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Abstract

The semileptonic B—K7(1270,1400)u* = decay has been analyzed in the famework
of the Standard Model. The final state meson K;(1270) and K;(1400) are the mix-
tures of the K;4 and K;p, which are the ' P, and 3P, state with mixing angle 0x,. In
this regard, various observables such as branching ratio BR, forward-backward asym-
metry Agpg, Longitudinal helicity Fraction f; and ratio of final state meson K;(1400)
to K1(1270), R,(K;) = B(B—K;(1400)u"p~) / B(B—K;1(1270)p* po~) have been in-
vestigated. To investigate the said observables we have used light cone QCD sum rules
and the values of mixing angle are 6 = —34°, —45°, —57°. It is found that the physi-
cal observables under consideration are sensitive to the mixing angle 0, for the decay
B—K;(1400)u* 1~ and almost insensitive for the decay B—K;(1270)u*p~. Tt is also
found that the said decays are sensitive to the ratio R, (/). Hence the ratio R, (K;)
is useful to determine 0k, and complement for other observables to test SM patame-

ters and to probe the structure of NP.
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Chapter 1

Introduction

The Standard model (SM) of paticle physics [1, 2, 3| is a theory describing three funda-
mental forces, the strong nuclear force, weak nuclear force and electromagnetic force.
Though SM is successful theory, as it is consisteant with current experimental data

with great precision.

Despite its many successes, it has some theoretical limitations which hinder its sta-

tus as a fundamental theory. These limitations are as follows:

e In SM the Neutrinos are massless but the experiments have shown that neutrinos

have mass.

Why the gravity is not incorporated?

Why is the electroweak scale so small (hierarchy problem)?

What is the origin of the mass patterns among the fermions?

Why only the three generations of quarks and leptons?

These limitations indicates that there is physics beyond the SM. In literature many
physics beyond the SM has been stidied such as 2HDM, Extralim Model, leptoquark
Models, Z’ Models and many more.

In this thesis we work extensively in the frame work of SM, particularly in flavor sector.



In flavor physics the ideal laboratory system is B meson, which impart a window pane
to investigate the physics in the SM as well as beyond the SM.

B-physics started in 1977 with the result of a dimuon resonance at 9.5 GeV in 400
GeV proton-nucleon collision at Fermilab [4] and was named Y resonances, its quark
content is bb. The dedicated B-factories Babar [5] and Belle [6] started working in 1999
and added a large amount of data to the results of CLEO [7], CERN |[8] and Fermi
lab experiments [9]. The recent experiment such as Large Hadron collider (LHC) will
not only offer a good testing ground to study the SM with great precision but also
to investigate the new physics (NP) effects through the deviations of measured ob-

servables from SM values.

In SM the interactions of quarks flavor involves the conversion of certain flavors
from one flavor to another. In the SM the flavor symmetry is exact at tree level and
its violation at loop level is very small. Such processes in the flavor sector are rare
B-meson decays. Rare B decays are mediated through flavor changing neutral current
transitions (FCNC), which are induced only at loop level through Glashow-Iliopoulos-
Maiani (GIM) mechanism [10] in the SM. These FCNC transitions are a suitable tool
to study the physics within and beyond the SM. Furthermore in SM these are also sup-
pressed because of their dependence on the weak mixing angles of the quark-flavor ro-
tation matrix the Cabibbo-Kobayashi-Maskawa (CKM) matrix. These two conditions
make the FCNC decays relatively rare.

The experimental examination of the inclusive and exclusive decay B—K*vy and
B — Xy has promoted a great theoretical interest in rare B meson decays [11, 12].
The inclusive decays are theoretically better understood but are challenging to study
experimentally. In contrast, the exclusive decays are easier to discover experimentally
but difficult to calculate theoretically; and the difficulty lies in describing the hadronic
structure, which involves non-perturbative physics and provides the main uncertainty
in the predictions of exclusive rare decays. In case of exclusive decays any reliable ex-
traction of the short distance effects are encrypted in Wilson coefficents of the effective
Hamiltonian provide a precise separation of the long distance contributions [13, 14],

that should be known with high accuracy. The long-distance effects in the meson



transition amplitude of the effective Hamiltonian are encoded in the meson transition
form factors which are the functions of square of momentum transfer and are model

dependent quantities.

The exclusive rare semileptonic and rare radiative decays of B meson such as B—~I[ ™1~
[15, 16], B—K (K*)ITl~ [17, 18,19, 20, 21, 22, 23] and B—¢l™1~ [24] decays based upon
b—s(d)I"l~ have been studied in litrature using the frameworks of constituent quark
model, Light cone QCD sum rules to express the meson transition form factors. Out
of these the exclusive semileptonic decay B — K*ITl~ that governed by the quark-
level transition b — slTl™ is one of the most interesting processes, which has got
a great attention, experimentally as well as theoretically [25]. The exploration of
physics with in the SM through various inclusive B meson decays like B— X 42/T1~ and
their corresponding exclusive processes, B—MI"l~ with M = K, K* K1, p etc have
been completely set on phenomenology in literature by the numerical values of Wilson
coefficients of only three operators evaluated at the scale u ~ m,;. These studies showed
that the above mentioned inclusive and exclusive decays of B meson are very sensitive
to the flavor structure of the SM and impart a raindrop for any NP model. The FCNC
decay modes like B—X,Tl~, B—+K*I*l~ and B—KI"l~ in particular involved observ-
ables which can distinguish between the various extensions of the SM.

The combined charged and neutral B meson Branching Ratio (BR) for B—Ku*pu~
by Belle [26] is given as,

B(B—Kpty) = 0.99+049+013 196

The observables like branching ratio (BR), forward-backward asymmetry (App)
and helicity fractions (f) of final state mesons for the semileptonic B decays are greatly
influenced with in and beyond the SM. Therefore, the precise measurement of these
observables will play an important role in the precision of SM. The purpose of this
thesis is to investigate the possibility of B—K7(1270,1400)I%]" in the SM at differ-
ent mixing angle 0k, using the above mentioned physical observables. The study

of these physical observables will provide a precision test of SM and NP when more

3



data will be available at LHC.

The Observables that mentioned as above have been studied extensively for quark
level decays b—s(d)i*l~. The K; meson in B decays has been observed in B —
J/Y Ky, B—Kjvy, and B— K¢ transition channels [27]. After Belle [28] has announced
the first measurment of B— K" (1270)7,

B(Bt—K;vy) = (4.28 £0.94 4+ 0.43) x 1077,

these radiative decays become a topic of supreme interest and we saw great theoreti-
cal progress in this regard. Like the B—K*(892)I1]~ [29], the studied has been made
of semileptonic B meson decay B— K;[*]~ with K an axial vector meson. The ax-
ial vector meson and vector meson is distinguished by the Dirac gamma structure of
decay amplitude (75) and some non perturbative parameters. In this context, our said
decay B—K1(1270,1400)u* 1~ is productive in phenomenology as the physical states
K1(1270) and K1(1400) are mixture of *P, and 'P, states K4 and K;p which is

obtain as,

|K1(1270)) = |Ky4)sinfg, + |K1p) cos Ok,
|K1<1400>> = |K1A> COS@K1 - |K1B> Sin¢9K1

In this thesis we will study the physical observables like branching ratio (BR), forward-
backward asymmetry (App) and longitudinal helicity fractions (fz) and branching
fractions R,(K;) = B(B—K;1(1400)u™p~) / B(B—K1(1270)u* ™) of final state me-
son K71(1270) and K;(1400) at different angle 0 = —34°, —45°, —57°. To study these
observables, we have used the Light Cone QCD sum rules form factors. It is ob-
served that the BR is suppressed for K1(1400) as a final state meson compared to
that of K'1(1270). The magnitude of the mixing angle 0, has been approximated
to be —34° < 0k, < —57° [30]. Previously from the study of 7— K;(1270)v, and
B—K1(1270)7 the 0k, has been set to be 0, = —(34 £+ 13)°, where minus sign re-
lated to the selected phase of |K14) and |K;5) [32].

This thesis is organize as :



In chapter 2 we will study flavor picture as well as some basics of SM particals and
their interactions such as the masses and coupling constants. This will help us to un-
derstand the flavor picture of SM.

In chapter 3 we will focus on the theoretical framework and tools that deals the flavor
physics. In the first section (3.1) we will briefly discuss the quark mixing matrix the
Cabbibo Kabayashe maskawa (CKM) matrix. Then we will discuss about weak decays
of hadrons in which we will write the Effective Hamiltonian that is the basic ingredient
of the effective theory and also for our considered process. In next section we will put
focus on general picture of the amplitude for the decays with the help of Effecetive
Hamiltonian, that will lead to understand the semileptonic B Meson transition from
B—K M.

