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INTRODUCTION

In this thesis I set out to explore the methods of and the space available when adding new
quarks to the particle content of the Standard Model (SM) and the Left-Right Symmetric
Model (LRSM).
Most observations of interactions mediated by the electromagnetic, weak and strong forces
can be adequately explained by the Standard Model. It is known, however, that due to un-
explained unnaturalnesses such as the hierarchy problem and the requirement of additional
sources of CP-violation in order to explain baryogenesis, the Standard Model must be the
effective theory of an extended model which is possibly broken down at a higher energy
scale. The rare deviations of measurements from the Standard Model predictions make it
difficult to grasp and constrain new physics. There are also a number of models which suffer
under a large number of parameters and therefore reveal a difficulty which occurs during
model-building, namely that there exists a fine line between a model which can predict the
outcome of an experiment after inserting a reasonable number of parameters and a model
which loses its predictive capability since the large number of parameters can be arranged
in such a way that almost every possible outcome can be produced.
There is thus a wide range of models based on similar principles to the Standard Model
which have been proposed as possible extensions, including Spontaneous Symmetry Break-
ing, an extended Higgs sector and an extended gauge symmetry at a higher energy scale.
One aim of this thesis is to list and describe some representatives of those models, specifi-
cally the Left-Right Symmetric Model, the Little Higgs Model and the Standard Model with
an extended quark sector.
A method of introducing new quarks to a Lagrangian and the quarks’ mass-gaining pro-
cess is discussed in detail. Subsequently the Left-Right Symmetric Model is extended by a
vector-like quark isosinglet. In order to constrain new parameters, two types of interactions
are analysed within the framework of the LRSM with the extra heavy quark, namely in-
teractions which are correctly predicted by the Standard Model (such as Kaon and B-meson
mass-mixing and CP-violation in meson decay) and interactions which have not yet been ob-
served due to their minuteness (such as meson to lepton pair decay). Hence the parameters
are constrained in such a way as to produce the same outcome for the correctly predicted
interactions and a larger outcome for the interactions yet to be discovered in order to be
distinguishable from the Standard Model.



While calculating these interactions, the opportunity to display more detailed derivations of
the loop integral functions and more Feynman rules within the LRSM than are usually used
in the literature is taken.

The thesis is roughly divided into three parts. The first chapter opens with a description of
the Standard Model ingredients, including the Lagrangian, the concept of an effective La-
grangian, the gauge and discrete symmetries, the Higgs mechanism, the CKM matrix and
renormalisability. Subsequently parameters, interactions and concepts involved in the anal-
ysis of the extent of new physics beyond the Standard Model in contemporary observations,
such as meson mass-mixing, the oblique T- and Rb-parameters and the decoupling theorem
are discussed.
The second chapter gives an overview of extensions of the Standard Model, including the
Standard Model with a fourth generation of quarks, the LRSM and the Little Higgs Model.
Within this, recently obtained constraints on the new parameters such as new particle masses
and new phases are discussed.
The third part, consisting of chapters three and four, addresses the Standard Model and
the LRSM extended by a vector-like heavy Top-quark. While the concept of introducing a
vector-like quark to the Standard Model has been discussed in the literature, it has to the
best of my knowledge not been discussed in the case of an LRSM. Meson mass-mixing and
decay are subsequently discussed in order to constrain the new parameters.
The Appendix deals with the derivation of loop integral functions, Feynman rules within
the LRSM and hadron matrix elements.



1. THE STANDARD MODEL

1.1 The Langrangian of the Standard Model

All equations in this section are taken from [1] unless cited otherwise. The Standard Model
has an SU(3)c×SU(2)L×U(1)Y gauge symmetry which is broken down to SU(3)c×U(1)Q
by Spontaneous Symmetry Breaking (SSB), which in this case is called the Higgs mecha-
nism (chapter 1.2). SU(3) gauges the strong interaction such that fields transform accord-
ing to their colour charge c which is only possessed by quarks and gluons. SU(2) gauges
the weak interaction, under which left-handed fermions transform as doublets and right-
handed fermions as singlets. The electromagnetic interaction is gauged by U(1), under
which fermion fields transform according to their electrical charge Q. After the breaking
mechanism the weak and the electromagnetic interaction are combined to give the elec-
troweak interaction. The fermion fields transform under the U(1)Y gauge symmetry accord-
ing to their weak hypercharge

Y = Q− T 3, (1.1)

where T 3 denotes the third component of the weak isospin.
Before the SSB the Lagrangian describing the Standard Model is given by

LSM = L1 + L2 + LQCD, (1.2)

where L1 describes a Lagrangian symmetric under an U(1)-symmetry and L2 a Lagrangian
symmetric under an SU(2)-symmetry. After SSB L1 and L2 will combine to the electroweak
Lagrangian LEW which in turn can be split into the electromagnetic Lagrangian LEM or into
the QED Lagrangian and the weak Lagrangian LW . The term LQCD describes the strong
interacting part.
The U(1)-symmetric part is given by

L1 =
∑

f

f̄(i /D1 −m)f − 1
4
Fµν

1 F1µν (1.3)

with one Dirac spinor for every fermion f ∈ {νe, e, νµ, µ, ντ , τ, u, d, c, s, t, b}, the field tensor

Fµν
1 = ∂µBν − ∂νBµ

and the covariant derivative
Dµ

1 = ∂µ + ig′Bµ.
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The SU(2)-symmetric Lagrangian describes three gauge fields Aa
µ and writes the following:

L2 =
∑

u,d

(
Q̄L(i /D2)QL

)
+

∑
e,νe

(
ĒL(i /D2)EL

)
+

∑

f

(
f̄R(i /D2)fR

)− 1
4
Fµν

2a F a
2µν

where u ∈ {u, c, t}, d ∈ {d, s, b}, e ∈ {e, µ, τ} and νe ∈ {νe, νµ, ντ}.
The left-handed fields are arranged in doublets:

QL =

(
uL

dL

)
and EL =

(
νeL

eL

)
. (1.4)

The field tensor for a SU(2) symmetry which describes the coupling of the gauge bosons to
each other is given by

F a
2µν = ∂µAa

ν − ∂νA
a
µ + gεijkAj

µAk
ν

with the Levi-Civita symbol ε.
The covariant derivative writes

Dµ
2 = ∂µ − ig

2
σiA

µ
i

with the three Pauli matrices

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −i

i 0

)
and σ3 =

(
1 0
0 −1

)
.

Considering SSB, the U(1)- and the SU(2)-symmetric Lagrangian combine, while the QCD
Lagrangian remains unchanged. The Lagrangian is also enhanced by a potential term of
the Higgs doublet Φ (1.20) (introduced in chapter 1.2.2) and the Yukawa coupling, which
couples the Higgs field to the fermions.

LSM = LEW + LQCD + Lφ + LY ukawa

The Lagrangian Lφ couples the Higgs field to the gauge bosons of the electroweak interac-
tion and to itself:

Lφ = DµφDµφ− V (φ) with V (φ) = −1
2
µ2φ2 +

λ

4
φ4

where the parameters λ and µ are discussed in chapter 1.2.
The covariant derivative for the electroweak interaction is given by

Dµ = ∂µ − ig

2
σiAiµ − ig′

2
Bµ.

The physical gauge bosons are combinations of the four gauge fields

W±
µ =

1√
2
(A1

µ∓ iA2
µ), Zµ =

1√
g2 + g′2

(gA3
µ−g′Bµ) and Aµ =

1√
g2 + g′2

(g′A3
µ + gBµ).

(1.5)
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The electrical charge e and the weak mixing angle θW are defined in the following way:

e =
gg′√

g2 + g′2
and cosθW =

g√
g2 + g′2

.

Inserting these physical fields and rewriting the generators of the gauge groups alters the
covariant derivative in the following way:

Dµ = ∂µ − ig√
2
(W+

µ T+ + W−
µ T−)− i

g

cosθW
Zµ(T 3 − sin2θW Q)− ieAµQ (1.6)

with

T± =
1
2
(σ1 ± iσ2), T 3 =

1
2

for uL, cL, tL and T 3 = −1
2

for dL, sL, bL.

The Yukawa coupling writes

LY ukawa = −
∑
e,νe

λeĒLφeR −
∑

u,d

(
λdQ̄LφdR + λuεabQ̄Laφ

+
b uR

)
+ h.c.

There are no right-handed neutrinos in the Standard Model, since they are left massless. The
parameters λe,u,d are discussed in chapter 1.4.
The electroweak Lagrangian writes

LEW =
∑

u,d

(
Q̄L(i /D)QL

)
+

∑
e,νe

(
ĒL(i /D)EL

)
+

∑

f

(
f̄R(i /D)fR

)− 1
4
Fµν

2a F a
2µν−

1
4
Fµν

1 F1µν . (1.7)

The QCD Lagrangian is given by [2]

LQCD =
∑

q

ψ̄q(i /D3 −mq)ψq − 1
4
Gj

µνG
µν
j , (1.8)

with
Dµ

3 = ∂µ +
ig3

2
λlA

lµ, l ∈ {1, 2, 3, ..., 8}
with the eight generators of SU(3) λl, the eight massless gluon fields Al

µ and the field tensor

Gj
µν = ∂µAj

ν − ∂νA
j
µ − gfiklA

k
µAl

ν .

There is one colour triplet for every quark q

ψq =




qred

qblue

qgreen


 .

One can choose the Gell-Mann matrices as SU(3) generators

λ1 =
(

0 1 0
1 0 0
0 0 0

)
λ2 =

(
0 −i 0
i 0 0
0 0 0

)
λ3 =

(
1 0 0
0 −1 0
0 0 0

)
λ4 =

(
0 0 1
0 0 0
1 0 0

)

λ5 =
(

0 0 −i
0 0 0
i 0 0

)
λ6 =

(
0 0 0
0 0 1
0 1 0

)
λ7 =

(
0 0 0
0 0 −i
0 i 0

)
λ8 =

1√
3

(
1 0 0
0 1 0
0 0 −2

)
.

In this representation the structure constants fikl write

f123 = 1, f147 = f246 = f257 = f345 =
1
2
, f156 = f367 = −1

2
and f458 = f678 =

√
3

2
.
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1.2 Spontaneous Symmetry Breaking

Spontaneous Symmetry Breaking (SSB) describes a symmetry which is obeyed by the La-
grangian but not by the vacuum. This means that if the Lagrangian is transformed under
the symmetry it stays invariant but the vacuum transforms non-trivially (non-invariantly).
SSB can be used in models which have a higher degree of symmetry at a higher energy scale
than at a lower energy scale, where one could regard the symmetry to be partly hidden. Ex-
amples include supersymmetry (SUSY) and Left-Right Symmetric Models (LRSM) (chapter
2.2).
Another important application of SSB is the Higgs mechanism, which is used in many mod-
els in order to give mass to the otherwise massless gauge bosons.
One simple approach is the φ4-theory. The corresponding Lagrangian can be written as a
kinetic term minus a potential term [3]

L =
1
2
(∂µφ)2 − V (φ) with V (φ) = −1

2
µ2φ2 +

λ

4
φ4. (1.9)

If SSB is used in a gauge symmetry, V is usually referred to as the Higgs potential. The
value of φ which minimises the Higgs potential is called the vacuum expectation value (vev)
φ0 = |〈0|φ |0〉|. The symmetry transformation which leaves the Lagrangian invariant is the
reflection of the field φ on the horizontal axis φ → −φ.
A non-vanishing vev (φ0 = v) would not inherit the axial symmetry of the potential, nor
would the Lagrangian described by a shifted field around this vev (φ′ = φ − v) since it
includes a term proportional to φ′3.

L =
1
2
(∂µφ′)2 + µ2φ′2 − λvφ′3 − λ

4
φ′4

In this case a non-vanishing vev and therefore SSB is only possible if µ2 > 0. The symmetry
was broken by choosing one vev and expanding the field around it.
If the Lagrangian of a scalar field is invariant under a continuous symmetry, the Goldstone
theorem (which states that for every spontaneously broken continuous symmetry there ap-
pears one massless Goldstone boson in the Lagrangian) holds. It can be shown that the
Goldstone bosons are massless even after including loop corrections. Those massless bosons
provide the one physical degree of freedom the gauge bosons are missing in order to be able
to acquire a mass.
On the other hand, if a symmetry remains unbroken the degree of freedom transfers to the
scalar field, which thus becomes a physical massive Higgs boson. The scalar fields are in
general integrated in a gauge theory in the following way [1]:

L =
1
2
(Dµφi)2 − V (φi)− 1

4
F a

µνF
aµν . (1.10)

The integration of the Higgs doublet in the Standard Model will be discussed in chapter
1.2.2. The fields φi are taken to be real-valued, which is only a matter of convention.
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F a
µν is the gauge-tensor discussed in chapter 1.1. The covariant derivative which couples the

gauge to the scalar fields is given by [3]

Dµφi = ∂µφi + gAa
µT a

ijφj

where T a are real, antisymmetric representation matrices of the underlying gauge group.
Every component of φ which acquires a vev can be shifted and the symmetry in this direction
is broken

φi(x) = φ0i + χi(x). (1.11)

Reinserting the shifted components (1.11) into the Lagrangian (1.10) gives masses to as many
gauge bosons as broken symmetries with the following mass matrix [1]:

m2
ab = g2(T aφ0)i(T bφ0)i.

