (LQCD) [7]], Dyson-Schwinger Equation (DSE) approaches amongst
many others. These hadronic transition form-factors are the constituents of physical observables,
such as branching ratios, forward-backward asymmetry, helicity fraction etc.

Rare decays, especially the B; — K*I*]~ and B, — ¢l*]~ are interesting as they are the subject
of intense experimental inspection by the LHCb Collaboration [8]]. The experimental figures of

branching ratios for these B decays are [9]:

Br(By — K*I"I7) = (1.0640.09) x 107, (1.1)

Br(B, — ¢l"l") = (7.6+£1.5)x 107"



In our work we investigated the transition form-factors using Wards Identities (WI). We computed
their values t ¢> = 0 and then extrapolated in Vector meson Dominance Model for all ¢? values for
the said decays. Then we compared these form-factors with the other form-factors, already existing
in the literature, such as Lattice QCD (LQCD) and Light Cone Sum Rules (LCSR) approaches. We
give a comparison of these form-factors for the processes B; — K*ITI1~ and B, — ¢l*l~. By
using these transition form-factors we calculate the branching ratio for the said processes in the

framework of Standard Model and compare them with experimental results and other approaches.

1.1 Standard Model Highlights

The Standard Model (SM) of fundamental particles has been successful since its beginning in
1960 [[10-412] and early 1970 [13,/14]. One of the beautiful features of SM is that it predicted the
weak neutral current which was experimentally observed in the "Gargamelle Neutrino Experiment"
in 1973 [15]]] and was the first success of the SM. The experiment was run to look the processes of
the form v, /v, + N — v, /U, + hadrons(neutral current) and v, /7, + N — p~p* + hadrons
1.e. charged current. Together with the data taken from processes and other similar experiments
in the 1970 [[16}[17]], the Standard Model predicted the masses of the mediating Z and W+ vector
bosons. The W~ and Z-bosons were first directly produced at CERN (an European Organization
for Nuclear Research) in 1983 [18l/19]]. The calculated mass well matched with the Standard Model
predictions. The LEP (Large Electro-Positron collider) measured more precise Z-mass, a couple
of years later. These experiments also probed the theory at the level of one-loop and found good
agreements in many observables. Another success of SM is the prediction of top quark, which was

experimentally tested at Fermilab at CDF (Collider Detector at Fermilab) in 1995 [20].

The Standard Model has some limitations which hinder its status as fundamental theory. Some

of these limitations are as follows:

e Why the electroweak unification scale is so small (hierarchy problem )

e Gravity is not included in Standard Model



e What is the origin of mass-patterns among the fermions
e Why are there only three generations of quarks and leptons

e Neutrinos are massless in SM while experiments have shown that the neutrinos have mass

Despite all these deficiencies, the Standard Model is still a very successful model. Theoretical cal-
culations within the SM and precised measurements of observables have been continued to show

good agreements with each other [21-23]].

In the following section we give an overview of the Standard Model. We put our focus on the

particles, their parameters and interactions such as masses and coupling constants.

1.1.1 Overview of SM

The Standard Model (SM) is a gauge field theory established on the gauge group Ggy,:

Gsy = SUB)e® SU2), @ U(1)y.

The groups SU(3)¢ and Gy = SU(2);, ® U(1)y corresponds the strong interaction and elec-
troweak interaction, respectively. The strong interaction acts only on color — charged particles
(qurks and gluons) while leaves the other particles of SM untouched. The subscript C'in SU(3)¢
refers to color — charge. The group SU(2),, acts only on the left-handed fields. The left-handed
particles (when the directions of spin and motion of the particle are opposite) participate in weak
interactions where as the right-handed ones (when the direction of spin is the same as the direction
of motion of the particle) do not (that is why we put the subscript L). The group U(1)y acts on
the particles with weakhypercharge and Y refers to the weak hypercharge. The generator for elec-
tric charge is the combination of /3 (third isospin component) from SU(2) and the hypercharge YV

(corresponding to the gauge symmetry U(1)). They are combined with each other in well known



Gell-Mann-Nishijima formula:

Y
Q:I3+§-

The quark fields have a color-index. Each quark flavor ¢ (where ¢ = wu,d, s, c,t,b) have three
different types or colors. In order to make a tight notation, we collect these three types in a vector

as follows;

q=(qd"¢¢*)" (1.2)

(1.3)

where 1,2, 3 is the color index. and ¢ = u, d, s, ¢, t, b is the flavor of quark.
The Weyl fermions are the fundamental constituents of Dirac-spinor ). The Dirac-spinor in chiral

basis can be written as;

where the ¢ and  are the Weyl spinors. These are two component spinors.

By introducing the two chiral projectors L and R as;

(1.4)



| | Symbol | Generations | SUB)cRep | SU(2)Rep | V|

i u® to @
Quarks q; (d‘”‘) (ba> (5“) 3 2 1/6
‘ L L L
R uf oty g 3 1 2/3
dy dn 0 s% 3 1 -1/3
i Ve vy, vy )
Leptons Iy ( . ) ( i ) ( - ) 1 2 172
A L L L
l}% E€ER HUR TR 1 1 -1

Table 1.1: Fermion sector (quarks and leptons) of the SM and its transformation properties. The
subscript L(R) represents the left/right handed fields. The superscript « represents the color index.

We define left handed and right handed fields as;

Yy = L+ ¢
Yr = Ry << x

(1.5)

There are 12 gauge bosons, 45 Weyl fermions and 1 Higgs doublet in the Standard Model. There

are 18 independent parameters in SM, given as;

Three lepton masses: m; ; l=e, u, 7 ;

)

Six fermion masses: m; ; i=u, d, c, s, t, b;

One gauge boson mass: m (where m3;, is connected with m via coupling);

Three couplings: g, ¢, gs;

One Higgs boson mass: my;

Four CKM matrix parameters.



| Gauge boson | Symbol | SU(3

~—

cRep || SU@2) Rep | V|

Electromagnetic interactions photon vy 1 1

Weak interactions W-boson, Z-boson | W*, Z 1 3

Strong interactions gluon g 8 1
Higgs ) 1 2 172

Table 1.2: Boson sector (Higgs boson, guage fields) of the SM and its transformation properties.

1.2 The Gauge Group of Electroweak Interactions

In the following section we discuss the gauge groups SU(2)., U(1)y and SU(2);, ® U(1)y. We
study the local invariance of these groups and see how gauging the group SU(2);, ® U(1)y gives

massless W, Z bosons and the photon A,,.

1.2.1 Gauge group SU(2),,

To begin with, we consider electron and its neutrino at first and then we will generalize. The Dirac
field operator can be written in left/right handed and components. For electron as a Dirac field

operator we write;

e(x) = er(z) + er(z), (1.6)

where

er(r) = 5 (1 = s)e(x), (1.7)

er(z) = %(1 + v5)e(x),

where ey, is left-handed while ey, is right-handed chiral state. These are two orthogonal subspaces
and are projection operators P, and Pg.

The matrix ~ys is defined as v° = i7°y'~y2~3. In the chiral basis 75 is written as,

10



As the Dirac field representation is not an irreducible representation. It actually splits into two
irreducible representations. Their behaviour is similar under rotation while behave differently
under boost. We can split the representation into two irreducible representations out of which one
is called left-handed (e ) while the other one is known as right-handed (eg). The e, and ep are

doublet and singlet respectively under SU(2);..

The Dirac mass term for fermions is of the type —m 11, but such terms are not allowed in the

Lagrangian as are not invariant under SU(2) .

