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The rare semileptonicBc → Ds,d ℓ
+ℓ− decays induced by flavor changing neutral

currents are studied in the universal extra dimension with asingle extra dimension

scenario, in which the compactification radius R is the only new parameter. The

sensitivity of differential and total branching ratio, andpolarization asymmetries of

final state leptons to the compactification parameter is presented, both for muon and

tau decay channels. Comparing with the standard model, the obtained results indicate

that there are new contributions to the physical observables. Considering the ability

of available experiments, it would be useful to study these effects in searching new

physics beyond the standard model.
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ÖZET

Yüksek Lisans Tezi

TEK EVRENSEL FAZLA BOYUTTA Bc → (Ds, D)ℓ+ℓ− BOZUNUMLARINA

YENİ F İZ İK KATKILARI

Elif DANAPINAR

Karabük Üniversitesi

Fen Bilimleri Enstit üsü

Fizik Ana Bilim Dalı

Tez Danışmanı

Yrd. Doç. Dr. Ümit Oktay YILMAZ

Haziran 2012, 47 sayfa

Çeşni değiştiren yüksüz akımlarla gerçekleşen nadir yarıleptonikBc → Ds,d ℓ
+ℓ−

bozunumları, evrensel fazla boyutta, kompaktifikasyon yarıçapının tek yeni değişken

olduǧu tek fazla boyut senaryosunda incelendi. Hem müon hem de tau bozunum

kanalları için, diferansiyel ve toplam dallanma oranlarıve son durumdaki leptonların

polarizasyon asimetrilerinin kompaktifikasyon değişkenine duyarlılığı sunuldu. Elde

edilen sonuçlar, standart modelle karşılaştırıldıǧında, fiziksel gözlemlenebilirlere yeni

katkıların olduǧunu göstermektedir. Var olan deneylerin donanımları düşünüldüǧünde,

bu katkıların incelenmesi standart model ötesi yeni fizik araştırmalarında yararlı

olacaktır.

Anahtar Sözcükler : Çeşni değiştiren yüksüz akımlar, yarıleptonik nadir bozunumlar,

evrensel fazla boyut, ACD model, lepton polarizasyonu.

Bilim Kodu : 202.1.149
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CHAPTER 1

INTRODUCTION

The Standard Model (SM) of elementary particle physics [1] is a renormalizable

relativistic quantum field theory based on non-Abelian gauge symmetry of the gauge

groupSU(3)C × SU(2)L × U(1)Y . The model allows us to understand the weak,

electromagnetic and strong interactions in the last few decades. In spite of some

conceptual problems, such as the number free parameters, the origin of mass,

the hierarchy problem and etc., it has successfully explained phenomenology of

particle physics and all experiments confirm the predictions within the experimental

and theoretical uncertainty. Therefore, it is widely accepted that improvements in

experiments and also theoretical developments, possible signals of new physics beyond

the SM will most probably appear. In order to find satisfactory answers to the open

questions of the SM some models which are extension of the SM,e.g. minimal

supersymmetric model, two Higgs doublet model, left-rightsymmetric models, extra

dimensions and etc., have been developed.

Rare B decays are special for providing important data in thestructure of the SM and

particle physics. By the word ”rare”, it is meant that c quarkis not observed in the

final states. These decays include the so called Cabibbo-suppressed decays and flavor

changing neutral current (FCNC) decays, i.e. the decays occur via the current that

change the flavor but not the charge of the quark. In the SM, theneutral currents are

mediated through the gauge bosonsZ0, γ andg and do not change flavor. Therefore,

these processes are absent in the SM at tree level, they occurat the loop level through

the box and penguin diagrams. The loop effects are sensitiveto the masses and other

properties of the internal particles. Some other massive particles that are not available

in the SM, such as fourth generation fermions, supersymmetric particles, may also give

contributions to these decays.
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Throughout the rare decays, the FCNC processes which occur at loop level in the

SM provide us a powerful tool to test the SM and also a frame to study physics

beyond the SM. After the observation ofb → s γ by CLEO Collaboration [2],

these transitions became more attractive and since this first observation rare radiative,

leptonic and semileptonics decays ofBu,d,s mesons have been intensively studied [3].

The experimental data forB → K(∗)ℓ+ℓ− also increased the interest on these decays.

The experimental discovery ofBc meson, consists of b and c quarks, by The Collider

Detector at Fermilab (CDF) Collaboration [4], opened a new area. TheB physics

studies will be more complete if similar studies forBc meson are also included.

The study ofBc meson by itself is quite interesting, because of its outstanding features

[5–7]. TheBc meson is the lowest bound state of two heavy quarks, a bottom-b

and a charm-c quark, with explicit flavor. Comparing these with thecc̄-charmonium

and thebb̄-bottomium bound states with implicit flavor, the latter decay strongly

and electromagnetically, whereas theBc decays weakly. Studying this meson in

various decay channels are essential from both experimental and theoretical point of

view. TheBc decays are attractive in determination of Cabibbo-Kobayashi-Maskawa

(CKM) matrix elementsVtq (q=b, s, d), for checking the perturbative Quantum

ChromoDynamics (QCD) and also they are very sensitive to thenew physics, physics

beyond the SM, because some new particles might give contributions in the loop

diagrams.

On the experimental side ofBc decays, for example, at Large Hadron Collider (LHC),

in pp collisions at
√
s = 14 TeV the bb̄ cross section is expected to be500 µb.

In a nominal year running will produce1012 bb̄ pairs, at the operational luminosity

of 2 × 1032cm−2sec−1, so with these facilities a complete spectrum of b hadrons

including Bc will be accessible. A luminosity upgrade by a factor ten leads to

collect an integrated luminosity of100fb−1. This upgrade will increase the leptonic

data by a factor ten. At design luminosity,1010Bc events per year is estimated

[8], this reasonable number is stimulating the work on theBc phenomenology. At

A Toroidal LHC Apparatus (ATLAS) and The Compact Muon Solenoid (CMS),

most of the activities will be continued during the running luminosity of the order

2



1032 − 1033cm−2sec−1 [9–11]. These possibilities will provide useful information on

rareBc decays as well as Charge-Parity (CP) violation and polarization asymmetries.

TheBc meson has radiative, leptonic and semileptonic decay channels. Throughout

these decay modes, the semileptonic ones are especially interesting due to their relative

cleanliness and sensitivity to new physics. In this thesis,we will study the new

physics effects in the semileptonic rareBc → (Ds, D)ℓ+ℓ−decays. In rareB meson

decays, effects of the new physics may appear in two different ways; either through

the new contributions to the Wilson coefficients existing inthe SM or through the new

structures in the effective Hamiltonian which are absent inthe SM.

In rare decay calculations, the main tool is the effective Hamiltonian including the

perturbative QCD corrections. The method begins with an operator product expansion

(OPE) and performing a renormalization group equation (RGE) analysis and the heavy

degrees of freedom are integrated out. As a result of this, one can parametrize the low

energy weak processes in terms of perturbative short distance Wilson coefficients and

long distance operator matrix elements;Heff ∼
∑

CiOi [12–15].