In chapter 4 we will study the exclusive B— K7(1270,1400)u" = process that at quark
level is given as b—su™ ™, firstly we will write the effective hamiltonian to express the
amplitude in term of helicity, then we will put some focus on form factors and mixing
of the K(1270) and K;(1400) and at the end of chapter we will discuss the different
observables like BR, Arp and longitudinal helicity fractions (f7) and will study their
behaviour through graphs.

Finally we have to sum up our discussion with conclusion.



Chapter 2

Standard Model

The Standard Model (SM) of particle physics [1, 2, 3] comprises with the strong, weak,
and electromagnetic interactions that are based upon the gauge symmetry SU(3)¢c %
SU(2), x U(1)y leaving the gravitational force yet. The SM corresponds to a non
abelian guage principle. A gauge theory is a quantum field theory (QFT) that is based
upon the principle of the local gauge invarience or the gauge principle 33, 34, 35|.

2.1 Gauge Principle

The gauge principle give a process to transform Lagrangian, which is invariant accord-
ing to transformation of global symmetry of some non-abelian symmetry group SU(N)
into Lagrangian, which is therefore invariant according to local symmetry transforma-
tion or gauge invariant. Let Lagrangian £(®,0,®) is invariant under SU(N) global

symmetry transformation.
d(x) —» OP(x) = O '=0" (2.1)

Our motivation is to built a theory which is also invarient according to local SU(N)

transformation.
O(z) = " @OXP(z) 1 Ox) = e @X" (2.2)

The issue arises when the Lagrangian is no more locally invarience. In order to restore

the invariance in Lagrangian, one has to replace 9, with a covarient derivative D, that
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will transform like a field.

N N

Dy=0,—igh, = A,=XA (2.3

D,, transform as

Du&(x) — (D (x)) = O(x)(DuP()) (2.4)

g is term as coupling constant, A7 is used for the set of guage field and X% is generator

of symmetry group and follows the algebra as
(X, XP) =if*exe (2.5)

fee is structure constant. The transformation of A in order to prevent the guage

invariance is like

a a’ i a
AL — AL = O(:E)(;@u%—AM)OT(x) (2.6)
Ultimately by adding the kinetic term for gauge field: locally invariant term which rely
on A, and its derivative, but not on @, the field strength tensor F,, look like.
Fo, = 0,A% — 9,A% — gf " AL AC (2.7)

Now we will get the kinetic term which will be locally invarient by multiplying F},,

with F'*” and emerge in Lagrangian. the new £ will read as locally invariant.
1 v
L=L(D,D,P)— ZFWF“ (2.8)

We can extract the information regarding gauge field interactions by gauge principle

that stretched out a global to local symmetry.

2.2 Lagrangian for standard model

The general picture of the SM Lagrangian [3] is given as .

'CSM = 'Cgauge + 'Cfermion + 'Cyukawa + *Chiggs (29)

L gauge defines the guage symmetric group SU(3)c x SU(2)r, x U(1)y, Lermion is the

fermions sector, Ly yrqwe Presents the yukawa interactions and Lp,;445 is the higgs sector.

7



2.2.1 Gauge Symmetric Group

The field that arise from the guage symmetries are called guage field, the guage part
carry twelve guage fields depending on the guage group dimensions. The guage group
SU(3)¢ predicts the field that give rise the strong force QCD (Quantum Chromody-
namics) with the exchange of guage bosons are gluons. SU(2);, x U(1)y guage group
corresponds to the Glashow Weinberg Salam theory of electroweak interactions. The
corresponding particles to SU(2), are W+ and Z gauge boson in the SM. These parti-
cles are the vector bosons that act as the weak force carrier. U(1)y is a unitary group
deal with the electromagnetic force between the particles with the exchange of photon.
The right handed neutrino are neutral according to three gauge groups so they would
not added. The Lagrangian for gauge field section will look like.

1 1

. 4 1
Loosge =~ Clu G — TWi, W — 2B B" (2.10)

4
Where B,,, W/iy and wa are field strength tensor of electromagnetic, weak and strong
forces respectively, which are given as,
U(l)y = B,, =0,B, —0,B,
SU?2), — W, = 0,W, = 0,W,, + g'e?* W)W} (2.11)
SU3)c — wa =0,G!, — d,GZ + gsfijkGZLfo
The corresponding covariant derivatives D,, is given as,
D, =0, —i9.Y B,

O.Z

D, =0,—ig 5 W, (2.12)

T
D, =0, — ZgSEGu

In Eq.(2.11) GZ is associated with the SU(3)¢ color symmetry group where i=1,2,....8
shows the number of glouns. VV;L related to the SU(2);, weak isospin here i=1,2,3 tells
us about the three guage boson and B, associated with the U(1)y weak hypercharge.
€% and f¥* are the structure constant, g is the coupling constant which runs with the
energy scales, as g., ¢’ and g, are the coupling constants for electromagnetic interac-

tion, weak-isospin and strong interactions, respectively. The non abelian gluon field

8



strength tensor wa and field strength tensor for weak iso-spin Wﬁy have the extra term
which pointed toward the field self interaction in opposite of abelian electromagnetic
field tensor B,,. So the main difference between the non abelian and abelian field
strength tensor is the extra term that leads to the field self interaction in non abelian

field strength tensor and implies the asymptotic freedom in QCD.

2.2.2 fermionic part

Fermion set in three generations in standard model and each generation consist of
up(u) and down(d) type quark, charged lepton and corresponding neutrino. These
are further classified into right handed and left handed fermions which are siglets and

doublets respectively, with respect to SU(2), which are given as below.

SE 66
€L KL TL
(2.13)
i ur, cL tr,
o= () (1) ()

now the siglets are as fallow
€r = (er, 1R, TR)
up = (ur, Cr, tr) (2.14)

% = (dr, SR, bR)
In term of quarks and lepton field, the fermionic part of lagrangian can be expressed

as,
Lpermion = 1Ly DL LY +ih D yqh + i€ 1D el + iU P uy + idp P ydy, (2.15)
By defination ) = v, D" is a covariant derivative which explicitly acting on the fermion

fields given as,
Djf, = 0, — gV B — ig ZW™,
D, = 0 —ig Yy B! —ig W™ —ig, TG, (2.16)
DZR — aﬂ - ige}/eBu7
DgR = aﬂ - Z'geYaB” - Z.gsTiGmﬂ a=1u, d

9



o' represents the Pauli matrices the generator of SU(2), Y is hypercharge and 7° used

as the SU(3)c generators and associated to Gell Mann matrixes as 7 = 3.

Table 2.1

’ Spinor Field H Colour Weak Iso-spin Hypercharge ‘

qs 3 2 Y, =+1/3
u', 3 1 Y, =+4/3
di‘% 3 1 Yd:+1/3
LY 1 2 Y, =-1
et 1 1 Y. = -2

The weak interaction only subsist on lepton doublet and left quark in agreement to

weak interctions theory.

- ot [
Efermion = Z(uL’ dL)ﬂy“(au B ZQ(E)WN) <dj> ( )
2.17

o = 1 _ B 1 -
= Y, 0pur + 1dry,0udr, — §9UL%W# dp — EgdL%W:UL

The flavor changing of quarks from up to down and down to up is take place with the

exchange of W¥ gauge boson. This type of interaction is term as change curent.
1 _ _ 1 - n
ﬁcc = —EQUL’quH dL - §gdL'7,uWH ury, (218)

Till now all the gauge bosons, quarks and leptons are massless. In the next section we

will discuss the Higgs Mechanism which is responsible to give masses to these particles

2.2.3 Higgs Lagrangian

The higgs part of SM Lagrangian may introduce by additional complex scalar field in
an existing theory which has a hypercharge Y, = % and doublet as for SU(2).

_(o+) _ L [d1+ig9
= <¢o> G <¢3 +z’¢4> (219)
The extra term is set in the SM Lagrangian as

10



The covarient derivative D, and potential V' (¢) is given as

1 |
D, =0, — §7LgeBM — g o'W,

2 (2.21)
V(g) =m?¢Tp — A(¢T¢)
By using these values the Higgs Lagrangian will look like as
1. 1., i m? A
Liriggs = |0, — §zg€Bu — §2g’a Wu\zl(b\z — 7\¢]2 — Z]¢\2 (2.22)

2.2.4 Higgs Mechanism

In SM the gauge invariance does not allow the mass terms in Lagrangian for chiral
fermions and gauge bosons. However, experimently it is well known that all fermions
and weak guage boson acquires mass. In SM mostly the particles can get masses via
spontaneous symmetry break (SSB) known as Higgs Mechanism. In Higgs Mechanism

a complex scalar doublet is added to the SM Lagrangian.