—mpnh = —mg(er +eg)(er +er),

= —Mmy (éL€R+éR€L)- (Sil’lCG erer, :éReRZO) (1.8)

Since ey, is left-handed doublet (vector) and ey right-handed singlet (scalar) so both behave differ-
ently under transformation which results the mass term transformation not to be a scalar. This type
of term is not invariant in the Lagrangian. So we can not add this type of term in the Lagrangian
by hand

We have so far seen the left-handed neutrino in the experiments. The Lagrange density for the

three fields vy, e1) and ep, is,

Lo(x) = Cp(x)iv"0,lL(x) + er(x)inOuer(x),

= (%L(x) éL(x)) (i7"0,.) ver () + ep(x)in" O er(x). (1.9)

er()

The Lagrange density (1.9) is invariant under arbitrary or global SU (2) rotation or transformations

but is not invariant under local SU(2) transformations,

Ver () LU Ver () |

6L(x) GL(J})

where U(x) € SU(2). This Lagrangian is made invariant by replacing 0, with covariant derivative

11



D,,. This introduces three vector fields, one for each generator of SU(2). The covariant derivative

for SU(2) is,

a

WH
DV = 8“ + 'L.g—a (233)7- s

(1.10)

where W/ (a = 1,2, 3) are the three vector fields introduced for the sake of invariance and 7% are

Pauli spin matrices and g is the gauge coupling constant.

We define,

which is a 2 x 2 hermitian matrix with zero trace.

We define the matrix of field strengths as,

W,uz/(x) = a,qu/<x> - aVWAL(x) + Zg[Wu(x)v WV(‘T)L
Wi (2)7

Using [1,, 7] = %EabcTc, where €, are the structure constants for SU(2), we get,
Wﬁy(x) = althil(x) - 8VW:(I) - geabcwﬁ(x)wlf(x)'
Hence the Lagrangian density for the neutrino, W-fields and the electron is,

Ver

1
£ = ST+ (v )i (0 | | + eninten

€r

Wg T,

1
L= §TT(W#V)<WHV) + (DeL éL) Z’Y‘u (8# + Zg

€r

Ver .
) + eri"' 0 er.

(1.11)

(1.12)

This Lagrange density (1.12) is invariant under local SU (2) transformations. Or in other wordsL —

L for

er — €R,

12



W, = U)W, U () — éU(x)@MUT(x), (1.13)

where U(z) € SU(2); is a local gauge transformation. The gauge group W, (that we have
introduced) is the weak isospin group and the fields v, and e; form a weak doublet; whereas ep

is singlet under SU(2);.

The process to gauge the global SU(2); symmetry introduces not only vector fields, but also an

interaction. The structure of the interaction can be read from Eq. (1.12) as,

Wer, | ver
EeuW = —g <V6L €L> VH ; 9
€r
1 0 wt 0 —iW?
=—g (VeL €L> ’Yui + ‘ g
Wi 0 Wi o0
w3 0 U,
T ‘ ", (1.14)
0 —Wj €r,
We define electric charge basis as,
1
+ 1 112
W= (W= iw?)., (1.15)
+ ()t
W,LL - (Wp. ) )

The field W ;W has the effect of annihilating W~ (W) particles and creating W* (W' ~) parti-

cles. So L., in new basis is ,
" 1 WS \/§W: VeL
‘CeuW = —g\ Vg €| 5
V2w, W3 eL

= —g (Wi(ﬁeL’Y“VeL —eérer)

+\/§W:D€LVH€L -+ ﬁWJéL’}/uye[) . (116)

13



The coupling (given in Eq.(T.16))describes the neutrino transformation into an electron with ab-
sorption of W™ particle. It also decribes that Wi—boson couples with left-handed electron (e;) and
to the left-handed neutrino (v.r), but not with e, showing that Wj’ can not be identified as photon

field. The photon couples to the left/right handed electron and not to the neutrino.

1.2.2 Gauge group U(1)y

Now, let see the Lagrange density £, (1.9) under U(1) transformations. Again, £, is invariant
under global U(1) transformation (where 6, 6 are the constant phases for right-handed and left-

handed parts respectively),

€r, €y,
eR — eweR. (L.17)
Gauging these two U (1) groups yield to massless gauge bosons. Which would lead to two photon
like bosons in theory (that is a contradiction to the experiment). Gauging special combination of
the U(1) transformations of the form,

VerL VerL

—y etiyLx
€r €r

er — e WRXep. (1.18)

The operators generating the above mentioned group (y; and yr) would be referred to as weak
hypercharge Y. Where hypercharge y;, is given to the fields v,z and e;, while yr to eg, then the

transformation of U (1) hypercharge group is,

VerL Ver

ixY
er, — !X er, , (119)
€R €Rr

14



with

yo 0 0
Y = 0 YL 0
0 0 wyr

(1.20)

Again introducing the real vector field B,, and gauge coupling constant g’ (for gauge group U (1)),

the field strength tensor is,
B, =90,B, —0,B,.

123 SU(2) @ U(1)y
The Lagrange density for SU(2), ® U(1)y is given by,
1 124 1 pv Ty~
L= _§TT(WMV)(W ) — ZBMVB + iy Dy,

where covariant derivative for the SU(2);, ® U(1)y gauge group is,

l

D, = 0, +igWiT, + 2g'B’MY,
with
T — %Ta 021
01x2 lel

where the matrix for hypercharge Y is the same as it is given in Eq. (1.20).

The Lie algebra of SU(2), @ U(1)y is,

[Tay Tb] = Z.eozbcjﬁcy

T,,Y] = 0.

15

(1.21)



The interaction term L;,,;, in Eq. (1.21)) are:

Ling = —%"(QW“T +¢'B.Y )1,

= (W V6L7u6L+W €L’Y VeL)

&I

1
5 (g + 2yLg'B ) Ver Y Ver
1
+5 (gW - 2ng’BH> ery'er — yry' Bu€ry"er, (1.22)
where
Vel
@D = er,
€Rr

As yr, and yp are constants, these constants can be chosen freely because we already have another
1

free parameter ¢’. Let us conventionally choose Y, = 5
The Wg’ and B,, both are electrically neutral and massless so far, which means both are on an equal
footing. Their linear combinations can form an equivalent basis. We choose these two orthogonal

linear combinations,

1
Zy = —— (W - 4B,). (1.23)

The gauge field orthogonal to Z,, is,

A= L (W3 +9B,). (1.24)

Definig the weak mixing angle ¢,

cosbl, = ———. (1.25)
/g2 +g/2
and
sinf, = J
g2 +gl2



Egs. (I.23) and (T.24) can be re-expressed as,

Z,, = cos Gij’ —sin 6, B,, (1.26)

— 3
A, =sinb, Wu + cos 0, B,,.
The interaction term in Eq.(I.22) becomes,

Lue = = (Wimantes + Wyenus ) (1.27)

1 1 . _ >
—Vg*+9%*Z, (éﬂeL'YuVeL - §éL7M€L — sin” 6, (—erter + yReR7M€R>>

/

99

I _ 7 2 3 12
\/WA# ( eELy eL + YRERYY eR) .

Now it has become obvious that one of the combination is coupling with the electrons and not with

the neutrinos so we can identify that as a photon (the last term in above expression). If we choose

/

99

yr = —1, —er

then

e =1/¢%>+ ¢g”?sinb,, cos b,

So the Lagrange density L;,; is written in more compact form as follows:

1
_ +5 -
£int = _G[Altjgm + m<wﬂ VeL’V“eL + W# GLVMVeL) (128)
1
= g
sinf,, cos @, " ol
where
Jim = —eryfer —epyter = —eyte (1.29)
1 1
Ive = 517@L’Y“VeL - ééL’Y“@L — sin® 6, J%, (1.30)

17



The J¥, and J}, are electromagnetic and neutral currents which couples with photon and Z-boson

respectively.