The couplings of the Goldstone and the Higgs bosons to the fermions as well as the mass
terms of the fermions due to the vevs of the scalar fields are introduced via the Yukawa
coupling, which is chosen to be the most general renormalisable gauge invariant term that
could be added to the Lagrangian [1]

LY = −λdijQ̄LiφdRj − λuijε
abQ̄Laiφ

+
b uRj + h.c.

where λd and λu are general complex matrices.

1.2.1 The Rξ-gauge

Considering the same situation in the path integral formalism using the Faddeev-Popov
gauge-fixing procedure shows that a gauge-fixing function needs to be chosen. In the path
integral formalism the generating functional Z, from which correlation functions can be de-
duced, can be obtained by integrating over all possible fields. In this case the relevant fields
are the gauge fields A and the scalar fields χ.

Z =
∫

DADχei
∫

d4xL(A,χ) (1.12)

Since the underlying gauge group assures that the Lagrangian stays invariant under the
gauge field shift

Aa
µ → A′aµ = Aa

µ + δAa
µ with δAa

µ =
1
g
∂µαa − fabcαbAc

µ =
1
g
(Dµα)a, (1.13)

the infinite number of gauge fields which are linked by this transformation are physically
equivalent. However, the formula used in (1.12) integrates over all those unphysical degrees
of freedom and therefore produces unphysical divergences. The problem is solved by intro-
ducing a gauge-fixing condition (G) in the form of a δ-function which ensures that only one
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of the gauge fields linked by (1.13) is counted. Introducing the gauge-fixing condition to the
equation of the generating function gives [1]

Z = C

∫
DADχei

∫
d4xL(A,χ)δ(G(A,χ))det

(
δG(A′, χ)

δα

)
with C =

∫
Dα,

where C is an infinite constant. The gauge-fixing is arbitrary and can therefore include an
additive arbitrary scalar function of x such as ω(x). Instead of adding it to the gauge-fixing
condition it could be added in the delta function such as δ(G(A,χ) − ω(x)). Since ω(x) is
arbitrary, one could add or integrate over an infinite number of ω-functions. Using this and
including a Gaussian weighting function centred at ω = 0 the δ function drops out of the
integral and a new term is added to the Lagrangian

Z = C ′
∫

DADχei
∫

d4x(L(A,χ)− 1
2
G2)det

(
δG

δα

)
with C ′ = CN, (1.14)

where N is a normalisation constant due to the Gaussian weighting function.
In the Rξ-gauges the gauge-fixing condition is chosen in such a way that it cancels the terms
in the original Lagrangian which mix gauge and scalar fields. It also includes a free param-
eter ξ which can chosen to be any number.

Ga =
1√
ξ
(∂µAaµ − ξgF a

i χi) with F a
i = T a

ijφ0j

Inserting this condition into the equation for the generating function (1.14) gives an effective
Lagrangian from which one can read off the mass matrices of the gauge bosons

(m2
A)ab = g2F a

i F b
i = g2(FF T )ab, (1.15)

the Goldstone bosons
(m2

G)ij = ξg2
aF

a
i F a

j = ξg2
a(F

T F )ij (1.16)

and the physical Higgs bosons

Mij =
∂2

∂φi∂φj
V (φ)|φ0 . (1.17)

The dependence on the free parameter ξ of the mass matrix of the Goldstone bosons shows
the unphysicality of these particles.
Calculating the propagator gives for the gauge bosons [1]

←
k

µ
a

ν
b =

( −i

k2 −m2
A

[
gµν − kµkν

k2 − ξm2
A

(1− ξ)
])ab

(1.18)
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and for the scalar fields

k
i j =

(
i

k2 − ξm2
G −M2

)

ij

. (1.19)

Here the mass matrices need not necessarily be diagonal, which means that the propagators
above do not automatically describe the physical mass eigenstates of the gauge boson but a
mixture between them.
The evaluation of the determinant in equation (1.14) results in another additional part to
the Lagrangian. This part describes unphysical fields, called ghost fields, which couple
exclusively to gauge and Higgs fields. Their mass matrix also depends on ξ and therefore
they cannot be observed as external particles.
As previously noted, the parameter ξ can be chosen freely. It has been shown [1] that the
theory remains renormalisable for every finite value of ξ as well as for ξ → ∞. The gauge
character of ξ is also reflected in the fact that it never shows up in any physical quantity such
as an S-matrix element. However, it can be useful to choose ξ in a manner appropriate to the
type of calculation. Common choices of the gauge parameter will be discussed in the next
chapter after discussing the propagators (1.18,1.19) for the Standard Model.

1.2.2 The Glashow-Weinberg-Salam theory

The theory introduced by Glashow, Weinberg and Salam (GWS) combines the electromag-
netic with the weak interaction and is therefore referred to as a theory of electroweak in-
teraction. Considering Lagrangian (1.2) the GWS theory solves the problem of absent mass
terms by Spontaneous Symmetry Breaking.
The scalar fields are chosen to be arranged in a complex doublet and therefore contain four
degrees of freedom. A conventional parametrisation of the Higgs doublet containing four
real scalars is given by [3]

Φ =

(
φ+

v+(h+iφ0)√
2

)
(1.20)

with the vacuum expectation value

Φ0 =
1√
2

(
0
v

)
(1.21)

and the potential
V (Φ) = −µ2Φ+Φ + λ(Φ+Φ)2.
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It transpires that this vev value remains invariant under the gauge transformations of
SU(2)xU(1) if two of the angles are chosen specifically and the last two are chosen to depend
on each other. Thus one degree of freedom remains, producing a massive scalar field (the
Higgs boson h) and leaves one of the gauge bosons (the photon) massless. The three bro-
ken symmetries lead to three massless Goldstone bosons φ± and φ0, where φ± generate the
masses of the W± bosons and φ0 the mass of the neutral Z-boson.
Calculating the mass matrices for the gauge and Goldstone bosons (1.15, 1.16) in GWS the-
ory in the Rξ-gauge results in [1]

m2
A =

v2

4




g2 0 0 0
0 g2 0 0
0 0 g2 −gg′

0 0 −gg′ g′2




, m2
G = ξ

v2

4




g2 0 0
0 g2 0
0 0 g2 + g′2




where g and g′ are the coupling constants of the gauge groups SU(2) and U(1) respectively.
The mass matrix of the gauge bosons shows that the gauge fields given by the gauge groups
SU(2) and U(1), Aa

µ (a = 1, 2, 3) and Bµ, are not the mass eigenstates. Rewriting the boson
fields in the manner of (1.5) results in the fields for the physical bosons.
Through these transformations the mass matrix is diagonalised and the propagators (1.18,
1.19) decouple, which means that the field-mixing indices (a, b) and (i, j) can be dropped
and there is exactly one propagator for each gauge and Goldstone boson.
The propagator for the gauge bosons is given by

←
k

µ ν =
−i

k2 −m2

[
gµν − kµkν

k2 − ξm2
(1− ξ)

]
(1.22)

for m being either the mass of the W-bosons (mW = g v
2 ), the Z-boson (mZ =

√
g2 + g′2 v

2 ) or
the photon (mA = 0).
After the symmetry breaking, the mass matrix of the physical Higgs fields (1.17) leave those
elements which describe directions in which the symmetry has been broken as zero. Thus
there is no contribution to the propagators of the Goldstone bosons (1.23). The only non-zero
values in (1.17) are those elements relating to directions in which the symmetry remains.
Hence (1.17) contributes to the propagator of the physical Higgs field (1.24).
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The propagator for the Goldstone bosons is given by

k
=

i

k2 − ξm2
, (1.23)

with m = mW for φ± and m = mZ for φ0.
The Higgs boson propagates via

k
=

i

k2 − 2µ2
(1.24)

with µ2 > 0 since the term in the Higgs potential (1.9) proportional to µ2 was chosen to be
negative.
It is noticeable that different choices of ξ lead to different propagators of the gauge and
Goldstone bosons. The three most common choices will be discussed below.

• Lorentz gauge (ξ = 0): This choice leaves the Goldstone bosons massless and is there-
fore useful for theoretical considerations.

• Feynman-t’Hooft gauge (ξ = 1): Here the Goldstone bosons are treated as scalars with
the mass of the corresponding gauge boson. The second term of the gauge boson prop-
agator is generally likely to cause divergences in loop integrals which are difficult to
remove. Since this term is cancelled if ξ = 1 this choice is favoured in calculations
including loops such as the box diagrams in meson-mixing processes (chapter 1.6.3).
One disadvantage of this choice is that the Goldstone boson propagators must be con-
sidered additionally to the gauge bosons, which in turn leads to the fact that more
diagrams must be calculated. In this context the Goldstone bosons are referred to as
ghosts (which are not to be mistaken for the Faddeev-Popov ghosts).
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• Unitarity gauge (ξ →∞): In this gauge the propagators of the Goldstone bosons vanish
and the propagator of the gauge bosons converges to

←
k

µ ν =
−i

k2 −m2

[
gµν − kµkν

k2 −m2

]
.

Hence the Goldstone bosons are ignored and the number of diagrams to be calculated
is reduced. It has been shown [4] that when making use of this choice while calculating
box diagrams the calculation is not more intricate than in the Feynman-t’Hooft gauge.
This combination can be especially useful if additional W gauge bosons are considered,
such as in the Little Higgs Model (chapter 2.3).

1.3 The discrete symmetries

Beside the gauge group symmetries there are three discrete symmetries a Lagrangian can
obey. These symmetries are parity (P) (also referred to as left-right symmetry or space in-
version), time reversal (T) and charge conjugation (C). In classical three-space the transfor-
mations under these symmetries are intuitive. Parity mirrors the spatial coordinate (x→ -x),
time inversion inverts the time coordinate (t→ -t) and charge conjugation transforms every
particle into its antiparticle, this transformation only being applicable to relativistic quan-
tum mechanics, since otherwise antiparticles would not exist. The transformations can be
performed by defining P, T and C as operators, where P and C are unitary and T an anti-
unitary operator.
In quantum field theory where fields are linear combinations of the creation- and annihilation-
operators the situation is a little more complex. The transformation rules of the fields can
be derived by the transformation rules of the creation- and annihilation-operators under
the discrete transformations. Translating the classical transformation rules into the operator
language gives [1]:

Pas
~pP = eiγP as

−~p, P bs
~pP = eiγ′P bs

−~p

Cas
~pC = eiγC bs

~p, Cbs
~pC = eiγ′Cas

~p

Tas
~pT = eiγT a−s

−~p, T bs
~pT = eiγ′T b−s

−~p

where γi and γ′i are random phases due to the unobservability of global phases. Inserting
these transformation rules into the quantised fields (in quantum field theory the fields are
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linear combinations of creation- and annihilation-operators) the transformation rules for a
scalar field, the electromagnetic field and a Dirac spinor can be derived (table 1.1) [1, 5].

φ(t, ~x) Aµ(t, ~x) ψ(t, ~x)

P eiαP φ(t,−~x) Aµ(t,−~x) eiβP γ0ψ(t,−~x)
C eiαCφ+(t, ~x) −Aµ(t, ~x) −ieiβCγ2T

ψ+T
(t, ~x)

T eiαT φ(−t, ~x) Aµ(−t, ~x) eiβT γ1γ3ψ(−t, ~x)
CP eiαCP φ+(t,−~x) −Aµ(t,−~x) −ieiβCP γ0γ2T

ψ+T
(t,−~x)

CPT eiαCPT φ+(−t,−~x) −Aµ(−t,−~x) eiβCPT γ5ψ+T
(−t,−~x)

Tab. 1.1: Transformation rules of a scalar field, the electromagnetic field and a Dirac spinor under the
discrete transformations P, C and T and the combined transformations CP and CPT.

The fact that the transformation rules of the vector field do not include a random phase is
due to the composition of a vector field. A Dirac field is a linear combination of creation- and
annihilation-operators of both particles and antiparticles which produce different phases
under a discrete transformation. Due to the knowledge of the outcome of a discrete trans-
formation of a field (with the exception of the phase), restrictions on the different phases
can be made and those phases can be combined to one. However, a vector field is a linear
combination of only particles’ creation- and annihilation-operators. If the same strategy is
applied to a vector field transformation the restriction (with the phase γi which is produced
by creation- and annihilation-operators under a discrete transformation) eiγi = e−iγi ap-
pears, meaning that eiγi = 1. The other phases are arbitrary and can be used (in a manner
analogous to the freedom of global rotation of the quark fields) to cancel phases which ap-
pear without physical meaning. One example is mentioned in chapter 2.2.2, in which these
phases are used in order to cancel all phases but one of the Higgs potential in the LRSM.