Considering new physics beyond the SM, models including extra dimensions are

particularly important because they include gravity and the other interactions, give

hints on the hierarchy problem and a connection with string theory. Those with

universal extra dimensions (UED) [16–19] have special interest because all the SM

particles propagate in extra dimensions. Throughout the UED, a simpler scenario with

a single universal extra dimesion is the Appelquist-Cheng-Dobrescu (ACD) model

[20]. The only additional free parameter with respect to theSM is the inverse of the

compactification radius,1/R.

The main aim of this thesis is to find the effects of the ACD model on some physical

observables related to theBc → Dq′ℓ
+ℓ−decays. Additionally, we give a SM analysis,

by a couple of figures only. We study differential decay rate,branching ratio, and

polarization of final state leptons, including resonance contributions in as many as

possible cases. We analyze these observables in terms of thecompactification factor

3



and the form factors. As an exclusive process, the theoretical calculation of the

decays require the additional knowledge about these form factors which are the matrix

elements of the Hamiltonian between the initial and the finalstate mesons. The form

factors forBc → Dq′ℓ
+ℓ−processes have been calculated using the quark models

[21–24] and three-point QCD sum rules [26].

The thesis is organized as follows. In Chapter II, we give a brief summary on the

SM and the rare decays. Also, we have briefly discussed the effective Hamiltonian

theory and the ACD, including the modification of the Wilson coefficients. In Chapter

III, we analyze theBc → Dq′ℓ
+ℓ−decays, starting from the quark level processes

b → (s, d) ℓ+ℓ− and calculate the matrix element and the decay rate. The polarization

asymmetries of the leptons are presented in Chapter IV and the last chapter is devoted

to a summary and the conclusion of the thesis.
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CHAPTER 2

RARE DECAYS AND UNIVERSAL EXTRA DIMENSIONS

Regarding the open questions in the Standard model and the physics beyond, many

attempts have been done. The rare decays are one of the effective way to gather

information both on the SM and new physics; the extensions ofthe SM and the models

beyond the SM are other tools.

In this chapter, we will first review the Standard model and its situation and importance

of rareB meson decays in particle physics. In the calculations we have used an

effective theory in the heavy quark limit and here we will discuss how an effective

Hamiltonian can be built up from a full theory and related Wilson coefficients.

Additionally, the universal extra dimension and the ACD model is introduced with

the modified Wilson coefficients.

2.1. THE SM AND RARE B MESON DECAYS

The Standard model is the unification of the electroweak theory and the quantum

chromodynamics and describe the elementary particles and their interactions. The

electroweak part of the model describes the electromagnetic and weak interactions of

the quarks and leptons inSU(2)L × U(1)Y gauge symmetry where T and Y are weak

isospin and hypercharge, respectively. The QCD is a vector gauge theory,SU(3)C ,

describing the color interactions of quarks and gluons.

The quarks and the leptons together constitute the fermionsand their properties are

summarized in Table 2.1 and Table 2.2. In addition to the fermions there are bosons

which are the mediators of the forces. The photon (γ) mediates the electromagnetic

force,W± andZ0 correspond the mediation of weak force, and the gluonsg mediate
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the strong force, the properties of which are given in Table 2.3 with the force they

carry and their strengths. Together with bosons, leptons and quarks are known as

fundamental particles. Each particle in nature has an antiparticle with the same mass

and spin but opposite charge. The strong force confine the quarks and make bound

states. Those with a quark and an antiquark are called the mesons such asB−
c which

consists of(bc̄) and bound of three quarks build up the baryons. In the SM, the

interactions between the particles are described by gauge theories [27]. Although the

Table 2.1. The leptons and their fundamental properties.

Leptons (Spin=1/2)

Particle Name Symbol Mass (GeV ) Charge

Electron e 0.000511 -1

Electron neutrino νe < 3× 10−9 0

Muon µ 0.105 -1

Muon Neutrino νµ < 1.9× 10−4 0

Tau τ 1.77 -1

Tau Neutrino ντ 1.82× 10−2 0

SM is a mathematically consistent renormalizable field theory which has successfully

explained particles phenomenology and most of the experimental results, there are

several unsatisfactory features. There are a lot of free physical parameters that can

not be computed in the context of the SM. The Higgs sector of the theory remains

unknown so far. The running experiments are expected to maintain useful information

about Higgs and the mechanism. The neutrinos in the SM are massless. However, the

experiments suggest nonzero masses. Gravity is not included in the SM, so it is not a

complete theory of the nature. In the SM the only source of CP violation is the complex

CKM matrix elements which appears too weak to derive the observed asymmetry in

nature. There is also a ”Hierarchy” Problem, the differencebetween the Planck scale

( 1019GeV ) and the electroweak scale (100GeV to 1 TeV ). These and many other

unsatisfactory features of the SM and/or unanswered questions lead the physicists to

search for new models beyond it. The phenomenology of the weak decays concern
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Table 2.2. The quarks and their fundamental properties.

Quarks (Spin=1/2)

Particle Name Symbol Mass(GeV ) Charge

Up u 2/3

Down d -1/3

Charm c 2/3

Strange s -1/3

Top t 2/3

Bottom b -1/3

with all the unanswered questions of the SM summarized aboveis very rich of physics.

Among the weak decays, the rare decays have a particular importance for providing

the crucial information about the higher structure of the SMand also poorly studied

aspects of it, particularly CKM matrix elements, the leptonic decay constants, and etc.

By rare decays, we generally mean decays which do not includea c quark into the

Table 2.3. Properties of the mediators and the force strengths.

Name Mass(GeV ) Force Carried Force Strength

g 0 Strong 10

γ 0 Electromagnetic 10−2

W± 80.40

Weak 10−13

Z0 91.18

G 0 Gravitation 10−42

final state and can be divided into two classes of transitions:

1. The quark level transitions due to theb → u, which are suppressed relative

to b → c modes by the CKM factor|Vub/Vcb| ≈ 0.006. These are called

Cabibbo-suppressed decays. An example is the exclusive modeB → ρℓν, with

7



a branching ratio of2.5× 10−4.

2. A second class of rare decay modes is the transitions that are not available at the

tree level in the SM. These transitions occur at loop level. Consequently, rare B

decays, like ours, are mediated by FCNC processes of the kindb→ s or b→ d.

The B meson systems have several features, which make them suitable, to study gauge

structure of the SM and CP violation. In the loop diagrams, because of the top quark

there is not GlashowIliopoulosMaiani (GIM) or CKM suppression, therefore, there are

large CP violation effects and mixing possibilities. In addition, a variety of rare decays

have larger branching ratios which allow us for detail studies. As a last remark, large

b quark mass, which is greater than the scale of the strong interaction, provides less

important long-distance strong interactions.