Note that from the above discussion that gauging the group SU(2),®U(1)y gives massless photon
field A, W and Z bosons. The linear combinations of Wj and B, give the neutral Z boson and the
photon field A,,. The value of weak mixing angle 6,, (free parameter in the theory) is determined

from experiments.

To make the above theory realistic, we have to assign masses to the bosons W= and Z and to the
electrons. A possible solution was presented by Salam (1968) and Weinberg (1967) which is the

spontaneous symmetry breaking (SSB).

Let us see the effect of SSB in SU(2), ® U(1)y-.

1.3 Higgs field and spontaneous symmetry breaking

Symmetry is spontaneously broken when the Lagrangian is invariant but not at ground state.
The mechanism that Weinberg (1967) and Salam (1968) presented suggested that along with the
fermions and the vector fields, we require an additional scalar field (the Higgs field). The sim-
plest idea is to introduce a complex scalar fields ¢ such that ¢, and ¢, are complex scalar fields.
In order to get the similar type of Lagrangian (as in the previous section) in which we already
have an SU(2), doublet. The simplest way is to add another doublet (Higgs doublet ¢) . So that
doublet @ doublet gives us 3 @ 1 theory. The introduced complex scalar field ¢ such that ¢; and

¢, being the complex scalar parts is,

¢1(x)
P2()

¢(x) =

This introduced field is a Lorentz scalar SU(2);, doublet. Looking for a Lagrange density L

which is invariant under local SU(2), transformations.

18



Figure 1.1: V(¢) Effective potential for (u)?> < 0, shows local minima.

We consider a scalar potential that is amenable to spontaneous symmetry breaking. The Lagrange

density would look like,

Ly =(0,0M)(0.0) = V(9), V(¢) = rl(¢') + A(oT¢)%. (1.31)

with the conditions,

k=—p><0, A>0.

The V' (¢) is, illustrated in figure(1.1)),
1 1
V(9) = S126° + o™
2 4
To find the extrema we derivate it twice and set equal to zero. Doing so we get,
2 3 _
—120 + A =0 (1.32)

which means ¢ = 0 and ¢ = ¢y where ¢y = 4/ “72 corresponds to minima of the potential. The

1 T
field configuration ¢ = (O, ﬁ%) is non-invariant under local SU(2);, transformation U (x)
(with U(z) € SU(2)). The ground state of the gauge group SU(2), has been broken sponta-
neously. Choosing ,

0
Olo(=)[0y = | | : (1.33)
7§¢0

19



As the symmetry of the system has been broken spontaneously, which means that the field has

been shifted. The new shifted field ¢’ is
¢'(x) = o(x) — (0[6(x)|0). (1.34)
whose vacuum expectation value is zero i.e.
(0o (2)0) = 0. (1.35)

Now minima is at z = 0.

We now will allow the Higgs field to interact with fermions and the gauge bosons. Thus adding

this term in the Lagrange density, the Yukawa interaction is given by,

VeL

Lywe = —CEpd' + h.c. (1.36)

er

= —Ce (QSIéRVeL + ngéR@L) + h.c.

where c, is the Yukawa coupling constant here. We assign a suitable hypercharge Yy to the Higgs

field

1
Yo =YL —Yr = 5 (1.37)

Let us write the full SU(2), ® U(1) invariant Lagrangian. For the Higgs field the covariant deriva-
tive 1s,

0,6 — D, = (9, + igW;j% +ig' Buyn)o. (1.38)

The total Lagrange density is,

1 s 1 v B B . Vel
L = _§TT(WMV)(W )_ZB;WB + |\ Ve €r (W Du)
€r
Ve
teriv"Duer — ceerdt |7 | = he+ (Do) (DM 0) — V(). (1.39)
€r

20



In above Lagrange density, 3rd and 4th terms are SU(2) doublet and U(1) singlet respectively,
while 5th and 6th terms are the yukawa terms (note that only yukawa term contains coupled right-
handed and left-handed fermi fields) and the last terms are for the Higgs field (with ¢ as Higgs
doublet).

Under SU(2);, ® U(1)y group of gauge transformations the Lagrange density is invariant.

SU(2) gauge transformations are,

W, = U)W (@) = SU@0U (0)

% W
er — €R,
Ve Ve
Ml ov@ | . (1.40)
ey, er,
$1 LU d1 |
®2 P2
where U(x) € SU(2),, given by,
Ulz) = (5@ (1.41)

where 7, being 2 x 2 pauli spin matricles with (¢ = 1, 2, 3) and ¢”(z) is an arbitrary function of z.

U (1) gauge transformations are given as,
Wy, — W,,
1
B, — B, — ?8ux(a:),

VeL

, (1.42)

Ver, .
—s otyrx(z)

er er

ep — ezny(I)eR’
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o(x) — e XDg(z),

with x(x) being an arbitrary real function of x for U(1) transformation group.
We can have rotation of the Higgs field (¢) in any direction in isospin space by means of gauge

transformation.

Ux)g(x) = | | ! , (1.43)
75/)(55)

Now the vacuum expectation value (vev) of the Higgs field is given by minimizing the potential,
which is,

(0lp()[0) = po,

0
Oy ={ | (1.44)
2P0

This vacuum expectation value in non-invariant under the full SU(2), ® U(1)y group. Only U(1)

subgroup which is generated by 75 + Y leaves it invariant:

. ™ 0 0
eX(@)(S+yn) ) — X . (1.45)
oLl Woldl

1.3.1 Boson Masses

The next step of spontaneous symmetry breaking is to shift the field p(x) by vev. Chosing the
shifted field (p/(x)) such that,

§(x) = pla) - pola). (1.46)
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Before using this shifted field to get the Higgs mass from Eq. (1.39), let’s apply vev to the term
(D,.¢)T(D*@) (without considering ,, part of the covariant derivative) given in Eq. (1.39),

wa wer,

(D)D) = (8ol —igh ™ — g BYi)(ig " + i/ BYa) 0o

299'Au + (9° — 9°) 2, 9+

1 2v/¢2 + g2 N

=0 Z5ro 2 2
V2 9 - ?+9?,
oG 2

299 A"+ (g* —g*) 2" g .
2 92 +g/2 \/§ )
2 2 ’
I yy-n _V9 9" AL BP0
V2 2 v2

2 2 2 2\ 2
. -
= LW G 2 06 5 7 (1.47)

It is clear from the above expression that W= and Z boson have become massive, while the Photon

A, is massless. From Eq. (1.47) boson masses are,

1

mwy = §9P0> (1.48)
1

mz = 5PV 9%+ g7,

which shows that vev of the Higgs field is directly propotional to the masses of W and Z boson

.Here p, is the vev of Higgs Field.