Liriggs = (D")'(Dyp) —m*¢'¢ — M'0)? (2.23)
Where is V(¢) in above eqn, clearly write it down. The V' (¢) is the Higgs potential
which steers the SSB. )\ is quartic coupling defines the self interaction between the
scalar field. For vacuum stability A > 0 and p? > 0 then the potential (¢) acquire the
vacuum expectation value (VEV) and in result the symmetry will break spontaneously.
Because of symmetry of potential we have infinite number of degenerate states with
least energy assuring the equation
V? m?
5 V2= - (2.24)
Using these transformation and introduce the real A field as ¢ = \%(V + h) in La-

¢l =

grangian Eq.(2.22), that will expression as

1 1 1, , 1 A

_1 2122 2 \\2712 3_1414
=5(0uh)” + 58 ALV + B) = AV — AVK® — AR 4 AV

L :(au + ig.A#) (V + h) (au - igAu)

1 1 X 1
=5 (Ouh)? = AV2AL + S VEAL + GV ALh + Sg° ALh? — AVR® — 20!
(2.25)

11



The L is even now invariant under the SU(2);, x U(1l)y symmetry, however ground
state is not, A%h, A%h2, h? and h* are the interactiong terms in eq.(2.28). That is,
electromagnetism is unbreakable by scalar VEV. Thus VEV yields the breaking scheme
as,

SU@2), x ULy — U(l)g (2.26)

which is even now a true vacuum symmetry. The so called Goldstone bosons is taken

out by A, gauge boson and provides it a mass.

Guage Boson Massess

We have observed that any choice of vacuum that can breaks a symmetry will generate
a mass for the corresponding gauge boson. For convenience the scalar doublet in the

unitary guage is written as fallow

o\ _ 1 [ 0
()aln) e

We are intended only in the contribution of the gauge boson masses this is how we
leave any h mixed term. The gauge boson mass terms derive from the kinetic term

of the Higgs Lagrangian, the part that evaluate the gauge boson masses are

2
) i AN 1
(06)'(D,0) = (3~ 0.8, ~ 150W7) 5 (g)

2
2 . {0
= 3 9e By, —&—g/(le,i (1)
(2.28)
2
_ V| (gW = ig W
N 8 geBu - g/VV/?
V2T 1\2 2)2 "3 2
= |97 (W2 + v2)2) + (9W - 0.B,)
Wi o 1 Wl ~W2 th = 1 /V
M_E( LT u) with mass mw—ig
C | I e
Z0 = W(Q W, — geB,) with mass my = 5( g2 +97)V
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Weinberg angle 6y is used as

/

g Ge

cosly = ———— sinfy = ——— (2.30)
Ve +g” Ve +yg®
The vector field which is orthogonal to Zg will remain massless
A, = ;( W3 +¢'B,) withmass my =0 (2.31)
" gz+g/296 w9 Bu A= '

At the end, after spontaneous symmetry break we have a real scalar Higgs field with
three massively weak bosons, W* and Z and one massless photon. The massless gauge
field A, is associated with the photon. It is the result of the fact that SU(2), x U(1)y
is broken into U(1)q symmetry.

2.2.5 Fermion masses, Ly itowa

We have built a term in £ which couples the Higgs doublet to fermion field. The

yukawa section of the L is given as

Ly =Y WLCWR + ER&/JL]

Ly = (.9) Yo~ (7.6) Y~ (T0) Voen he, 00

er, ug and dgi are right handed leptons, right handed up and down type quarks re-

spectively.

er =pre , Ur=pru , dg=pgrd

qr and L% are left handed quarks and left handed leptons respectively, where i = 1,2,3

Vel ur,
L, =pL (GL) s 4L =DpL (c&)

is the colour indices.

where as
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Yy, Y, and Y, are 3 x 3 general comlpex matrices that is yukawa coupling for lepton,
up type and down type quarks respectively, leaving the h which is termed as Higgs
boson mixed around the vacuum expectation value (VEV) as in Eq.(2.30), the Yukawa

Lagrangian will look like,

Eyuk = —lﬂLYuuR - lC_ZLYVddR - lELY;GR + interactions + h.c.. (233)

V2 V2 V2

The fermions will gain finite mass if ¢ has non zero VEV see Eq.(2.30). In general the

Yukawa Lagrangian for three generations of leptons (ESL/Zpk) can be expressed as

Liey = (53 A ?) Yié (V“> + h.c (2.34)
L

),

See the Eq.(2.37) the Yukawa coupling for fermions Y; and fermion to Higgs field

coupling can expressed as
Y, = \/5(%) , % =m

The Yukawa Lagrangian for the up and down types quarks are different as down type
quarks (d, s, b) get the mass by the Yukawa Lagrangian for down type quarks Ef,;(,f"“rks =
Yyb pénby, that will be same as in Eq.(2.35) except the Yukawa coupling Y;. Now the

mass term for up type quarks (u,c,t) take the form as

E;;guarks _ uwRéd}L + h.C

Where O = —1i020 ——\/5< 0 )

i) a9

‘Cuyzbguarks — <ﬂR CR z) }/u(l.O'ng*) + h.c
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io9¢* is SU(2) complex doublet where o5 is pauli matrix. The mixed terms are still
present, so in order to evaluate mass eigenstates, the states with proper mass terms,
we diagonalize the Yukawa matrices Y% and Y* by mean of unitary matrices V¢ and V*
respectively as fallow

Yq

diag

=Vivevi | g=u,d

It is require that matrices V' are unitary i-e VLqVLqT = I, then we redefine the field to

eliminate the unitary matrices,
dri = Vidy,  dpi = Vidy

) ' (2.36)

These transformations convert the quark fields to the basis of mass eigenstates. This
will allow to express quark interaction eigenstates d’, v’ as quark mass eigen state d,
u.

Now from Eq.(2.18) the charged current interaction among the left handed isospin

doublet interaction eigenstates that are connected by W Boson can be written as,

£ = ZsmpW s+
£ = S VEVE W+ TS (VEVE

The combination of V#*V{ is a 3 x 3 famous mixing matrix the Cabibbo Kobayashi

EL’YMW+MUL
(2.37)

Maskawa (CKM) matrix generally termed as Vo and will be discussed in chapter 3.
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Chapter 3

Theoretical Formalism For Flavor And
B Mesons Physics

In this chapter we will discuss the fermion sector of the SM, more precisely the quark
sector and examine some of its important characteristics. To discuss the basic formal-

ism of weak decays, we introduce the concept of Effective fieild theory (EFT).

3.1 Cabibbo Kobayashi Maskawa (CKM) matrix

In previous chapter we discussed the quark mass eigenstates, cf Eq.(2.40) which direct

to the emergence of the CKM matrix.
Var Vil = Ve (3.1)

The interaction eigen basis and the mass eigen basis are selected to be equal for the up-
type quarks by convention, whereas the down-type quarks are selected to be rotated,

going from the interaction basis to the mass basis,

Qil = Voxwm Qd

d, Vud Vus Vub d (3 2)
s =|Va Ves Vi S
il Viae Vis Vi b
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Therefore the members of Vg is written as fallow [36]

Vud Vus Vub
Vervr = | Vea Ves Va (3.3)
Vie Vis Vi

In defining Vg, we have more freedom by mean of which we can transform be-
tween the different generations. But this freedom is certain by arranging the up and

down type quarks by means of their masses like
(Ul,UQ,Ug) — (U,C, t) ) (d17d27d3) - <d737b> (34)
Each member of the CKM matrix is evaluated experimentally [40] as

Voa0.974  V,,~0.220  V,,~0.003
Vg~0.224  V,,~0.969  Vy~0.04 (3.5)
V,q20.009  V,,~0.042  V;,0.999

3.1.1 Standard Parametrization

The CKM matrix in terms of four parameters is parameterized in many way. The most

popular representations the standard parametrization is given as

Lo

C12C13 512513 S13€
_ ) Lo
Verm = | —S12¢23 — C12523513¢€ C12523 — S12523523€ 523C13 (3-6)
5 5
S12C23 — C12523513€" —893C12 — $12C23513€" C23C13

Here ¢;; = cost;; and s;; = sin;; while § is the phase, which varies in the range from

0 < 6 < 2m. The four independent patameters are taken as
S12 :|Vu5| , S13 = |Vub’ , 823 :|V::b| and 9.