2.2. THE EFFECTIVE HAMILTONIAN THEORY

In theoretical rare decays we have to first calculate the transition amplitude between

the initialBc and final state(Ds, D) mesons. While doing this, all possible Feynman

diagrams, which give contributions, are considered. The weak decays are mediated

through weak interactions of quarks and the strong interactions of the quarks bind

them into hadrons. As a result, the QCD effects must also be taken into account. At the

level that is much smaller than~c/ΛQCD the effects can be represented perturbatively

by the exchanges of gluons. On the other hand, because of hadronization of quarks

and gluons while moving of quarks over a distance of the order~c/ΛQCD, the QCD

becomes nonperturbative. So, to understand the physics at different energy levels,

different energy scales must be handled separately. The theoretical tool to evaluate the

transition amplitude is the OPE [28].

In OPE, the transition amplitudeM for, in general,B → f , whereB andf represent

the initial and final state mesons, respectively, can be written as

M =
GF√
2

∑

i

V i
CKM Ci(µ,mheavy) 〈f |Oi(µ)|B〉

[

1 +O
( m2

b

m2
W

)]

. (2.1)
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Here,Oi are the local operators andCi are the Wilson coefficients.Oi andCi depend

on the QCD renormalization scaleµ, andCi depends on mass of the W boson and

other heavy particles. In the expansion of the above equation, the non-perturbative

QCD contributions are included in the operators while the perturbative effects manifest

themselves in the Wilson coefficients. The operators do not depend on the large

momentum scale of heavy particles. The Wilson coefficients are independent of

the statesf andB. Thus, different energy scales appear in this expansion. The

renormalization scaleµ satisfies the individual contributions. The way of choosing

the µ scale is that the strong coupling constant should be low enough to make the

perturbative calculations meaningful. In B meson decays,µ is usually taken asO(mb),

wheremb is the mass of b quark. Theµ dependence in the operatorsOi(µ) is canceled

by that in the Wilson coefficientsCi(µ) because the physical amplitude can not depend

on the scale.

A crucial properties of the method is the universality of theWilson coefficients, i.e.

their numerical values are the same for all final statesf . Thus,Cis can be considered

as the effective coupling constant and theOis as the corresponding vertices. So, one

can set up the effective Hamiltonian from the full theory as

M =
GF√
2

∑

i

V i
CKM Ci(µ,mheavy)Oi(µ) + h.c. . (2.2)

Considering the unitarity of the CKM matrix, forb → s and the processes to build up

an effective Hamiltonian, the effective Hamiltonian describing the semileptonic weak

decays ofBc mesons in the quark level in the SM can be written explicitly in the

following form

Heff(b→ sℓ+ℓ−) = −4 GF√
2
VtbV

∗
ts

10
∑

i=1

Ci(µ)Oi(µ) , (2.3)

where the operator basis is the same as in [15], and the operators are defined by
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O7 =
e

16π2
mb (s̄Lσ

µνbR)Fµν ,

O9 =
e2

16π2
(s̄LγµbL)(ℓ̄γµℓ) ,

O10 =
e2

16π2
(s̄LγµbL)(ℓ̄γµγ5ℓ) . (2.4)

Here,O7 is magnetic penguin operator,O9 andO10 are semileptonic operators.

The coupling strength of the effective verticesOi is given by the Wilson coefficients

Ci(µ) and their values at large scaleµ = µW are obtained by matching the effective

theory to the full one. In the SM, theCi(µW )s are as follows [12–15]

Ci(µW ) = 0(i = 1, 3, ...6)

C2(µW ) = 1

C7(µW ) = −1

2
D′

0(xt)

C8(µW ) = −1

2
E ′

0(xt)

C9(µW ) = PNDR
0 +

Y0(xt)

sin2θW
− 4Z0(xt) + PEE(xt)

C10(µW ) = − Y0(xt)

sin2θW
(2.5)

with xt = m2
t/m

2
W and
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D′
0(xt) = −(8x3t + 5x2t − 7xt)

12(1− xt)3
+
x2t (2− 3xt)

2(1− xt)4
lnxt

E ′
0(xt) = −xt(x

2
t − 5xt − 2)

4(1− xt)3
+

3x2t
2(1− xt)4

lnxt

E(xt) =
xt(18− 11xt − x2t )

12(1− xt)3
+
x2t (15− 16xt + x2t )

6(1− xt)4
ln xt −

2

3
ln xt

Y0(xt) =
xt
8

[

xt − 4

xt − 1
+

3xt
(xt − 1)2

lnxt

]

Z0(xt) =
18x4t − 163x3t + 259x2t − 108xt

144(xt − 1)3

+

[

32x4t − 38x3t − 15x2t + 18xt
72(xt − 1)4

− 1

9

]

lnxt . (2.6)

The Wilson coefficients under QCD from a large scale,µ = µW to a relevant scale for

B decays,µ ≈ mb, can be done perturbatively by applying the RGE

µ
d

dµ
Ci(µ) =

∑

i

γji Cj(µ) . (2.7)

γ in the above equation is the anomalous dimension matrix, which indicates that the

operators mix under the renormalization. After the RGE evaluation steps, theCi(µ)s

can be decomposed into a leading logarithmic (LL), next-to-leading logarithmic (NLL)

and next-next-to-leading logarithmic, etc., parts as

Ci(µ) = C
(0)
i (µ) +

αs
4π
C

(1)
i (µ) +

α2
s

(4π)2
C

(2)
i (µ) +O(α3

s) . (2.8)

The first term,C(0)
i (µ), of the above equation gives the lowest order values, the LL

parts, in the SM which are presented in Eq. (2.5). In the LL approximation, the

Wilson coefficients for the operatorsO1, ..., O7 are given by the following equations,

where instead ofC7 a normalization scheme independent effective coefficientCeff
7 is
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defined [12–15],

Ci(µ) =
8
∑

j

kijη
aj (i = 1, ..., 6),

Ceff
7 (µ) = η

16

23C
(0)
7 (µW ) +

8

3

(

η
14

23 − η
16

23

)

C
(0)
8 (µW ) +

8
∑

j=1

hjη
aj (2.9)

with η = αs(µW )
αs(µ)

, and

αs(x) =
αs(mZ)

1− β0
αs(mZ )

2π
ln(mZ

x
)

(2.10)

where in fifth dimensionαs(mZ) = 0.118 andβ0 = 23/3. The numbersaj , kij andhj

are given as

aj =
(14

23
,
16

23
,
6

23
,−12

23
, 0.4086,−0.4230,−0.8994, 0.1456

)

,

k1j =
(

0, 0,
1

2
,−1

2
, 0, 0, 0, 0

)

,

k2j =
(

0, 0,
1

2
,
1

2
, 0, 0, 0, 0

)

,

k3j =
(

0, 0,− 1

14
,
1

6
, 0.0510,−0.1403,−0.0113, 0.0054

)

,

k4j =
(

0, 0,− 1

14
,−1

6
, 0.0984, 0.1214, 0.0156, 0.0026

)

,

k5j =
(

0, 0, 0, 0,−0.0397, 0.0117,−0.0025, 0.0304
)

,

k6j =
(

0, 0, 0, 0, 0.0335, 0.0239,−0.0462,−0.0112
)

,

hj =
(

2.2996,−1.088,−3

7
,− 1

14
,−0.6494,−0.0380,−0.0186,−0.0057

)

. (2.11)

Including the LL as well as NLL we define an effective coefficient, Ceff
9 , which has
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perturbative and resonance parts.