1.3.2 Fermion masses

Now let us go for the fermion masses. The Yukawa coupling in the Lagrange density (1.39) is,

Vel 1 _ _
—Ce éR<¢T>0 + <V6L GL) (d)oer = —Ce—=po (€rer +€LeR),
€r, \/§
Po _
= —c,——=ee. 1.49
NG (1.49)
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The fermion (electron here) has acquired standard mass terms with,

1
—=Ce0-
\/5 Po

Now the total Lagrange density in terms of new shifted field (1.34) is,

(1.50)

Mme =

1 1
L= —5Tr(Wu)(WH) = - B B + veriy" uver + €7 de

2 2
+miy, W, Wh* (1 + ﬁ/) + lmQZZMZ“ (1 + ﬂ/) — m,ée (1 + ﬁ/)
Po 2 Po Po

1 1 o 10\
—0,00" —=m )P 1+ =+ [ & L 1.51

where L' represents the coupling between the fermions and bosons. The term m,, (Higgs mass, as

the field p’ belongs to Higgs particle) is,
my = V2X(P)o. (1.52)

According to Eq.(I.5I)), we can say that the Higgs mechanism has generated the masses for all
the fermions and weak bosons (W=, Z). The gauge symmetries (SU(2);, ® U(1)y) are broken
spontaneously, while the electromegnatic symmetry U(1) gy, are unbroken. We can say that the
symmetry group of the SM has broken down to a lower symmetry group of SU(3)c ® U(1)g.
The theory has given us the masses of the particles in the SM which include three massive vector
bosons (W¥, Z)), a massive fermion (electron) and a massive, spin zero, neutral boson with mass
m,y (the Higgs particle). While vector boson (photon with field A,,) remains massless. We have
also got a left-handed fermion with zero mass (neutrino). This can be extended for other fermion

families.
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1.3.3 GIM Mechanism and CKM matrix

Glashow, Iliopoulos and Maiani proposed a mechanism (called GIM mechanism) in 1970 [1]]. This

mechanism tells us that there are no transitions that would change flavour but not charge. At

tree level flavour changing neutral currents (FCNC) do not occur. In weak interactions the flavor

quantum nunmbers are not conserved and also weak interaction eigenstatesd’, s, b’ are different

from mass eigen states. They are connected with each other via linear combinitions as,

d = Vygd+V,s+Vyb
s = Vagd+Vess+Vyb
V' = Vigd+Vigs+ Vb

We have

dv,(1—v5)d = [V5d+VE 5+ Vb)Y, (1 —75)[Vaa d + Vas 5+ Vi ]

The CKM matrix operate on downtype quarks by definition.

d d
s’ = Verm | s |,
v b

where Vg 1s CKM matric (or Cabibbo-Kobayashi-Maskawa Matrix) and

Vud Vus Vub
Vekn = |V Vs Va |
Vie Vis Vi
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(1.54)
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The CKM matrix has nine real parameters. Howerver only four (a phase and three angles) of them
are physical and other five parameters are eliminated of by suitable transformation which leave the

remaining terms in the lagrangian invariant.

The standard parametrization was proposed [24] in which 6,5, 613, 023 are Euler angles and 0 is

the phase.
—i5
C12€13 512C13 S13€
Vokm = | —S12c03 — C12523513€°  C12Co3 — S12823513€" S93C13 | » (1.57)
) 1)
512823 — C12523513€" —C12823 — C12523513€" C23C13

with ¢;; = cosf);; and s;; = sin;;. This parametrization has an benefit that the rotation angles
are defined and labled in a way which related the mixing of two generations and one of the angles

vanishes, the mixing between these two generations vanishes as well.
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Chapter 2

The Theoretical Framework for Exclusive

B-Meson Decays

In this Chapter we present the theoretical framework for exclusive B-meson decays, especially
By — K*ITl~ and B, — ¢l™1~. Inthe first section we give an overview of effective Hamiltonian
which is the main ingredient of this thesis. This effective Hamiltonian is going to be used to
compute the amplitude. Finally we write the decay distribution of these decays in terms of helicity

basis.

2.1 Effective Hamiltonian

The b-quark decay normally has two parts. They are treated at different energy scales. We elaborate
this with the example of transition b — ¢ d u. In figure (2.1)), on left, we see that the dominant SM

Feynman diagram corresponds to this decay process. The amplitude of the process is

. v _ EMEY
—g 2 x (77 m3 —
A= (—= - dv,L v)—————(c¢v,L b), 2.1
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where k is the 4—momentum. The involved two scales are my; (= 80 Gev) and k, which is of the
order of the mass of decaying b quark, m; (= 4.8 Gev). The ratio of the two scales is small so we

can write amplitude in k as:

2 1 - 1
A= g_ Vay Vial—— (dyu L w)(©y" L b) +—(dim 8 operators) + ...], (2.2)
2i My ~ - My

where (dv, L u)(¢yuL b) is dimension 6 operator.

=1

Figure 2.1: The decay process b — ¢ d u from a high-energy, on left, and low-energy, on right,
point of view.

The effective Hamiltonian of this process is:

4G —
Hey = ——Jg Vi Viiy C (dy, L u)(@y" L b) (2.3)
2
g
Gr = —2—o,
r 4v/2m3,

where G'r is Fermi constantV,;, V; are Cabibo-Kobayashia and Maskawa matrix elements, and C

represents the Wilson coefficients at energy scale p [4}25,[26].
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When considering QCD corrections the H., ¢ takes the form:

4G
Heyy = E Vi VL [Cr() Or + Ca(p) O, (2.4)

V2

O1 = (dayuL up)(@sy"L by),

Oy = (doavuL us) ("L bg),

with « and 3 being the color indices. The Wilson coefficients give short distance effects (above 1)
while the matrix elements of the operators deals with the long distance effects (below p).

The method described above is called operator product expansion (OPE) which was first put for-
ward by Wilson in 1969. OPE is important for weak decays. The important feature of this method

is the factorization of short- and long distance contributions, as discussed above.

As we have already mentioned, this thesis focusses on the two exclusive decay processes By — K*[11~
and B, — ¢lt1~. We now discuss the relevant part of the effective Hamiltonian for these pro-
cesses. At quark level these processes are described by the transition b — s/™1~, which is described

in SM as:
Hf = ——Ath (2.5)
Whit G as Fermi constant, \; = V;, V%, C;(11) are the Wilson coefficients(short-distance contri-

butions) and the O;(u) are the operators(long distance contribution) and y is the effective limit.

These above operators can explicitly written as [27];

Current-Current Operators

Or = (Sitg)y_,(udi)y_4 (2.6)
Oy = (Su)y_4(@d)y_y,
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QCD-Penguins Operators

Oy = (3d)y_4 Y ([@0)v-a 2.7)
Oy = (5idj)y_4 Z(Q_j%)v—A
Os = (3d)y_4 Z(QQ)VJFA

Os = (S_idj)V_AZ(q_jQi)VJrA
q

Electroweak-Penguins Operators

3
O; = §(§d>V—AZ€q(QQ)V+A (2.8)

q

3, _
Os = 5(32 j)V_Azeq(QjQi)V—i-A

q

3 _ _
Oy = §(Sd)vaZ€q(QQ)V+A

q
3. _
O = §(Sidj)V—AZ€q(qui)V*A
q

Magnetic-Penguins Operators

Or = —5my5 o™ (1+75) b F™ 9
82
Osc = 8% my 5; o (1+15) T b; Gy

Here F** and G, are photon and gluon field strength tensors, 7;; are the generators of the SU(3)

group; 1,j denotes the color indices.
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Semi-Leptonic Operators

Qrv = (5d)y_a (ee)y (2.10)
Qra = (5d)_a) (Ee)4

Qov = (bs)(y_a) (B)y

Quoa = (bs) s (2e) 5

Qrv) = (5d)y 4 (V) _
Qi) = (5d)_a) (B1) v _a

where V = 7* and A = y#~°.