The first three out of four can be taken out from the tree level decays moderated
by the transitions s — wu, b — w and b — c respectively. The phase J can be
taken out from the charge parity (CP) violation transitions or loop processes which
is sensitive to|Vi|. For numerical calculations the standard parametrization is ex-

actly suitable.
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3.1.2 Wolfenstein Parametrization

The one more parametrization that results more clearly is Wolfenstein parametrization,

where expansion of elements is in small parameter A =V, ~ 0.22 to O(\?), the matrix

is given as
1-% A ] ANX3(p — 1)
Veku = - -2 AN? + 0O\ (3.7)
AN (1 —p—1n) —AN 1

Where the A\, A, p and n are the four new independent mixing parameters and in order
to establish the relation to the parameter of the standard parametrization we taken it

as
S19 N, Sy ANE | 513 ~ AN (p — ). (3.8)

Wolfenstein parametrization is a good estimation to the actual numerical values and
some time used to express the hierarchical structure of the CKM matix. The CKM
matrix is more likely the unit matrix along off diagonal members that are small. The

power of the A will tell us the order of the magnitude for each term in Wolfenstein

parametrization.
I A X
Verm ~ A1 N+ O()\4) (39)
A1

We perceive that the diagonal elements corresponds to quark transition inside a gen-
eration, are close to one, whereas the off diagonal elements corresponds to transitions

among the generation, are small.

3.2 Weak Decays of Hadrons

The weak decays of hadrons occurs via weak interactions among quarks and these
occurs at energies much lower than the scale of weak interactions O(My, 7). Hence this
phenomenon can be explained via low energy effective field theory.

The formation of the weak interaction in light of SM is quite simple. From Eq.(2.41)

we can say the charged current coupling J¢. to W boson field mediates the flavour
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changing decays. The Jf, having the left handed lepton and quark fields which is

given as
dL €r
Jbo = (U, o, to)v"Vorm | so | + Te, 7, 77) | 1 (3.10)
bL TL

In accordance with the form of the charged current interaction the weak decays of
the meson may classified into the three types, the Leptonic decay in which decay-
ing meson quarks are annihilate one another and in result only the leptons appear in
the final state; non-leptonic decays, in which the final state Contains only hadrons;
and semi leptonic decays, in which both hadrons and leptons appears in the final state.

We will focus on the semi leptonic decay in detail onwards regarding this thesis.

3.2.1 Effective Field Theory

In Quantum Field Theory (QFT) the Effective Field Theory EFT is use as a tool
to deal with the multi scale problems|38, 39, 41]. Consider a quantum field the-
ory with a characteristic energy scale I/, and suppose we are interested in the physics
at some much lower scale 7" i.e (T' < E). To construct an EFT we choose a cutoff
A slightly below E and integrate out the heavy degrees of freedom from the theory,
i.e., remove the particles which are heavier with respect to the cutoff scale A. The
EFT contains only the relevant light degrees of freedom and thus can be regarded as
a low energy limit of the full theory. The effective Lagrangian takes the form
Lepr =Y CuO, (3.11)
n>0
It is an infinite sum over all local operators O,, which are allowed by the symmetries of
the theory, multiplied by coupling constants C),, the so-called Wilson coefficients.
One may wonder how such a theory can be predictive. To answer this question we
replace the coupling constants with dimensionless constants ¢;,. With this we can

rewrite the Lagrangian,

Lor=Loy+ >y ;n 0, (3.12)

n>0 ip
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The advantage of the new formula is easily seen. The higher the dimension of the oper-
ator, the more powers of E it is suppressed by. In other words, the lowest dimensional
operators will be the most important ones. Depending on the precision goal one can
truncate the series and thus only a finite number of operators and couplings need to

be retained.

3.2.2 Operator Product Expansion

The Operator Product Expansion (OPE) is prescribe structure in order to define the
weak interactions. Apply and study this process on a simple example c—sud [43] the
weak decay look figure below. The amplitude of the respective decay can be written

s ¢ s

~,
\

d
u d u

Figure 3.1: ¢ — sud in full and effective theory

as [45]

12
Afull - %Vud‘/;; [ﬂs(ps)'yu(l - 75)uc(pc>]

Iu

m [@(pu)y" (1 = 7" )ualpa)] (3.13)

By introducing the Fermi constant G which is given as

12

Gr g
The Eq.(3.13) may look like as
Gr M2
Af“” = _VUd‘/cz [ﬂs(ps)f)ﬂu(l - 75)uc<pc) — Eu(pu>7 (1 - 75)ud<pd)
S | [ |
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The amplitude may expand upto O(k?/MZ,) like

Afull = %Vudv:; “ﬂs(ps>7u(1 - VS)UC(pC)] [ﬂu(pu)’yy(l - 75)ud<pd)] + @ ]\]/C[_‘%V
(3.16)

Since k, the momentum transfer through the W propagator, is small compared to
My, terms of the order O (ﬁ—i) can be safely neglected and the full amplitude can
w

be approximated by the first term of the r.h.s of Eq.(3.15). The same result can be

obtained from the effective Hamiltonian.

G
Hepr = —LVigVit [57"(1 = +°)¢] [wn.(1 —+°)d] + high dimension operators (3.17)

V2

which agree with a low energy theory, in which the heavy particles have been in-
tegrated out. The higher dimensional operators correspond to the terms of order
O(k? /M)

This example shows the idea of the OPE, the non-local product of two charged current
operators can be expanded into a series of local operators, whose contributions are
weighted by effective coupling constants, the Wilson coefficients. Move on our example
that is

Gr

Apur = Ay = 5 ViVuuClO) (3.18)

By comparison the Wilson coefficent is equal to 1 and operator are given as
0 = [57%(1 = 7)¢] [t — 1] (319

3.2.3 Effective Hamiltonian

The dicussion for the weak hadron decay take starts from the effective Hamiltonian,

whose general form can be written as
Grp ;
Hepr = E Z VermCi(p)Oi(p) (3.20)

Gr is the Fermi coupling constant. (; is a complete set of local operators rele-
vant for the process. The CKM matrix elements and the Wilson coefficients de-

scribe the strength with which the operators enter the Hamiltonian. We observe that
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both the Wilson coefficients and the local operators depend on the cutoff scale p (from
now on g takes the role of the cutoff scale A). All physics above this scale (high-
energy effects) is absorbed into the Wilson coefficients, whereas low energy effects
are contained in the local operators. In other words, the problem is separated in high
and low energy regimes. This is the most important property of the OPE.

In order to compute the Wilson coefficients we have to choose an operator basis, i.e
a set of operators, so that the effective Hamiltonian of each process can be expressed
as a linear combination of these operators. Then the coefficients can be obtained by
the requirement that the amplitude Ay, of the full theory is equal to the amplitude
of the effective theory

Apat = Acyy = G—\/g Z Ve Cil) (05 (1)) (3.21)

The brackets presenting the matrix elements of the respective operators O;(u). This
procedure can named as the matching of full theory with the effective theory. The
full theory deals with all particles that appear in the process as dynamical degree
of freedom, whereas the effective theory is constructed by integrating out the heavy
degrees of freedom (with respect to the cutoff scale). If the scale u is large enough,
the matching can be done in perturbation theory. The Wilson coefficients will, in gen-

eral, depend on the masses of the particles, which were integrated out.

The contribution of local operators and specially the effective operators in the

Standard Model are sum up as fallows [13].

Current-Current Operators
O1 = (3:"(L = ")) (@7 (1 = 7°)by)

(3.22)
Oz = (37"(1 = 7°)e) (& (1 — 4°)b)
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QCD Penguin Operators

= (5"(1 = ")) ([@" (1 = 7°)a)
= (5" (1 = ")b) B (@7 (1 = ") as)
(3.23)
= (57"(1 = ")) Zg(@" (1 +)q)
= (E"(1 — )bj)zq(quy“(l + 75)%‘)
Magnetic Penguin Operators
0. — em;(saw,(l +°)b)F,
8g7nb (3.24)
05 = ~ L0050 (14 )T,

Semileptonic electroweak Penguin Operators

azgwwvfmmm
) (3.25)
O = o (57 =) (I sl)-

Here ¢ and j is for colour indices and X, sum over the quarks such that ¢ = u,d, s, ¢, b.
The O, are current-current operators that define the weak decays structure and first
order corrections as well, for example the W boson will has been taken into the co-
efficents C; and Cs. The nuclear beta decay (n — per) is one of the example. The
operators Oz_gg will deal the loops including systems such that Oz;_¢ are QCD pen-
guin operators and Oz g are magnetic penguin operators. Where the operators Oz, Oy
and O; are most meaningful regarding rare decays, where Oy 1o are semileptonic elec-

troweak penguin operators [53].

