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Abstract

The semileptonic B→K1(1270, 1400)µ+µ− decay has been analyzed insthe famework

ofsthe Standard Model.sThe �nal statesmeson K1(1270) and K1(1400) aresthe mix-

tures ofsthe K1A and K1B,swhich aresthe 1P1 and
3P1 stateswith mixing angle θK1 . In

this regard, various observablesssuch as branching ratio BR, forward-backward asym-

metry AFB, Longitudinal helicity Fraction fL and ratio of �nal state meson K1(1400)

to K1(1270), Rµ(K1) = B(B→K1(1400)µ+µ−−) / B(B→K1(1270)µ+µ−) have been in-

vestigated. To investigate the said observablesswe havesused lightscone QCD sumsrules

and thesvalues of mixingsangle are θK = −34o,−45o,−57o. It is found that the physi-

cal observables under consideration aressensitive tosthe mixing angle θK1 forsthe decay

B→K1(1400)µ+µ−− and almostsinsensitive forsthe decay B→K1(1270)µ+µ−−. It issalso

found thatsthe said decays are sensitive to the ratio Rµ(K1). Hence the ratio Rµ(K1)

is useful to determine θK1 and complement for other observablessto testsSM patame-

terssand to probe thesstructure ofsNP.
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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.

Despitesits manyssuccesses, it has somestheoretical limitationsswhich hinder its sta-

tussas a fundamentalstheory. Theseslimitations aresas follows:

� In SM the Neutrinos aresmassless butsthe experiments havesshown thatsneutrinos

havesmass.

� Whysthe gravitysis not incorporated?

� Why is theselectroweaksscale so small (hierarchy problem)?

� What is thesorigin of the massspatterns among thesfermions?

� Why onlysthe three generationssof quarks andsleptons?

These limitations indicates that there is physicssbeyond thesSM. In literature many

physicssbeyond thesSM has been stidied such as 2HDM, Extralim Model, leptoquark

Models, Z' Models and many more.

In this thesisswe worksextensively insthe frame work of SM, particularly in �avorssector.
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In �avor physics thesideal laboratoryssystem issB meson, whichsimpart a windowspane

tosinvestigate the physicssin the SM as well as beyond the SM.

B-physicssstarted in 1977 withsthe resultsofsa dimuonsresonance at 9.5 GeV ins400

GeV proton-nucleonscollision atsFermilab [4] and wassnamed Υ resonances, itssquark

contentsis bb. The dedicatedsB-factories Babar [5] and Belle [6]sstarted working in 1999

and added aslarge amountsof data to the resultssof CLEO [7], CERN [8] andsFermi

labsexperiments [9]. Thesrecent experimentssuch as LargesHadron colliders(LHC) will

notsonly o�er asgood testingsground to studysthe SM withsgreat precision butsalso

tosinvestigate the new physicss(NP) e�ects throughsthe deviations of measured ob-

servablessfrom SM values.

In SM the interactions of quarks �avor involves the conversion of certain �avors

from one �avor to another. In the SM the �avorssymmetry issexact at tree levelsand

itssviolation at loopslevel issvery small. Suchsprocesses insthe �avorssector aresrare

B-mesonsdecays. RaresB decayssare mediatedsthrough �avor changing neutral current

transitions (FCNC), whichsare inducedsonly at loopslevel through Glashow-Iliopoulos-

Maiani (GIM) mechanism [10] in thesSM. These FCNCstransitions are a suitablestool

to studysthe physicsswithin and beyond the SM. Furthermore in SM these aresalso sup-

pressed because of their dependenceson thesweak mixing anglessof the quark-�avor ro-

tationsmatrix the Cabibbo-Kobayashi-Maskawa (CKM) matrix. These twosconditions

makesthe FCNCsdecays relativelysrare.

Thesexperimental examination ofsthe inclusivesandsexclusive decay B→K∗γ and

B → Xsγ has promoted a great theoreticalsinterestsin raresB mesonsdecays [11, 12].

Thesinclusive decayssare theoreticallysbetter understoodsbut areschallenging tosstudy

experimentally. Inscontrast, the exclusivesdecays areseasier to discoversexperimentally

butsdi�cultsto calculatestheoretically; and thesdi�culty lies insdescribing theshadronic

structure, which involvessnon-perturbative physicssand providessthe main uncertainty

insthe predictionssof exclusive raresdecays. In casesof exclusivesdecays anysreliable ex-

tractionsof the short distance e�ects are encrypted insWilson coe�cents ofsthe e�ective

Hamiltonian provide a precise separationsof theslong distancescontributions [13, 14],

that shouldsbe knownswith highsaccuracy. The long-distancese�ects insthe meson
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transitionsamplitude ofsthe e�ectivesHamiltonian are encodedsin the mesonstransition

formsfactorsswhich aresthe functions ofssquare of momentumstransfer and aresmodel

dependent quantities.

The exclusivesrare semileptonicsand raresradiative decayssof B mesonssuch asB→γl+l−

[15, 16], B→K(K∗)l+l− [17, 18, 19, 20, 21, 22, 23] and B→φl+l− [24] decays based upon
b→s(d)l+l− havesbeen studiedsin litrature using the frameworkssof constituent quark

model,sLight cone QCD sum rulessto express thesmesonstransition formsfactors. Out

of these the exclusive semileptonicsdecay B → K∗l++l
− thatsgoverned bysthesquark-

levelstransition b → sl+l−− issone of thesmost interesting processes, which has got

a great attention, experimentally as well as theoretically [25]. Thesexploration of

physicsswith in thesSM through varioussinclusive B mesonsdecays likeB→Xs,dl
+l−sand

their correspondingsexclusivesprocesses, B→Ml+l− withsM = K,K∗, K1, ρsetcshave

been completelysset on phenomenologysin literature bysthe numerical values of Wilson

coe�cients of only three operators evaluated at the scale µ ∼ mb. These studiessshowed

that thesabove mentioned inclusivesand exclusive decayssof Bsmeson are veryssensitive

tosthe �avorsstructure of the SMsand impart asraindrop for any NPsmodel. The FCNC

decay modesslikeB→Xsl
+l−, B→K∗l+l− andB→Kl+l− in particularsinvolved observ-

ablesswhich can distinguishsbetween the varioussextensions of the SM.

The combinedscharged andsneutral B mesonsBranching Ratio (BR) for B→Kµ+µ−

by Belle [26] is given as,

B(B→Kµ+µ−) = 0.99+0.40+0.13
−0.32−0.14 × 10−6

The observablesslike branchingsratio (BR), forward-backwardsasymmetry (AFB)

and helicitysfractions (f) of �nal state mesons forsthe semileptonic B decays are greatly

in�uenced with in and beyond the SM. Therefore,sthe precisesmeasurement ofsthese

observablesswill playsan importantsrole in thesprecision of SM. The purposesof this

thesissis to investigatesthe possibility of B→K1(1270, 1400)l+l−− insthe SM at di�er-

ent mixing angle θK1 usingsthe abovesmentioned physical observables. The study

of thesesphysical observablesswill provide asprecision test of SM and NP whensmore
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dataswill besavailable atsLHC.

The Observables that mentioned as above have been studied extensively forsquark

level decays b→s(d)l+l−. The K1 meson in B decaysshassbeen observedsin B →
J/ψK1, B→K1γ, and B→K1φ transition channels [27]. After Belle [28] has announced

the �rst measurment of B→K+
1 (1270)γ,

B(B+→K+
1 γ) = (4.28± 0.94± 0.43)× 10−5,

thesesradiative decays become a topicsof supreme interestsand we saw great theoreti-

cal progress in this regard. Like the B→K∗(892)l+l− [29], the studied has been made

of semileptonic B meson decay B→K1l
+l− with K1 ansaxial vectorsmeson. The ax-

ialsvector meson and vector meson is distinguished by the Dirac gammasstructure of

decay amplitude (γ5) and some non perturbativesparameters. In this context, our said

decay B→K1(1270, 1400)µ+
+µ
−sis productive insphenomenology as the physicalsstates

K1(1270) and K1(1400) are mixturesof 3P
′
1 and 1P

′
1 statessK1A and K1Bswhich is

obtainsas,

i|K1(1270)〉 = |K1A〉 sin θK1 + |K1B〉 cos θK1

i|K1(1400)〉 = |K1A〉 cos θK1 − |K1B〉 sin θK1

In this thesis we will study the physical observablesslike branchingsratio (BR), forward-

backward asymmetrys(AFB) and longitudinal helicitysfractions (fL) and branching

fractions Rµ(K1) = B(B→K1(1400)µ+
+µ
−) / B(B→K1(1270)µ+

+µ
−) of �nal state me-

son K1(1270) and K1(1400) at di�erent angle θK = −34o,−45o,−57o. To studysthese

observables, weshave used thesLight ConesQCD sumsrules formsfactors. It is ob-

served thatsthe BR isssuppressed forsK1(1400) assa �nal statesmeson comparedsto

thatsof K1(1270). The magnitudesof thesmixing angle θK1 hassbeen approximated

tosbe −34o ≤ θK1 ≤ −57o [30]. Previously fromsthe studysof τ→K1(1270)ντ and

B→K1(1270)γ the θK1 hassbeen set tosbe θK1 = −(34 ± 13)o, where minus sign re-

latedsto the selected phase of |K1A〉 and |K1B〉 [32].
This thesis is organize as :
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In chapter 2 we will study �avor picture as well as some basics of SM particals and

their interactions suchsas thesmasses andscoupling constants. This will help us to un-

derstand the �avor picture of SM.

In chapter 3 we will focus on the theoretical framework and tools that deals the �avor

physics.sIn the �rstssection (3.1) weswill brie�y discusssthe quark mixing matrix the

Cabbibo Kabayashe maskawa (CKM) matrix. Then we will discuss about weak decays

of hadrons in which we will write the E�ective Hamiltonian that is the basic ingredient

of the e�ective 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 E�ecetive

Hamiltonian, that will lead to understand the semileptonic B Meson transition from

B→K1l
+l−.