Ceff
9 (s′, µ) = C9(µ)

(

1 +
αs(µ)

π
w(s′)

)

+ Y (µ) + Cres
9 (µ) (2.12)

wheres′ = q2/m2
b and

w(s′) = −2

9
π2 − 4

3
Li2(s

′)− 2

3
ln s′ ln(1− s′)− 5 + 4s′

3(1 + 2s′)
ln(1− s′)

−2s′(1 + s′)(1− 2s′)

3(1− s′)2(1 + 2s′)
ln s′ +

5 + 9s′ − 6s′2

6(1− s′)(1 + 2s′)
. (2.13)

The perturbative part, coming from one-loop matrix elements of the four-quark

operators, is

Y (µ, s′) = h(u, s′)
(

3C1(µ) + C2(µ) + 3C3(µ) + C4(µ) + 3C5(µ) + C6(µ)
)

− 1

2
h(0, s′)

(

C3(µ) + 3C4(µ)
)

+
2

9

(

3C3(µ) + C4(µ) + 3C5(µ) + C6(µ)
)

− 1

2
h(1, s′)

(

4C3(µ) + 4C4(µ) + 3C5(µ) + C6(µ)
)

(2.14)

where

h(u, s′) = −8

9
ln
mb

µ
− 8

9
ln u+

8

27
+

4

9
x

− 2

9
(2 + x)|1− x|1/2







(

ln
∣

∣

∣

√
1−x+1√
1−x−1

∣

∣

∣
− iπ

)

, for x ≡ 4u2

s
< 1

2 arctan 1√
x−1

, for x ≡ 4u2

s
> 1 ,

h(0, s′) =
8

27
− 8

9
ln
mb

µ
− 4

9
ln s+

4

9
iπ , (2.15)

with u = mc/mb.

The resonance contribution due to the conversion of the realcc̄ into lepton pair can be

done by using a Breit-Wigner formula as [29],
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Cres
9 (µ, s′) = − 3

α2
em

κ
∑

Vi=J/ψ,ψ,,...

πΓ(Vi → ℓ+ℓ−)mVi

sm2
b −mVi + imViΓVi

×
[

(3C4(µ) + C2(µ) + 3C3(µ) + C4(µ) + 3C5(µ) + C6(µ))
]

. (2.16)

The phenomenological parameterκ is taken 2.3 to produce the correct branching ratio

BR(B → J/ψK∗ → K∗ℓ+ℓ−) = BR(B → J/ψK∗)B(J/ψ → ℓ+ℓ−) and the

normalization is fixed by data given in [30]. There are six known resonances ofcc̄

that can contribute to the decay, the properties of which aresummarized in Table 2.4.

We will not discuss the coefficientC8(µ) here, which does not enter the Hamiltonian

Table 2.4. Charmonium(c̄c) masses and widths.

Mesons Mass(GeV ) BR(V → ℓ+ℓ−) Γ(GeV )

J/Ψ(1s) 3.097 5.93× 10−2 92.9× 10−6

Ψ(2s) 3.686 7.70× 10−3 304× 10−6

Ψ(3770) 3.773 9.70× 10−6 27.3× 10−3

Ψ(4040) 4.039 1.70× 10−5 80× 10−3

Ψ(4160) 4.153 68.1× 10−6 103× 10−3

Ψ(4415) 4.421 9.40× 10−6 62× 10−3

for the b → sℓ+ℓ−decay, the analytic expression can be found in [13]. The Wilson

coefficientC10 corresponding toO10 is independent of scaleµ sinceO10 does not

renormalize under QCD.

2.3. UED AND THE ACD MODEL

The SM of elementary particles has successfully passed several experimental tests,

however, there are some unsatisfactory features of the theory. Also, most physicists

agree that there must exist new physics beyond the SM, the nature of which is not yet

known. With the aim of finding reasonable answers to the open questions of the SM
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and catching clues for new physics, some extensions of the model, such as minimal

supersimetric model, two Higgs doublet model, left-right symmetric models, extra

dimensions and etc. have been improved.

Among the proposed extensions of the SM, the models including extra dimensions

have been widely taken into account [16–19,31,32]. Extra dimensions include gravity

and other interactions, and also are considered to solve thehierarchy problem, gauge

coupling unification and etc. Those with UED have special attraction because all the

SM particles propagate in the extra dimensions. The extra dimensions are compactified

and the compactification scale allows Kaluza-Klein (KK) partners of the SM fields

in the four-dimensional theory and also KK excitations without corresponding SM

partners.

Throughout the UED, a simpler scenario with a single universal extra dimension is

the ACD model [20]. In this model the only additional free parameter with respect

to the SM is the inverse of the compactification radius,1/R. In particle spectrum of

the ACD model, there are infinite towers of KK modes (n ≥ 1) and the ordinary SM

particles are presented in the zero mode (n = 0). For each SM boson there is one such

a tower, while two for each SM fermion. We have not introducedthe field theoretical

calculations for the extra dimensions but to convince the reader these can be found in

details in [33–35]. The masses of the KK particles are universally given by

m2
n = m2

0 +
n2

R2
(2.17)

with m0, the mass of the zero mode. The KK modes contribute to the processes at the

loop level so the variables in thex(t) = m2
t/m

2
W should be modifes as

xi(n) =
m2
i (n)

m2
W (n)

(2.18)

wherem2
i (n) andm2

W (n) are the masses of the fermionic and the W boson KK modes,

respectively.
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An important property of the ACD model is the conservation ofthe KK parity, which

implies that the KK modes do not contribute at tree level for the low energy interaction

processes and the lightest KK particle must be stable.

The new physics contributions in the ACD model appear by modifying available

Wilson coefficients in the SM. The modified Wilson coefficients are calculated in [35,

36] and can be expressed in terms ofF (xt, 1/R) which generalize the corresponding

SM functionsF0(xt) according to

F (xt, 1/R) = F0(xt) +
∞
∑

n=1

Fn(xt, xn) (2.19)

with the mass of KK particlesmn = n/R, related to the Eq. (2.17). Here,n = 0

corresponds to the SM particles.

The effective, normalization scheme independent, coefficientCeff
7 (µ) defined in Eq.