3.2.4 Weak Decays of B Mesons

B physics has a very great importance in the particle physics that related with study the
properties of B hadrons which must contain the one bottom quark at least. They are
taken out by a charged W current, however have quite fesinating theoretical relations

with the decays that are induced by loops.
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The radiative electroweak penguin b — sy and b — sv¥ decays are of the great
interest, that are the transition at quark level which cannot be trace directly as the
quarks quickely form the Hadrons. Experimentally the exclusive decays are traced
while the inclusive decay will be the sum of all the contributions. Occasionally the
decay b — sy was first noticed by its exclusive decay B — K*~v [50]. The rare charm
hadron decays are also probed but presently the experimetal sensitivity is not enough

to get the very low rates predicted in the SM.

The experimentally favoured are Exclusive decays but come along with great theo-
retical uncertainties, for example B — K*[*]~ is well known [48]|. The decay rate of
this decay is hard to consider accurately, however observables that are describing the

angular distribution of decay products can be more accuratley predicted.

3.2.5 Rare B mesons decay

This section will concentrate on the rare decays of the mesons having b quarks [49].
Within the flavor physics the rare decays is an active field such that the research field
studying the transformation of quarks from one class or flavour to other. The most
convincingly produced b quark mesons are B® which is composed of anti b quark and
d quark, the B* meson composed of b and u quarks and B? meson composed of b and
s quarks. The masses of these mesons are in range from 5 to 6 GeV /c? that is six time

the mass of proton but quite below from the mass of W boson that is of 80 Gev/c? |54].

The more complicated process at quark level likely b — d and b — s transition do
not occur in standard model at tree level because the Z boson coupling with quarks of
distinct flavour does not take place [52].

In above figure the rare decay process like the B? — p™u~ carry out via a loop occa-
sionally referred to as penguins shape. The process like this is rare as the probability
of the transition rapidly decrease with the number of the electroweak vertices, usually

two vertices in decays at the tree level and three or four vertices at loop level decays
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(a) Loop diagram of b to s decay (b) Loop diagram of b to s decay

Figure 3.2: Change of flavour with the exchange of W boson.

along with the mediator particals which suppressed the decay more.

The Hadron’s weak decays are moderated by weak interactions among the quarks,
which take part at energies quite lower than the scale of weak interactions O[Myy z].

So low energy effective theory will used to deal this.

3.3 Flavour Changing Neutral Currents

The flavour changing neutral current (FCNC) is forbidden at tree level in SM [46]. There
is for example no direct coupling between the b quark and the s or d quarks. To

understand why let us look at the Z boson current in the fermionic Lagrangian
JY ~ dpytdy (3.26)

When we apply the field redefinitions, the unitary matrices just cancel out and thus
there are no transitions between quarks of different generations. The same is true for
the electromagnetic current. As we have already seen in Eq.(3.10), there are flavor
changing charged currents in the SM. At loop level FCNCs can be induced through a

W boson exchange.
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(a) penguin diagram

Figure 3.3: Change of flavour with the exchange of W boson.

The FCNCs are important features of flavor physics. They not only allow mea-
surements of the CKM matrix elements, but are also highly sensitive to New Physics.
FCNCs are however strongly suppressed in the SM. This is ensured through the GIM

mechanism.

3.3.1 GIM Mechanism

Glashow—Tliopoulos—Maiani (GIM) Mechanism was proposed by S.L. Glashow, J. Il-
iopolus and L. Maiani in 1970. Its discovery involved the introduction of a fourth
quark, the charm quark, which was still unknown at that time[10]. We can apply the
GIM mechanism on the rare radiative B-meson decay which at quark level occurs as
b — s, cf.fig(3.3). The overall amplitude is the sum of the diagrams with wu, ¢ and ¢
in the loop.

A= A2V Vi + Am2)ViVis + A(m2) ViV (3.27)

We obtain from unitary CKM matrix that
VosViub + VoV + VisViy = 0 (3.28)

Therefore If the quarks have the same masses in other words m, = m. = m;, then

amplitude would be zero and FCNCs would be prohibited though at loop level. But
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we have the knowledge that the quarks vary in their masses and mainly m; > m,, m..
The amplitude is in proportional to In(m?/m3,) as the quark mass variation has break
the cancellation. As long as top quark is so massive, then in result the loop diagrams
are not supressed so strongly and are anticipated to have considerable rates by mean

of which Standard Model is testing.

3.4 Decay Amplitude for Hadronic Decays

An amplitudes for the decay of the initial state meson i into the final state meson is

given in general as,

M(i = f) = (fIHessli) = 7 > VermCilw)(F10i(w)]i), (3.29)
The (f|O;(p)|i) are the hadronic matrix elements of O; among initial (¢) and final (f)
state. The scale i as discussed before differentiate the physics takes part into the short
distance and long distance contributions deal with C;(u) and (O;(u)) respectively.
Sometime these values base on unknown parameters of the theory like the masses of

so far unseen new particles.

3.4.1 Amplitude for Rare B decay at Quark Level

At quark level the decay of b — sl™1™ is a source of studies of New Physics on its own,
here [ = e, u. But these decays in the SM are included by the loop diagram like that of

the b — sv. The loop diagram for b—sl™[~ is given as,

b

Figure 3.4: Electroweak Loop or penguin diagram for b — slTI~ in SM dominant
contributions.
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The effective Hamitonian guide to the b — slT1~ quark decay amplitude is given as,

G _
Mb = s117) = SV |5 (591 = 7)) ()
m

- 2Mp e f ey b -
+ Cro(37" (1 — ¥°)b) (Iy"4°1) — ?b@ff(m” ¢’ (1 + ")) (") .
(3.30)

Usually the rare B decay are defines within the framwork of an effective low energy
theory that achieved by the integrate out the heavy degree of freedom, that are the
W# bosons and a top quark in this particular case. In respect of the SM, there are
the effects of the W, Z bosons and top(t) quark that are essentially removed from
the theory and includes into the Willson coefficents. We will not take into account
the operators except Og, because of not taking contribution of gluons here, where as
operators up to six dimensions O;(i = 1,2, ...,6) are taking into consideration and the

effective operators O7 910 contributes in the decays followed bt b—slTI~ transitions.
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Chapter 4

The Decay B — K7(1270,1400)u™* ™ in
the Standard Model

In this chapter we analiyze the physical observables such as branching ratios (BR),
forward backward asymmetry (Arp), helicity fractions (f1), unpolarized and polarized
ratios (R,) via the Semi-leptonic rare B meson decay B — K;(1270,1400)p "y~ in
the framework of SM.

4.1 Ingredients for B — Kiu ™

At quark level the deacy B—Kiu*pu~ is governed by b—sltl~ transition. The effec-
tive Hamiltonian for such a decay can be expressed as
AGp :

ey = — 7 VidVa D_CGWOim) + D CilmOilp) (4.1)

In the SM the H.ss can be expressed like this after integrating out the heavy degrees
of freedom in the full theory and left with the local quark operators O;, four quark and
their correlating Wilson coefficents C;(u) [69].

The amplitude for the said process can be obtained by sandwitching the effective

Hamiltonian between initial and final state. Hence for the said decay the amplitudes
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can read as folows,

M(B = Ky p)
GFO(
“ovan
T Cuo(E )} — ?ceffua(k ) [Si,a” (1 + ") B(p)) (717" 1)
(4.2)

Vi [ (K (K, €)[37* (1 — +°)b| B(p)){Cs™ (7" 1)

The K;(1270,1400) is final state axial vector meson. One can define the momenta as
p = k+ ki + ko in which k; and ky are the momenta associate with the leptons u* and
p~ with p> = M3, k* = M§ and k} = k3 = p, where my, my and p are the masses
associated with initial meson B, final state meson K; and leptons that is muon here,

respectively.

4.2 Form Factor And Mixing of
K,(1270) — K,(1400)

The hadronic matrix elements of the quark operators for the exclusive decay B —

K1(1270,1400)p* = can be specified in terms of form factor is given as,

(5, NGB0 = 0+ M Ve~ B )3
— () A ()~ Vola?)
(K (. 9) A, B(0) = = e ik A, (139
(K1, )[siouq b B(p)) = (M3 — ME)el — (€. ) P Fale?)
+ (")l A@f—}fgﬁm&(q%,

(K1 (k,€)[5i0,,¢"7°b|) = 2i€,mase™ Pk Fi(q?).