In chapter 4 we will study the exclusive B→K1(1270, 1400)µ+µ− process that at quark

level is given as b→sµ+µ−, �rstly we will write the e�ective hamiltonian to express the

amplitude in term of helicity, then we will put some focus on formsfactors andsmixing

of the K1(1270) and K1(1400) and at thesend of chapter we will discuss the di�erent

observables like BR, AFB and longitudinal helicity fractions (fL) and will study their

behaviour through graphs.

Finally we have to sum up our discussion with conclusion.
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Chapter 2

Standard Model

The Standard Models(SM) ofsparticle physics [1, 2, 3] comprises with thesstrong, weak,

and electromagnetic interactions that are based upon thesgauge symmetrysSU(3)C ×
SU(2)L × U(1)Y leavingsthe gravitational force yet. The SM correspondssto asnon

abeliansguage principle. A gaugestheory issa quantum �eld theory (QFT) that issbased

upon thesprinciple 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 globalssymmetry of somesnon-abelianssymmetry groupsSU(N)

intosLagrangian,swhich isstherefore invariantsaccording toslocalssymmetry transforma-

tion orsgauge invariant. LetsLagrangian L(Φ, ∂µΦ) is invariant under SU(N) global

symmetry transformation.

Φ(x)→ OΦ(x) : O−1 = O† (2.1)

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

transformation.s

Φ(x)→ eια
a(x)Xa

Φ(x) : O(x) = eια
a(x)Xa

(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 ∂µ with a covarient derivative Dµ that

6



will transform like a �eld.

Dµ = ∂µ − igÀµ : Àµ = XaAaµ (2.3)

Dµ transform as

DµΦ(x)→ (DµΦ(x))
′
= O(x)(DµΦ(x)) (2.4)

g is term as coupling constant, Aaµ is used for the set of guage �eld and X i is generator

of symmetry group and follows the algebra as

[Xa , Xb] = ifabcXc (2.5)

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

invariance is like

Aaµ → Aa
′

µ = O(x)(
i

g
∂µ+Aaµ)O†(x) (2.6)

Ultimately by adding the kinetic term for gauge �eld: locally invariant term which rely

on Aµ and its derivative, butsnot on Φ, the �eld strength tensor Fµν , look like.

F a
µν = ∂µAaν − ∂νAaµ − gfabcAbµAcν (2.7)

Now we will get the kinetic term which will be locally invarient by multiplying Fµν

with F µν and emerge in Lagrangian. the new L will read as locally invariant.

L = L(Φ,DµΦ)− 1

4
FµνF

µν (2.8)

We can extract the information regarding gauge �eld 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 .

LSM = Lgauge + Lfermion + Lyukawa + Lhiggs (2.9)

Lgauge de�nes the guage symmetricsgroup SU(3)C × SU(2)L × U(1)Y , Lfermionsissthe
fermionsssector, LY ukawa presentssthe yukawa interactions and Lhiggs is the higgs sector.
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2.2.1 Gauge Symmetric Group

The �eld that arise from the guage symmetries are called guage �eld, the guage part

carry twelve guage �elds depending on the guage group dimensions. The guage group

SU(3)C predicts the �eld that give rise the strong force QCD (Quantum Chromody-

namics) with the exchange of guage bosons are gluons. SU(2)L × U(1)Y guagesgroup

correspondssto thesGlashow Weinberg Salamstheory of electroweak interactions.sThe

corresponding particles to SU(2)L areW± and Zsgauge boson insthesSM.sThese parti-

clessare thesvector bosons that act as the weak force carrier. U(1)Y is a unitary group

deal with the electromagnetic force between the particles withsthe exchange of photon.

The right handedsneutrino are neutral according to three gauge groups so they would

not added. The Lagrangian for gauge �eld section will look like.

Lgauge = −1

4
Gi
µνG

µν
i −

1

4
W i
µνW

µν
i −

1

4
BµνB

µν (2.10)

Where Bµν , W
i
µν and G

i
µν are �eld strength tensor of electromagnetic, weak and strong

forces respectively, which aresgiven as,

U(1)Y → Bµν = ∂µBν − ∂νBµ

SU(2)L → W i
µν = ∂µW

i
ν − ∂νW i

µ + g′εijkW j
µW

k
ν

SU(3)C → Gi
µν = ∂µG

i
ν − ∂νGi

µ + gsf
ijkGj

µG
k
ν

(2.11)

The corresponding covariant derivatives Dµ is given as,

Dµ = ∂µ − igeY Bµ

Dµ = ∂µ − ig′
σi

2
W i
µ

Dµ = ∂µ − igs
τ i

2
Gi
µ

(2.12)

In Eq.(2.11) Gi
µ is associated with the SU(3)C color symmetry group where i=1,2,...,8

shows the number of glouns. W i
µ related to thesSU(2)L weak isospinshere i=1,2,3stells

us about the three guage boson and Bµ associated with the U(1)Y weakshypercharge.

εijk andsf ijk are thesstructure constant,sg is the coupling constant which runs with the

energy scales, as ge, g
′ and gs are the coupling constants for electromagnetic interac-

tion, weak-isospin and strong interactions, respectively. The non abelian gluon �eld
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strength tensor Gi
µν and �eld strength tensor for weak iso-spinW

i
µν have the extra term

which pointed toward the �eld self interaction in opposite of abelian electromagnetic

�eld tensor Bµν . So the main di�erencesbetween thesnon abeliansand abelians�eld

strength tensor is the extra term that leads to the �eld self interaction in nonsabelian

�eldsstrength 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 classi�ed into right handed and left handedsfermions whichsare siglets and

doublets respectively, withsrespect to SU(2)L which aresgiven as below.

LiL =

(
νeL
eL

)
,

(
νµL
µL

)
,

(
ντL
τL

)

qiL =

(
uL
dL

)
,

(
cL
sL

)
,

(
tL
bL

) (2.13)

now the siglets are as fallow

eiR = (eR, µR, τR)

uiR = (uR, cR, tR)

diR = (dR, sR, bR)

(2.14)

In term of quarks and lepton �eld, the fermionic part of lagrangian can be expressed

as,

Lfermion = iLiL /DLL
i
L + iqiL /Dqq

i
L + ieiR /Dee

i
R + iuiR /Duu

i
R + id

i

R
/Ddd

i
R (2.15)

By de�nation /D = γµD
µ is a covariant derivative which explicitly acting on the fermion

�elds given as,

Dµ
LL

= ∂µ − igeYLBµ − ig′ σi

2
W i,µ,

Dµ
qL

= ∂µ − igeYqBµ − ig′ σi

2
W i,µ − igsτ iGi,µ,

Dµ
eR

= ∂µ − igeYeBµ,

Dµ
aR

= ∂µ − igeYaBµ − igsτ iGi,µ, a = u, d

(2.16)
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σi represents the Pauli matrices the generatorsof SU(2), Y isshyperchargesand τ i used

assthe SU(3)C generators and associated to Gell Mann matrixes as τ i = λi

2
.

Table 2.1

Spinor Field Colour Weak Iso-spin Hypercharge

qiL 3 2 Yq = +1/3
uiR 3 1 Yu = +4/3
diR 3 1 Yd = +1/3
LiL 1 2 YL = −1
eiR 1 1 Ye = −2

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

weak interctions theory.

Lfermion = i(uL, dL)γµ(∂µ − ig(
σi

2
)W i

µ)

(
uL
dL

)
= iuLγµ∂µuL + idLγµ∂µdL −

1

2
guLγµW

−
µ dL −

1

2
gdLγµW

+
µ uL

(2.17)

The �avor 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.

Lcc = −1

2
guLγµW

−
µ dL −

1

2
gdLγµW

+
µ uL (2.18)

Till now all the gaugesbosons, quarkssand leptonssare massless. Insthe next section we

will discuss thesHiggs 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 �eld in

an existing theory which has a hypercharge Yφ = 1
2
and doublet as for SU(2)L.

φ =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2

φ3 + iφ4

)
(2.19)

The extra term is set in the SM Lagrangian as

LHiggs = (Dµφ)†(Dµφ)− V (φ) (2.20)
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The covarient derivative Dµ and potential V (φ) is given as

Dµ = ∂µ −
1

2
igeBµ −

1

2
ig

′
σiW i

µ

iV (φ) = m2φ†φ− λ(φ†φ)2
(2.21)

By using these values the Higgs Lagrangian will look like as

LHiggs = |∂µ −
1

2
igeBµ −

1

2
ig′σiW i

µ|2|φ|2 −
m2

2
|φ|2 − λ

4
|φ|2s (2.22)

2.2.4 Higgs Mechanism

In SM the gauge invariancesdoes not allow the masssterms insLagrangian for chiral

fermions and gaugesbosons. 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 complexsscalar doublet issadded tosthe SM Lagrangian.

LHiggs = (Dµφ)†(Dµφ)−m2φ†φ− λ(φ†φ)2 (2.23)

Where is V (φ) in above eqn, clearly write it down. The V (φ) is the Higgs potential

which steers the SSB. λ is quartic coupling de�nes the self interaction between the

scalar �eld. For vacuum stability λ > 0 and µ2 > 0 then the potential (φ) acquire the

vacuum expectation value (VEV) and in result the symmetry will break spontaneously.