In terms of the above Hamiltonian in equation (2.3) , for B — V It I7(; V = K* or ¢) the

amplitude is :

_ GFOé

2\/57?

+Cro{V[37"(1 — 5)b| B)) I*~5l

2mB
q2

Msy(B—=VITIT) = Vi Vi [ CET (V [5y7(1 — ~5)b| B 1#1

CH (V510" g, (1 + 75)b| B) 141 ]. 2.11)

The Wilson coefficient ('} is not normalized under QCD corrections and is independent of energy

scale i.e. not function of j. The effective Wilson coefficient Cgef f () is:

CT () = Colp) + Yop(z,8) + Yin(z, ), 2.12)
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with z = m./m;, and s = ¢*/m?. The Ysp(z,s') and Y. p(z,s’) describe the short distance
and long distance contribution respectively. The mathematical expressions for Ysp(z,s') and

Yip(z,s') are:

Yop(z,8') = h(z,¢)BC (1) + Ca(p) + 3Cs(p) + Ca(p) + 3C5(1) + Co(p)) (2.13)

—%h(l, s")(4C3(n) +4C4 () + 3C5(p) + Co(p))

— S (0,)(Cs(1) + BCa(1)) + £ (BCs(s) + Calre) + 3Cs(1) + Co(1),

and
3 T(V; — I*17)
Y, N = L0 k; ! 2.14
LD(% S ) a2 V;pi m%/l —_ S,mg — Zm%F% ) ( )
with C© = 3Cy + Cy + 3C5 + Cy + 3C5 + C.
The Wilson coefficient C<// is:
CeH (1) = Crlp) + o (), (2.15)
2
Chpn(p) = ias[§7714/23(G1(a:t) — 0.1687) — 0.03C5 ()],
z(z? =52 —2)  322In*(x
Gy~ ) )
8(z —1) 4(x —1)

with 1 = o, (my) /e, (1), @ = m/m3 .

The matrix elements, (V'|O;|B), in amplitude can be calculated by many ways. For Wards Identi-
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ties the martix elements and form

(V(k,e)[VH|B(p) =

(V(k,e)|A%|B(p)) =

factors are related as, [S]];

A0 V() (2.16)
mpg -+ my vlePp Y\ '
A 2\ 5*-(] k " A 2\
(mp +my)e™Ai(q7) Pp— —l—mv( + p)" As(q”)

—2my ————
mp+my q

2.17)

Where V# = uy#b, A* = uy*~°b, and

+ my mp — my
As(q?) = BT A () — Ay(g? 2.1
3(¢7) ST 1(¢%) S 2(q%) (2.18)
where A3(0) = Ay(0)

(V(k,e)|uio" q,b|B(p)) = —ia"”aﬁsik‘angl(qQ) (2.19)
V (k,2)[Tic @bl B) = [md —md)e* — () (k+p) B+ (220)

with 7, (0) = 2F5(0).

Putting these matrix elements in e

Mb—=sltlm) =

™ =
=
=

quation (2.11) and separating the Iv*{ and [y*~°] terms we get,

Gf.a — _

— L VL VAT + (TH) NP1 2.21

zﬁﬁtbts[(l)V (2)77] ( )
(2.22)

T s i=1,2

2i X1 P kops + Xag'q” — X3g™ + Xa(p + k)q” (2.23)

2i X5e" P kaps + Xeq'q” — X7g™ + Xs(p + k)*q” (2.24)
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Where

Now as |M|? =

s V(@) effTMB (o

= Gl IR (2.25)
Ceff

= 52 [(=2my ) Ao(q®) + (mp + myv)A1(¢°) — (mp — my) As(¢?)]

2mB
- ?ff—g 3(612)

e 2m (&
= M (mp +mv)Ai(q?) + —52C5T T (my — mi) Fa(q?)
As(q?) 2mB q*
— Ceff 2 Ceff Ful(d?
mn e T (£ (q)+mQB+mc€ 5(¢7)]
V 2
_ ¢ D)
mp + my
Cho

= 12 Ao(a®) + (v + mp)As(g®) = (s — my) Ax(”)]

= Chio(my + mB)Al(CI )
Cho

S
my + mp 1( )

MM so,

GfOé)\t
2\/§7r

+TET (Tyysl) (T D)+ TETE (T,50) (s ) ]

M2 = ( VT () ()t + TETS (1yd) (Tyysl)| (2.26)

(2.27)

GfOé)\t s v -
LB () () + Hi () (sl

+HLY (s (I )T 4+ HE (1,50 (T s D),

(M = (

where A, = V;, V% and HY = T/T}" [28).
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Now as,

() ()t = e[y (pr — mu) 7y (ps* + my)]

(17ud) (I s

(vuys) (Tl

so therefore,

> Imp =

pol

> =

pol

b= —trly"(pr" — mu) s (ps + )]
Fo= —triy s (p — mu) v (ps + my)]

)

s (st = trly ys(pr — mu)yys(ps + mu)]
)
)

[Hi tr[y" (pr — 1)y (ps” + )

+H52V'tr[7”’75(p{” — ml)%%(p{” +my)
—H{5 tr[y" (pr* — my) s (pst + my)
—Hé‘f.tr[y’*%(p{‘ - ml)%(pﬁ” +my)]

[HY A(= g (m? 4 pr.p1) + VD% + phpY)
+H5 A9 (m} — pr.pr) + pips + phpY)

+Hfzy-4(i5uuaﬂp?p§) + H51V-4<i5uvaﬁp?pg>]

2 2
y q° —2m
ALHYY (=L (m} + =) + L)
2 2
y q° —2m
+HE (L) (mif = =) + L))
+(HY + HY)LE)]
v v 1 v v
4[LEL1V)(H{L;[ + Hyy') — §LL (g ZHﬁ (q2 - 4m12)H52)

+LO)(HY + HEY)J.
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(2.29)
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We have defined hadron and lepton tensors as [28]];

LW

1%

L®)

j1%

LB

uv

H

)

PiuPov + P2uPiv,
Guv
iepuaﬁp(lxpga

vi
T/T

These tensors can be solved, as given in the following sections.

2.1.1 Hadronic part

The hadronic tensor in terms of helicity basis £™(m) as,

HW

m

HY

Where T,Si) = ¢l (n)T,Ef,) ; €” 1s the polarization vector of the V. meson (V = K*, ¢);m,n =

gw(m)TlEi)

gfr (m)eT”(n)Tﬁ

are the longitudinal, transverse and time components ; and ¢ = 1, 2.

The helicity components of polarization vector reads as;

0,41, -4,0)
) , — 1,
V2
1
—(|k[,0,0, —F
mV(| |v y Uy V)
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(2.34)

07 :l:7 t?

(2.35)
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and in the B meson rest frame i.e

the polarization vectors reads as

where | K| =

2mB

P'LL = (mBaoa()?O)

k' = (B 0,0, |k])
qu = (q0a0707_|k|)
1
6u<t) - <QO70707|]€D
G
) = —=(0.F1,-i,0)
V2
1
8#(0) = (|k|70707q0)
V7

;A= /mE+mi + ¢t —

so using equation (2.34) we have,

20|k [*(q0 — Ev)Xa + (|E|* + qoBv) X3

mv\/_

+Ik‘| (qo(mp + 2Ey) — ¢& —

mv\/_

R (go(mp + 2By) — @@ —

Ey(mp+ Ev))X4]

2q0|k[* (g0 — Bv) X6 + (|kI* + qoEv) X~
Ev(mp + Ev))Xs]
—i|klmpX; + X3

—ilk|mpXs + Xs

ilklmpX1 + X3

Z|]{Z|’I’I’LBX5 + X7

37

2(mEZmi + miq® + myq?) and By =

(2.37)

(2.38)

2 2 2
mB+mV—q

2mp

(2.39)

(2.40)

(2.41)
(2.42)
(2.43)
(2.44)



These are the components of hadronic tensor, The subscripts £, 0 denotes the transverse and lon-

gitudinal helicity components, respectively.