(2.9) can be modified in the leading logarithmic approximation defined as

Ceff
7 (µb, 1/R) = η16/23C7(µW , 1/R)

+
8

3
(η14/23 − η16/23)C8(µW , 1/R) + C2(µW , 1/R)

8
∑

i=1

hiη
ai . (2.20)

The functions in Eq. (2.20) are

C2(µW ) = 1,

C7(µW , 1/R) = −1

2
D′(xt, 1/R), C8(µW , 1/R) = −1

2
E ′(xt, 1/R). (2.21)

Here,D′(xt, 1/R) andE ′(xt, 1/R) are defined by using Eq. (2.19) with the functions

given in Eq. (2.6) and the followings
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D′
n(xt, xn) =

xn(2− 7xn + 3x2n
6

ln
xn

1 + xn

+
xt(−37 + 44xt + 17x2t + 6x2n(10− 9xt + 3x2t )− 3xn(21− 54xt + 17x2t ))

36(xt − 1)3

− (−2 + xn + 3xt)(xt + 3x2t + x2n(3 + xt)− xn(1 + (−10 + xt)xt))

6(xt − 1)2

× ln
xn + xt
1 + xn

, (2.22)

E ′
n(xt, xn) =

xt(−17− 8xt + x2t − 3xn(21− 6xt + x2t )− 6x2n(10− 9xt + 3x2t ))

12(xt − 1)3

+
(1 + xn)(xt + 3x2t + x2n(3 + xt)− xn(1 + (−10 + xt)xt))

2(xt − 1)4

− ln
xn + xt
1 + xn

1

2
xn(1 + xn)(−1 + 3xn) ln

xn
1 + xn

. (2.23)

The summations are carried out using the prescription defined in [35] or can be found

in [37]. The expressions for the sum over n are

∞
∑

n=1

D′
n(xt, xn) = −xt(−37 + xt(44 + 17xt))

72(xt − 1)3

+
πMWR

2

[

∫ 1

0

dy
(2y1/2 + 7y3/2 + 3y5/2)

6
coth(πMWR

√
y)

+
(−2 + 3xt)xt(1 + 3xt)

6(xt − 1)4
J(R,−1/2)− (3 + xt)

6(xt − 1)4
J(R, 5/2)

− 1

6(xt − 1)4

[

xt(1 + 3xt)− (−2 + 3xt)(1 + (−10 + xt)xt)
]

J(R, 1/2)

+
1

6(xt − 1)4

[

(−2 + 3xt)(3 + xt)− (1 + (−10 + xt)xt)
]

J(R, 3/2)

]

(2.24)

and

17



∞
∑

n=1

E ′
n(xt, xn) = −xt(−17 + (−8 + xt)xt)

24(xt − 1)3

+
πMWR

4

[

∫ 1

0

dy (y1/2 + 2y3/2 − 3y5/2) coth(πMWR
√
y)

− xt(1 + 3xt)

(xt − 1)4
J(R,−1/2) +

(3 + xt)

(xt − 1)4
J(R, 5/2)

+
1

(xt − 1)4

[

xt(1 + 3xt)− (1 + (−10 + xt)xt)
]

J(R, 1/2)

− 1

(xt − 1)4
[(3 + xt)− (1 + (−10 + xt)xt)]J(R, 3/2)

]

(2.25)

where

J(R, α) =

∫ 1

0

dy yα [coth(πMWR
√
y)− x1+αt coth(πmtR

√
y)]. (2.26)

The Wilson coefficientC9 given by Eq. (2.5) in the navie dimensional regularization

(NDR) scheme can be generalized in the ACD model as

C9(µ, 1/R) = PNDR
0 +

Y (xt, 1/R)

sin2θW
− 4Z(xt, 1/R) + PEE(xt, 1/R) (2.27)

wherePNDR
0 = 2.6±0.25 andPE is numerically negligible. The functionsY (xt, 1/R)

andZ(xt, 1/R) are defined as

Y (xt, 1/R) = Y0(xt) +

∞
∑

n=1

Cn(xt, xn) ,

Z(xt, 1/R) = Z0(xt) +

∞
∑

n=1

Cn(xt, xn) , (2.28)
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with the functionsY0(xt) andZ0(xt) given in Eq. (2.6),

Cn(xt, xn) =
xt

8(xt − 1)2

[

x2t − 8xt + 7 + (3 + 3xt + 7xn − xtxn)ln
xt + xn
1 + xn

]

, (2.29)

and

∞
∑

n=1

Cn(xt, xn) =
xt(7− xt)

16(xt − 1)
− πMWRxt

16(xt − 1)2

×
[

3(1 + xt)J(R,−1/2) + (xt − 7)J(R, 1/2)
]

. (2.30)

Finally, the scale independentC10 is given by

C10 = −Y (xt, 1/R)
sin2θW

(2.31)

whereY (xt, 1/R) is defined in Eq. (2.28).
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CHAPTER 3

ANALYSIS OF Bc → (Ds, D)ℓ+ℓ− DECAYS IN THE ACD MODEL

It is well known that the rareBc meson decays, as being FCNC processes, are sensitive

to the structure of the SM, and its possible extensions. Therefore, these decays may

provide an essential tool to investigate the new physics prior to extension of it.

Considering the new physics beyond the SM, extra dimensionshave special place.

Extra dimensions with UED are quite special because of the propagation of all the

SM particles in extra dimensions. The compactification of the UED allows KK

partners of the SM fields in the four-dimensional theory and also KK modes without

corresponding the SM partners. Among the UED, the ACD model is a simpler

scenario, i.e. it includes only a single UED which is the compactification radius, and

through the infinite KK modes the SM particles are available in the zero mode.

In rare B meson decays, the effects of the new physics appearsin two different ways,

one of which is the new contributions to the Wilson coefficients available in the SM,

and the other is through the new operators in the effective Hamiltonian that are absent

in the SM. In the ACD model, there are not any new operators, i.e. no new Wilson

coefficients, contribute to the effective Hamiltonian. We will use Wilson coefficients

already exist in the SM but they need to be modified according to the ACD model

which have been done in [35,36] at NLL order and given in Section 2.3.

The inverse of the of the compactification radius,1/R, is the only new parameter which

needs to be a bound put on. For this purpose, in many experimental and theoretical

works this parameter have been discussed. Tevatron experiments put the bound1/R ≥
300GeV . Analysis of the anomalous magnetic moment andB → Xsγ [38] also lead

to the bound1/R ≥ 300GeV . In the study ofB → K∗γ decay [37], the results restrict
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R to be1/R ≥ 250GeV . Also, in [39] this bound is given as1/R ≥ 330GeV . In a

few recent works, the theoretical study ofB → Kηγ matches with experimental data

if 1/R ≥ 250GeV [40], using the experimental result and theoretical prediction on the

branching ratio ofΛb → Λµ+µ−, the lower bound was obtained to be approximately

1/R ∼ 250GeV [41] and also theoretical study of branching ratio inBc → D∗
sℓ

+ℓ−

decay estimate∼ 250GeV for 1/R [42]. So, the lower bound on1/R seems to be∼
250GeV or ∼ 350GeV In this thesis, we will consider1/R, in the electroweak scale

from 200GeV up to 1000GeV , however, under the points discussed above1/R =

250 − 350GeV region will be taken more common bound region and more attention

will pay to.

The effective Hamiltonian of several FCNC processes [35, 36], semileptonic and

radiative decays of B mesons [43–52] and FCNC baryonic decays [41, 53, 54] have

been investigated in the ACD model.

We analyze the physical observables in terms of the compactification factor and the

form factors sinceBc → Dq′ℓ
+ℓ−is an exclusive decay. The form factors are the matrix

elements of the effective Hamiltonian between the initial and final mesons states.

These hadronic transition matrix elements are related to the nonperturbative sector

of the QCD and should be calculated by means of a nonperturbative approach. Thus,

their theoretical calculation yield the main uncertainty in the prediction of the exclusive

rare decays. The form factors forBc → Dq′ℓ
+ℓ−process have been calculated using

different quark models [21–25] and three-point QCD sum rules [26]. In this thesis, we

will use the form factors calculated in the constitute quarkmodel [21].