Because of symmetry of potential we have in�nite number of degenerate states with

least energy assuring the equation

φ†φ =
V2

2
, V2 =

m2

λ
. (2.24)

Using these transformation and introduce the real h �eld as φ = 1√
2
(V + h) in La-

grangian Eq.(2.22), that will expression as

L =(∂µ + igAµ)
1√
2

(V + h) (∂µ − igAµ)
1√
2

(V + h)− 1

2
m2(V + h)2 − 1

4
λ(V + h)4

=
1

2
(∂µh)2 +

1

2
g2A2

µ(V + h)2 − λV2h2 − λVh3 − 1

4
λh4 +

1

4
λV4

=
1

2
(∂µh)2 − λV2A2

µ +
1

2
g2V2A2

µ + g2VA2
µh+

1

2
g2A2

µh
2 − λVh3 − 1

4
λh4

(2.25)
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The L is even now invariantsunder the SU(2)L × U(1)Y ssymmetry, howeversground

state issnot, A2h, A2h2, h3 and h4 are the interactiong terms in eq.(2.28). That is,

electromagnetism is unbreakable by scalar VEV. Thus VEV yields the breakingsscheme

as,

SU(2)L × U(1)Y → U(1)Q (2.26)

whichsis even nowsa true vacuum symmetry. The so called Goldstone bosons is taken

out by Aµ gauge boson and provides it a mass.

Guage Boson Massess

Weshave observed that anyschoice ofsvacuum that can breakssa symmetryswillsgenerate

a mass forsthe corresponding gauge boson. For convenience the scalar doublet in the

unitary guage is written as fallow

φ =

(
φ+

φ0

)
=

1√
2

(
0
V + h

)
(2.27)

We are intended only in the contribution of the gauge boson masses this is how we

leave any h mixed term. The gauge boson masssterms derivesfrom the kinetic term

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

(Dµφ)†(Dµφ) =

∣∣∣∣∣∣
(
∂µ − i

2
geBµ − iσ

i

2
g′W i

µ

) 1√
2

(
0
V

)∣∣∣∣∣∣
2

=
V2

8

∣∣∣∣∣∣geBµ + g′σiW i
µ

(
0
1

)∣∣∣∣∣∣
2

=
V2

8

∣∣∣∣∣∣
(
g′W 1

µ − ig′W 2
µ

geBµ − g′W 3
µ

)∣∣∣∣∣∣
2

=
V2

8

[
g′

2
(

(W 1
µ)2 + (W 2

µ)2
)

+ (g′W 3
µ − geBµ)2

]

(2.28)

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ) with mass mW =
1

2
g′V

Z0
µ =

1√
g2
e + g′2

(g′W 3
µ − geBµ) with mass mZ =

1

2
(
√
g2
e + g′2)V

(2.29)
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Weinberg angle θW is used as

cosθW =
g′√

g2
e + g′2

sinθW =
ge√

g2
e + g′2

(2.30)

The vector �eld which is orthogonal to Z0
µ will remain massless

Aµ =
1√

g2
e + g′2

(geW
3
µ + g′Bµ) with mass mA = 0 (2.31)

At the end, after spontaneous symmetry break we have a real scalar Higgs �eld with

three massively weaksbosons,W± and Z and one masslesssphoton. The massless gauge

�eld Aµ is associated with thesphoton. It is the result ofsthe factsthat SU(2)L×U(1)Y

is brokensinto U(1)Qssymmetry.

2.2.5 Fermion masses, LY ukawa

We have built a term in L which couples the Higgs doublet to fermion �eld. The

yukawa section of the L is given as

LY uk = Yf [ψLφψR + ψRφψL]

LY uk = −
(
qL.φ̃

)
YuuR −

(
qL.φ̃

)
YddR −

(
LL.φ

)
YLeR + h.c.,

(2.32)

eR, uR and dR are right handed leptons, right handedsup and downstype quarks re-

spectively.

eR = pRe , uR = pRu , dR = pRd

qL and L
i
L are left handed quarks andsleft handed leptons respectively, where i = 1, 2, 3

is the colour indices.

LL = pL

(
νeL
eL

)
, qL = pL

(
uL
dL

)

where as

pR = (1+γ5)
2

and pL = (1−γ5)
2

,
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YL, Yu and Yd are 3 × 3 general comlpex matrices that is yukawa coupling for lepton,

up typesand down type quarkssrespectively, leaving the h which is termed as Higgs

boson mixed around the vacuum expectation value (VEV) assin Eq.(2.30),sthe Yukawa

Lagrangian will look like,

LY uk = − V√
2
uLYuuR −

V√
2
dLYddR −

V√
2
eLYeeR + interactions + h.c.. (2.33)

The fermions will gain �nite mass if φ has non zero VEV see Eq.(2.30). In general the

Yukawa Lagrangian for three generations of leptons (LLepY uk) can be expressed as

LY ukLep =
(
eR µR τ

)
Ylφ



(
νe
e

)
L(

νµ
µ

)
L(

ντ
τ

)
L


+ h.c (2.34)

See the Eq.(2.37) the Yukawa coupling for fermions Yl and fermion to Higgs �eld

coupling can expressed as

Yl =
√

2(ml

V ) , Yl√
2

= ml

V

The YukawasLagrangian forsthe up andsdown typessquarks are di�erent as down type

quarks (d, ss, sb) get the mass by the Yukawa Lagrangian for down type quarks Ld−QuarksY uk =

YdψRφψL that will be same as in Eq.(2.35) except the Yukawa coupling Yd. Now the

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

Lu−QuarksY uk = YuψRφ̃ψL + h.c

Where φ̃ = −iσ2φ
∗ = − 1√

2

(
V + h

0

)

Lu−QuarksY uk =
(
uR cR t

)
Yu(iσ2φ

∗)



(
u
d

)
L(

c
s

)
L(

t
b

)
L


+ h.c

(2.35)
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iσ2φ
∗ is SU(2) complex doublet where σ2 is pauli matrix. The mixed terms are still

present, so in order to evaluate mass eigenstates, thesstates withsproper masssterms,

wesdiagonalize the Yukawasmatrices Y d and Y usby mean of unitary matrices V dsandsV u

respectively as fallow

Y q
diag = V q

LY
qV q†

R , q = u, d

It is require that matrices V are unitary i-e V q
LV

q†
L = I, then we rede�ne the �eld to

eliminate the unitary matrices,

dLi = V d
Ld
′
L, dRi = V d

Rd
′
R

uLi = V d
Lu
′
L, dRi = V d

Rd
′
R

(2.36)

Thesestransformations convertsthe quark �eldssto the basissof mass eigenstates. This

will allow to expresssquark interactionseigenstates d′, u′ as quarksmass eigen state d,

u.

Now from Eq.(2.18) the chargedscurrent interactionsamong the left handed isospin

doubletsinteraction eigenstates thatsare connected by W Boson can be written as,

LqLcc =
g√
2
uLγµW

−µdL +
g√
2
dLγµW

+µuL

LqLcc =
g√
2
u′L(V u

L V
d†
L )γµW

−µd′L +
g√
2
d′L(V d

LV
u†
L )γµW

+µu′L

(2.37)

The combination of V u
L V

d†
L is a 3 × 3 famous mixing matrixsthe Cabibbo Kobayashi

Maskawa (CKM) matrix generally termed as VCKM 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 E�ective �eild 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.

VuLV
†
dL = VCKM (3.1)

The interaction eigen basis andsthe mass eigen basissare selected to besequal for thesup-

type quarks by convention, whereassthe down-typesquarks are selected tosbesrotated,

goingsfrom the interactionsbasis to the masssbasis,

Q′d = VCKM Qdd′s′
b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


ds
b

 (3.2)
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Thereforesthe memberssof VCKM is writtensas fallow [36]

VCKM =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 (3.3)

In de�ning VCKM we have more freedom by mean of which we can transform be-

tweensthe di�erent generations. But thissfreedom is certain by arranging the up and

down type quarks by means of theirsmasses like

(u1, u2, u3)→ (u, c, t) ; (d1, d2, d3)→ (d, s, b) (3.4)

Each member of the CKM matrix is evaluated experimentally [40] asVud≈0.974 Vus≈0.220 Vub≈0.003
Vcd≈0.224 Vcs≈0.969 Vcb≈0.04
Vtd≈0.009 Vts≈0.042 Vtb≈0.999

 (3.5)

3.1.1 Standard Parametrization

ThesCKM matrixsin terms of four parameters is parameterized in many way. The most

popular representations the standard parametrization is given as

VCKM =

 c12c13 s12s13 s13e
−ιδ

−s12c23 − c12s23s13e
ιδ c12s23 − s12s23s23e

ιδ s23c13

s12c23 − c12s23s13e
ιδ −s23c12 − s12c23s13e

ιδ c23c13

 (3.6)

Here cij = cosθij and sij = sinθij while δ is thesphase, whichsvaries in thesrange from

0 ≤ δ ≤ 2π. The foursindependent patameters are takensas

s12 = |Vus| , s s13 = |Vub| , s s23 = |Vcb| and δ.

Thes�rststhree out of four cansbe taken out from the treeslevel decayssmoderated

bysthe transitionsss → u, b → u and b → csrespectively. Thesphase δ cansbe

taken outsfrom the charge paritys(CP) violationstransitionssor loopsprocesses which

isssensitive tos|Vtd|. For numerical calculationssthe standard parametrizationsis 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 smallsparameter λ = |Vus| ≈ 0.22 toO(λ3), the matrix

is given as

VCKM =

 1− λ2

2
λ Aλ3(ρ− ιη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− ιη) −Aλ2 1

+O(λ4) (3.7)

Wheresthe λ,A, ρ and η 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

s12 ' λ , s23 ' Aλ2 , s13e
ιδ ' Aλ3(ρ− ιη). (3.8)

Wolfenstein parametrization issa goodsestimation to the actualsnumericalsvalues and

somestime usedsto express the hierarchicalsstructure ofsthe CKM matix. The CKM

matrix is more likely the unit matrix along o� diagonal members that are small. The

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

parametrization.