The CPT theorem (Pauli-Lüders theorem) states that under the assumptions of a local field
theory, Lorentz-invariance, the spin-statistic theorem and hermitian operators, the theory
should be invariant under CPT-transformation. The Standard Model fulfils all these as-
sumptions and is therefore CPT-invariant. A violation of CPT would directly imply the
violation of Lorentz-invariance [6]. Due to the CPT theorem the violation of CP-invariance
also implies the violation of T-invariance and vice versa. In the explored range of energies
no CPT-violation has yet been found.

1.3.1 Requirements for CP-violation

A T- and therefore CP-transformation essentially transforms a quantity into its complex con-
jugate. This means that a Lagrangian or an amplitude only have the potential to violate
CP-symmetry if they include complex numbers.
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In the literature, three different kinds of complex phases can be distinguished between [5]:

• Weak phases, which occur in coupling constants and result, for example, from the
rotation of the quark fields to their mass eigenstates (1.28) or a complex vev of a Higgs
field, which on the condition that the phase cannot be removed by other symmetries
is called spontaneous CP-violation. Weak phases have the property of being CP-odd,
which means that they appear with an opposite sign in the CP-conjugate process.

• Strong phases, which are CP-even and result, for example, from Dirac matrix products
with more than four matrices or on-shell scattering processes whose discussion goes
beyond the scope of this thesis.

• Spurious phases, which characterise the phase difference between an amplitude and
its CP-conjugate amplitude. One can, for example, choose to leave the original ampli-
tude real and assign the whole phase difference to the CP-conjugate amplitude.

In this thesis only weak phases are of interest.
An amplitude receiving contributions from one or more of the phases mentioned above does
not necessarily produce CP-symmetry violation, since the bra- and ket-vectors of the initial
and final states can be arbitrarily rephased. Thus an amplitude must consist of at least two
diagrams in order to violate CP-symmetry.

1.3.2 The discrete symmetries of the Standard Model Lagrangian

Using the transformation laws of table (1.1) it can be derived that the Lagrangian describing
QED is P-, T- and C- and therefore also CP- and CPT-invariant without restrictions on the
free phases αi and βi.
Almost the same is true for the Langrangian describing QCD (1.8), which is invariant under
the discrete symmetries with the exception of one term. In order to solve another symmetry
problem (U(1)A-problem) an additive term is introduced [5]

Lθ = θQCD
g2
s

32π2
F aµνF̃ a

µν

where θQCD is an optional parameter. This term violates P and T and therefore also CP.
The new parameter is not invariant against a change of basis of the quark fields. In fact
the transformation in order to achieve diagonal mass matrices (1.28) creates an additional
parameter [5]

θQCD → θ̄ ≡ θQCD + θQFD

with
θQFD = ArgDet(MuMd)

and the non-diagonal mass matrices Mu = λv/
√

2 and Md = λ̃v/
√

2 (1.27) resulting from
the Spontaneous Symmetry Breaking with the vacuum expectation values of the neutral
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component of the Higgs field v. The new parameter θ̄ is invariant against basis transfor-
mations of the quark field and can be interpreted in order to measure the amount of P-
and CP-violation in QCD. Various measurements show that θQCD and θQFD almost cancel
each other out, therefore the diminutiveness of θ̄ is regarded as a fine-tuning problem better
known as the strong CP problem.
The situation is different in the Lagrangian describing electroweak interaction (1.7) which
violates C-, P- and CP-symmetry, but not enough in order to explain the baryon-antibaryon
asymmetry of the Universe. Even taking effects of temperature into account the prediction
of the Standard Model is about the factor 10−12 times smaller than it should be in order to
explain the amount of matter observed today [7]. The author of [7] also states that this miss-
ing CP-violation could be introduced via new imaginary phases due to the top- or heavier
quarks. Since CP-violation is therefore one reason to extend the Standard Model, only this
symmetry is considered here in detail.
According to [5] CP-violation cannot arise in pure gauge terms or in the non-diagonalised
fermion mass terms, since there are always enough free global phases remaining to cancel
out potential phases of the Standard Model Higgs vev. To show this, one can assume to have
a complex Higgs vev:

〈φ〉 =
1√
2

(
0

veiϕ

)

A transformation under SU(2)×U(1) would take the following from [1]:

〈φ〉 → eiαa σa

2 ei β
2 〈φ〉

with the three Pauli matrices σa ∈ {σ1, σ2, σ3}. The following choice of phases then removes
the phase of the vev:

α1 = α2 = α3 = 0, and β = −2ϕ,

showing that the phase ϕ has no physical significance. Since the vev of the Higgs field can
be rotated to be real, there is no spontaneous CP-violation. Even if the vev were complex,
there would be no spontaneous CP-violation, since a general CP-transformation produces a
free phase [5]

(CP )φ(t, ~r)(CP )+ = eiθφ+T
(t,−~r)

which can be chosen as θ = 2ϕ in order to leave the vev invariant.
It is notable that these arguments are only valid in a theory with only one Higgs doublet.
In a theory with two Higgs doublets two phases of two vevs could not be removed or kept
invariant simultaneously and there would therefore be one physical phase. One example is
the Lee Model [5] which is one of the simplest extensions of the Standard Model in order to
achieve spontaneous CP-violation.
All these considerations show that the potentially CP-violating terms in the Standard Model
must result from the transformation of the quark fields.
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The electromagnetic part and the part including couplings of the quarks with the Z-boson
are CP-invariant without the necessity of any rephasing due to the reasons which follow.
The photon (Aµ) and the Z-boson field (Zµ) both only produce a minus sign under CP-
transformation and no global phases. There are also no CKM matrix elements (chapter 1.4)
present because the photon and the Z-boson are neutral and therefore do not mix between
differently charged quarks from different generations. The global phases resulting from the
transformation of the quark fields cancel each other out since they belong to the same quark
fields.
The CP-transformation of the charged W-bosons (W±µ) and the charged Higgs bosons (ϕ±)
produces a global phase [5].

(CP )W+µ(t, ~x)(CP )+ = −eiξW W−
µ (t,−~x), (CP )ϕ+(t, ~x)(CP )+ = eiξW ϕ−(t,−~x)

(CP )W−µ(t, ~x)(CP )+ = −e−iξW W+
µ (t,−~x), (CP )ϕ−(t, ~x)(CP )+ = e−iξW ϕ+(t,−~x)

In addition, the global phases resulting from the transformation of the quark fields do not
cancel each other out since they belong to quarks of different families. The following condi-
tion for CP-invariance can be read from the Yukawa interaction Lagrangian
(LY − Lmass: (1.26)-(1.27)) [5]:

V ∗
ak = ei(ξW +ξk−ξa)Vak (1.25)

where ξa and ξk are the phases resulting from the transformation of the quark fields ua

and dk and Vak the CKM matrix elements defined in chapter 1.4. Since ξW , ξk and ξa are free
parameters, condition (1.25) (which belongs to a tree-level process) is always fulfilled. In the
case of four multiplied CKM matrix elements condition (1.25) forces them to be real, which
is known not be the case for all CKM matrix elements (chapter 1.4). Therefore processes
including four or more vertices which mix families such as box diagrams (chapter 1.6.3)
potentially violate the CP-symmetry.

1.3.3 Detection of CP- and T-violation

Since CPT-invariance is assumed, the violation of CP-symmetry is also a violation of T-
symmetry. Due to the fact that T-symmetry violation is difficult to detect, only CP-symmetry-
violating processes are listed here. All the data are taken from the Particle Data Group [8].
CP-violation is mostly detected in neutral meson decay. The two main asymmetries in Kaon
decays are

|η+−| =
∣∣A(K0

L → π+π−)
∣∣

∣∣A(K0
S → π+π−)

∣∣ = (2, 233± 0, 012)× 10−3

and [
Γ(K0

L → π−e+ν)− Γ(K0
L → π−e−ν̄)

]
[
Γ(K0

L → π−e+ν) + Γ(K0
L → π−e−ν̄)

] = (0, 334± 0, 007)%.
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The indices L and S denote different mass eigenstates of the neutral Kaon, which will be
discussed in chapter 1.6.
A larger value for the parameter describing CP-violation in neutral B-meson decay has been
measured

sin(2β) = 0, 678± 0, 025

with β [5] defined in terms of the CKM matrix elements introduced in chapter 1.4 .

β ≡ Arg

(
− VcdV

∗
cb

V jtdV
∗
tb

)

Another CP-violating process is the decay of a neutral B-meson to a charged Kaon and a
charged pion.

[
Γ(B̄0

L → K−π+)− Γ(B0
L → K+π−)

]
[
Γ(B̄0

L → K−π+) + Γ(B0
L → K+π−)

] = −0, 101± 0, 015

The amount of CP-violation predicted for D0-decays by the Standard Model is very small
and there has not been any evidence for CP-violation in measurements.
Measurements of the electric dipole moment (EDM) of the neutron (chapter 2.2.4) constrain
the amount of CP- and P-violation. The dipole moment has been measured to be smaller
than 2,9×10−26e cm.

1.4 The CKM matrix

The existence of the CKM matrix (named after Nicola Cabibbo, Makoto Kobayashi and
Toshihide Maskawa) comes down to the fact that the coupling of the original quark fields
(flavour eigenstates) to the vev of the Higgs field does not result in a diagonal mass matrix
of the quarks. Thus the flavour eigenstates are not the physical mass eigenstates. The CKM
matrix is the matrix which results from the multiplication of the rotation matrices which
transform the quark fields of different weak isospins into their mass eigenstates.
The Yukawa coupling for the quarks in the Standard Model writes

LY = −Q̄LiλijΦdRj − εabQ̄Liaλ̃ijΦ+
b uRi + h.c. (1.26)

where Φ is the Higgs doublet (1.20). Q̄Li and uRi, dRi are the three left-handed quark dou-
blets (1.4) and the six right-handed quark singlets. The 3x3 matrices λ and λ̃ are arbitrary,
since the requirement of gauge-invariance does not give any restrictions.
Inserting the vev of the Higgs field (1.21) in the Lagrangian of the Yukawa coupling gives
the quark mass terms:

Lmass = − v√
2
d̄LiλijdRj − v√

2
ūLiλ̃ijuRi + h.c. (1.27)

Since λ and λ̃ are generally not diagonal, the quark flavour eigenstates used above are gen-
erally not the physical mass eigenstates. According to the singular value decomposition a
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random matrix can be diagonalised by two unitary matrices. The following transformation
[1] leads to the physical mass eigenstates u′ and d′:

uLi = Uuiju
′
Lj , dLi = Udijd

′
Lj . (1.28)

Inserting the transformation of the quark fields in the flavour changing currents (for exam-
ple the W-boson currents) reveals the nature of the CKM matrix

Jµ+
W =

1√
2
ūLiγ

µdLi =
1√
2
ū′Liγ

µVijd
′
Lj with (U+

u Ud)ij = Vij . (1.29)

The only constraint on the CKM matrix given by these theoretical considerations is unitarity,
since it is a product of two unitary matrices. Thus the CKM matrix introduces new parame-
ters to the Standard Model which must be determined by experiment.
Inserting the same quark transformation into the currents mixing with the Z-boson and the
photon, the transformation matrices of the quark and antiquark are inverse to each other
(U+

u,dUu,d = 1), meaning that the Z-boson and the photon only couple to a quark and its
antiquark and do not induce any flavour-changing processes. This is one of the conclusions
of the GIM mechanism (named after Sheldon Lee Glashow, John Iliopoulos and Luciano
Maiani, who proposed it in 1970) which states that there are no flavour-changing neutral
currents (FCNC) at tree-level.
The original formulation of the GIM mechanism [9] involves the prediction of the c-quark,
since at the time only the u-, d- and s-quarks had been discovered. One reason for the intro-
duction of the fourth quark was the smallness of the branching ratio Γ(K0 → µ+µ−)/Γtotal(K0)
which is unexplained if only considering the u-quark as an intermediate particle. If one
introduces the c-quark and uses the unitarity relation of the 2x2 CKM matrix the contribu-
tions with intermediate u- and c-quark have opposite signs and largely cancel each other
out, which explains the smallness of the decay rate.
Generally the CKM matrix elements are labelled by the quark transition in which they are
involved.