2.1.2 Leptonic part
For the leptonic tensors L,(ﬁ,) (in [[-CM frame we can write,

@ = (V& ﬁ) (2.45)
Py = (E, |p1]sin@, 0, |p1]cosh)

vy = (E;, — |pi|sinf, 0, — |p1|cos®)

with E; = \/¢?/2 and |p;| = \/q* — 4m? /2 and the polarization vectors in [/—CM frame are;

¢(0) = (0,0,0,1)

e(t) = (1,0,0,0)

38



Hence by using the this information of polarization of vectors and lepton kinematics we have

calculated the following lepton tensor components;

—2|p1]*cos? 0

1

0

E} — |p1|?sin® 0
-1

— 2E)|p1| cos b

Ef

-1

2E)|p1| cos b

(2.47)
(2.48)
(2.49)
(2.50)
(2.51)
(2.52)
(2.53)
(2.54)
(2.55)

We have ignored the time component for both leptonic and hadronic tensors. Now by using these

leptonic tensor components the hadronic tensor components and the matrix elements, we can write

our amplitude M of equation (2.11). Now we are in a position to write our decay distribution.

2.2 Differential decay rate

We can write differential decay rate in terms of helicity amplitude, which is:

Er G al

LA

dg*dcosf (27r)3( 27 )

1 v v v v
—SLO(PHY + (¢ — 4m)HE) + L. (Hl + HE)),

2

uv

1 v v
Sm? X 5[[/( ) (H{y + Hjy)

(2.56)

|k| is the momentum of vector meson, given in the rest frame of B meson and 3, = /1 — 4m?/¢>.

After integration over cos # and putting the values of the leptonic and hadronic tensor components
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(calculated in above section) L) (m,n) and H" (m, n), respectively, we get;

dl'(B —»VItl")  G% <oz|)\t|)2/\1/2q2
dq? (273 27 7 48M3
HHAH? (1 — 4mi /%)),

BIIH H' (1 + 4mi [¢?)

where m; is the lepton mass and
H'H" = H H! + H H' + H H].

dr’

(2.57)

(2.58)

We will use decay rate iz to calculate the branching fractions for the decays B; — K*I™1~ and

B, — ¢l"l™ in next chapter.
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Chapter 3

B — V Exclusive transition form-factors

and applications

This chapter deals with the transition form factors and its applications for B — Vutu~ (V =
K™, ¢) decays and its applications. More precisely we discuss the calculations of form factors of
the said decays using experimental constraints, relate them through Wards Identities and extrap-
olate these form factors over whole physical region within the general vector meson dominance
model. These form factors are then compared with other approaches existing in literature such as

LCSR and LQCD.

3.1 Form factors and Wards Identities

The transition form-factors are the major hadronic uncertainties in the decays. There are many
approaches to calculate these form-factors. We have used form-factors from Wards Identities (W.1.)
[S], Lattice QCD (LQCD) [7] and Light Cone Sum Rules (LCSR) [6] approaches.

In the case of B — Vutu~ (V = K*, ¢) decays, there are seven form-factors [4} 5], which are

given in equation (2.16)-(2.20). These form-factors can be related with each other using Wards

41



Identities [5,29] as given below,

(V(k,e)[s0"q,blB(p)) = —(ms+ms)(V(k, e)|sy"b|B(p)) 3.1)

(V(k,e)[sa"" a0l B(p)) = (my —my)(V(k,e)[57"75b| B(p))

Using matrix elements in Wards Identity equations we can relate the transition form-factors as :

F(¢®) = HV(QQ) (3.2)

Fy(q?) = Hm(q% (3.3)
2M

Fiy(¢®) = — qQvaz)(mb—ms)[Ag(q?)—Ao<q2>] (3.4)

These form-factors F(q?), F»(q?), F3(¢*) are model independent.The form-factors V' (¢?),
A(¢?) , As(d?), Fi(q?), Fx(q?), F3(q?) can be written as;

F(®) = g94(¢°) — ¢*h(d®) (3.5)
2
B(g*) = g+(¢) + mg(f)
F(q®) = —g-(¢*) — (M5 — MP)h(g?),
(3.6)
and
Mp + M
V) = S e) - ()] G3.7)
o _ Mp— My 2 q° 2
Ai(q”) = pe— l9+(q7) + 72 _Mag—(q )]
Mg — M oM
As(q®) = me — mv l9+(¢°) — ¢*h(¢®)] - T _VMVAo(QQ)

The V(¢?), A1(q?), F1(¢%), F2(¢*) can be parameterized at ¢*> = 0 by g, (0) whereas Ay(q*) and
Ay (q?) is expressed in terms of g, (0) and Agy(0).
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The decay rate in terms of ¢, (0) is written as [30]:

2
G%0em

. ME 5
LR Ve P MG (L — IO Pl (0) (3:8)

(B — V) -3
B

The branching ratios of B; — K*vyand By — ¢y have following experimental values [30].

Br(B; — K*y) = (4.33£0.15) x 107° (3.9)

Br(B, — ¢7) = (3.64+0.4)x107°

Using these branching ratios the extracted values of g (0) are [4]:

9+(0)(Ba — K*) = 0.3652005, (3.10)

9+(0)(Bs = ¢) = 0335705,

By using these ¢ (0) we can find the value of Ay(0) [5] as;

1— M2/M% My
0).
1+ MZ /M2 + Mv)g+< )

Ap(0) = ( (3.11)

The form-factors from Wards Identities do not work for the whole region of ¢%. So in that case we
have to apply some parameterizations between ¢> = 0 and near the pole. Such a parameterization

is given below [3]:

F(¢*) =

FO) — (3.12)

(1 —q*/M?)(1 = ¢*/M?)

where M is Mp-(17) or Mp+(1%) and M is the radial excitation of M. This parameterization
incorporates the correction to the single-pole-dominance and also helps to determine the coupling

constant of B* or B [31]].
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By using the above parameterization we can write the transition form-factors as [3]:

V(0)
Vig®) = , 3.13
)= G- pnpa - enn) G19
2 A1(0) ¢’
S T N (T AR T R
M) = As(0) oMy Ao(0)
(1—q*/M,)(1 —q*/Mg.) Mg — My (1—¢*/M)(1—q*/Mg)’
where A,(0) is defined as
. My — M
Aa(0) = S —g4(0). (3.14)
(3.15)

3.1.1 Analysisfor B — Vutu~

A comparison of form-factors for By — K*u*pu~ is presented in figure 3.1 The numerical
P P g

results are given in table [3.1]

1% A, A, V(‘ggrm,m) A1(ghas) | A2(dmaz)
(0) A1(0) As(0)
Ward Identities 0.457(2.692) | 0.343(0.585) | 0.343(0.977) || 5.890 1.705 2.848
Light Cone Sum Rules || 0.377(1.84) | 0.295(0.593) | 0.283(0.425) || 4.880 2.010 1.502
Lattice QCD 0.330(1.910) | 0.310(0.630) | 0.240(0.420) || 5.788 2.032 1.750

Table 3.1: Different form-factors for By — K*uTu~ at ¢> = 0 and ¢*> = ¢2,,, in different
approaches. The first valve is for ¢*> = 0 and the value in parenthesis is for ¢*> = ¢?,,,. Also ratio
of form-factors at ¢> = 0 and ¢> = ¢2,,, is presented in last columns.