VCKM ∼

 1 λ λ3

λ 1 λ2

λ3 λ2 1

+O(λ4) (3.9)

We perceive that the diagonal elements corresponds to quark transition inside a gen-

eration, are close to one, whereassthe o� diagonalselements corresponds tostransitions

among the generation,sare 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(MW,Z). Hence this

phenomenon can be explained via low energy e�ective �eld 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 JµCC to W boson �eld mediates the �avour

18



changing decays. The JµCC having the left handed lepton and quark �elds which is

given as

JµCC = (uL, cL, tL)γµVCKM

dLsL
bL

+ (νe, νµ, ντ )

eLµL
τL

 (3.10)

In accordance with the formsof thescharged currentsinteraction the weak decays of

the meson may classi�ed into the three types, the Leptonic decay in which decay-

ing meson quarks are annihilate one another and in result only the leptons appearsin

thes�nal state;snon-leptonicsdecays, in whichsthe �nalsstate Contains onlyshadrons;

and semisleptonic decays, in whichsboth hadronssand leptons appearssin the �nalsstate.

We willsfocus on the semisleptonic decaysin detail onwards regarding this thesis.

3.2.1 E�ective Field Theory

In Quantum Field Theory (QFT) the E�ective Field Theory EFT is use as a tool

tosdeal with the multisscale problems[38, 39, 41]. Considersa quantum �eld the-

oryswith ascharacteristic energysscale E, and supposeswe aresinterested in thesphysics

atssome much lowersscale T i.e (T � E). Tosconstruct ansEFT weschoose ascuto�

Λsslightly belowsE and integratesout the heavy degrees of freedom fromsthe theory,

i.e., removesthe particlesswhich are heavierswith respectsto the cuto�sscale Λ. The

EFT contains only thesrelevant lightsdegrees of freedomsand thus can besregarded as

a low energyslimit of the fullstheory. The e�ectivesLagrangianstakes thesform

Leff =
∑
n>0

CnOn (3.11)

It is an in�nitessum over allslocal operators On whichsare allowedsby the symmetriessof

the theory, multipliedsby couplingsconstants Cn, thesso-calledsWilson coe�cients.

Onesmay wondershowssuch astheory cansbe predictive. To answersthis questionswe

replacesthe coupling constants with dimensionlesssconstants cin . Withsthisswescan

rewritesthesLagrangian,

Leff = L(0) +
∑
n>0

∑
in

cin
En
Oin (3.12)
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The advantage of the newsformula isseasily seen. Theshigher the dimensionsof the oper-

ator, thesmore powerssof E it is suppressedsby. In otherswords, the lowestsdimensional

operatorsswill besthe mostsimportant ones.sDepending on thesprecision goalsonescan

truncatesthe seriessandsthus onlysa �nitesnumber ofsoperators andscouplingssneed to

besretained.

3.2.2 Operator Product Expansion

The OperatorsProduct Expansion (OPE) is prescribe structure insorder tosde�ne the

weak interactions. Apply and study this process on a simple example c→sud [43] the

weak decay look �gure below. The amplitudesof the respectivesdecay can beswritten

Figure 3.1: c→ sud in full and e�ective theory

as [45]

Afull =
g

′2

8
VudV

∗
cs

[
us(ps)γ

µ(1− γ5)uc(pc)
] gµν
k2 −M2

W

[
uu(pu)γ

ν(1− γ5)ud(pd)
]
(3.13)

By introducing the Fermisconstant GF which is given as

GF√
2

=
g

′2

8M2
W

(3.14)

The Eq.(3.13) may look like as

Afull =
GF√

2
VudV

∗
cs

[
[us(ps)γ

µ(1− γ5)uc(pc)
] M2

W

k2 −M2
W

[
uu(pu)γµ(1− γ5)ud(pd)

]
(3.15)
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The amplitude may expand upto O(k2/M2
W ) like

Afull =
GF√

2
VudV

∗
cs

[
[us(ps)γ

µ(1− γ5)uc(pc)
] [
uu(pu)γ

ν(1− γ5)ud(pd)
]

+O

(
k2

M2
W

)
(3.16)

Sincesk, the momentumstransfer throughsthe W spropagator, isssmall comparedsto

MW , termssof thesorder O
(

k2

M2
W

)
cansbe safelysneglected andsthe fullsamplitudescan

besapproximatedsby thes�rst term of thesr.h.s ofsEq.(3.15). The samesresult cansbe

obtainedsfromsthe e�ectivesHamiltonian.

Heff =
Gf√

2
VudV

∗
cs

[
sγµ(1− γ5)c

] [
uγµ(1− γ5)d

]
+ high dimension operators (3.17)

which agree with a low energystheory, inswhich the heavysparticles havesbeen in-

tegrated out. Theshigher dimensional operators correspondsto thesterms of order

O(k2/M2
W ).

This examplesshows thesidea of thesOPE, the non-local productsof two chargedscurrent

operatorsscan be expanded intosa series ofslocal operators, whosescontributions are

weightedsby e�ectivescoupling constants, thesWilson coe�cients. Move on oursexample

that is

Afull
!

= Aeff =
GF√

2
V ∗csVudC〈O〉 (3.18)

By comparison the Wilson coe�cent is equal to 1 and operator are given as

O =
[
sγµ(1− γ5)c

] [
uγµ(1− γ5)d

]
(3.19)

3.2.3 E�ective Hamiltonian

The dicussion for the weak hadron decay take starts from the e�ective Hamiltonian,

whose general form can be written as

sHeff =
GF√

2

∑
i

V i
CKMCi(µ)Oi(µ)s (3.20)

GF sis the Fermi coupling constant. Oi is a completesset of local operators rele-

vantsfor the process. The CKM matrix elementssand the Wilson coe�cients de-

scribesthe strength with which thesoperators enter thesHamiltonian. We observesthat
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both thesWilson coe�cientssand the local operators dependson the cuto�sscale µ (from

nowson µ takessthe rolesof the cuto�sscale Λ). All physicssabove thissscale (high-

energy e�ects) is absorbed intosthe Wilson coe�cients, whereasslow energy e�ects

arescontained in theslocal operators. In otherswords, thesproblem issseparated in high

andslow energy regimes. This issthe mostsimportant property ofsthe OPE.

Insorder to computesthe Wilson coe�cients weshave to choosesan operatorsbasis, i.e

a setsof operators,sso that the e�ectivesHamiltonian of eachsprocess can besexpressed

as a linearscombination of thesesoperators. Then thescoe�cients can besobtained by

thesrequirement thatsthe amplitude Afull ofsthe full theorysis equal to thesamplitude

of these�ective theory

Afull
!

= Aeff =
GF√

2

∑
i

V i
CKMCi(µ)〈Oi(µ)〉 (3.21)

Thesbrackets presenting the matrixselements of the respective operatorssOi(µ). This

procedure can named as the matchingsof fullstheory with the e�ective theory.sThe

full theory deals with all particles that appear in the process as dynamicalsdegree

of freedom, whereas the e�ectivestheory is constructed by integratingsout the heavy

degrees of freedom (withsrespect to the cuto�sscale).sIf the scale µ isslargesenough,

thesmatching cansbe donesin perturbationstheory.sThe Wilsonscoe�cients will,sin gen-

eral,sdependson the massessof thesparticles,swhichswere integratedsout.

The contribution of local operators and specially the e�ective operators in the

Standard Model are sum up as fallows [13].

Current-Current Operators

O1 = (siγ
µ(1− γ5)ci)(cjγ

µ(1− γ5)bj)

O2 = (sγµ(1− γ5)c)(cγµ(1− γ5)b)
(3.22)
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QCD Penguin Operators

O3 = (sγµ(1− γ5)b)Σq(qγ
µ(1− γ5)q)

O4 = (siγ
µ(1− γ5)bj)Σq(qjγ

µ(1− γ5)qi)s

O5 = (sγµ(1− γ5)b)Σq(qγ
µ(1 + γ5)q)

O6 = (siγ
µ(1− γ5)bj)Σq(qjγ

µ(1 + γ5)qi)

(3.23)

Magnetic Penguin Operators

O7 =
emb

8π2
(sσµν(1 + γ5)b)Fµν

O8 = −gsmb

8π2
siσ

µν(1 + γ5)T abjG
a
µν

(3.24)

Semileptonic electroweak Penguin Operators

O9 =
e

8π2
(sγµ(1− γ5)b)(lγµl)

O10 =
e

8π2
(sγµ(1− γ5)b)(lγµγ5l).

(3.25)

Here i and j is for colour indices and Σq sum over the quarks such that q = u, d, s, c, b.

ThesO1,2 arescurrent-current operators that de�ne the weaksdecays structure ands�rst

order corrections as well,sfor examplesthe W boson will has been taken into the co-

e�cents C1 and C2.sThe nuclearsbeta decays(n → peν)sis one of the example. The

operators O3−6,8 will deal the loops including systems such that O3−6 are QCD pen-

guinsoperatorssand O7,8 are magneticspenguinsoperators. Wheresthe operators O7, O9

and O10 are most meaningful regarding rare decays, where O9,10 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 chargedW+ current, howevershave quite fesinatingstheoretical relations

with the decays that are inducedsby loops.
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The radiative electroweak penguin b → sγ and b → sνν decays aresof thesgreat

interest, that are the transition at quark level which cannotsbe trace directlysas the

quarks quickelysform thesHadrons. Experimentally the exclusivesdecays are traced

while thesinclusive decay will be thessum of all the contributions. Occasionally the

decaysb→ sγswas �rst noticed by itssexclusive decay B → K∗γ [50]. Thesrarescharm

hadronsdecayssare also probed butspresently the experimetal sensitivitysis not enough

to get the veryslow rates predicted in the SM.