V =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




Using unitarity gives twelve conditions

|Vui|2 + |Vci|2 + |Vti|2 = 1 for i ∈ {d, s, b}
|Vid|2 + |Vis|2 + |Vib|2 = 1 for i ∈ {u, c, t} (1.30)

and

V ∗
uiVuj + V ∗

ciVcj + V ∗
tiVtj = 0 for i, j ∈ {d, s, b} with i 6= j

VidV
∗
jd + VisV

∗
js + VibV

∗
jb = 0 for i, j ∈ {u, c, t} with i 6= j. (1.31)
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In the literature the last six conditions are primarily displayed in six unitarity triangles with
the side length

∣∣∣VikV
∗
jk

∣∣∣ or
∣∣∣VkiV

∗
kj

∣∣∣.
The following abbreviation will be used throughout this thesis:

λi =





V ∗
isVid for Kaon decays

V ∗
isVib for Bs-meson decays

V ∗
idVib for Bd-meson decays

Therefore the third condition can be written as

λu + λc + λt = 0 (1.32)

which when inserted while calculating meson decays is often referred to as the GIM mech-
anism.
The analysis of the Particle Data Group [8] based on experimental data using unitarity is
displayed in the following CKM matrix:

VCKM =




0, 97419± 0, 00022 0, 2257± 0, 0010 0, 00359± 0, 00016
0, 2256± 0, 0010 0, 97334± 0, 00023 0, 0415 +0,0010

−0,0011

0, 00874 +0,00026
−0,00037 0, 0407± 0, 0010 0, 999133 +0,000044

−0,000043




A general unitary NxN matrix can be expressed by N2 parameters. There is at most one
phase for every matrix element, which is denoted by αij . The Lagrangian should be invari-
ant under global rotation of the quark fields qi → eiαui qi, where q is any quark and the quark
phases can therefore be chosen freely. After rotating the quark fields by the CKM matrix,
which happens in the flavour-changing currents induced by the W-boson (1.29) there are N2

phases of the form αij + αui + αdj
for i, j ∈ {1, 2, 3, ..., N}.

If αui = −αi1−αd1 is chosen, N phases are removed and the N2−N remaining phases have
the form αij − αi1 − αd1 − αdj . αdj = −αij + αi1 + αd1 can then be chosen and therefore N-1
additional phases can be removed. Thus, due to the invariance of the Lagrangian under the
global rotation of quarks, 2N-1 phases can be removed since they have no physical signifi-
cance. Therefore N2 − (2N − 1) = (N − 1)2 parameters remain.
According to [5] N(N-1)/2 parameters should be rotation angles, which can be justified by
the fact that a unitary matrix is a complex orthogonal matrix. Therefore (N-1)(N-2)/2 phases
remain.
Thus in the case of three generations, the CKM matrix can be parameterised by three angles
and one phase.
Several suggestions concerning the parameterisation have been made in the past. The most
relevant ones will be discussed below.
The first attempt to parameterise the matrix V for the two generation case was made by
Nicola Cabibbo. In this case all matrix elements can be rephased to be real valued. There is
thus no CP-violation in the Standard Model with two generations.
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The extension to three generations was made by Makoto Kobayashi and Toshihide Maskawa
in 1973 [10]:

V =




c1 −s1c3 −s1s3

s1c2 c1c2c3 − s2s3e
iδ c1c2s3 + s2c3e

iδ

s1s2 c1s2c3 + c2s3e
iδ c1s2s3 − c2c3e

iδ


 ,

where ci = cosθi and si = sinθi. The angle θ1 is called the Cabibbo angle.
The standard parameterisation was introduced by Chau and Keung in 1984 in order to better
reflect the experimentally-observed small size of the CP-violating coefficients [11]

V =




c12c13 s12c13 s13e
−iδ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s23s13e

iδ13 s23c13

s12s23 − c12c23s13e
iδ13 −c12s23 − s12c23e

iδ13 c23c13


 ,

where the new angles and phase are related to the Kobayashi-Maskawa (KM) parameterisa-
tion via

s12 = s1 + O(10−4), s23 =
√

s2
2 + s2

3 + 2s2s3sδ + O(10−4)

s13 = s1s3, s23sδ13 = s2sδ + O(10−3).

Around the same time in 1984 another parameterisation was introduced by Wolfenstein [12].
Compared to the standard parameterisation it is not exact, but an expansion in one of the
matrix elements, i.e. unitarity always holds up to a certain order of this element.
One of the best determined CKM matrix elements in this period was Vus, which was mea-
sured to be around 0,22. According to the Particle Data Group [8] the value used today does
not vary much from the value assumed in 1983 (|Vus| = 0, 2255 ± 0, 0019). From experi-
mental results the range of most of the other matrix elements were known and expanded in
Vus = λ. It transpires that the CKM matrix is close to unity. The diagonal is of order 1, Vcd is
of order λ and Vts and Vcb are of order λ2. The last two elements Vtd and Vub were assumed
to be of order λ3, whereas it is known today that Vub is actually of order λ4 [13]. Similar to
the standard parameterisation, the CP-violating imaginary part of the matrix elements is of
the order λ3. In addition to λ, three other parameters are required, which in Wolfenstein’s
parameterisation are called A, ρ and η.
In most cases it is sufficient to use this expansion up to the order of λ3. When calculating
CP-violating processes the imaginary part should be expanded to λ5 while the real parts can
be left unchanged.

V =




1− 1
2λ2 λ Aλ3(ρ− iη)[+iAη 1

2λ5]
−λ 1− 1

2λ2[−iηA2λ4] Aλ2[+iAηλ4]
Aλ3(1− ρ− iη) −Aλ2 1


 + O(λ4) (1.33)

Note that the terms in brackets are not meant as products, but as the expansion of the imag-
inary parts to order λ5.
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The Wolfenstein parameters relate to the KM parameters, assuming that s2 and s3 are of
order λ2, by

λ = s1, Aλ2 =
√

s2
2 + s2

3 + 2s2s3cosδ

A2λ4η = s2s3sinδ, Aλ2
√

ρ2 + η2 = s3.

It was shown by Buras et al. [14] in 1994 that the Wolfenstein parameterisation can be
achieved using the standard transformation

ρ =
s13

s12s23
cosδ, η =

s13

s12s23
sinδ

and is therefore valid to all orders of λ. In their analysis they found two extra contributions
which should be taken into account when discussing CP-violation:

∆Vcd = −iA2λ5η, ∆Vts = −iAλ4η

and one which contributes to unitarity of the CKM matrix:

Vtd = Aλ3(1− ρ̃− iη̃) with ρ̃ = ρ(1− λ2

2
) and η̃ = η(1− λ2

2
)

This parameterisation is often referred to as Buras-Wolfenstein parameterisation.

V =




1− 1
2λ2 λ Aλ3(ρ− iη)[+iAη 1

2λ5]
−λ[−iA2λ5η] 1− 1

2λ2[−iηA2λ4] Aλ2[+iAηλ4]
Aλ3(1− ρ̃− iη̃) −Aλ2[−iAλ4η] 1


 + O(λ4)

A fitting approach of the Particle Data Group [8] leads to the following Buras-Wolfenstein
parameter:

λ = 0, 2257 +0,0009
−0,0010 , A = 0, 814 +0,021

−0,022 , ρ̃ = 0, 135 +0,031
−0,016 , η̃ = 0, 349 +0,015

−0,017
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1.5 Renormalisation and renormalisation group equations

1.5.1 Renormalisation

A quantum field theory generally includes divergences when it comes to the calculation
of diagrams accounting for more than the first order in α (simply another formulation for
including loops with intermediate particles like virtual gauge bosons, fermions or scalar
particles).
There are four categories of diagram in which these divergences appear: corrections to the
gauge boson propagator, the fermion propagator, the vertex and the field strength. These
four cases will be discussed briefly and methods of extracting (regularisation) and removing
(renormalisation) will be given by means of the QED.
A free field theory is only valid in the non-interacting vacuum. Field strength renormalisa-
tion ensures the validity of an interacting theory, which takes into account the possibility of
a state being created from the vacuum (unlike the free theory, in which the state is assumed
to exist, so the probability of its creation is one). Considering this probability (often denoted
by Z), it transpires [1] that Z is multiplied by the fermion propagator. When the fermion
propagator is discussed below, the probability Z is included within the scale factor Z2.
One example of the first order contribution to a gauge boson propagator is the photon prop-
agator with two intermediate fermions [1]

→
q

k + q

k

µ ν = iΠµν
2 (q) (1.34)

where the index two denotes that the contribution concerns the second order of perturba-
tion theory. The divergence enters through the integration (due to the intermediate loop
fermion) over the four-momentum k. It transpires that this divergence is unphysical, since
a manipulation of the Lagrangian in order to cancel it out is possible. This is achieved in the
following manner.
The first step is to isolate the divergences. To achieve this a number of methods have been
developed. These methods introduce a new parameter, which is taken to the limit of either
0 or ±∞ and which is supposed to be cancelled out by additional terms to the Lagrangian
(counterterms). The most convenient regularisation method today is dimensional regulari-
sation since it preserves the underlying gauge symmetry. The dimension of spacetime is in
this case assumed to be d, where d can be taken as 4-ε.
The change of the spacetime dimension enables the calculation of the divergent integrals
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and the isolation of the singularities by means of ε. In the case of the aforementioned exam-
ple dimensional regularisation leads to

Π2(q2) −−−→
ε<<1

−2α

π

∫ 1

0
dxx(1− x)

(
2
ε
− log∆− γ + log(4π) + O(ε)

)

with ∆ = m2−x(1−x)q2. The ε−1 divergence can be expressed as a logarithmic divergence
of a cutoff scale Λ by using Pauli-Villars regularisation. In this regularisation method one
introduces an extra fictitious intermediate particle with a very large mass Λ and therefore
substitutes the propagator of the original particle by [1]

1
(k + q)2 −m2 + iε

→ 1
(k + q)2 −m2 + iε

− 1
(k + q)2 − Λ2 + iε

.

When integrating from k = 0 to k = ∞ only the terms for k = 0 survive and the terms with
diverging k cancel each other out. Because of this behaviour (allowing only small momenta
k to contribute) the mass Λ is also known as the cutoff scale. The contribution to the photon
propagator (1.34) writes in this regularisation method [1]

Π2(q2) −−−→
ε<<1

−2α

π

∫ 1

0
dxx(1− x)

(
ln

(
xΛ2

∆

)
+ O(Λ−1)

)
.

Taking the limit Λ → ∞ would restore the real physical situation. Since the divergences
which appear when taking this or the ε → 0 limit are not physical, ε and Λ vanish when
physical quantities such as cross-sections are calculated.
It transpires that when taking all orders of perturbation theory into account they can be
written as a geometric sequence of contributions and the gauge propagator is the following
[1]:

→
q

µ ν =
−igµν

q2(1−Π(q2))
. (1.35)

One defines the parameter

Z3 =
1

1−Π(0)
(1.36)

which will be used later to renormalise the electron charge.
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The procedure is similar when considering the fermion propagator, which can be written as
[1]

p p
=

i

/p−mB − Σ(/p)
.

The rescaling factor which is defined describing these corrections and which is used later in
order to cancel the vertex rescaling factor Z1 is given by

Z2 =
(

1− dΣ
d/p
|/p=m

)−1

. (1.37)

Taking all loop contributions to a vertex into account can be summarised in the vertex func-
tion Γµ(q) [1]

←
q

µ = −ieΓµ(q).

The rescaling factor due to these corrections is given by

Z1 = γµ(Γµ(q = 0))−1. (1.38)

In order to achieve a divergence-free theory, counterterms must be introduced which nullify
the divergences due to loop integrals in each order of perturbation theory. If this is possible
while conserving the underlying gauge symmetry, the Lagrangian is labelled renormalis-
able.
A more elegant method is a reinterpretation of the physical parameters of the Lagrangian
such as the masses, charges and fields. Before adding the counterterms the Lagrangian is
called the bare Lagrangian, depending on bare parameters.
Taking the example of the electromagnetic theory (neglecting the indices of the field tensor
and the sum over the fermion fields), the bare Lagrangian writes [1]

L = f̄(i/∂ −m0)f − e0ψ̄γµψBµ − 1
4
FµνFµν



1.5. Renormalisation and renormalisation group equations 25

where m0 and g0 are not the parameters measured experimentally. It transpires that rescal-
ing the fields and the electron charge by the rescaling factors (1.36, 1.37, 1.38) in the following
way [1]

fP = Z
−1/2
2 f, Bµ

P = Z
−1/2
3 Bµ, e = e0Z2Z

−1
1 Z

1/2
3 = e0Z

1/2
3

results in the aforementioned counterterms which cancel the unphysical divergences out of
the diagrams shown above. Here the index P denotes the physical quantities.
The rewritten Lagrangian is given by

L =f̄P (i/∂ −mf )fP − ef̄P γµfP Bµ
P −

1
4
Fµν

P FPµν (1.39)

+ f̄P (iδ2/∂ − δm)fP − eδ1f̄P γµfP Bµ
P −

1
4
δ3F

µν
P FPµν (1.40)

with
δ3 = Z3 − 1, δ2 = Z2 − 1, δm = Z2m0 −m, and δ1 = Z1 − 1.