In By — K*u™u~ the form factor V(¢?) curves are parallel to each other at low and high ¢* for
LCSR and LQCD approaches . For Wards Identities, below 10Gev? the trend is same as LCSR

and LQCD but above 10Gev? the curve increases sharply. In case of A; trends are same for all
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Figure 3.1: Comparison of form-factors for By — K*u*p~. Red line-for Wards Identities (W.1.),
blue line- for LCSR and green line-for LQCD results.

three aproaches. For A, LCSR parallels the LQCD while below 10Gev? curve of WI, LCSR and

LQCD behave alike and above 10Gev? WI curve increases with larger slope. These differences for

different approaches are more clearly given numerically in Table3.1]

v A A | W | St | Sl
Ward Identities 0.428(2.155) | 0.306(0.498) | 0.295(0.504) || 5.035 1.627 4.624
Light Cone Sum Rules || 0.412(1.770) | 0.320(0.622) | 0.271(0.364) || 4.296 1.944 1.343
Lattice QCD 0.280(1.714) | 0.301(0.602) | 0.250(0.371) || 6.121 2.011 1.480

Table 3.2: Different form-factors for B — ¢u™u~ at ¢*> = 0 and ¢* = ¢2,,,. The first valve is for
q* = 0 and the value in parenthesis is for ¢* = ¢2,,.

For B — ¢u*pu~ form-factors are compared in ﬁgur and the numerical data is presented in
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Figure 3.2: A comparison of form-factors for B — o¢u*pu.

Identities (W.L.), blue line- for LCSR and green line for LQCD results.

tablIn case of V(¢?) the trend of curves for WI, LCSR and LQCD approaches is same below
10Gev? while above 10Gev? this trend differed slightly. For A;(q?), below 15Gev?, the curve of
WI form-factors have same trend as of LCSR and LQCD form-factors and above 15Gev? trend of
W1 have a slight decrease in slope. In case of A5(g?) below15Gev? all three approaches have same

increasing trend while above 15Gev? WI differes slightly with more positive slope. The numerical

values of form-factors are given in detail in table3.2]

3.2 Application of transition form-factors

In the following section we present and discuss the branching ratio. We will use form-factors from

different approaches (WI, LCSR, LQCD) to calculate this observable.
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3.2.1 Analysis for Branching Fractions (Br)

Branching ratio is the ratio of decay width of a particular mode of decay to the full decay. For B

meson decaying into a vector meson V and a lepton pair, we can write;

(B T
gy - LB Vuu)

1—‘tmf
The differential branching fraction is,
dBr 1 dl'(B — VItl™)
dq? B Lot dq? ’

where V' = K*or ¢ meson and value of (‘1171; is given in equation We have used Wards Iden-
tities (W.1.), Light Cone Sum Rules (LCSR) and Lattice QCD (LQCD) form-factors to calculate

branching fractions. A comparison is given in The numerical results for B — Vyutu~ is

given in Table3.3]

In case of B; — K*u"p~ the branching ratios obtained with WI, LCSR and LQCD form-
factors are close to the experimental value. The calculated numerical results for the said decays
agree with PDG averages. As we have no error estimates in case of LCSR and LQCD so we can
not comment in that cases. In case of Lattice QCD branching ratios are comparatively larger. This

is due to reason that LQCD does not produce more rising form-factors and hence may not explain

VMD behavior.
Similarly in case of By — ¢utp~ decay, values of LCSR and LQCD are larger. In case of Wards

Identities as we have separate values of g, (0) for both decays but with a small difference. So the

functional form of the V' (¢?), A1(q?), A2(q*) form-factors for both the decays is nearly same. As
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| | Br(Bs - K*u"p) | Br(B, — ¢ptp ) |

Ward Identities (1.38 £0.20) x 107% | (1.24 +0.14) x 1075
Light Cone Sum Rules 1.22 x 1076 1.62 x 1076
Lattice QCD 1.89 x 107 1.71 x 107°
PDG [9] (1.06 £ 0.09) x 107 | (7.6 £1.5) x 107©

Table 3.3: Numarical values of branching ratios for semileptonic decays B — V™t u™ in different

form factor approaches and PDG

the difference is minor so we do not expect too much different branching ratios.

=
—1 )

dBr -
dg”

Figure 3.3: Differential branching fraction for B — K*up~ (on left panel) and B — ¢u™ ™
(on right panel). The branching fractions for WI, LCSR and LQCD form-factors are plotted as

gray, blue, and red curves, respectively.
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Chapter I

Conclusion

In this dissertation we analyze the transition form factors for By — K*I*l~ and B, — ¢lT1~
by analyzing Ward Identities to determine their value at ¢> = 0 and then extrapolated them in a
general VDM to large ¢ values. Furthermore, these form factors are used to calculate the physical
observable such as branching fraction for the decays B; — K*I*l~ and By — ¢l*l~ and com-
pared them to those obtained with form factors of corresponding LQCD, LCSR and experimental
values of the branching ratios for the said decay.

We started our thesis with the introduction of Standard Model from group theoretical point of view
and discussed its limitations. We gave highlights of this model and gave some calculations of the
gauge group of electroweak interactions. Then we described briefly the Spontaneous Symmetry
Breaking (SSB) and the GIM-mechanism and CKM-matrics.

In chapter two we gave theoretical framework of exclusive B-meson decays. We gave some details
of effective Hamiltonian, its operators and Wilson coefficients. We wrote amplitude of these de-
cays in the helicity basis and then used it in the differential decay distribution of these processes.
In third chapter we discussed form factors and Wards Identities briefly, and compared its results
with the other approaches, like Light Cone Sum Rules and Lattice QCD. The form factors for
By — K*I"1~ are discussed below and above the 10Gev?. Similarly for By — ¢l*1~ compari-
son is made for below the 15Gev? and above the 15Gev?. Finally the branching fraction of both

By — K*ITl~ and B, — ¢l™1™ is calculated from these form factors and comparison for both de-

49



cays is given for Light Cone Sum Rules, Lattice QCD and Wards Identities. For By — K*["[~ the

trend of curves is more closer to each other for all approaches as compared with the B, — ¢l 71~

50



Bibliography

[1] S. L. Glashow, J. Iliopoulos, and L. Maiani, “Weak interactions with lepton-hadron symme-

try,” Physical review D, vol. 2, no. 7, p. 1285, 1970.

[2] R. Ammar, S. Ball, P. Baringer, D. Coppage, N. Copty, R. Davis, N. Hancock, M. Kelly,
N. Kwak, H. Lam, ef al., “Evidence for penguin-diagram decays: First observation of bAES

k*(892) ~,” Physical Review Letters, vol. 71, no. 5, p. 674, 1993.

[3] M. Alam, I. Kim, Z. Ling, A. Mahmood, J. O’Neill, H. Severini, C. Sun, F. Wappler, G. Craw-
ford, C. Daubenmier, ef al., “First measurement of the rate for the inclusive radiative penguin

decay bﬁE§ s 7,” Physical Review Letters, vol. 74, no. 15, p. 2885, 1995.