The experimentally favoured are Exclusive decays but come along with great theo-

retical uncertainties, for example B0 → K∗0l+l− is well known [48]. The decay rate of

this decay is hard to consider accurately, however observables that are describing the

angularsdistribution ofsdecay productsscan 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 �avor physics the rare decays is an active �eld such that the research �eld

studying the transformation of quarks from one class or �avour to other. The most

convincingly produced b quark mesons are B0 which is composedsof anti b quarksand

dsquark,sthe B+ meson composedsof bsand usquarks andsB0
s mesonscomposed of b and

s quarks. The masses of these mesons are in range from 5 to 6 GeV/c2 that is sixstime

the mass ofsproton butsquite below from thesmasssofW boson that is of 80 Gev/c2 [54].

Thesmore 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 �avour does not take place [52].

In above �gure the rare decay process like the B0
s → µ+µ− carry out via a loop occa-

sionally referred to as penguins shape. The process like this is raresas thesprobability

of thestransition rapidly decrease withsthe number of the electroweaksvertices, 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 �avour with the exchange of W boson.

along with the mediator particals which suppressed the decay more.

The Hadron'ssweak decayssare moderated bysweak interactions among thesquarks,

which take part atsenergies quite lowersthan the scalesof weak interactions O[MW,Z ].

So lowsenergy e�ective theory willsused to dealsthis.

3.3 Flavour Changing Neutral Currents

The �avour changing neutral current (FCNC) is forbidden at treeslevel in SM [46].There

is for examplesno directscoupling betweensthe b quark andsthe s or d quarks. To

understandswhy let usslook at the Z bosonscurrent insthe fermionicsLagrangian

JµZ ∼ dLγ
µdL (3.26)

When wesapply the �eld rede�nitions,sthe unitary matrices justscancel out andsthus

there are nostransitions betweensquarks ofsdi�erentsgenerations. The samesis truesfor

the electromagneticscurrent.sAs weshave alreadysseen in Eq.(3.10), there ares�avor

changing chargedscurrents in the SM. Atsloop levelsFCNCs cansbe induced throughsa

W boson exchange.
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(a) penguin diagram

Figure 3.3: Change of �avour with the exchange of W boson.

The FCNCs aresimportant featuressof �avor physics. They notsonly allow mea-

surementssof the CKM matrix elements, but aresalso highlyssensitive to New Physics.

FCNCs areshowever stronglyssuppressed in the SM. This issensured throughsthe GIM

mechanism.

3.3.1 GIM Mechanism

Glashow�Iliopoulos�Maiani (GIM) Mechanism was proposed by S.L. Glashow, J. Il-

iopolus and L. Maiani in 1970. Itssdiscoverysinvolved thesintroduction ofsasfourth

quark, thescharmsquark, whichswas stillsunknown atsthat time[10].sWe cansapplysthe

GIMsmechanism on the rare radiative B-meson decay which at quark level occurs as

b → sγ, cf.�g(3.3).sThe overallsamplitude is thessum of thesdiagrams withsu, c and t

in thesloop.

A = A(m2
u)V

∗
usVub +A(m2

c)V
∗
csVcb +A(m2

t )V
∗
tsVtb (3.27)

We obtain from unitary CKM matrix that

V ∗usVub + V ∗csVcb + V ∗tsVtb = 0 (3.28)

Therefore If the quarks have the same masses in other words mu = mc = mt, then

amplitudeswould be zerosand FCNCs would be prohibited though atsloop level. But
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we have the knowledge thatsthe quarks vary instheir massessand mainlymt � mu,mc.

The amplitude is in proportional to ln(m2
t/m

2
W ) as the quark mass variation has break

the cancellation. As long asstop quarksis sosmassive, then in result the loopsdiagrams

aresnot supressed so stronglysand are anticipated toshave considerable rates by mean

of which Standard Model is testing.

3.4 Decay Amplitude for Hadronic Decays

An amplitudes forsthesdecay of the initial state mesonsi intosthe �nal statesmeson is

given in general as,

M(i→ f) = 〈f |Heff |i〉 =
GF√

2

∑
i

V i
CKMCi(µ)〈f |Oi(µ)|i〉, s (3.29)

sThe 〈f |Oi(µ)|i〉 aresthe hadronicsmatrix elementssofOi among initials(i) and �nals(f)

state. The scale µ as discussed before di�erentiate the physics takes part into the short

distance and long distance contributions deal with Ci(µ) and 〈Oi(µ)〉 respectively.
Sometime thesesvalues base on unknownsparameters ofsthe theory like the massessof

so far unseensnew particles.

3.4.1 Amplitude for Rare B decay at Quark Level

At quark level thesdecay ofsb→ sl+l− is a source of studies of New Physics on its own,

here l = e, µ. But these decays insthe SM are included by the loopsdiagram like thatsof

the b→ sγ. The loopsdiagram forsb→sl+l− is givensas,

Figure 3.4: Electroweak Loop or penguin diagram for b → sl+l− in SM dominant
contributions.
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The e�ective Hamitonian guide to the b→ sl+l− quark decaysamplitude issgivensas,

M(b→ sl+l−) =
GFα

2
√

2π
V ∗tsVtb

[
Ceff

9 (sγµ(1− γ5)b)(lγµl)s

s+ C10(sγµ(1− γ5)b)(lγµγ5l)− 2mb

q2
Ceff

7 (siσµνqν(1 + γ5)b)(lγµl)

]
.

(3.30)

Usually the rare B decay are de�nes withinsthe framwork ofsan e�ectiveslow energy

theory that achieved by the integrate out thesheavy degree ofsfreedom, that are the

W± bosons and a topsquark insthis particularscase. In respect ofsthe SM, there are

the e�ects ofsthe W , Z bosonssand top(t) quark that are essentially removedsfrom

the theory and includes into the Willson coe�cents. We will not take into account

the operators except O8g because of not taking contribution of gluons here, where as

operators up to six dimensions Oi(i = 1, 2, ..., 6) are taking into consideration and the

e�ective operators O7,9,10 contributes in the decays followed bt b→sl+l− transitions.
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Chapter 4

The Decay B → K1(1270, 1400)µ
+µ− in

the StandardsModel

Insthisschapter we analiyzesthe physical observablesssuch assbranching ratios (BR),

forwardsbackward asymmetry (AFB), helicity fractions (fL), unpolarized and polarized

ratios (Rµ) via the Semi-leptonic raresB mesonsdecay B → K1(1270, 1400)µ+
+µ
−sin

thesframework of SM.

4.1 Ingredients for B → K1µ
+µ−

At quark level the deacy B→K1µ
+µ− is governed by b→sl+l− transition. The e�ec-

tivesHamiltonian for such a decay can be expressed as

Heff = −4GF√
2
V ∗tsVtb

 6∑
i=1

Ci(µ)Oi(µ) +
∑

i=7,9,10

Ci(µ)Oi(µ)

 (4.1)

Insthe SM the Heff can be expressed like this aftersintegrating out the heavysdegrees

of freedomsin the full theory and left with the local quark operators Oi, four quark and
their correlating Wilson coe�cents Ci(µ) [69].

The amplitude for the said process can be obtained by sandwitching the e�ective

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

M(B → K1µ
+µ−)

=
GFα

2
√

2π
V ∗tsVtb

[
〈K1(k, ε)|sγµ(1− γ5)b|B(p)〉{Ceff

9 (µγµµ)

+ C10(µγµγ5µ)} − 2mb

q2
Ceff

7 〈K1(k, ε)|siσµνqν(1 + γ5)b|B(p)〉(µγµµ)

]
(4.2)

The K1(1270, 1400) is �nal state axial vector meson. One can de�nesthe momentasas

p = k+k1 +k2 in which k1 and k2 aresthesmomenta associate with thesleptons µ+ and

µ− with p2 = M2
B, k

2 = M2
K1

and k2
1 = k2

2 = µ, where m1, m2 and µ are the masses

associated with initial meson B, �nal state meson K1 and leptons that is muon here,

respectively.

4.2 Form Factor And Mixing of

K1(1270) −K1(1400)

The hadronic matrixselements ofsthe quark operatorssforsthe exclusivesdecay B →
K1(1270, 1400)µ+µ−scan be speci�ed instermssof form factor is givensas,

〈K1(k, ε)|Vµ|B(p)〉 = ε∗µ(MB +MK1)V1(q2)− Pµ(ε∗.q)
V2(q2)

MB +MK1

s

s− qµ(ε∗.q)
2MK1

q2
[V3(q2)− V0(q2)],

〈K1(k, ε)|Aµ|B(p)〉 = − s2iεµναβs
MB +MK1

ε∗νpαkβA(q2),

〈K1(k, ε)|siσµνqνb|B(p)〉 = [(M2
B −M2

K1
)ε∗µ − (ε∗.q)Pµ]F2(q2)

s + (ε∗.q)[qµ −
q2

M2
B −M2

K1

Pµ]F3(q2),

〈K1(k, ε)|siσµνqνγ5b|〉 = 2iεµναβε
∗νpαkβF1(q2).