The same form of the Langrangian can be derived from the path integral formalism. The
fields are assumed not to contribute to low energy physics if their momentum is much
higher than the scale of the initial process, which means that they are only taken to be un-
equal to zero if their momentum is under a certain cutoff scale Λ. The counterterms are
achieved by integrating out the fields (degrees of freedom) with a momentum close to the
cutoff scale.
It is important to remark that the constant shift of the electron charge is only valid in the
Lagrangian, i.e. at tree-level. Actual calculations introduce a q-dependence of the charge
due to the use of the q-dependent propagator (1.35). Therefore the physical charge depends
on the energy or the distance at which the process is considered and is given by

eeff =
e√

1− [Π2(q2)−Π2(0)]
.

The same can be applied to the physical coupling constants which are therefore also energy
dependent. It transpires that the coupling constants for QED and weak interaction increase
with increasing energy whereas the coupling constant for QCD decreases for increasing en-
ergy. This phenomenon is also known as asymptotic freedom of QCD.

1.5.2 Renormalisation group equations

The Lagrangian (1.40) can also be derived using path integral methods to integrate out
higher degrees of freedom. Following this method the Lagrangian can be iterated down
to the considered scale. At every scale the Lagrangian has the form (1.40) but the param-
eters change. Since perturbation theory is valid, the parameters differ only slightly by a
small change of scale. These transformations of the Lagrangian from one scale to another
are called the renormalisation group. Strictly speaking, however, they do not belong to a
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group, since the inverse element is missing as the process of integrating out degrees of free-
dom is not reversible.
The so-called flow of the Lagrangian parameters is represented by scale-independent func-
tions (β- and γ-functions), where the β-function represents the rate at which the renor-
malised coupling changes given the bare coupling. A positive β-function shows that the
coupling constant increases for increasing momenta and decreases for decreasing momenta.
Writing down the change of arbitrary renormalised Green functions through changing scale
leads to differential equations depending on the scale M and the parameters. In the case of
φ4-theory the β- and γ-functions are defined as [1]

β ≡ M

δM
δλ, γ ≡ − M

δM
δη (1.41)

where δλ represents the change in the coupling due to a scale transformation and δη the
change in the field. Generally there is one β-function for each coupling and one γ-function
for each field. These functions are scale-independent since the Green functions are cutoff-
independent and therefore the rescaling functions β and γ cannot depend on the scale due
to dimensional analysis.
The resulting differential equation is called the Callan-Symanzik equation and is in the case
of QED given by [1]

[
M

∂

∂M
+ β(e)

∂

∂e
+ nγ2(e) + mγ3(e)

]
G(n,m)(xi; M, e) = 0

where n is the number of electron fields and m the number of photon fields in the Green
function.
The rescaling functions can be obtained order by order in perturbation theory by inserting
possible Green functions. It transpires that the β- and γ-functions are related to the coun-
terterms of the Lagrangian.

1.6 Neutral meson-mixing

Neutral meson-mixing processes are often used to discuss the introduction of new particles
beyond the Standard Model for the following reason.
New particles are generally too heavy to be detected directly, therefore it is more efficient to
analyse their indirect contributions to observable physics. Heavy fermions or gauge bosons
can be produced as intermediate particles in loop processes such as neutral meson-mixing.
These new particles produce new Feynman diagrams and hence their contributing ampli-
tudes are added to those of the Standard Model. If the contribution of new particles is
non-negligible, the case is referred to as non-decoupling of heavy particles.
Despite the fact that the observed amount of neutral meson mass-mixing and the amount
of observed CP-violation in meson decay (chapter 1.3.3) can be explained by the Standard
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Model, these processes can be considered, not in order to explain data that cannot be ex-
plained by the Standard Model, but in order to constrain new physics. Heavy particles
would be allowed only if they either give very small contributions or some cancellations
have to take place in order to leave the outcome of the experiment unchanged.
A meson is a particle composed of a quark and an antiquark and is therefore a sub-category
of a hadron. Mesons are also bosons. Every meson P 0 has an anti-partner P̄ 0. The two
particles are linked by C-transformation. The discrete symmetries transform the neutral
mesons in the following way [15], neglecting the free phases discussed in chapter 1.3:

C |P 0〉 = − |P̄ 0〉 , P |P 0〉 = − |P 0〉 , T |P 0〉 = |P 0〉

Since the strong and the electromagnetic interactions do not induce any charged or flavour-
changing currents, the neutral mesons cannot decay or mix via those forces. Considering
the weak interaction, the W± bosons induce charged flavour-changing currents and there-
fore enable the neutral mesons and anti-mesons to decay or to oscillate between one another.

Due to the oscillation of P 0 and P̄ 0 a general state is given by the mixture of those two states
[5]

|ψ(t)〉 = ψ1(t) |P 0〉+ ψ2(t) |P̄ 0〉 .
The Schrödinger equation gives the time development of this state

∂

∂t
Ψ = HΨ with Ψ =

(
ψ1

ψ2

)

where the 2x2 matrix H is given by H=M- i
2Γ, with

Mij = m0δij + 〈i|HW |j〉+
∑

n

P
〈i|HW |n〉 〈n|HW |j〉

m0 − En
(1.42)

to second order in perturbation theory [5]. The states i and j describe the states P 0 and P̄ 0

where the states n are virtual intermediate states. HW denotes the Hamiltonian of the weak
interaction.
For interactions only including QCD and QED, M would be a diagonal mass matrix and
Γ would not exist. The non-diagonal elements in M represent the mixing of the states P 0

and P̄ 0 and the existence of Γ represents the possibility of the neutral mesons decaying into
other particles.
Requiring CP-invariance would restrict the matrix H in the following way [5]:

|H12| = |H21|

Thus a parameter measuring CP- and T-violation is given by

δ ≡ |H12| − |H21|
|H12|+ |H21| . (1.43)
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Other constraints deduced by CPT-invariance lead to the definition of the CPT- and CP-
violating parameter θ.

θ ≡ H22 −H11√
4H12H21 + (H22 −H11)2

(1.44)

Due to their mixing, the neutral mesons P 0 and P̄ 0 are not the mass eigenstates if the weak
interaction is considered. Requiring CPT-invariance, the states of the physical particles are
given by the following linear combination of the original mesons [5]:

|PH〉 = p |P 0〉+ q |P̄ 0〉 (1.45)

|PL〉 = p |P 0〉 − q |P̄ 0〉 (1.46)

with |p|2 + |q|2 = 1.
Diagonalising H gives the following relation between p and q:

p

q
=

√
2M∗

12 − iΓ∗12

2M12 − iΓ12

and the CP-violating parameter (1.43) can be written as

δ = |p|2 − |q|2 = 〈PL|PH〉 .

If CP-invariance were required δ would be equal to zero and PH and PL would become CP
eigenstates with the eigenvalues±1 and∓1 respectively. The eigenstate with the eigenvalue
+1 is called CP-even and that with the eigenvalue -1 CP-odd.
Assuming that PH and PL decay to a final state |f〉 which is CP-even, CP-invariance would
require (here PH is taken to be CP-even)

〈f |HW |PL〉 = 〈f | (CP )+HW (CP ) |PL〉 = −〈f |HW |PL〉 => 〈f |HW |PL〉 = 0

This means that if both PL and PH are observed to decay into a final state which is a CP
eigenstate, CP-symmetry is violated. Therefore another CP-violating parameter can be de-
fined as

εf =
〈f |HW |PH〉
〈f |HW |PL〉 (1.47)

where |f〉 is a CP eigenstate with the same eigenvalue as PH .
The eigenvalues of H are given by

µH,L = mH,L − i

2
ΓH,L

where m is the mass and Γ the decay width of the corresponding meson. Thus the mass and
decay width difference between the heavier and the lighter meson is given by

∆m ≡ mH −mL and ∆Γ ≡ ΓH − ΓL.

Since the theoretical determination of the CP-violating parameters is always only approxi-
mate they must be derived for each system of neutral mesons individually. CP-violation has
been observed in Kaon decay as well as in neutral and charged B-meson decay.
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1.6.1 The neutral Kaon

The first signs of CP-violation were found in neutral Kaon decay in 1964 [8]. The CP-
violation becomes apparent due to the fact that the physical mass state with the longer life-
time KL decays more often to π−e+ν̄e than to π+e−νe. If CP were a symmetry KL would be
a CP eigenstate and the following equality would be true:

〈π−e+ν̄e|HW |KL〉 = 〈π−e+ν̄e| (CP )+HW (CP ) |KL〉 = 〈π+e−νe|HW |KL〉

This means the decay rates to the two final states would need to be equal.
The mass eigenstates are defined analogous to (1.46)

|KL〉 = p |K0〉+ q |K̄0〉
|PL〉 = p |K0〉 − q |K̄0〉

where the indices stand for longer and shorter lifetimes. It transpires that KL is the heavier
meson. The observed difference in mass assuming CPT-invariance is given by [8]

∆m = (3, 483± 0, 006)× 10−12MeV.

It is also observable that KL is mostly CP-odd and KS mostly CP-even.
From experimentally-achieved data it can be concluded that neutral Kaons mostly decay
into the CP-even two-pion state with the isospin zero [5].

|2π, 0〉 = |2π, I = 0〉 =

√
2
3
|π+π−〉 −

√
1
3
|π0π0〉

Thus the associated CP-violating parameter according to (1.47) is given by

ε ≡ 〈2π, 0|HW |KL〉
〈2π, 0|HW |KS〉 . (1.48)

This parameter can be linked to the CP-violating parameter δ (1.43) over

2Reε
1 + |ε|2 = δ.

The assumption that the decay channel to |2π, 0〉 is the only one leads to a linear correlation
of those two parameters [5]

ε ≈ δ√
2
ei π

4 (1.49)

and an approximation for δ

δ ≈ − Im(M12A0Ā
∗
0)∣∣M12A0Ā0

∣∣ (1.50)

with

A0 ≡ Cλu 〈2π, 0| (s̄γµγLu)(ūγµγLd) |K0〉 and Ā0 ≡ Cλ∗u 〈2π, 0| (ūγµγLs)(d̄γµγLu) |K̄0〉
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where C is a factor of the Wilson coefficient obtained using operator product expansion
(chapter 1.6.2) and λu is determined by the CKM matrix elements via λu ≡ V ∗

usVud. The
constant C is real, since the only potentially CP-violating phases in the Standard Model enter
via the CKM matrix elements. If a model with other sources of CP-violation is considered,
C might include CP-violating phases.
This approximation still holds for extensions of the Standard Model as long as the decay
channel to |0〉 remains dominant.
The current value for ε obtained through measurements of the decay rate K → 2π is given
by [8]

ε = (2, 229± 0, 010)× 10−3ei π
4 .

Carrying out a CP-transformation of the bra, the ket and the quark fields of A0 by inserting
(CP )(CP )+ = 1 into the transition amplitude and using the transformation rules listed in
chapter 1.3 gives

A0 = Cλu 〈2π, 0| (s̄γµγLu)(ūγµγLd) |K0〉 = Cλu 〈2π, 0| (−ūγµγLs)(−d̄γµγLu) |K̄0〉 = λuλ∗−1
u Ā0

where the sum of the free phases of the CP-transformation was taken to be 0 or π for sim-
plicity.
Inserting this relation into (1.50) shows that δ and ε only depend on the matrix element M12

which can be determined in K0-K̄0-mixing processes

δ ≈ − ImM12

∆m
and ε ≈ − ImM12√

2∆m
ei π

4 . (1.51)

1.6.2 Operator product expansion and the effective Lagrangian

Before the amplitude for K0-K̄0-mixing is derived explicitly, some general ideas on how to
extend the tree-level-describing Lagrangian in order to express higher order interactions are
displayed. The listed examples follow the lecture of Buras [16].
One possible way of imagining different types of particles is as degrees of freedom. The
higher the considered energy scale, the more particles could be created and the more degrees
of freedom exist, where the considered energy scale is referred to as the mass scale of the
initial particle. In low energy processes it can be very intricate to include all types of particles
or all degrees of freedom even though their mass scale is much higher than the scale of the
initial particle. In this case it is useful to use an effective theory in which only particles at
and under the mass scale of the low energy process are considered. Low energy processes
are usually referred to as long distance (LD) processes and high energy processes as short
distance (SD) processes. The effective Lagrangian is arrived at by integrating out higher
degrees of freedom, which can literally be achieved by performing the integral in the path
formalism over all particle fields with higher rest mass.
The procedure can be demonstrated on the decay c → sud̄ which is mediated by a charged
W-boson. Since the mass of the W-boson mW is much greater than the mass of the c-quarks,
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the ratio between the momentum transfer and the W-mass must be very small k2

m2
W

<< 1.
Evaluating the corresponding diagram with the common Feynman rules in the Feynman-
t’Hooft gauge (ξ = 1) gives a prefactor dependent on the CKM matrix elements, the operator
of the in- and outgoing currents and the contribution of the intermediate W-boson which can
be expanded in the following way:

−igµν

k2 −m2
W

=
i

m2
W

(
1 + O

(
k2

m2
W

))

Including only the leading order which is independent of k is analogous to integrating out
the W-boson in the path formalism. The process is shown diagrammatically in figure 1.1.