Here V¥ = $9#b is vector and A* = Sy#9°b is axial vector current, P, = (p + k),

and €* are the polarization vector of axial vector meson. The relationship for vector
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form factors in above equation are given as

Mp + Mg Mp — Mk
V 2 — lv 2\ 1V 2
5(¢7) —2Mz<1 1(q7) —QMKl 2(q7) (4.4)
V3(0) = Vo (0)
Where q = p — k, 75 = i7°v19?92 and A, V; and F; are the form factors whose values
are specified in the table coming next. The K;(1270) and K;(1400) are the physical

mixed states of K14 and K, with mixing angle 6 can be define as
|K1<1270)> = |K1A> sin@Kl + |K13> COSQK1 (45)

’K1(1400)> = ‘K1A> COS(9K1 — ’K13> sin@Kl (46)

The mixing angle 0k, has not been exactly established but it was approximated to be
—(34 £ 13)° from the decay B — K;(1270)y and 7 — K;(1270)u, [32]. Thus the
different possibilities in this framwork examine for 0x,. The magnitude of 0, estab-
lished here as 34° < 0, < 58°. In respect of K14 and K;p the B — K;(1270, 1400)

matrix elements can be specify in term of form factor as

(K1 (1270)[s7*(L = )bl B) \ _ [ (Kralsy*(1 —+°)b| B)
<<K1(1400)!§7“(1 - 75)b!B>) - M ((K13\§7“(1 = 75)b\B>> (47)

(K1(1270)[30,,¢" (1 + )b B) | _ v [ (Eralsowe(1+ 75)b| B) (48)
(K1 (1400)|50,,¢" (1 +~°)b| B) (K15|50,,,q" (1 + 7°)b| B) '

Where M is the mixing or called as rotation matrix that can be written as
sinf  cosfx
M = . 4.9
(cos O —sin 91{) (4.9)
The form factors AX1, VOIEQ and FOIEQ satisfies the following relation.

AK1(1270)/MB + M, 1270 gy AFa /Mg + Mp, , (4.10)
AK1(1400)/MB + MK1(1400) AKlB/MB + MK13 .

(Mp + MK1(1270))V1K1(1270) _ (Mg + Mg, )V (4.11)
(MB + MK1(1400)>‘/1K1(1400) (MB + MK1B)‘/1K1B .
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V2K1(1270)/MB + My, a270) Y VQKlA/MB + Mg, a (4.12)
V2K1(1400)/MB 1 MK1(1400) ‘/ZKlB/MB + Mgk, B

(om0 o (A ay
Mg, (1a00)Vy M Vo ™
F1Kl(1270) Fkia
M (4.14)
<F1K1(1400) FlKlB
9 9 K1(1270)
(Mp — MK1(1270))F2K oo | = M (ME — MI2<1A)F2§1A (4.15)
(Mf; - Mf?fl(moo))Fz (1100 (M% - ‘]WIQGB)F2 ”
K1 (1270) Kia
F3K1(1400) =M FgKlg (4.16)
Fy By

Table 4.1. Form Factor [60] for B — Kj41p, here x and y are the parameter of the
form factor.

Hi(g®) HO) x y o Hi(¢) HO)  x y
Ve 022 240 178 VP 045 134 0.690
V4 034 0635 0211 VRSB 2029 0.729  0.074
VA 041 151 118 VB 017 0.919  0.855
AKia 045  1.60 0974 AKie o 037 172 0.912
Fa 031 0629 0387 FS% 0 025 159 0.790
FFa 031 0629 0387 Ff7 025 0.378 -0.755
Fi94 028 136 0720 FO7 011 161 10.2

The form factors that used for the study of the physical observable are evaluated

in the framwork of QCD light cone sum rules [60]. These results are applicable only at

low ¢? region. However to investigate the effects of observables on the whole kinemat-
ical region, the form factors can be parameterized in the three-parameter form as

Hi () = 1 n 72{?(0) (2 [ )2

— a7 (q/m3) + yi(g®/mE)

The H, A, V, and F are form factors whose numerical values are mentioned in table

(4.17)

4.1, here ¢ will have the value either 0, 1, 2, or 3 and n is use for K;4 or Kip states.

The Wilson coefficents used in the calculations are [58, 70|,
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Table 4.2. Wilson Coefficents C! in th Standard Model at the scale p ~ my

Ol 02 03 04 05 06 C? 09 CIO
-0.263 1.011 0.005 -0.0806 0.0004 0.0009 -0.2923 4.0749 -4.3085

The matrix elements in Eq.(4.11) can be simplified from [58] as,

Gra
M=\ (1 + 1Y 4.18
> ADTV 1+ BT 1 (4.18)
I is given as
I = 1", Where j=1,2 (4.19)

The Wilson coefficents and form factors are expressed in the form of auxiliary funtions

as
I{W — Z.leaﬁpakﬁz—l (q2) + gw,Ig(cf) - QMQVI3(q2) - ‘P,quVI4(q2>
LY = i€uapp k' T5(0%) + 90 T6(¢”) — 0u0Tr(¢°) — PuguTs(q*)

Where Z; (i = 1,...,8) are the auxiliary function that includes both the Wilson coetfi-

(4.20)

cents and form factors and expressed explicitly as

A(q2> 4mb

Cel R
MB"’MKl q ( )

2mb

Io(q%) = CgM (Mp + My, )Vi(g?) + 2 Ci T (M — M) Fa(?)
ert Mk, 2my .

T3(q°) = 2577 qf (Va(@®) = Vola?) — —-C T Fy(q?)

Va(q?) 2my, q*
T (2 :Ceff 2 i Ceff 1 (s

A(q?)
2 SM

T(a") = 2Ch Mg + My,

IG(QQ) = 010 (MB + Mk, )Vi(q )

To(q?) = 20“”?“ (Va(a®) — Va(g?))

Va(q®)
IS(q ) CISOJ\/[ MB2+ MK
1

As mentioned earlier the final state K;(1270) and K;(1400) mesons contains mixing

angle .
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The form factor can be expressed in terms of mixing angles as, for B— K7 (1270)u™ ™

can be expressed as
A(g*) = —AF14sin O + ATIE cos Oy,
Fy(¢?)
Vi(q®)

Form factors for B— K (1490) in term of 0 is given as

Kia K
—F" 4 sinfg + F;*'P cos Ok,

Kia K
=V, 4 sinOk + V,"'? cos Ok

A(q*) = Af14 cos O — AT1B sin O,
Fi(¢®) = FZ-K“‘ cos O — E-KlB sin Oy,

Vi(g?) = V514 cos O — V515 sin O,

3 3

(4.22)

(4.23)

The Wilson coefficents C</¥ (1) and C57/ (1) take into consideration effectively which

is given as in [14, 56|
Cs?l = Cy + Xsp(y, 3) + X1p(y, 5),
where as y = m./my, $ = ¢*/mi. Xsp(y,5) and X;p(y,5) can expressed as
Xsp(y, ) =h(y,8)Co — 5h(1, §)(4C +4Cs + 3Cs + Co) — 3h(0,8)(Cy +3C3)
+ 3(303 b Cy+3Cs + Cp)

The other terms are givenv as

g my 8 8 4
hu.8) = — 2 In —2 — 21 8 4
(y78> 9nlu 9ny+27+9$
Vi—z+1 . 4
—2(2—1—:6)]1_3;’1/2 (ln|m71|_m)’ if e =7¢ <1,
9 2arctan—\/g%’ ifr=24>1,
h(078>:2_7_§ n%—51n§—§zﬁ

and

F(Ui_>l+l*)mUi
Ui=; sz’ B

Co 5301 +CQ+303 +C4+305+CG

3
X 5) =Co—=
Lp (y7 S) 0 a2 " q2 - Z'7nU1FUi
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(4.25)

(4.26)

(4.27)



where kK = 1/Cy here. Xgsp(y,$) and Xp(y, S) represent the short and long distance
contribution from four quark operators far away and near the c¢ resonance regions
respectively. Xgp can be evaluated certainly in the perturbative theory and X p
may not be calculated from first QCD principles and by use of the quark hadron
duality and vaccum saturation approximation, and can be parameterized in term of
a phenomenological Breit-Wigner formula. Regardless of this, from the charm loop
the nonfactorizable effects can bring about more corrections to decay b—sv, that can
be absorbed into the effective Wilson coefficient C?f ! (u) that can be expressed from
[57].