(4.3)

Here V µ = sγµb is vector and Aµ = sγµγ5b is axial vector current, Pµ = (p + k)µ

and ε∗νsare thespolarization vectorsof axialsvectorsmeson.sThe relationship for vector
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formsfactors in above equationsare givensas

V3(q2) =
MB +MK1

2MK1

V1(q2)− MB −MK1

2MK1

V2(q2)

V3(0) = V0(0)

(4.4)

Where q = p − k, γ5 = iγ0γ1γ2γ3 and A, Vi and Fi are the form factors whose values

are speci�ed in the table coming next. The K1(1270)sandsK1(1400)sare the physical

mixed statessof K1A andsK1B with mixingsangle θK can be de�nesas

i|K1(1270)〉 = |K1A〉 sin θK1 + |K1B〉 cos θK1 (4.5)

i|K1(1400)〉 = |K1A〉 cos θK1 − |K1B〉 sin θK1 (4.6)

The mixing angle θK1 has not been exactly established but it was approximated tosbe

−(34 ± 13)◦ fromsthe decay B → K1(1270)γsandsτ → K1(1270)µτ [32]. Thussthe

di�erent possibilities in this framwork examine for θK1 . The magnitude of θK1 estab-

lished here as 34◦ 6 θK1 6 58◦. In respect of K1A and K1B the B → K1(1270, 1400)

matrixselements cansbe specifysin term ofsform factor as(
〈K1(1270)|sγµ(1− γ5)b|B〉
〈K1(1400)|sγµ(1− γ5)b|B〉

)
= M

(
〈K1A|sγµ(1− γ5)b|B〉
〈K1B|sγµ(1− γ5)b|B〉

)
(4.7)

(
〈K1(1270)|sσµνqν(1 + γ5)b|B〉
〈K1(1400)|sσµνqν(1 + γ5)b|B〉

)
= M

(
〈K1A|sσµνqν(1 + γ5)b|B〉
〈K1B|sσµνqν(1 + γ5)b|B〉

)
(4.8)

Where M is the mixing or called as rotation matrix that can be written as

sM =

(
sin θK cos θK
cos θK − sin θK

)
(4.9)

Thesformsfactors AK1 , V K1
0,1,2sand F

K1
0,1,2 satis�essthesfollowingsrelation.(

AK1(1270)/MB +MK1(1270)

AK1(1400)/MB +MK1(1400)

)
= M

(
AK1A/MB +MK1A

AK1B/MB +MK1B

)
(4.10)

s

(
(MB +MK1(1270))V

K1(1270)
1

(MB +MK1(1400))V
K1(1400)

1

)
= M

(
(MB +MK1A

)V K1A
1

(MB +MK1B
)V K1B

1

)
(4.11)
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(
V
K1(1270)

2 /MB +MK1(1270)

V
K1(1400)

2 /MB +MK1(1400)

)
= M

(
V K1A

2 /MB +MK1A

V K1B
2 /MB +MK1B

)
(4.12)(

MK1(1270)V
K1(1270)

0

MK1(1400)V
K1(1400)

0

)
= M

(
MK1A

V K1A
0

MK1B
V K1B

0

)
(4.13)(

F
K1(1270)
1

F
K1(1400)
1

)
= M

(
FK1A

1

FK1B
1

)
(4.14)(M2

B −M2
K1(1270)

)F
K1(1270)
2

(M2
B −M2

K1(1400)
)F

K1(1400)
2

 = M

(
(M2

B −M2
K1A

)FK1A
2

(M2
B −M2

K1B
)FK1B

2

)
(4.15)

(
F
K1(1270)
3

F
K1(1400)
3

)
= M

(
FK1A

3

FK1B
3

)
(4.16)

Table 4.1. Form Factor [60] for B → K1A,1B, here x and y are the parameter of the
form factor.

Hn
i (q2) H(0) x y Hn

i (q2) H(0) x y

V K1A
0 0.22 2.40 1.78 V K1B

0 -0.45 1.34 0.690

V K1A
1 0.34 0.635 0.211 V K1B

1 -0.29 0.729 0.074

V K1A
2 0.41 1.51 1.18 V K1B

2 0.17 0.919 0.855
AK1A 0.45 1.60 0.974 AK1B -0.37 1.72 0.912

FK1A
1 0.31 0.629 0.387 FK1B

1 -0.25 1.59 0.790

FK1A
2 0.31 0.629 0.387 FK1B

2 -0.25 0.378 -0.755

FK1A
3 0.28 1.36 0.720 FK1B

3 -0.11 1.61 10.2

The formsfactors that usedsfor the study ofsthe physicalsobservable are evaluated

insthe framworksof QCD light cone sum rules [60]. Thesesresults aresapplicable onlysat

low q2 region.sHowever tosinvestigate these�ects of observablesson theswhole kinemat-

icalsregion, thesform factorsscan be parameterized in the three-parametersform as

Hn
i (q2) =

Hn
i (0)

1− xni (q/m2
B) + yni (q2/m2

B)2
(4.17)

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

4.1, here i will have the value either 0, 1, 2, or 3 and n is use for K1A or K1B states.

The Wilson coe�cents used in the calculations are [58, 70],
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Table 4.2. Wilson Coe�cents Cµ
i in th Standard Model at thesscale µ ∼ mb

C1 C2 C3 C4 C5 C6 C7 C9 C10

-0.263 1.011 0.005 -0.0806 0.0004 0.0009 -0.2923 4.0749 -4.3085

The matrixselements insEq.(4.11) cansbe simpli�ed from [58] as,

M =
GFα

2
√

2π
λt{Iµ1 µγµµ+ Iµ2 µγ

µγ5µ}, (4.18)

Iµi is given as

Iµj = Iµνj ε∗ν Where j = 1, 2 (4.19)

The Wilson coe�cents and form factors are expressed in the form of auxiliary funtions

as

Iµν1 = iεµναβp
αkβI1(q2) + gµνI2(q2)− qµqνI3(q2)− PµqνI4(q2)

Iµν2 = iεµναβp
αkβI5(q2) + gµνI6(q2)− qµqνI7(q2)− PµqνI8(q2)

(4.20)

Where Ii (i = 1, ..., 8) are the auxiliary function that includes both the Wilson coe�-

cents and form factors and expressed explicitly as

I1(q2) = 2Ceff
9

A(q2)

MB +MK1

+
4mb

q2
Ceff

7 F1(q2)

I2(q2) = Ceff
9 (MB +MK1)V1(q2) +

2mb

q2
Ceff

7 (M2
b −M2

K1
)F2(q2)

I3(q2) = 2Ceff
9

MK1

q2
(V3(q2)− V0(q2))− 2mb

q2
Ceff

7 F3(q2)

I4(q2) = Ceff
9

V2(q2)

MB +MK1

− 2mb

q2
Ceff

7

(
F2(q2)− q2

M2
B −M2

K1

F3(q2)

)

I5(q2) = 2CSM
10

A(q2)

MB +MK1

I6(q2) = cSM10 (MB +MK1)V1(q2)

I7(q2) = 2CSM
10

MK1

q2
(V3(q2)− V0(q2))

I8(q2) = CSM
10

V2(q2)

MB +MK1

(4.21)

As mentioned earlier the �nal state K1(1270)sandsK1(1400) mesonsscontainssmixing

angle θK .
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The form factor can besexpressed insterms of mixing angles as, for B→K1(1270)µ+µ−

can be expressed as

A(q2) = −AK1A sin θK + AK1B cos θK ,

Fi(q
2) = −FK1A

i sin θK + FK1B
i cos θK ,

Vi(q
2) = −V K1A

i sin θK + V K1B
i cos θK .

(4.22)

Form factors for B→K1(1400) in term of θK is given as

A(q2) = AK1A cos θK − AK1B sin θK ,

Fi(q
2) = FK1A

i cos θK − FK1B
i sin θK ,

Vi(q
2) = V K1A

i cos θK − V K1B
i sin θK .

(4.23)

The Wilson coe�cents Ceff
7 (µ) and Ceff

9 (µ) take into consideration e�ectively which

is given as in [14, 56]

Ceff
9 = C9 +XSD(y, ŝ) +XLD(y, ŝ), (4.24)

wheresas y = mc/mb,iŝ = q2/m2
b . XSD(y, ŝ) and XLD(y, ŝ) can expressed as

XSD(y, ŝ) =h(y, ŝ)C0 −
1

2
h(1, ŝ)(4C3 + 4C4 + 3C5 + C6)− 1

2
h(0, ŝ)(C3 + 3C4)

+
2

9
(3C3 + C4 + 3C5 + C6)

(4.25)

Thesother termssare givenvsas

sh(y, ŝ) =− 8

9
ln
mb

µ
− 8

9
ln y +

8

27
+

4

9
x

− 2

9
(2 + x)|1− x|1/2

(ln |
√

1−x+1√
1−x−1

| − iπ), if x ≡ 4y
ŝ
< 1,

2arctan 1√
x−1

, if x ≡ 4y
ŝ
> 1,

sh(0, s) =
8

27
− 8

9
ln
mb

µ
− 4

9
ln ŝ− 4

9
iπ.s

(4.26)

ands

XLD(y, ŝ) =C0
3π

α2
κ
∑
Ui=ψi

Γ(Ui→l+l−)mUi

m2
Ui
− q2 − imU1ΓUi

sC0 ≡3C1 + C2 + 3C3 + C4 + 3C5 + C6i

(4.27)
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where κ = 1/C0 here. XSD(y, ŝ) and XLD(y, ŝ) represent the short and long distance

contribution fromsfour quarksoperators far away and near the cc resonance regions

respectively. XSD cansbe evaluated certainly in the perturbative theory and XLD

may not be calculated from �rst QCD principles and by use of the quarkshadron

duality and vaccum saturation approximation, and can be parameterizedsin term of

asphenomenological Breit-Wigner formula. Regardlesssof this, fromsthe charm loop

the nonfactorizable e�ects cansbring about more correctionssto decay b→sγ, that can
besabsorbed intosthe e�ective Wilson coe�cient Ceff

7 (µ) that can be expressed from

[57].