Various kinematical analysis of theBc → Dq′ℓ
+ℓ−decays have been studied in the

works mentioned above and also the new physics effects have been investigated in a

model independent analysis [55].

In this chapter, we will first introduce the quark level effective Hamiltonian and

the Wilson coefficients in the ACD Model in accordance with the previous chapter.

Additionally, compare the modified Wilson coefficients withthe SM ones. Using the
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hadronic form factors, we will get the transition matrix element and then the dilepton

mass spectrum. Finally, discuss the numerical results for the differential and total

branching ratios by using the numerical values of the form factors.

3.1. EFFECTIVE HAMILTONIAN AND WILSON COEFFICIENTS

TheBc → Dq′ℓ
+ℓ−decays are described at the quark level byb → s, dℓ+ℓ− transition

in the effective Hamiltonian approach in the SM and can be written as follows [15]:

Heff =
GFα√
2π
VtbV

∗
tq′

[

Ceff
9 (q̄′γµLb)ℓ̄γ

µℓ+ C10(q̄′γµLb)ℓ̄γ
µγ5ℓ

− 2Ceff
7 mb(q̄′iσmν

qν

q2
Rb)ℓ̄γµℓ

]

(3.1)

whereq = pBc
− pDq′

is the momentum transfer,q′ = s, d andL,R = (1± γ5)/2 and

Cis are the Wilson coefficients evaluated at the b quark mass scale.

The new physics contributions in the ACD model appear by using the modified Wilson

coefficients available in the SM. This can be done in terms of some periodic functions,

which are function of compactification factor,1/R and generalize theF0(xt) SM

functions according to

F (xt, 1/R) = F0(xt) +
∞
∑

n=1

Fn(xt, xn) , (3.2)

the details of which were given in Section 2.3. Therefore, the Wilson coefficients

appear in the effective Hamiltonian in Eq. (3.1) can be written as
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Ceff
9 (s′, 1/R) = C9(µ, 1/R)

(

1 +
αs(µ)

π
w(s′)

)

+ Y (µ) + Cres
9 (µ)

Ceff
7 (µb, 1/R) = η16/23C7(µW , 1/R)

+
8

3
(η14/23 − η16/23)C8(µW , 1/R) + C2(µW , 1/R)

8
∑

i=1

hiη
ai

C10 = −Y (xt, 1/R)
sin2θW

. (3.3)

The Wilson coefficients differ considerably from the SM values for small R. The

variation of modified Wilson coefficients with respect to1/R at q2 = 14GeV 2, in

which the normalization scale is fixed toµ = µb ≃ 4.8GeV , is given in Fig. 3.1. The

suppression of
∣

∣

∣C
eff
7

∣

∣

∣ for 1/R = 250− 350GeV amount to75%− 86% relative to the

SM value.|C10| is enhanced by23%− 13%. The impact of the ACD on
∣

∣

∣
Ceff

9

∣

∣

∣
is very

small. For1/R >∼ 600GeV the difference is less than5%.
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Figure 3.1. The variation of the Wilson coefficients with respect to 1/R at q2 =
14GeV 2 for the normalization scaleµ = 4.8GeV .
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3.2. MATRIX ELEMENTS AND DECAY RATE

The hadronic matrix elements in the exclusiveBc → Dq′ℓ
+ℓ−decay can be obtained

by sandwiching the quark level operators in the effective Hamiltonian between the

initial and the final state mesons. The parts of transition currents containingγ5 do not

contribute, so the non-vanishing matrix elements are parameterized in term of form

factors as follows [56]

〈D(PDq′
)|q̄′iσµνqν(1 + γ5)b|B(PBc

)〉 = − fT
mBc

+mDq′

×
[

(PDq′
+ PBc

)µq
2 − qµ(m

2
Bc

−m2
Dq′

)
]

〈D(PDq′
)|q̄′γµ(1− γ5)b|B(PBc

)〉 = f+(PBc
+ PDq′

)µ + f−qµ . (3.4)

The transition amplitude of theBc → Dq′ℓ
+ℓ− decay can be written using the effective

Hamiltonian and Eq. (3.4) as

M(Bc → D′
qℓ

+ℓ−) =
GFα

2
√
2π
VtbV

∗
tq′

×
{

ℓ̄γµℓ[A(PBc
+ PDq′

)µ +Bqµ] + ℓ̄γµγ5ℓ[C(PBc
+ PDq′

)µ +Dqµ]
}

(3.5)

with

A = C9f+ + 2C7mb
fT

mB +mD

B = C9f− − (m2
B −m2

D)
fT

mB +mD

C = C10f+

D = C10f− . (3.6)

The next task is the calculation of the decay rate ofBc → Dq′ℓ
+ℓ−, which is

determined from the following expression:

Γ =
(2π)4

2EBc

∫

d3~p1
(2π)32E1

d3~p2
(2π)32E2

d3 ~pDq′

(2π)32EDq′

|M|2 δ4(q − p1 − p2) , (3.7)
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whereM is the transition amplitude of the decay. When the final statepolarizations

are not measured, we must sum over their spin states using thefollowing projection

operators

∑

spin

ℓ(p1)ℓ̄(p1) = p1/−mℓ ,

∑

spin

ℓ(p2)ℓ̄(p2) = p2/+mℓ . (3.8)

In the center of mass (CM) frame of the dileptonsℓ+ℓ−, where we takez = cos θ andθ

is the angle between the momentum of theBc-meson and that ofℓ−, double differential

decay rate is found to be

dΓ

dsdz
=

1

29π3
mB

√
λυ|M|2 (3.9)

where s = q2/m2
Bc

, λ = 1 + r2 + s2 − 2r − 2s − 2rs, r = m2
Dq′
/m2

Bc
, v =

√

1− 4m2
ℓ/sm

2
Bc

and

|M|2 =
∣

∣

∣

GFα

2
√
2π
VtbV

∗
tq′

∣

∣

∣

2[

4m2
Bc
λ(1− v2z2)(|A|2 + |C|2) + 16m2

Bc
m2
ℓ(2r + 2− s)|C|2

+ 16m2
Bc
m2
ℓs|D|2 + 16m2

Bc
m2
ℓ(r − 1)Re[CD∗]

]

. (3.10)

Integrating over the angular dependence of the double differential decay rate, following

dilepton mass spectrum is obtained

dΓ

ds
=
G2α2mB

212π5
|VtbV ∗

ts|2
√
λυ∆ (3.11)
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where

∆Dq′
=

4

3
m4
Bc
(3− v2)λ(|A|2 + |C|2) + 4m4

Bc
s(2 + r − s)(1− v2) |C|2

+16m2
Bc
m2
ℓs |D|2 + 32m2

Bc
m2
ℓ(1− r)Re(CD∗) . (3.12)
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Figure 3.2. The dependence of differential branching ratioon s without resonance
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In the numerical analysis of physical observables, we have used the input parameters

given in Appndix A and the values that are not given are taken from [30]. In addition,

to make numerical predictions, we also need the explicit forms of the form factors

f+, f− andfT . In our numerical analysis we used the results of [21], calculated in the
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constitute quark model andq2 parametrization is given by

F (q2) =
F (0)

1− a(q2/m2
Bc
) + b(q2/m2

Bc
)2
, (3.13)

where the values of parametersF (0), a and b for the Bc → (Ds, D) decays are

listed in Table 3.1. To obtain the branching ratio, we integrate Eq. (3.11) in the

Table 3.1.Bc → Ds,d form factors calculated in the constitute quark model.