[4] M. A. Paracha, B. El-Bennich, M. J. Aslam, and I. Ahmed, “Ward identities,b — v transition
form factors and applications,” in Journal of Physics: Conference Series, vol. 630, p. 012050,

IOP Publishing, 2015.
[5] A. Hussain, S. Gilani, and T. Al-aithan, “Ward identities, b— p form factors and |v,,|,” 2003.

[6] A.Bharucha, D. M. Straub, and R. Zwicky, “b —wvl, [_in the standard model from light-cone
sum rules,” Journal of High Energy Physics, vol. 2016, no. 8, p. 98, 2016.

[7] R. R. Horgan, Z. Liu, S. Meinel, and M. Wingate, “Lattice qcd calculation of form factors
describing the rare decays bk * + — and bs ¢ ADS+ 4DS-,” Physical Review D, vol. 89, no. 9,
p- 094501, 2014.

51



[8] R. Aaij, B. Adeva, M. Adinolfi, C. Adrover, A. Affolder, Z. Ajaltouni, J. Albrecht, F. Alessio,
M. Alexander, G. Alkhazov, et al., “Measurement of vO production ratios in pp collisions

at\sqrt {s}= 0.9 and 7 tev,” Journal of High Energy Physics, vol. 2011, no. 8, p. 34, 2011.

[9] K. A. Olive, P. D. Group, et al., “Review of particle physics,” Chinese physics C, vol. 38,
no. 9, p. 090001, 2014.

[10] S. L. Glashow, “Partial-symmetries of weak interactions,” Nuclear Physics, vol. 22, no. 4,

pp. 579-588, 1961.

[11] M. Gell-Mann, “Symmetries of baryons and mesons,” Physical Review, vol. 125, no. 3,

p. 1067, 1962.
[12] S. Weinberg, “A model of leptons,” Physical review letters, vol. 19, no. 21, p. 1264, 1967.

[13] H. Fritzsch, M. Gell-Mann, and H. Leutwyler, “Advantages of the color octet gluon picture,”
Physics Letters B, vol. 47, no. 4, pp. 365-368, 1973.

[14] J. Taylor, “Ward identities and charge renormalization of the yang-mills field,” Nuclear

Physics B, vol. 33, no. 2, pp. 436444, 1971.

[15] F. Hasert, S. Kabe, W. Krenz, J. Von Krogh, D. Lanske, J. Morfin, K. Schultze, H. Weerts,
G. Bertrand-Coremans, J. Sacton, et al., “Observation of neutrino-like interactions without
muon or electron in the gargamelle neutrino experiment,” Physics letters B, vol. 46, no. 1,

pp. 138-140, 1973.

[16] A. Benvenuti, D. Cline, W. Ford, R. Imlay, T. Ling, A. Mann, F. Messing, R. Piccioni,
J. Pilcher, D. Reeder, et al., “Measurements of neutrino and antineutrino cross sections at

high energies,” Physical Review Letters, vol. 32, no. 3, p. 125, 1974.

[17] S. Barish, Y. Cho, M. Derrick, L. Hyman, J. Rest, P. Schreiner, R. Singer, R. Smith, H. Yuta,
D. Koetke, et al., “Observation of single-pion production by a weak neutral current,” Physical

Review Letters, vol. 33, no. 7, p. 448, 1974.

52



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

G. Arnison, A. Astbury, B. Aubert, C. Bacci, G. Bauer, A. Bezaguet, R. Bock, T. Bowcock,
M. Calvetti, P. Catz, et al., “Experimental observation of lepton pairs of invariant mass around

95 gev/c2 at the cern sps collider,” Physics Letters B, vol. 126, no. 5, pp. 398—410, 1983.

P. Bagnaia, M. Banner, R. Battiston, P. Bloch, F. Bonaudi, K. Borer, M. Borghini, J.-C.
Chollet, A. Clark, C. Conta, et al., “Evidence for zOﬁE‘S e+ e- at the cern pp collider,” Physics
Letters B, vol. 129, no. 1-2, pp. 130-140, 1983.

F. Abe, H. Akimoto, A. Akopian, M. Albrow, S. Amendolia, D. Amidei, J. Antos, C. Anway-
Wiese, S. Aota, G. Apollinari, et al., “Observation of top quark production in p p collisions

with the collider detector at fermilab,” Physical review letters, vol. 74, no. 14, p. 2626, 1995.

U. Amaldi, A. Bohm, L. Durkin, P. Langacker, A. K. Mann, W. J. Marciano, A. Sirlin, and
H. Williams, “Comprehensive analysis of data pertaining to the weak neutral current and the

intermediate-vector-boson masses,” Physical Review D, vol. 36, no. 5, p. 1385, 1987.

G. Costa, J. Ellis, G. Fogli, D. Nanopoulos, and F. Zwirner, “Neutral currents within beyond
the standard model,” Nuclear Physics B, vol. 297, no. 2, pp. 244-286, 1988.

R. Assmann, L. E. W. Group, et al., “Calibration of centre-of-mass energies at lep1 for precise
measurements of z properties,” The European Physical Journal C-Particles and Fields, vol. 6,

no. 2, pp. 187-223, 1999.

L.-L. Chau and W.-Y. Keung, “Comments on the parametrization of the kobayashi-maskawa

matrix,” Physical Review Letters, vol. 53, no. 19, p. 1802, 1984.

L. Wolfenstein, ‘“Parametrization of the kobayashi-maskawa matrix,” Physical Review Let-

ters, vol. 51, no. 21, p. 1945, 1983.

T. Goto, Y. Okada, Y. Shimizu, and M. Tanaka, “bﬁEg sl 1in the minimal supergravity model,”
Physical Review D, vol. 55, no. 7, p. 4273, 1997.

G. Buchalla, A. J. Buras, and M. E. Lautenbacher, “Weak decays beyond leading logarithms,”
Reviews of Modern Physics, vol. 68, no. 4, p. 1125, 1996.

53



[28] S. Dubnicka, A. Z. Dubnickova, N. Habyl, M. A. Ivanov, A. Liptaj, and G. S. Nurbakova,
“Decay {B\to K™\ast (\to K\pi)\ell"{+}\ell"{-}} in covariant quark model,” Few-Body Sys-
tems, vol. 57, no. 2, pp. 121-143, 2016.

[29] C. Dominguez and N. Paver, “ExclusivebaES s rare decays of beauty,” Zeitschrift fiir Physik
C Farticles and Fields, vol. 48, no. 1, pp. 55-63, 1990.

[30] M. J. Aslam et al., “Branching ratio for b — k1 -y decay in next-to-leading order in the large

energy effective theory,” Physical Review D, vol. 72, no. 9, p. 094019, 2005.

[31] M. S. Khan, M. J. Aslam, A. H. S. Gilani, et al., “Form factors and branching ratio for the
blv~y decay,” The European Physical Journal C, vol. 49, no. 3, pp. 665-674, 2007.

54



	Contents
	List of Figures
	List of Tables
	 Introduction
	Standard Model Highlights
	Overview of SM

	The Gauge Group of Electroweak Interactions
	Gauge group SU(2)L
	Gauge group U(1)Y
	SU(2)L U(1)Y

	Higgs field and spontaneous symmetry breaking
	Boson Masses
	Fermion masses
	GIM Mechanism and CKM matrix


	The Theoretical Framework for Exclusive B-Meson Decays
	Effective Hamiltonian
	Hadronic part
	Leptonic part

	Differential decay rate 

	BV Exclusive transition form-factors and applications
	Form factors and Wards Identities
	Analysis for B  V+- 

	Application of transition form-factors
	Analysis for Branching Fractions (Br)


	Conclusion
	Bibliography