Ceff
7 = C7 + Cb→sγ

Where

Cb→sγ = iα
′

s

[
2

9
η14/23(Q1(xt)− 0.1687)− 0.03C2

]
Q1(x) =

x(x2 − 5x− 2)

8(x− 1)3
+

3x2 ln2 x

4(x− 1)4
s

,

(4.28)

heresη = αs(mW )/αs(µ) andsx = m2
t/m

2
W . Cb→sγsissthe droppedspart of rescattering

b→scc→sγ andswe havesleft outsthe littlescontributions proportonal to the CKM part

VubV
∗
us

4.3 Helicity Amplitudes

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

be expressed as [31],

H1(±) = −I2 ±
1

2
I1

√
(M2

B +M2
K1
− q2)2 − 4M2

BM
2
K1

H2(±) = −I6 ±
1

2
I5

√
(M2

B +M2
K1
− q2)2 − 4M2

BM
2
K1

H1(0) =
1

2
√
q2MK1

[I2(−M2
B +M2

K1
+ q2) + I4(M4

B − 2M2
B(M2

K1
+ q2) + (M2

K1
− q2)2)]

H2(0) =
1

2
√
q2MK1

[I6(−M2
B +M2

K1
+ q2) + I8(M4

B − 2M2
B(M2

K1
+ q2) + (M2

K1
− q2)2)]

(4.29)
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4.4 Physical Observables

The branching ratio (BR), dΓ(B→K1µ
+µ−)/dq2,sforward-backward Asymmetry AFB,

longitudinalshelicity fractions fL, unpolarized ratio (Rµ(K1)), longitudinal and trans-

verse ratios (R
(L,T )
µ (K1)) are plotted in �gures below, to check the dependence on the

angle θK1 for di�erent angle θK1 = −34o,−45o and −57o respectively.

4.4.1 Di�erential Decay Rate ( dΓ
dq2

)

The branching ratio BR forsthe B → K1µ
+µ−scan besexpressed as

dΓ(B → K1µ
+µ−)

dq2
=
G2
Fλ

2
tα

2

211π5

√
λ

M3
B

√
1− 4m2

l /q
2 × |M|2. (4.30)

After simpli�cation the amplitude can be expressed as,

|M|2 =
8

3
(q2 + 2m2

l )H
(1)H†(1) +

8

3
(q2 − 4m2

l )H
(2)H†(2). (4.31)

So the BR for the B→K1µ
+µ− in helicity basis can expressed as,

dΓ(B → K1µ
+µ−)

dq2
=
G2
Fλ

2
tα

2

(2π)5

q2
√
λ

24M3
B

√
1− 4m2

l /q
2[(1 + 2m2

l /q
2)H(1)H†(1)

+ (1− 4m2
l /q

2)H(2)H†(2)]

(4.32)

H(i)H†(i) = H
(i)
+ H

†(i)
+ +H

(i)
− H

†(i)
− +H

(i)
0 H

†(i)
0

where λ is de�ne as,

λ = M4
B +M4

K1
+ q4 − 2M2

BM
2
K1
− 2M2

K1
q2 − 2q2M2

B (4.33)

The BR for our said process has been plotted separately for K1(1270) and K1(1400) in

the �gures 4.1. The compulsive scenario is complex by dependence on q2, the dilepton

mass squared.
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Figure 4.1: Branchingsratio forsthe decay B → K1(1270)µ
+µ− and B → K1(1400)µ

+µ−

insStandard Model. The green, redsand blue curves belongs to angles θK1 =
−34o,−45o,−57o with positive and negative uncertainities in the form factor.

Where we saw that at the low q2 region, that is q2 ≈ 2 GeV2 the di�erential

decay rate for B→K1(1270)µ+µ− decay are not so e�ective by the variation of θK1 .

Notice that in the low-q2sregion the distribution is dominated bysthe 1/q2, occasionally

the BR forsthe B→K1(1270)µ+µ− decay, put up contribution about 30% at around

q2 = 2 GeV2 for−34o ≤ θK1 ≤ −57o, where the BR for thesdecay B→K1(1400)µ+µ−sis

enhancedsby approximatly 80% with θK1 = −57o as compared to θK1 = −34o. So

we observed the deviation in the distribution for the process B→K1(1400)µ+µ−sas

compare to thesB→K1(1270)µ+µ− at di�erent angle θK1 .

4.4.2 Forward Backward Asymmetry

In thesSM the zerosposition insthe forwrad-Backward asymmetry (AFB) exclusively

based on the Wilson coe�cents [58] that relate to the short distance physics. The

di�erential AFB of the leptons issevaluated from the [66, ?]

dAFB(q2)

dq2
=

∫ 1

0

d2Γ

dq2d cos θ
d cos θ −

∫ 0

−1

d2Γ

dq2d cos θ
d cos θ. (4.34)

The AFB is evaluated as given below,

AFB =

∫ 1

0
d2Γ

dq2d cos θ
d cos θ −

∫ 0

−1
d2Γ

dq2d cos θ
d cos θ∫ 0

−1
d2Γ

dq2d cos θ
d cos θ +

∫ 1

0
d2Γ

dq2d cos θ
d cos θ

(4.35)

The di�erential form of the AFB is the given as,

dAFB(q2)

dq2
= −G

2
Fλ

2
tα

2

(2π)5

q2
√
λ

32M3
B

(1− 4m2
l /q

2)
[
H

(1)
+ H

(2)
+ +H

(2)
− H

(1)
−

]
, (4.36)
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H1 andH2 are de�ned in the eq.(4.33). TheAFB explicitly expressed in term of Helicity

Amplitudes as,

AFB =
3

4

√
1− 4m2

l /q
2

[
sH

(1)
+ H

†(2)
+ +H

(2)
− H

†(1)
−

(1 + 2m2/q2)H(1)H†(1) + (1− 4m2/q2)H(2)H†(2)

]
. (4.37)

Figure 4.2: Forward-Backward Asymmetrysfor B→K1(1270)µ
+µ− and

B→K1(1400)µ
+µ−. Thesgreen, red and blue curves belongs to angles

θK1 = −34o,−45o,−57o with positive and negative uncertainities in the form
factor.

We have plotted the AFB for our said process in SM. The B→K1(1270)µ+µ− decay

is not sensitive to mixing angle as there is no shift insthe zero value of the AFB in

the plot at di�erent mixing angle θK1 = −34o,−45o,−57o as we can observe that for

each mixing angle the zero valuesof the AFB is at q2 = 3GeV2 as shown in �g 4.2.

Where as the B→K1(1400)µ+µ− decay shows the dependence on the mixing angle

θK1 = −34o,−45o,−57o. Green curve is for θK1 = 34o whose zero value of AFB
is at q2 ≤ 3GeV2, where as red curve is for θK1 = 45o whose zero value of AFB is at

3.5GeV2≤q2 ≤ 4.5GeV2, shifted toward right of zero value of AFB of green curve and for

mixing angle θK1 = 57o the zero value of AFB of blue curve is at 1.5GeV2≤q2 ≤ 2.5GeV2

that shifted left to the green curve zero valuesof forwardsbackward asymmetry. So the

decay B→K1(1400) may be one the good mean in order to study e�ect.
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4.4.3 Longitudinal Helicity Fraction

We nowsdiscuss helicitysfractions of K1(1270, 1400) mesonsin B→K1µ
+µ− whichsare

interestingsobservables and aresinsensitive tosthe uncertaintiessarising duestosform fac-

torssand othersinput parameters. Thussthe helicity fractionsscan be asgood toolsto

teststhe physics withinsthe framworksof thesSM. The longitudinalshelicity fractionsis

givensas the longitudinalspartial decaysrate dividedsby the totalsdecay rate

fL(q2) =
dΓL(q2)/dq2

dΓ(q2)/dq2
(4.38)

The �nalsstate mesonshelicity fractionsswere alreadysdiscussed in thesliteraturesfor

B→K∗(K1)l+l−sdecays [67]. Thesexplicit expressionsof the longitudinalshelicity frac-

tions (fL) for B→K1µ
+µ− decayscan be obtained by trading |M| to |ML| [68].

Thus wesobtain theslongitudinal di�erentialsdecay ratesas,

dΓL
dq2

=
G2
Fλ

2
tα

2

(2π)5

q2
√
λ

24M3
B

√
1− 4m2

l /q
2[(1 + 2m2

l /q
2)H

(1)
0 H

†(1)
0 + (1− 4m2

l /q
2)H

(2)
0 H

†(2)
0 ],

(4.39)

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

fL(q2) =
[(1 + 2m2

l /q
2)H

(1)
0 H

†(1)
0 + (1− 4m2

l /q
2)H

(2)
0 H

†(2)
0 ]

[(1 + 2m2
l /q

2)H(1)H†(1) + (1− 4m2
l /q

2)H(2)H†(2)]
(4.40)

while thesaverage valuesof fL in thesfull q2 range for B→K∗l+l− is [61],

fL = 0.63+0.18
−0.19 ± 0.05 q2 ≥ 0.1 GeV2

Figure 4.3: longitudnal Helicity Amplitude for the decay B→K1(1270)µ+µ−sand
B→K1(1400)µ+µ−.sThe green, red and blue curves belongs to angles θK1 =
−34o,−45o,−57o with positive and negative uncertainities in the form factor.
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Figs.(4.3) show the longitudinal helicity fraction (fL) of K1(1270) and K1(1400) for

the decay B→K1(1270, 1400)µ+µ− assa functionsof q2 insSM, where weshave usedsthe

light cone QCDssum rules form factors mentioned instable.(4.1). Just to see their de-

pendence on the choice ofsthe mixingsangle θK1 andsform factors with positive and

negative uncertainties we have plotted the fL. Choosing the di�erent values of the

θK1 i.e −34o, −45o and −57o we have observe from these �gures that the e�ect are

visiblesat low-q2 region. Insthis case fL interferesnot very constructively for the case of

K1(1270) as compare to the K1(1400). Heresone can seesthat the fL of the �nalsstate

meson K1(1400) havesdependence onsthe choicesof form factors and θK1 e�ects are

quite signi�cant in order to study the e�ects in SM as compare to K1(1270).

4.4.4 K1(1400) to K1(1270) Ratio, (Rµ(K1))

The ratio Rµ(K1) = B(B→K1(1400)µ+
+µ
−) /B(B→K1(1270)µ+

+µ
−), longitudinal ratio

RL
µ(K1) and transverse ratio RT

µ (K1), as a function of θK1 are given as
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Figure 4.4: The Rµ(K1) = B(B→K1(1400)µ+
+µ
−) / B(B→K1(1270)µ+

+µ
−) with lon-

gitudinal RL
µ(K1) and transverse RT

µ (K1) ratio, assa functionsof θK1 . Thesgreen, red
andsblue curvessbelongs tosangles θK1 = −34o,−45o,−57o with positive and negative
uncertainities in the form factor.