O?ff - C? + Cb—>s'y
Where
p
Choysy = iv, §n14/23(Q1(xt) —0.1687) — 0.03C,|  (4:28)

x(2? — 5x — 2) N 322 In’ 2z
8(x —1)3 4(x —1)*7

Qi(z) =

here n = as(mw)/as(p) and @ = m?/m3,. Cps, is the dropped part of rescattering
b—scc—svy and we have left out the little contributions proportonal to the CKM part
VbV

4.3 Helicity Amplitudes

The Helicity Amplitudes in term of the auxilary function is calculated from [32] can

be expressed as |31],

1
Hy() = Ty + 5T, VM + ME, - g2)2 — AMEME,

1
Hy () = ~To £ 575\ (M} + M3, —¢*)? — AMEME,

1
H,(0) = W%(—Mé + My, + ) + To(Mp — 2ME(Mz, + ) + (Mz, — ¢*))]
Ki
1
Hy(0) = W%(—Mé + My, + @) + Is(Mp — 2M3(Mz + ¢*) + (Mz, — ¢*))]
Ky

(4.29)
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4.4 Physical Observables

The branching ratio (BR), dT'(B— K u*p~)/dg?, forward-backward Asymmetry Arp,

longitudinal helicity fractions fr, unpolarized ratio (R,(K7)), longitudinal and trans-

R(LvT)

verse ratios (R, " ’(K1)) are plotted in figures below, to check the dependence on the

angle O, for different angle 0y, = —34° —45° and —57° respectively.

4.4.1 Differential Decay Rate (C‘ll—;z

The branching ratio BR for the B — K;u"u~ can be expressed as

dL(B — Kiyptp™)  GEX}a® VA
dq? - 2Ugs M3

1 —4m?/q% x |[M%.
After simplification the amplitude can be expressed as,
2 _ 82 oy gt 4 B2 2y @) e

So the BR for the B— K™~ in helicity basis can expressed as,
dU(B — Kiptp™)  GEX}Q? VA
dq? - (27)% 24M3

+ (L= 4 /) HO H1)

1 —4m}/q*((1 + 2mi /q*) HV H'Y

HOHO = g HY + g 4+ 59 o

where ) is define as,

A= Mp+ My, +q* —2MjMy —2Mpy ¢* — 24> M},

(4.30)

(4.31)

(4.32)

(4.33)

The BR for our said process has been plotted separately for K;(1270) and K(1400) in

the figures 4.1. The compulsive scenario is complex by dependence on ¢?, the dilepton

mass squared.
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Figure 4.1: Branching ratio for the decay B — Kiporoyu™ ™ and B — Kyqaoo)ut ™
in Standard Model. The green, red and blue curves belongs to angles 0k, =
—34°, —45°, —57° with positive and negative uncertainities in the form factor.

Where we saw that at the low ¢? region, that is ¢> ~ 2 GeV? the differential
decay rate for B—K;(1270)u™ = decay are not so effective by the variation of O, .
Notice that in the low-¢? region the distribution is dominated by the 1/¢?, occasionally
the BR for the B—K;(1270)u"p~ decay, put up contribution about 30% at around
¢> = 2 GeV? for —34° < 0, < —57°, where the BR for the decay B— K (1400)u* pu~ is
enhanced by approximatly 80% with 0, = —57° as compared to 0, = —34°. So
we observed the deviation in the distribution for the process B—K;(1400)utp~ as
compare to the B—K;(1270)pp~ at different angle O, .

4.4.2 Forward Backward Asymmetry

In the SM the zero position in the forwrad-Backward asymmetry (App) exclusively
based on the Wilson coefficents [58| that relate to the short distance physics. The
differential App of the leptons is evaluated from the [66, 7]

dArg(q?) /1 d’T /0 d’T
—_— = ———dcosf — ————dcos®. 4.34
dq? o dqg*dcost o8 _1 dg?d cos @ o8 (4:34)
The App is evaluated as given below,
—2=—dcosfl — —2~—dcost
AFB fO dq2dc059 f 1 dq2dcos9 (435)

f 1 dq2dCOS9dCOSQ + fO dqucosedCOSH

The differential form of the App is the given as,
dAFB(qQ) . _G%)\fOﬂ q2\/X
dg>2  (27)° 32M3

(1 — dm?/¢?) [HE’HS) + H(E)H(})] , (4.36)
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H, and H, are defined in the eq.(4.33). The App explicitly expressed in term of Helicity
Amplitudes as,

3
App = Z\/l — 4m?/q?

gl + g® gt (437)
(1 + 2m2/q2>H(1)HT(1) + (1 _ 4m2/q2)H(2)]—]T(2) ’ ’

0.3r
; 0.2} ;
8 o 2
< <
1 oo 2

-0.2p , 1 . . . . . . . .

0 5 10 15 0 2 4 6 8 10 12 14
qz q.2

Figure 4.2: Forward-Backward — Asymmetry for ~ B—Kjqoru™ =  and
B—>K1(1400);ﬁu*. The green, red and blue curves belongs to angles
Ok, = —34°,—45° —57° with positive and negative uncertainities in the form
factor.

We have plotted the App for our said process in SM. The B— K7 (1270)u* ™ decay
is not sensitive to mixing angle as there is no shift in the zero value of the Arp in
the plot at different mixing angle 0y, = —34°, —45°, —57° as we can observe that for
each mixing angle the zero value of the App is at ¢> = 3GeV? as shown in fig 4.2.
Where as the B—K7(1400)u"u~ decay shows the dependence on the mixing angle
Ok, = —34°, —45° —57°. Green curve is for g, = 34° whose zero value of App
is at ¢ < 3GeV?, where as red curve is for Ok, = 45° whose zero value of App is at
3.5Gre\/2§q2 < 4.5Ge\/2, shifted toward right of zero value of Appg of green curve and for
mixing angle 0, = 57° the zero value of App of blue curve is at 1.5GeV*<q¢? < 2.5GeV?
that shifted left to the green curve zero value of forward backward asymmetry. So the

decay B—K7(1400) may be one the good mean in order to study effect.
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4.4.3 Longitudinal Helicity Fraction

We now discuss helicity fractions of K7(1270,1400) meson in B—Kjutp~ which are
interesting observables and are insensitive to the uncertainties arising due to form fac-
tors and other input parameters. Thus the helicity fractions can be a good tool to
test the physics within the framwork of the SM. The longitudinal helicity fraction is
given as the longitudinal partial decay rate divided by the total decay rate

fuld®) = % (4.38)

The final state meson helicity fractions were already discussed in the literature for
B—K*(K;)l"l~ decays [67]. The explicit expression of the longitudinal helicity frac-

tions (fz) for B—Ku*pu~ decay can be obtained by trading |M| to | M| [68].

Thus we obtain the longitudinal differential decay rate as,

dl',  GEM2a? VA
dg? (2m)5 24M3

1—4m2/@[(1 +2m? /) HV HIW + (1 — am? /g?) H HIP),
(4.39)

By using the values in Eq.(4.38) we can evaluate the 1ongitudina1 halicity fraction as

[(1+2m} /) HY HIY + (1 — am? /q*) HYD H)®)

2
4.40
) = (2 [ HOEO + (1= amjpypome] 44
while the average value of f7 in the full ¢* range for B—K*I*]~ is [61],
=0.637015+0.05 ¢> > 0.1 GeV?
1.0+
0.8
iy 08|
‘106 o
= S 05|
<04 <
< X 04
0.0 [ 0.0
0 5 10 15 0 2 4 6 8 10 12 14
7 7

Figure 4.3: longitudnal Helicity Amplitude for the decay B—K;(1270)u™p~ and
B—K;(1400)utp~. The green, red and blue curves belongs to angles 6, =
—34°, —45°, —57° with positive and negative uncertainities in the form factor.
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Figs.(4.3) show the longitudinal helicity fraction (f) of K;(1270) and K;(1400) for
the decay B—K(1270,1400)u™ 1~ as a function of ¢ in SM, where we have used the
light cone QCD sum rules form factors mentioned in table.(4.1). Just to see their de-
pendence on the choice of the mixing angle 6k, and form factors with positive and
negative uncertainties we have plotted the fr. Choosing the different values of the
Ok, i.e —34°, —45° and —57° we have observe from these figures that the effect are
visible at low-¢? region. In this case f; interfere not very constructively for the case of
K;(1270) as compare to the K;(1400). Here one can see that the f, of the final state
meson K;(1400) have dependence on the choice of form factors and O, effects are

quite significant in order to study the effects in SM as compare to K;(1270).