W

d

c

u

s

(a) Shortdistance perspective

d

c

u

s

(b) Multiplication of two cur-
rents with effective coupling
constants including the shortdis-
tance effects of the W boson

Fig. 1.1: The decay c → sud̄ to lowest order in perturbation theory [16].

The resulting diagram does not include the short distance contribution of the W-boson as
an intermediate state but as part of the prefactor, and can be interpreted as a multiplication
of the external currents with an effective coupling constant. It is therefore reminiscent of the
description of decays in Fermi theory.
The general idea to expand local currents by means of local operators and effective coupling
constants was introduced by Wilson in 1969 [17] who proposed that if A(x) and B(y) are
currents located at x and y respectively and the distance between x and y is small the product
can be expanded by means of the Wilson coefficients Cn(x− y) and local operators On(x).

A(x)B(y) =
∑

n

Cn(x− y)On(x)

The Wilson coefficients are generally singular if x = y and the local operators are of the form
(s̄γµγLc)(ūγµγLd) which is taken from the above example.
The Wilson coefficient was derived to be proportional to [1]

Cn(x− y) ∝
(

1
|x− y|

)dA+dB−dn


 ln

(
1

|x−y|2Λ2

)

ln
(

M2

Λ2

)



an−aA−aB
2b0

.
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di denote the dimension of the operators, which is 1 for a bosonic field and 3/2 for a
fermionic field and M the renormalisation scale. In the example given above, the dimen-
sions would be dA = dB = 3 and dn = 6 so that the first fraction is removed. The coefficients
ai and b0 result from the γ-function and β-function respectively (1.41) [1]

γi = −ai
g2

4π
and b0 = 11− 2

3
nf

at a fixed point g and with the number of fermions nf . The mass scale Λ is chosen to fulfil
the following relation:

1 = g2 b0

8π
ln

(
M

Λ

)

The local difference |x− y| is inversely proportional to the mass of the intermediate boson.
In the case of a W-boson one can insert

|x− y|2 =
1

m2
W

.

Calculating the transition amplitude from an initial state |i〉 to a final state |f〉 the Wilson
coefficient can be factored out of the amplitude.

〈f |A(x)B(y) |i〉 =
∑

n

Cn(x− y) 〈f |On(x) |i〉

Considering a process taking place at the scale M it transpires that the Wilson coefficient in-
cludes the contributions of particles with a rest mass higher than M. The expectation value of
the local operators (referred to as the hadron matrix element) on the other hand includes all
contributions due to low energy processes smaller than M. Since QCD is non-perturbative
for low energies, advanced methods like lattice QCD are necessary to calculate the hadron
matrix element and are not performed in this thesis. The corresponding values of the hadron
matrix elements are taken from the literature.
The contributions to the Wilson coefficient can all be calculated in perturbation theory and
are therefore discussed explicitly. Taking the above example and choosing M to be around
the scale of a few GeV would mean that the W-boson and the top-quark need to be inte-
grated out. If theories extending the Standard Model are considered, all contributing higher
mass particles must be integrated out. One example of this is the heavy quarks in the four-
generation case.
Another short distance effect which needs to be included is the gluon exchange between the
initial quarks and, if it is a non- or semileptonic decay, also between the final quarks. Includ-
ing gluon exchange can introduce new local operators which sum over colour cross-terms
between the connected quark. The first order QCD corrections to the Wilson coefficients are
shown in figure 1.2.
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Fig. 1.2: Short distance corrections due to gluon exchange [16].

When calculating the first order QCD correction directly, unphysical divergences appear
which can be removed by quark field renormalisation. Having carried out this renormal-
isation it transpires [1] that the divergences produced in the first diagram are completely
cancelled out by field-strength renormalisation where the other two diagrams give (after
renormalisation) contributions of the order (α/4π)ln(m2

W /M2)[16].
Generally the contributions to the Wilson coefficients can be derived from the renormalisa-
tion group and therefore depend on the scale M. Thus the Wilson coefficients depend on the
masses of the contributing particles with mi > M and on the scale M.
Altogether, using the operator product expansion separates the factors in the effective Hamil-
tonian in the Wilson coefficient (which describes the short distance contributions) and the
hadron matrix element (which describes the long distance contributions) by choosing a scale
M. Since a physical quantity such as the transition amplitude should not rely on an arbitrary
scale, the M-dependence of the Wilson coefficient and the hadron matrix element cancel each
other out.

An effective Lagrangian contains processes at higher-loop level as effective coupling con-
stants and operators using OPE. In this thesis the effective Lagrangian is referred to as the
Lagrangian describing interactions to one-loop corrections. Since FCNCs are forbidden at
tree-level due to the coupling of the gauge bosons or the GIM mechanism, those processes
are especially interesting in the study of CP-violation. The loop contributions due to the
weak interaction are box and triangular diagrams. The example of the decaying charged
Kaon shows how the diagram can be extended to one-loop level (1.52). The effective Hamil-
tonian would include all these contributions.
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K+ → π+νeν̄e = W

ī
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ī

u
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u
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+ ī
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+ ī
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e

u

s

u

d

νe
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(1.52)

1.6.3 K0-K̄0-mixing

The following calculation will be performed in the Feynman-t’Hooft gauge, which results
in a charged massive Goldstone boson in addition to the W-boson in the loops. Therefore to
the first order of perturbation theory K0-K̄0-mixing can be described by the following eight
diagrams:

u, c, t

k

W+, φ+ k W+, φ+k

u, c, t

k

d s

s d

W+, φ+

k

u, c, t k

W+, φ+

k
u, c, tk

d s

s d

Fig. 1.3: Box diagrams contributing to K0-K̄0-mixing. K0 is defined as s̄d and K̄0 as sd̄.
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In unitary gauge only the first diagram would need to be considered. Since it has been
shown that the change of the amplitude due to non-zero external momenta would be small
compared to the uncertainty in the hadron matrix element in K0-K̄0-mixing [18], the ex-
ternal momenta are neglected. Taking the external momenta in B0-B̄0-mixing into account
would give an even smaller contribution. Setting the external momenta to zero results in
the fact that all internal particles carry the same momentum k.

Using the Feynman rules from Appendix A.1 and summing over all possible quarks in the
loop gives the following amplitude for the box including two W-bosons:

AWW =
g4

4

∑

i=u,c,t

∑

j=u,c,t

λiλj

∫
d4k

(2π)4
kαkβ

(k2 −m2
i )(k2 −m2

j )(k2 −m2
W )2

(s̄γνγαγµγLd)(s̄γτγ
βγσγLd)

with

γL =
1− γ5

2
, γR =

1 + γ5

2
.

Introducing the identity 1 = 1
4gαβgαβ raises the index of kβ and lowers the index of γβ .

Using the Dirac matrix identity

γµγνγσ = gµνγσ − gµσγν + gνσγµ + iεµνσαγαγ5,

the operator product can be simplified to

(s̄γνγαγµγLd)(s̄γτγβγσγLd) = 4(s̄Γµd)(s̄Γµd) = 4Osd with Γµ = γµγL.

The internal momentum is substituted by k → k
mW

which leads to the following final ex-
pression:

AWW =
g4

4m2
W

∑

i=u,c,t

∑

j=u,c,t

λiλjF (xi, xj)Osd

with

F (xi, xj) =
∫

d4k

(2π)4
k2

(k2 − xi)(k2 − xj)(k2 − 1)2
and xi =

m2
i

m2
W

.

Defining a general integral helps in expressing the other three contributing amplitudes.

Fn(xa, xb, xc, xd) = −16π2

i

∫
d4k

(2π)4
kn

(k2 − xa)(k2 − xb)(k2 − xc)(k2 − xd)
(1.53)

The prefactor is chosen in such a way as to cancel out the prefactor which occurs while
solving the integral. The number of normalised mass terms in the argument equates to the
number of mass-distinguishable particles in the loop. For example, the W-bosons and the
massive Goldstone bosons count as one particle in the momentum integral since they have
the same masses in the Feynman-t’Hooft gauge. An integral function with four arguments
can only be realised in a theory with different types of W or single-charged gauge bosons
with non-degenerate mass, such in the Little Higgs (chapter 2.3) or the Left-Right Symmetric
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Model (chapter 2.2). The solution of Fn for n = 0, 2 for all possible numbers of different
arguments is given in Appendix A.1. F1 is always zero since the function under the integral
is odd and the integral extends over the whole four-space.
The derivation of the contributions including one or two Goldstone bosons is analogous to
the two-W-boson case. Thus the four contributions to K0 − K̄0-mixing are given by

AWW = − ig4

64π2m2
W

∑

i=u,c,t

∑

j=u,c,t

λiλjF2(xi, xj ; 1)Osd

AWφ =
ig4

64π2m2
W

∑

i=u,c,t

∑

j=u,c,t

λiλjxixjF0(xi, xj ; 1)Osd

AφW =
ig4

64π2m2
W

∑

i=u,c,t

∑

j=u,c,t

λiλjxixjF0(xi, xj ; 1)Osd

Aφφ = − ig4

64π2m2
W 4

∑

i=u,c,t

∑

j=u,c,t

λiλjxixjF2(xi, xj ; 1)Osd.

The whole amplitude is given by

A = − ig4

64π2m2
W

∑

i=u,c,t

∑

j=u,c,t

λiλj

(
F2(xi, xj ; 1)− 2xixjF0(xi, xj ; 1) +

1
4
xixjF2(xi, xj ; 1)

)
Osd

= − ig4

64π2m2
W

C0Osd

where C0 is the Wilson coefficient depending on the masses of the internal particles with

C0 =
∑

i=u,c,t

∑

j=u,c,t

λiλjc0(xi, xj ; 1).

The exact coefficients are given in Appendix A.1.
Using unitarity of the CKM matrix and setting the quark mass to zero (Appendix A.1) results
in the following Wilson coefficient:

C0 = λ2
cc
′
0(xc; 1) + 2λcλtc

′
0(xc, xt; 1) + λ2

t c
′
0(xt; 1)

Also including short distance QCD effects in the Wilson coefficients, it transpires that they
give an additional factor for every possible loop, factoring out of the c′0-functions (figure
1.4).
The prefactors η are evaluated at the mass scale corresponding to the quark. The values are
given by [16]

ηcc = 1, 38± 0, 20, ηtt = 0, 57± 0, 01, ηct = 0, 47± 0, 04. (1.54)

The updated Wilson coefficient writes

C0 = λ2
cηcc

′
0(xc; 1) + 2λcλtηctc

′
0(xc, xt; 1) + λtη

2
t c
′
0(xt; 1).
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Fig. 1.4: Diagrams contributing to the short distance QCD corrections leading to ηt [16].

The operator Osd obtains long distance corrections depending on the scale M < Mc [16].
Therefore the new operator reads

[αs(M)]−2/9

[
1 +

α3
s(M)
4π

J3

]
Osd

where αs is the scale-dependent coupling constant divided by 4π given by the renormalisa-
tion group equations and J3 depends on the renormalisation scheme. The index three notes
that since M < Mc only the three lightest quarks must be taken into account in the loop
calculation for the renormalisation group equations.
Since A includes the product of two identical operators, the Feynman rule for converting
the vertex into the effective Lagrangian is vertex=-2iHeff [5] and therefore together with
the definition of the Fermi constant GF = g2

4
√

2m2
W

the effective Hamiltonian writes

Heff =
G2

F m2
W

4π2
C0 × [αs(M)]−2/9

[
1 +

α3
s(M)
4π

J3

]
Osd + h.c..

Now the matrix elements M12 (1.42) simplify significantly. Since Heff includes all virtual
intermediate states, the non-diagonal element of M writes to second-order in perturbation
theory

M12 = 〈K0|H+
eff |K̄0〉 =

G2
F m2

W

4π2
C∗

0 × [αs(M)]−2/9

[
1 +

α3
s(M)
4π

J3

]
〈K0|O+

sd |K̄0〉 .