Bc → Dsℓ
+ℓ− F (0) a b

f+ 0.165 − 3.40 3.21

f− −0.186 − 3.51 3.38

fT −0.258 − 3.41 3.30

Bc → Dℓ+ℓ− F (0) a b

f+ 0.126 − 3.35 3.03

f− −0.141 − 3.63 3.55

fT −0.199 − 3.52 3.38

allowed physical region. While taking the long-distance contributions into account

we introduce some cuts aroundJ/ψ andψ(2s) resonances to minimize the hadronic

uncertainties. The integration region forq2 is divided into three parts forµ as

4m2
µ ≤ q2 ≤ (mJ/ψ − 0.02)2, (mJ/ψ + 0.02)2 ≤ q2 ≤ (mψ(2s) − 0.02)2 and

(mψ(2s) + 0.02)2 ≤ q2 ≤ (mBc
− mD∗

s
)2. In the case of,τ we have4m2

τ ≤ q2 ≤
(mψ(2s) − 0.02)2 and(mψ(2s) + 0.02)2 ≤ q2 ≤ (mBc

−mD∗

s
)2, the same as in [42].

The differential branching ratios are calculated with and without resonance

contributions and s dependence for1/R = 200, 350, 500GeV are presented in Figs.

3.2- 3.5 forBc → (Ds, D)ℓ+ℓ−. One can notice, the change in differential decay rate

and difference between the SM results and new effects in the figures. The maximum

deviation is arounds = 0.32 (0.39) in Fig. 3.2 ands = 0.36 (0.40) in Fig. 3.3

for µ (τ). At theses values, the deviation is∼ 50% more than that of the SM
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Figure 3.4. The dependence of differential branching ratioon s with resonance
contributions forBc → Dsℓ

+ℓ−.

500
350

200
SM

s

10
8
×
d
B
R
(B

c
→

D
µ
+
µ
−
)/
d
s

0.50.40.30.20.10

3

2

1

0

500

350
200
SM

s

10
8
×
d
B
R
(B

c
→

D
τ
+
τ
−
)/
d
s

0.50.470.440.410.380.350.32

1.2

0.8

0.4

0

Figure 3.5. The dependence of differential branching ratioon s without resonance
contributions forBc → Dℓ+ℓ−.

results for1/R = 200GeV in all decay channels and∼ 20% for 1/R = 350GeV .

For 1/R & 500GeV , the deviation becomes∼ 10% and less. Considering the

resonance effects, the differential decay rates also differ from their SM values as

1/R → 200GeV , which can be seen in Figs. 3.4 and 3.5. So, studying differential

decay rate, particularly in1/R = 200 − 350GeV region, can be an appropriate tool

for searching the effect of extra dimension.

To introduce the contributions of the ACD model on the branching ratio, we present

1/R dependent ratios with and without resonance cases in Figs. 3.6 and 3.7. The

common feature is that as1/R increases, the branching ratios approach to their SM

values. In all decay channels, for1/R ≃ 500GeV the deviations are more than10%

from their SM values. Additionally, around1/R ≃ 200GeV the ACD contribution is
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more than50%. Keeping the discussion on lower bound on1/R in mind once again,

in the region1/R ≃ 350 − 250GeV the branching ratios increase with an average of

(25 − 35)%. So, the calculated branching ratios without resonance contributions for

the SM and in between these bounds we find,

Br(Bc → Dsµ
+µ−) = (1.24, 1.47− 1.67)× 10−7

Br(Bc → Dsτ
+τ−) = (0.29, 0.36− 0.41)× 10−7

Br(Bc → D µ+µ−) = (0.29, 0.34− 0.39)× 10−8

Br(Bc → D τ+τ−) = (0.077, 0.092− 0.106)× 10−8.

Here, the first value in any branching ratios above is corresponding to the SM, while
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the rests are for1/R = 350− 250GeV . A similar behavior is valid for resonance case

which can be followed by the figures.

Adding the uncertainty on the form factors may influence the contribution range of the

ACD model. However, the variation of the branching ratio, calculated with the central

values of form factors, in the ACD model for different1/Rs with the SM values, can be

considered as a signal of new physics and an evidence of existence of extra dimension.
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CHAPTER 4

LEPTON POLARIZATIONS IN Bc → (Ds, D)ℓ+ℓ− DECAYS

The polarization asymmetries of the final state leptons can be very useful for testing the

SM results, and also a powerful tool for searching new physics contributions. The final

state leptons in the decays can have longitudinal, transverse and normal polarizations.

The transverse polarization is the component lying in the decay plane and normal is

the one that is normal to the decay plane.

In theBs → Ds,d ℓ
+ℓ− decays, we will search the polarization asymmetries for further

investigation of the SM and discuss the possible effects of the ACD model, forµ and

τ as final state leptons. While doing this, we analyze possiblepolarization effects in

resonance and non-resonance cases. Also, we introduce the variation of polarizations

with respect to transfered momentum and1/R dependence of averaged polarizations.

In this chapter, after introducing the definition of polarizations, starting with the

effective Hamiltonian, we calculate the analytical expressions of various lepton

polarization asymmetries, introduce the obtained resultswith a couple of figures and

give a complete analysis and discussion.

4.1. LEPTON POLARIZATION ASYMMETRY

We first introduce the spin projection operators given by

P− =
1

2
(1 + γ5 6S−

j )

P+ =
1

2
(1− γ5 6S−

j ) (4.1)
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for ℓ− andℓ+, respectively. Here,j = L, T,N denotes the longitudinal, transverse and

normal components of the polarizations, respectively. Thefour vectorsS±
µ j, which

satisfy

S− · p1 = S+ · p2 = 0 and S− · S− = S+ · S+ = −1, (4.2)

are defined in the rest frame ofℓ− andℓ+. Using the convention followed by previous

works [57,58], in the rest frame ofℓ− we define the orthogonal unit vectorsS−
i , for the

polarization of the leptons along the longitudinal, transverse and normal directions as

S−
L ≡ (0, ~eL) =

(

0,
~pℓ
|~pℓ|

)

,

S−
T ≡ (0, ~eT ) = (0, ~eN × ~eL) ,

S−
N ≡ (0, ~eN) =



0,
~pDq′

× ~pℓ
∣

∣

∣
~pDq′

× ~pℓ

∣

∣

∣



 , (4.3)

where~pℓ and~pDq′
are the three momenta ofℓ− andDq′ meson in the CM frame of

final state leptons, respectively. The longitudinal unit vectorS−
L is boosted by Lorentz

transformation,

S−µ
L,CM =

( |~pℓ|
mℓ

,
Eℓ ~pℓ
mℓ |~pℓ|

)

, (4.4)

while vectors of perpendicular directions remain unchanged under the Lorentz boost.