We observed the variation for ratio Rµ(K1) which comes through the di�erent mix-

ing angle θK1 = −34o, −45o, −570, by draw the graph as a function of q2. We �nd

out that the ratio Rµ(K1) of �nal state meson K1(1270) and K1(1400), is suitable

forsdetermining thesK1(1270)−K1(1400) mixingsangle, θK1 . Weshave alsossummarized

thesnumerical valuessof thessbranching fractionssfor K1(1270) and K1(1400), corre-

sponding to the di�erent θK1 . These analysis support the argumentsthatsthis observ-

ablesisssuitable tos�x thesvalue of θK1 . Wesalsospresent our resultssforsthe longitu-

dinalsbranching fraction RL
µ(K1)sand transverse branching fraction RT

µ (K1). These

ratios are again show deviation at di�erent θK1 . The unpolarized Rµ(K1), longitudinal

RL
µ(K1) and transverse RT

µ (K1) ratios can be used to determine θK1 .
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Table 4.3. Input parameters for numerical calculations [59, 62, 65].

Mass and time of B meson,
mB = 5.279 GeV, τB = 1.54× 10−12 sec
Masses of Axial vector mesons in GeV,

s MK1(1270) = 1.272, MK1(1400) = 1.403,sMK1A
= 1.31, MK1B

= 1.34s
CKM matrix elements,
|VtbV ∗ts| = 0.0407+0.0009

−0.0008

Mass of b quark,
mb,pole = 4.8± 0.2
Mass of muon,
mµ = 0.105 GeV.

Guage coupling and fermi constant,
αEM = α = 1/137, GF = 1.15× 10−5 GeV−2

In the following tables we have mentioned the calculated numerical values of the ob-

servables BR,AFB, fL andRµ(K1), separatlysforB→K1(1270)µ+
+µ
−sandsB→K1(1400)µ+

+µ
−

at di�erent θK1 and also in di�erent q2 bins.

Table 4.4. Branchingsratio BRsfor B → K1(1270)µ+µ− at di�erent angle in SM with
negative and positive uncertainties in the form factors.

Mode θK1 BR× 10−6

B(B
→K

1(
1270)µ

+ µ
− ) −34o 1.471+0.284

−0.098

−45o 1.463+0.155
−0.012

−57o 1.338+0.004
−0.118

Table 4.5. Branchingsratio BR for B → K1(1400)µ+µ− at di�erent angle in SM with
negative and positive uncertainties in the form factors.

Mode θK1 BR× 10−8

B(B
→K

1(
1400)µ

+ µ
− ) −34o 3.812+11.597

−0.565

−45o 3.725+1.471
−8.047

−57o 12.813+16.398
−10.338
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Table 4.6. BranchingsratiosforsB → K1(1270)µ+
+µ
−sandsB → K1(1400)µ+

+µ
−sin

di�erent bin of q2.

Mode θK1 [0.045− 1] [1− 6] [13−max]

B(B→K1(1270)µ
+µ− )× 10−

6 −34o 0.161 0.086 0.071
−45o 0.167 0.082 0.073
−57o 0.160 0.072 0.069

B(B→K1(1400)µ
+µ− )× 10−

8 −34o 1.345 0.179 0.204
−45o 0.667 0.458 0.005
−57o 1.394 1.262 0.246

Table 4.7. Forward-backwardssymmetry for B → K1(1270)µ+
+µ
− and B →

K1(1400)µ+
+µ
− in di�erent bin of q2.

Mode θK1 [0.045− 1] [1− 6] [13−max]

AFB(B→K
1(1270)µ

+µ
− ) −34o −0.107 0.220 0.259

−45o −0.121 0.251 0.260
−57o −0.137 0.291 0.262

AFB(B→K
1(1400)µ

+µ
− ) −34o −0.267 1.335 0.241

−45o −0.017 0.016 −0.247
−57o −0.010 0.032 0.217

Table 4.8. Helicity fractionsfor B → K1(1270)µ+
+µ
−sandsB → K1(1400)µ+

+µ
−

insdi�erent bin of q2.

Mode θK1 [0.045− 1] [1− 6] [13−max]

fL(B→K
1(1270)µ

+µ
− ) −34o 0.671 0.798 0.404

−45o 0.639 0.775 0.399
−57o 0.603 0.747 0.393

fL(B→K
1(1400)µ

+µ
− ) −34o 0.301 0.375 0.312

−45o 0.901 0.976 0.580
−57o 0.951 0.967 0.468
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Table 4.9. Ratio Rµ(K1) = B(B → K1(1400)µ+
+µ
−)/(BB → K1(1270)µ+

+µ
−) in

di�erent bin of q2.

Mode θK1 [0.045− 1] [1− 6] [13−max]

−34o 0.055 0.021 0.025
Rµ(K1) −45o 0.062 0.059 0.0005

−57o 0.164 0.185 0.030
−34o 0.031 0.009 0.017

RL
µ(K1) −45o 0.094 0.071 0.001

−57o 0.258 0.235 0.037
−34o 0.096 0.075 0.030

RT
µ (K1) −45o 0.012 0.008 0.0002

−57o 0.009 0.020 0.025
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Chapter 5

Conclusion

We studied the semileptonic rare decay of B meson B→K1µ
+µ− withsK1≡K1(1270),

K1(1400).sThe strangesaxial-vectorsmesons,sK1(1270) and K1(1400)sare thesmixtures

ofsthe K1A and K1B, whichsare the
3P1 and 1P1 states, respectively. We observed the

branchingsratio (BR), forward-backwardsasymmetry (AFB), longitudinal helicity frac-

tions(fL), ratio Rµ(K1) = B(B→K1(1400)µ+
+µ
−
−)/B(B→K1(1270)µ+

+µ
−
−), longitudinal

and transverse ratio (R
(L,T )
µ (K1)) of �nal state meson K1(1270) and K1(1400) at dif-

ferent mixing angle θK1 = −34o,−45o,−57o.

We have calculated the BR for K1(1270) and K1(1400) distinctively from our pro-

cess B→K1(1270, 1400)µ+µ−. Itsis observed thatsthe BR isssuppressedsfor K1(1400)

assa �nalsstate mesonscompared tosthat ofK1(1270). The physics issdominated bysthe

O7 operator in this region. At higher q2 values, theresis an interferencesof the ampli-

tudesscontrolledsby the O9 and O10 operators, relatedsto thesloop. We observed from

the plot that there are deviation in the distributions for the process B→K1(1400)µ+
=µ
−
−

at di�erent angle θK1 , compare to the B→K1(1270)µ+
+µ
−
−.

Weshave found thatsthe zero value ofsthe AFB has not shown any change in case of

B→K1(1270)µ+µ− at three di�erent angles θK1 , but the zero value of AFB for process

B→K1(1400)µ+µ− show a shift at each θK1 value, the shift in theszero positionsof AFB
is towards low and higher q2 region for the angle −57o and −45o respectively, around

the curve at θK1 = −34o whose zero position of AFB is at q2 ' 3GeV2.
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We have also seen the longitudinal helicity fration fL for our desire processB→K1(1270,

1400)µ+µ−. It has been observed that the fL for K1(1270) meson is quite signi�cant at

low q2 region as we have seen the peak at low-q2 region. The peak of the distribution

of K1(1270) is decreased at all q2 but show no signi�cant di�erence at di�erent θK1 .

Where in case of K1(1400) what we have seen that the fL show a large di�erence for

di�erent value of θK1 at low-q
2 region.

We observedsthe variation in Rµ(K1) = B(B→K1(1400)µ+
+µ
−
−)/B(B→K1(1270)µ+

+µ
−
−)

which comes through the di�erent mixing angle θK1 = −34o, −45o, −570, by draw the

graph as a function of q2. We �nd out that the ratio Rµ(K1) of �nal state meson

K1(1270) and K1(1400), is suitable forsdetermining thesK1(1270) −K1(1400) mixing

angle,sθK1 . We havesalso summarizedsthe numericalsvalues forsK1(1400) to K1(1270)

ratio, corresponding to the di�erent θK1 . These numerical analysis support the ar-

gumentsthat thissobservable isssuitable to �xsthe valuesof θK1 . We also present our

results for the longitudinal ratio RL
µ(K1) and transverse ratio RT

µ (K1). These ratios

are again show deviation at di�erent θK1 . The unpolarized Rµ(K1), longitudinal ratio

RL
µ(K1) and transverse ratio RT

µ (K1) can be used to determine θK1 .

Although the branching ratios dependson thesmagnitudessof B→K1 formsfactors, the

K1(1270)-K1(1400) mixing angle, θK1 . Thesdi�erential decayswidth with respectsto

the dileptonsmass squared (dΓ/q2), AFB , fL and Rµ(K1) have beensmeasured by

manysexperiments withsno signi�cant signsof deviationssfrom the Standard Model ex-

pectation. All thesabove mentionedsobservables aressensitivesfor B→K1(1400)µ+µ−

processsas compare to the B→K1(1270)µ+µ− decay at di�erent θK1 . Hencesthe mea-

surements ofsthese observablessat LHC, forsthe abovesmentioned processesscan servesas

a goodstool tosinvestigate thesphysics fromsthesB→K1(1400)µ+µ−.

Particular in 2013 a local deviation of the observablesfrom the standard model expecta-

tion was observed around GeV and thenscon�rmed with largersdata sets. Belle, ATLAS

and CMSshave subsequentlyspresented data thatsare consistent withsthe LHCb results.

This deviationstriggered aslot of interest amongstheorists regarding B mesons.
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