The calculation of the hadron matrix element is difficult, since the operator Osd corresponds
to free quarks whereas the initial and final states K0 and K̄0 consists of bounded quarks.
The matrix elements are usually estimated by the vacuum insertion approximation, which
splits the amplitude into several by inserting the vacuum state in all possible ways and
multiplying by a correction factor BK [5]

〈K0|O+
sd |K̄0〉 = −1

3
BK(M)f2

KmK

with

B̂K = BK(M)[αs(M)]−2/9

[
1 +

α3
s(M)
4π

J3

]

and the K-meson mass mK and the K-meson decay constant fK given in Appendix C.
The matrix element M12 now reads

M12 = −G2
F m2

W

12π2
C∗

0 B̂K(M)f2
KmK .
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1.7 Parameters used to approximate the size of physics beyond the Standard
Model

1.7.1 The oblique T parameter

In general there are three oblique parameters (T, U and S) which describe the finite parts
of the vacuum polarisation diagrams of the gauge bosons which have not been included
in the renormalisation of the coupling constants, the masses or the fields. Here only the
T-parameter is described in detail which is defined over [19]

T =
4π

m2
Zsin2θW cos2θW

[Π11(0)−Π33(0)] (1.55)

with

Π11(q) =
sin2θW

e2
ΠWW (q)

Π33(q) =
sin2θW cos2θW

e2

(
ΠZZ(q) + 2sin2θW Π3Q(q) + sin4θW ΠQQ(q)

)
,

where Q denotes the charge of the intermediate particles. The contributions ΠWW (q) and
ΠZZ(q) to lowest order in perturbation theory are shown below.

→
q

Wµ Wν = iΠWW (q)gµν

→
q

Zµ Zν = iΠZZ(q)gµν

The contributions Π3Q(q) and ΠQQ(q) emerge from self-energy diagrams of the photon or
the Z-boson and the photon but give zero in the limit of q = 0. This can be explained using
the Ward identity and the assumption that the contributions do not diverge at p2 = 0 [1].
The calculation of the T-parameter has been carried out in [20] for the Standard Model ex-
tended by a random number of vector-like singlets and quark doublets. The result for one
extra u-type quark isosinglet (the Top-quark) is given by [21]

T =
3

16πsin2θW cos2θW

[∣∣V SM
tb

∣∣ sin2θ (θ+(yT , yb)− θ+(yt, yb))− sin2θcos2θ θ+(yT , yt)
]

(1.56)
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with yi = m2
i /m2

Z and

θ+(yi, yj) = yi + yj − 2yiyj

yi − yj
ln

yi

yj
.

The measured value is given by T = −0, 03 ± 0, 09 [21]. The high uncertainty in the ex-
perimental and theoretical value of T (due to the uncertainty in the Higgs mass) makes the
T-parameter difficult to use to derive constraints on physics beyond the Standard Model.

1.7.2 The Rb parameter

This parameter describes the branching ratio of the Z-boson decaying to a b- and an anti
b-quark [21].

Rb =
Γb

Γhad

The lowest order correction to the tree-level decay Z → bb̄ is dominated by the loops includ-
ing the top-quark (1.5) [22] and would therefore be sensitive to other heavier t-quark type
quarks.

t
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b
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Z

b̄

b

t

W,G

Z

b̄

b

Fig. 1.5: The main lowest order contributions to the Rb-parameter.

The experimental and the Standard Model value of the Rb-parameter is given by [21]

Rexp
b = 0.21629(66) and RSM

b = 0.21578(10).

1.8 The decoupling theorem

The decoupling theorem was established by Thomas Appelquist and James Carazzone in
1975 and is therefore also known as the Appelquist-Carazzone theorem [23]. The theorem
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deals with the influence of heavy particles on renormalisable theories describing low energy
interactions, such as a renormalisable effective Lagrangian. The Wilson description (chapter
1.6.2) showed that the effective Lagrangian can be split into two factors (one describing
the low and one describing the high energy effects) in such a way that the heavy particles
only appear explicitly in the Wilson coefficients. The decoupling theorem states that the
contributions of the heavy particles must be suppressed by the heavy particle masses. Thus
one can conclude that there are non-decoupling effects for finite particle masses, but that the
heavy particles must decouple in the limit of infinite masses. The decoupling theorem also
allows effects of heavy particles to appear in charge renormalisation [23, 24].
This theorem offers a simple way of controlling results obtained from calculations of loop
corrections of physical quantities including heavy particles arising from a renormalisable
extension of the Standard Model. However, one must exercise caution when taking the mass
limit. Examples of possible misleading conclusions are diverging loop diagram corrections
when taking the limit mt → ∞ in the Standard Model. This is not an exception to the
decoupling theorem, since the non-decoupling arises from the fact that the renormalisability
of the Standard Model is destroyed by integrating out the top- but not the bottom-quark
[24]. The question also arises of whether it is physically justifiable to let the top-mass tend
to infinity without letting all other particle masses of the Standard Model do so, since they
all depend on the same Higgs vacuum expectation value v. The same situation occurs in the
Left-Right Symmetric Model when calculating the B-meson to two muons decay (chapter
4.1). It will be explicitly shown (chapter 4.3) that one cannot let the single-charged Higgs
scalar mass tend to infinity without doing the same with the right-handed W-boson mass,
since both depend on the breaking scale (vR) of the gauge group SU(2)R.



2. EXTENSIONS OF THE STANDARD MODEL

2.1 A fourth generation in the Standard Model

Adding new generations of chiral quarks and leptons is a straightforward extension of the
Standard Model, which was proposed even before the third generation had been discovered.
There are many arguments against a fifth or higher family [25, 26, 27, 28], but the existence
of a fourth generation cannot yet be excluded by existing data [25, 13].
In this section only the possibility of the existence of a new quark generation is discussed.

2.1.1 Advantages of a fourth family

Adding a fourth generation could remove some unnaturalnesses of the Standard Model.
It has been proposed that due to non-negligible loop corrections of the fourth generation
quarks and leptons, the gauge couplings could be unified at a scale around 3, 5 × 1015 GeV
[29], under the assumption that the Higgs boson is heavier than 174 GeV.

New heavy quarks could also contribute to an explanation of the strong CP problem (chap-
ter 1.3.2) [30]. This is realised by introducing a new symmetry U(1)new under which only the
new generation quarks transform non-trivially. In addition to the complex Higgs doublet,
two complex Higgs singlets must be introduced, which also transform non-trivially under
the new symmetry. Under certain assumptions about the masses of the new particles and
the breaking scale of U(1)new, the breaking of the new symmetry gives a value for θ̄ which
is small enough to be consistent with recent measurements of the CP-violating parame-
ters. Depending on the nature of U(1)new a new gauge boson is predicted. One well-known
model is the Aspon Model, in which the Aspon is the massive gauge boson, which acquires
its mass over the Higgs mechanism [31].

Another problem which could be solved is the missing sources of CP-violation predicted by
the Standard Model. Introducing a new generation adds three new CP-violating phases to
the CKM matrix (discussed in the next chapter) which then enter the effective couplings of
mixing quark flavours. Since the imaginary parts of the effective couplings determine the
CP-asymmetry of the reaction, the amount of CP-violation can be tuned according to the
value of these phases. W.S. Hou states [32] that the amount of CP-violation can be enhanced
by a factor of 1013, which has been shown by means of the generalised form of the



42 2. Extensions of the Standard Model

parameter J which was introduced by Jarlskog in order to estimate the amount of CP-
violation in the Standard Model [33]. The enhancement is stated to leave the prediction
of measured CP-violating processes such as the EDM (chapter 2.2.4) unchanged. The in-
crease of the CP-violation is due to the large masses of the new quarks and the resulting
large Yukawa couplings rather than the largeness of the new phases. Since the J-parameter
depends on the mass-differences of quarks of different families, it is suppressed by the small
quark masses or the small quark mass-differences.

The CP-violating phase in the B0
s system predicted by the Standard Model (ΦSM

s ≈ −2, 3◦)
[34] is noticeably smaller than the measured value (Φs = 2 ∗ βs = −40◦) [8]. The authors
of [13] even claim that the value of the CP-violating phases could lie around Φs ≈ −45◦.
However, an enhancement of the value of the phase can be achieved by introducing new
quarks [13].

2.1.2 Realisation of a fourth generation

Adding a new generation means to add a new quark doublet Q4 which transforms with the
same quantum numbers as the first three doublets.

Qi ∈
{(

u

d

)
,

(
c

s

)
,

(
t

b

)
,

(
T

B

)}
.

The only restriction on the CKM matrix given by the Standard Model (chapter 1.4) is uni-
tarity. Choosing a parametrisation with angles and imaginary phases gives six independent
angles and ten independent phases [35]. Since the Lagrangian should be invariant under
the global rotation of each quark field

qi → eiαiqi i ∈ {1, ..., 8}

seven of the ten phases can be removed by choosing αi as linear combinations of those
ten phases and three independent phases remain. Thus there are in total nine independent
parameters in the 4x4 CKM matrix, five more than in the 3x3 case.
In recent analysis the parametrisation of Fritzsch and Plankl [36] was used. They show that
a parametrisation of a unitary nxn matrix can be derived by the multiplication of several
rotation matrices (where some of the matrix elements are treated as perturbations).
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The 4x4 matrix is given by

V =




c12c13c14 c13c14s12 c14s13e−iδ13 s14e−iδ14

−c23c24s12−c12c24s13s23eiλ13 c12c23c24−c24s12s13s23eiδ13 c13c24c23 c14s24e−iδ14

−c12c13s14s24ei(δ14−δ24) −c13s12s14s24ei(δ14−δ24) −s13s14s24e−i(δ13+δ24−δ14)

−c12c23c34s13eiδ13+c34s12s23 −c12c34s23−c23c34s12s13eiδ13 c13c23c34 c14c24s34

−c12c13c24s14s34eiδ14 −c12c23s24s34eiδ24 −c13s23s24s34eiδ24

+c23s12s24s34eiδ24 −c13c24s12s14s34eiδ14 −c24s13s14s34ei(δ14−δ13)

+c12s13s23s24s34ei(δ13+δ24) +s12s13s23s24s34ei(δ13+δ24)

−c12c13c24c34s14eiδ14 −c12c23c34s24eiδ24+c12s23s34 −c13c23s34 c14c24c34
+c12c23s13s34eiδ13 −c13c24c34s12s14eiδ14 −c13c34s23s24eiδ24

+c23c34s12s24eiδ24−s12s23s34 +c23s12s13s34eiδ13 −c24c34s13s14ei(δ14−δ13)

+c12c34s13s23s24ei(δ13+δ24) +c34s12s13s23s24ei(δ13+δ24)




with cij = cosθij and sij = sinθij .
Setting c14 = c24 = c34 = 1 and δ13 = δ gives the parametrisation of the CKM matrix in the
Standard Model, with the Cabibbo angle θC = θ12.

2.1.3 Constraints on a fourth generation

Constraints on the new heavy quark masses and the mass-mixing angles can be derived
from theoretical arguments as well as from experimental boundaries.
From Tevatron it is known that mT > 258GeV . Considering the situation in which all B-
quarks decay via the decay channel B → Zb the boundary mB > 268GeV is achieved [37].
A constraint on the splitting of the masses in the doublet comes from the contribution of a
fourth generation to the oblique electroweak parameters S and T. Both parameters depend
on the unknown Higgs mass mH . In [37] experimental data for S and T is analysed and
combined with the claim of minimal contribution due to the new particles.
The relation found is given by

mT −mB
∼=

(
1 +

1
5
ln

mH

115GeV

)
× 50GeV.

According to [32] the possibility of treating the Yukawa coupling by perturbation theory
breaks down if mT ,mB > 600GeV .
Summarising all these boundaries for the fourth generation quark masses and assuming
mH = 115GeV gives

318GeV < mT ≤ 600GeV and 268GeV < mB ≤ 550GeV. (2.1)

Information about the breakdown of perturbation theory can be acquired by analysing the
behaviour of the Yukawa coupling of the new quarks for different energies or the renormal-
isation group equations. It transpires that since the new quarks acquire their mass through
the same vev as the other three-generation quarks their Yukawa coupling is larger than 1,5
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and the authors of [37] state that thus the use of perturbation theory is lost for energies
higher than the TeV scale. It must be remembered that these predictions also rely on the
mass of the Higgs boson and are therefore not definite. It will be discussed later (chapter
3.1) that these restrictions do not hold true for quarks which acquire their mass from a Higgs
field other than the Standard Model one.
One theory in which the introduction of a fourth family does not lead to a negative Higgs
quartic coupling producing large quantum corrections is supersymmetry [37].