The differential decay rate ofBc → Dq′ℓ
+ℓ− for any spin direction~n− of theℓ− can

be written in the following form

dΓ(~n−)

ds
=

1

2

(

dΓ

ds

)

0

[

1 +

(

PL~e
−
L + P−

N~e
−
N + P−

T ~e
−
T

)

· ~n−

]

, (4.5)

where(dΓ/ds)0 corresponds to the unpolarized decay rate, the explicit form of which

is given in Eqn. (3.11).
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The polarizationsP−
L , P−

T andP−
N in Eq. (4.5) are defined by the equation

P−
i (s) =

dΓ

ds
(n− = e

−
i )−

dΓ

ds
(n− = −e

−
i )

dΓ

ds
(n− = e

−
i ) +

dΓ

ds
(n− = −e

−
i )

.

Here,P−
L andP−

T represent the longitudinal and transversal asymmetries, respectively,

of the charged leptonℓ− in the decay plane, andP−
N is the normal component to both

of them. Calculations yield the explicit form of the longitudinal polarization forBc →
Ds,d ℓ

+ℓ− as

P−
L =

8m2
Bc
v

∆
[
2

3
m2
Bc
λRe(AC∗)] (4.6)
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and similarly, the transverse polarization is given by

P−
T =

4m3
Bc
mℓπ

√
sλ

∆

[

(r − 1)

s
Re[AC∗] +Re[AD∗]

]

. (4.7)

The normal component of polarization is zero so we have not stated its explicit form.

We eliminate the dependence of the lepton polarizations ons in order to clarify

dependence on1/R, by considering the averaged forms over the allowed kinematical
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region. The averaged lepton polarizations are defined by

〈Pi〉 =

∫ (1−mD∗
s
/mBc )

2

(2mℓ/mBc )
2

Pi
dB
ds
ds

∫ (1−mD∗
s
/mBc )

2

(2mℓ/mBc )
2

dB
ds
ds

. (4.8)
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4.2. ANALYSIS OF LEPTON POLARIZATION

The dependence of longitudinal polarization on s without resonance contributions are

given by Figs. 4.1–4.2. As1/R approaches to200GeV , the longitudinal polarization

differ from the SM values, slightly. This is more clear in0.34 (0.35) . s . 0.45 (0.47)
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for Bc → Ds(D)τ+τ− decay, respectively. Forµ channels, the deviation is valid in all

s range, excluded the minimal and maximal points ofs. In Bc → Ds(D)µ+µ− decay,

the difference is, for example ats ∼ 0.38, 5% (3%), respectively, for1/R = 200GeV .

ForBc → Ds(D)τ+τ− decay the results are more significant that is ats ∼ 0.40 (0.42),

the variation for1/R = 200GeV is 12% (8%), respectively. Including resonance

contributions, in addition to the above effects, deviationbetween the resonant and

nonresonant values increases as1/R→ 200GeV , Figs. 4.3–4.4.
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Figure 4.7. The dependence of transverse polarization on s without resonance
contributions forBc → Dsℓ

+ℓ−.
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Figure 4.8. The dependence of transverse polarization on s without resonance
contributions forBc → Dℓ+ℓ−.

The1/R dependant average longitudinal polarizations are given inFigs. 4.5 and 4.6.

As it can be seen from the figures, the maximum deviation is2% for µ channels and

9% (6%) for Bc → Ds(D)τ+τ−, respectively, at1/R = 200GeV .
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The variation of transversal polarization with respect tos are given by Figs. 4.7–4.10.

In µ channels the difference is negligible whereas inτ channels up tos ∼ 0.46 (0.48)

for Bc → Ds(D)ℓ+ℓ− decays, respectively, the effects of the UED can be seen. At,

for example,s ∼ 0.40 (0.44), the SM value vary5 − 12% (4 − 9%) for 1/R = 350 −
200GeV , respectively. Finally, the average transversal polarization can be followed

by Figs. 4.11 and 4.12. For theµ channels the maximum deviation is2% and for

Bc → Ds(D)τ+τ− that is10%(6%) at1/R = 200GeV .
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Figure 4.9. The dependence of transverse polarization on s with resonance
contributions forBc → Dsℓ

+ℓ−.
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Figure 4.10. The dependence of transverse polarization on swith resonance
contributions forBc → Dℓ+ℓ−.
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CHAPTER 5

CONCLUSION

In this thesis, we have discussed the rare semileptonicBc → Ds,dℓ
+ℓ− decays induced

by FCNC forµ andτ as the final state leptons in the SM and universal extra dimension

with a single extra dimension, the ACD model. We used the hadronic form factors

calculated in the constitute quark model and throughout thework, we reflected the

resonance contributions on the calculations and demonstrate the results in possible

plotting with respect to the compactification factor and transfer momentum.

As an overall result, we can conclude that as1/R → 200GeV the physical values

differ from the SM results. Up to a few hundreds GeV above the considered bounds,

1/R ≥ 250GeV or 1/R ≥ 350GeV , it is possible to see the effects of UED.

Taking the differential branching ratio into consideration, for small values of1/R there

comes out essential difference comparing with the SM results. For1/R = 200GeV a

maximum of∼ 50% deviation was obtained for both channels. In the consideredlower

bounds the effects are also seizable and up to1/R = 500GeV the ACD contributions

can be taken into consideration while searching new physics.

Considering the dependence of branching ratio on the compactification factor, the

obtained results clearly show the evidence of new physics. Afew GeV above the

lower bound, the contribution of the ACD model is still convincing.

In searching new physics, calculation of polarization asymmetries of final state leptons

is an essential tool. Here, the polarization properties of the leptons have been studied

comprehensively and a full comparison with the SM was introduced. Our results show

that, variation of the polarizations inµ channels are not significant, on the other hand
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for τ channels, especially forBc → Dsℓ
+ℓ− decay, the results are encouraging. As a

last note on polarization, the normal component of the lepton polarizations is zero in

these decays both in the SM and in the ACD model.

The resonance, as a result of conversion of realcc̄ into lepton pairs, contributions also

added to the numerical calculations. In the resonance case,a similar behavior can be

obtained and the numerical values of the observables mostlyincreased.

Under the discussion throughout this thesis, the sizable discrepancies between the ACD

model and the SM predictions at lower values of the compactification scale, i.e. as

1/R approaches1000GeV the results get closer to their SM values, can be considered

the indications of new physics and should be searched in the experiments. Technical

facilities of the LHC make these decays accessible.
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APPENDIX A.

INPUT PARAMETERS
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mBc
= 6.28GeV

mDs
= 1.968GeV

mD = 1.870GeV

mb = 4.8GeV

mµ = 0.105GeV

mτ = 1.77GeV

mW = 80.40GeV

mZ = 91.18GeV

sin2θW = 0.223

|VtbV ∗
ts| = 0.041

|VtbV ∗
td| = 0.008

GF = 1.17× 10−5GeV −2

τBc
= 0.46× 10−12 s
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