4.4.4 K;(1400) to K;(1270) Ratio, (R, (K1))

The ratio R,(K;) = B(B—K1(1400)u™ ™) / B(B—K;(1270)p" ™), longitudinal ratio

R[(K,) and transverse ratio R} (K1), as a function of f, are given as
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Figure 4.4: The R,(K;) = B(B—K;(1400)u* ™) / B(B—K1(1270)p" pn~) with lon-
gitudinal R (K;) and transverse R](K) ratio, as a function of fx,. The green, red
and blue curves belongs to angles 0y, = —34°, —45°, —57° with positive and negative
uncertainities in the form factor.

We observed the variation for ratio R,,(K;) which comes through the different mix-
ing angle 0, = —34°, —45°, —57° by draw the graph as a function of ¢*>. We find
out that the ratio R, (/) of final state meson K;(1270) and K;(1400), is suitable
for determining the K;(1270)—K;(1400) mixing angle, fx,. We have also summarized
the numerical values of the branching fractions for K;(1270) and K;(1400), corre-
sponding to the different 0x,. These analysis support the argument that this observ-
able is suitable to fix the value of fg,. We also present our results for the longitu-
dinal branching fraction R} (K1) and transverse branching fraction R (K;). These
ratios are again show deviation at different 0k, . The unpolarized R, (K1), longitudinal

RL(K,) and transverse R (K1) ratios can be used to determine O, .
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Table 4.3. Input parameters for numerical calculations [59, 62, 65].

Mass and time of B meson,
mp = 5.279 GeV, 75 = 1.54 x 107'2 sec
Masses of Axial vector mesons in GeV,
My, q270) = 1.272, Mg, (1400) = 1.403, Mg, , = 1.31, Mg, , = 1.34
CKM matrix elements,
ViVl = 0.040705008
Mass of b quark,
Mppole = 4.84+0.2
Mass of muon,
m,, = 0.105 GeV.
Guage coupling and fermi constant,
apy =a=1/137, Gp =1.15 x 107> GeV 2

In the following tables we have mentioned the calculated numerical values of the ob-
servables BR, App, f and R, (K1), separatly for B—K;(1270)u" = and B—K;7(1400)u™ ™

at different O, and also in different ¢* bins.

Table 4.4. Branching ratio BR for B — K;(1270)u" i~ at different angle in SM with
negative and positive uncertainties in the form factors.

Mode H Ok, ‘ BR x 107°
) —34° 14715055

P i 1463033
8 57 1.338700%

Table 4.5. Branching ratio BR for B — K;(1400)u™p~ at different angle in SM with
negative and positive uncertainties in the form factors.

Mode H Ox, \ BR x 1078
o) —34° 3.8127 565"
QQ\W 1.471
&4&@ —45° 372515000
B .
o\ —57 12.813+16.898
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Table 4.6.
different bin of ¢°.

Branching ratio for B — K;(1270)u"p~ and B — K(1400)p™ = in

] Mode H Ok, [0.045 — 1] [1—6] [13 — max] \
N 107° —34° 0.161 0.086 0.071
ATk H —45° 0.167 0.082 0.073
p(B— —57° 0.160 0.072 0.069
0|3 1.345 0.179 0.204
(a0 H —45° 0.667 0.458 0.005
p(B—E 570 1.394 1.262 0.246

Table 4.7. Forward-backward symmetry for B — K;(1270)u*p~ and B —

K1(1400)p" g~ in different bin of ¢2.

’ Mode H O, [0.045 — 1] [1—6] [13 — max] \
SO a8 —0.107 0.220 0.259
A 450 —0.121 0.251 0.260
ApstP —57° —0.137 0.291 0.262
)| B —0.267 1.335 0.241
e —45° ~0.017 0.016 —0.247
ApstP —57° —0.010 0.032 0.217

Table 4.8. Helicity fraction for B — K;(1270)u"pu~ and B — K;(1400)u™ pu~

in different bin of ¢2.

’ Mode H O, [0.045 — 1] [1— 6] [13 — max] \
) || -3 0.671 0.798 0.404
HKXQ‘ZTW —45° 0.639 0.775 0.399
f B —57° 0.603 0.747 0.393
) || -3 0.301 0.375 0.312
){KXQALQQW —45° 0.901 0.976 0.580
f B —57° 0.951 0.967 0.468
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Table 4.9. Ratio R,(K;) = B(B — K(1400)u*n™)/(BB — K1(1270)u*p™) in
different bin of ¢2.

] Mode H Ok, [0.045 — 1] [1— 6] [13 — max] \
—34° 0.055 0.021 0.025
R,(K)) —45° 0.062 0.059 0.0005
—57° 0.164 0.185 0.030
—34° 0.031 0.009 0.017
RE(K,) —45° 0.094 0.071 0.001
—57° 0.258 0.235 0.037
—34° 0.096 0.075 0.030
RI(K) —45° 0.012 0.008 0.0002
—57° 0.009 0.020 0.025
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Chapter 5

Conclusion

We studied the semileptonic rare decay of B meson B—Kju*pu~ with K1=K;(1270),
K1(1400). The strange axial-vector mesons, K;(1270) and K;(1400) are the mixtures
of the K4 and K,p, which are the 2P, and ' P, states, respectively. We observed the
branching ratio (BR), forward-backward asymmetry (Arpg), longitudinal helicity frac-
tion (fr), ratio R, (K1) = B(B—K;1(1400)u™ p™) / B(B—K;(1270)p" 1™ ), longitudinal
and transverse ratio (RLL’T)(Kl)) of final state meson K;(1270) and K;(1400) at dif-
ferent mixing angle 0y, = —34°, —45°, —57°.

We have calculated the BR for K;(1270) and K;(1400) distinctively from our pro-
cess B—K1(1270,1400)pu . Tt is observed that the BR is suppressed for K;(1400)
as a final state meson compared to that of K;(1270). The physics is dominated by the
O7 operator in this region. At higher ¢* values, there is an interference of the ampli-
tudes controlled by the Oy and O operators, related to the loop. We observed from
the plot that there are deviation in the distributions for the process B— K7 (1400)u™ ™
at different angle 0, , compare to the B— K (1270)u* 1~
We have found that the zero value of the Aprp has not shown any change in case of
B—K;(1270)ut i at three different angles 0, , but the zero value of App for process
B—K1(1400)u™* pu~ show a shift at each 0, value, the shift in the zero position of Arp
is towards low and higher ¢? region for the angle —57° and —45° respectively, around

the curve at 0, = —34° whose zero position of App is at ¢? ~ 3GeV2.
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We have also seen the longitudinal helicity fration fi for our desire process B— K7(1270,
1400) ™. Tt has been observed that the f;, for K;(1270) meson is quite significant at
low ¢? region as we have seen the peak at low-¢? region. The peak of the distribution
of K1(1270) is decreased at all ¢*> but show no significant difference at different Oy, .
Where in case of K;(1400) what we have seen that the f;, show a large difference for
different value of O, at low-¢? region.

We observed the variation in R, (K;) = B(B—K;(1400)u" ™) / B(B— K7 (1270) ™)
which comes through the different mixing angle 0, = —34°, —45°, —57°, by draw the
graph as a function of ¢>. We find out that the ratio R,(K;) of final state meson
K1(1270) and K7(1400), is suitable for determining the K;(1270) — K;(1400) mixing
angle, 0k, . We have also summarized the numerical values for K;(1400) to K;(1270)
ratio, corresponding to the different fx,. These numerical analysis support the ar-
gument that this observable is suitable to fix the value of f,. We also present our
results for the longitudinal ratio R} (K;) and transverse ratio R](K1). These ratios
are again show deviation at different 0y, . The unpolarized R, (K7), longitudinal ratio
R[(K,) and transverse ratio R/ (K;) can be used to determine f, .

Although the branching ratios depend on the magnitudes of B— K, form factors, the
K,(1270)-K,(1400) mixing angle, 0g,. The differential decay width with respect to
the dilepton mass squared (dI'/¢*), Arp , fr and R,(K;) have been measured by
many experiments with no significant sign of deviations from the Standard Model ex-
pectation. All the above mentioned observables are sensitive for B— K7 (1400)u™ ™
process as compare to the B—K;(1270)ut ™ decay at different f,. Hence the mea-
surements of these observables at LHC, for the above mentioned processes can serve as
a good tool to investigate the physics from the B— K7(1400)u™tp™.

Particular in 2013 a local deviation of the observable from the standard model expecta-
tion was observed around GeV and then confirmed with larger data sets. Belle, ATLAS
and CMS have subsequently presented data that are consistent with the LHCb results.

This deviation triggered a lot of interest among theorists regarding B mesons.
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