Bobrowski, Lenz, Riedl and Rohrwild [13] discuss the boundaries of the new and the yet
to be precisely assigned CKM matrix elements. Since |Vtd| and |Vts| can only be measured
in meson mass-mixing and the fact that the PDG analysis [8] obtains its results for the ma-
trix elements by assuming unitarity of the CKM matrix, these results cannot be used for
the four-generation case. The values of the first two row elements and |Vtb| are measured
independently in tree-level decays and therefore the PDG results do not depend on the di-
mension of the CKM matrix.

|Vud| = 0, 97418± 0, 00027 |Vus| = 0, 2255± 0, 0019 |Vub| = 0, 00393± 0, 00036

|Vcd| = 0, 230± 0, 011 |Vcs| = 1, 04± 0, 06 |Vcb| = 0, 0412± 0, 0011

|Vtb| > 0, 74

The analysis of [13] for D0-mixing gives for two of the new CKM matrix elements

|VuBVcB| ≤





0, 00395 for mB = 200GeV

0, 00290 for mB = 300GeV

0, 00193 for mB = 500GeV.

The authors of [13] investigate possible values of the nine CKM parameters by evaluating
tree-level and FCNC reactions for a large number of random parameters and discard all
parameter regions which do not give results which agree with the experiment. How much
the contribution due to the Standard Model with four generations departs from the original
value predicted by the Standard Model is expressed by the parameter

∆ =
MSM4

12

MSM3
12

= |∆| eiΦ∆

which can be calculated for meson-mixing processes or tree-level decays (for details see the
table on page 5 in [13]). The absolute values for these parameters are still under discussion.
The calculated reactions do not contain contributions from the heavy B-quark. Therefore
only the value of the heavy T-quark is analysed, which is taken to be between 300 and 650
GeV due to (2.1). The QCD corrections due to the fourth generations are assumed to be
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equal to those due to the third generation.

ηTT = ηtT = ηtt, ηcT = ηct

The new CP-violating phases δ13, δ14 and δ24 are taken to be unconstrained, i.e. between 0
and 2π.
With the boundaries of the new matrix elements from the above analysis, the new CKM
matrix can be obtained by expanding every element in Vus = λ up to the order of λ4 in the
manner of Wolfenstein’s ansatz and setting

Vub = s13e
−iδ13 =: Aλ4( ˜rho + iη̃) Vus = s12 =: λ Vcb = s23 =: Aλ2

VuB = s14e
−iδ14 =: (x14 − iy14)λ2 VcB = c14s24e

−iδ24 = (x24 − iy24)λ

where x14, y14, x24 and y24 are the parameters for s14, δ14, s24 and δ24 with the advantage that
the new parameters are known to be smaller than one. Since the scale of VtB is not known
c34 and s34 are left unchanged.
The other four parameters A, λ, η̃ and ρ̃, with ρ = λρ̃ and η = λη̃, are the well-known
Wolfenstein parameters.

V =




1−λ2

2
− 1

8
(4x2

14+4y2
14+1)λ4 λ A(ρ̃−iη̃)λ4 (x14−iy14)λ2

−λ+ 1
2
(x24−iy24) 1− 1

2
(x2

24+y2
24+1)λ2 Aλ2 (x24−iy24)λ

(−2x14+x24−2iy14+iy24)λ3 + 1
8(−x4

24−2(y2
24−1)x2

24

−8iy14x24−y4
24)−(4A2+2y2

24

−8x14(x24−iy24)−8y14y24−1)λ4

s34(−x14+x24−i(y14−y24))λ2 −s34(x24+iy24)λ−Ac34λ2 c34 s34

+Ac34λ3− 1
2
(A(−2iη̃−2ρ̃)c34 + 1

2
s34(−2x14+x24−2iy14+iy24)λ3 −As34(x24+iy24)λ3 − 1

2
(s34(x2

24+y2
24))λ

2

+s34(x14+iy14)(x2
24+y2

24+1))λ4 − 1
2
(Ac34(x2

24+y2
24−1))λ4 − 1

2
A2c34λ4 − 1

8
(s34(x4

24+2y2
24x2

24

+y4
24+4x2

144y14))λ4

c34(−x14+x24−i(y14−y24))λ2 −c34(x24+iy24)λ −s34 c34
−As34λ3+ 1

2
(2A(iη̃+ρ̃)s34 +As34λ2+ 1

2
c34(−2x14 −Ac34(x24+iy24)λ3 − 1

2
(c34(x2

24+y2
24))λ

2

+c34(x14+iy14)(x2
24+y2

24+1))λ4 +x24−2iy14+iy24)λ3 + 1
2
A2s34λ4 − 1

8
c34(x4

24+2y2
24x2

24

+ 1
2
As34(x2

24+y2
24−1)λ4 +y4

24+4x2
14+4y2

14)




(2.2)
By choosing the nine parameters of the CKM matrix and the mass of the heavy T-quark in
an appropriate way the problems mentioned above can be solved, although it should be
noted that the new phenomenology is very sensitive to the choice of parameters [13]. It also
transpires that the 3x3 CKM matrix could look different than previously thought.
The elements Vtd and Vts appear in the calculations of [13] along with other leading orders
than previously believed. These new contributions are allowed since when calculating the
parameter ∆ the extra contributions due to the updated 3x3 CKM matrix cancel out the extra
contributions arising from the new quarks.
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2.2 The Left-Right Symmetric Model

2.2.1 Historical development

The assumption of a discrete left-right (parity) symmetric Langrangian at a high energy
scale was first made by J. C. Pati and Abdus Salam [38]. They considered the gauge group
SU(4)L × SU(4)R × SU(4′) which under the circumstances of non-vanishing coupling con-
stants gL and gR reduces to the subgroup SU(2)L × SU(2)R × SU(4′)L+R. One aim of this
model was to unite the leptonic with the baryonic number to form the fermion number
F = B + L. The Pati-Salam gauge group can be embedded in the gauge group SO(10),
which is one of the GUTs [39].

Recent attempts have been made by W.-M. Yang and H.-H. Liu [40] to extend the Pati-Salam
Model to a SU(2)L×SU(2)R×SU(4)C×SU(2)G×SO(3)F ×Dp symmetry. This model gen-
erates super-heavy fermions as mirror particles of the Standard Model particles with masses
just under the GUT scale (≈ 1015GeV) and right-handed Majorana neutrinos. The lightest
one has a mass around 1 TeV and serves as a dark matter candidate.

A further analysis of the subgroup SU(2)L×SU(2)R×G, where G is an arbitrary group com-
muting with SU(2)L × SU(2)R and obeying the left-right symmetry, has been published by
R. N. Mohapatra and J.C. Pati [41]. They state that the left-right symmetry of the Lagrangian
is a ’natural’ symmetry which is broken at a scale higher than those explored experimentally
until now. Since the breaking process leads to parity non-conserving terms, this mechanism
introduces CP-violation naturally.

A follow-up paper by R. N. Mohapatra and G. Senjanovic [42] addresses the Higgs mecha-
nism (described in the next chapter) and the realisation of such a model directly. It transpires
that the prefactors belonging to the left- and right-handed part of the Higgs potential need
to be of different scales in order to give different masses to the WL- and WR-boson. In or-
der to introduce CP-violation other than doing so through the CKM matrix at least one of
the vacuum expectation values of the Higgs fields needs to be imaginary, otherwise the La-
grangian would be CP-invariant. The minimal choice of fields in the Higgs sector is pointed
out to be one bidoublet and two triplets. Models containing these Higgs fields are called
Minimal Left-Right Symmetric Models (MLRSM).
Despite the boundaries on the parameters of the Left-Right Symmetric Models having
changed, recently acquired data still allows an extension of the Standard Model by an LRSM.
In [43] modern data is used to restrict the parameters such as the masses of the heavy W- and
Z-boson. The symmetry referred to in more recent papers is SU(2)L×SU(2)R×U(1)B−L×P ,
where P means parity-invariance.
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There are several ways in which a left-right symmetric Lagrangian can result from the break-
ing of an SO(10)-symmetry. Depending on the Higgs content and the choice of whether
SO(10) is combined with another U(1)-symmetry and thus embedded in E6, SO(10) can be
broken down to the Pati-Salam-/ the left-right symmetric- Lagrangian [44] or to the gauge
group SO(4)×SO(6) [45] (which in turn can be broken down to the two aforementioned La-
grangians). The breaking process of the left-right symmetric Lagrangian to the Standard
Model Lagrangian is described in chapter 2.2.2. Another possibility is to break the SO(10)
symmetry down to an SU(5)-symmetry, but from there it is only possible to break directly to
the symmetry of the Standard Model without the linking step of the Left-Right Symmetric
Model [45].

Advantages of the LRSM which are often highlighted include the explanation of the small-
ness of the neutrino masses due to the seesaw relation which follows from the minimum
condition of the Higgs potential and the solution of the strong CP problem (chapter 1.3.2)
due to the parity-invariance of the Lagrangian. The strong CP-violating parameter trans-
forms under parity transformation according to [29] Θ ↔ −Θ. Since the Lagrangian is
required to be invariant under left-right transformation it follows that Θ = 0.
A theory with an SU(2)L × SU(2)R symmetry would have the advantage of unifying the
coupling constants of the Standard Model which has been shown in [46] for MWR

> 1 TeV
and a unification scale from 105 GeV up to 1017,7 GeV. In [47] the unification of the coupling
constant was ensured by the introduction of extra fermions and scalars with exotic quantum
numbers.

2.2.2 Higgs mechanism

In order to give mass to the fermions (including neutrinos) and bosons, several Higgs fields
are required. A diagram often used in the literature (figure 2.1) shows the way in which the
form of the Higgs fields and the parameters in the Higgs potential determine the outcome
of the model. It emerges that three different outcomes are possible. Since one of the three
outcomes is unlikely and one is hardly observable, just the third outcome is favoured by
theorists.
In order to give mass to the neutrinos two of the Higgs fields must be triplets

∆L =




δ+
L√
2

δ++
L

δ0
L

−δ+
L√
2


 , ∆R =




δ+
R√
2

δ++
R

δ0
R

−δ+
R√
2


 (2.3)

where the vev of ∆R breaks SU(2)R and therefore determines the mass scale of the new
heavy bosons WR and ZR.
Another recent attempt made by Wu and Zhou suggests an LRSM with two Higgs bidou-
blets [48].
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The electroweak symmetry breaking is enabled by the vev of the bidoublet

φ =

(
φ0

1 φ+
2

φ−1 φ0
2

)
. (2.4)

Since SU(2)R is required to be broken at a much higher energy scale than the electroweak
symmetry breaking the vevs have to be of the order vR >> κ, κ′, where vR describes the
vev acquired by the neutral component of the right-handed triplet and κ and κ′ are the vevs
acquired by the neutral components of the bidoublet. The vevs acquired by the Higgs fields
are explicitly written down in equation (2.5).
Hence the symmetry of the left-right symmetric Lagrangian is broken in the following two
steps:

SU(2)R × SU(2)L × SU(3)c × U(1)Y
〈∆R〉→ SU(2)L × SU(3)c × U(1)Y

〈φ〉→ SU(3)c × U(1)Q

If one considered an additional U(1)-symmetry which ensures the parity-invariance of the
Lagrangian, one would need an additional Higgs scalar in order to break that symmetry.
Such an extension of the symmetry would also guarantee the equality of the coupling con-
stants of SU(2)L and SU(2)R (gL = gR) at tree-level. The explicit U(1)-symmetry and the
Higgs scalar are not considered in this thesis since they would not add much to the phe-
nomenology of the LRSM, but the equality of the coupling constants is still assumed. Tak-
ing higher order corrections into account, the values of gL and gR differ but their deviation
gL − gR is always finite [41].
As seen above, the vev of the triplet ∆L does not need to break any symmetry in order to
achieve the right phenomenology, but it still needs to be included to preserve left-right sym-
metry of the Lagrangian. For this and other reasons (outlined below) it is possible to assume
vL = 0 or at least κ, κ′ >> vL.
Therefore the vevs follow the hierarchy

vR >> κ, κ′ >> vL.

The vevs of the Higgs fields are given by [43]

〈φ〉 =

(
κeiα1 0

0 κ′eiα2

)
, 〈∆L〉 =

(
0 0

vLeiθ1 0

)
, 〈∆R〉 =

(
0 0

vReiθ2 0

)
.

Under SU(2)L,R those Higgs fields transform as [49]

φ → ULφU+
R , ∆L → UL∆LU+

L , ∆R → UR∆RU+
R

with UL,R ∈ SU(2)L,R.
Under parity they transform as

φ ↔ φ+ and ∆L ↔ ∆R.
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Using the degrees of freedom of the transformation laws under SU(2)L×SU(2)R two of the
phases in the vevs can be eliminated.
Conventionally the phases of κ and vR are chosen to be zero

〈φ〉 =

(
κ 0
0 κ′eiα

)
, 〈∆L〉 =

(
0 0

vLeiθL 0

)
, 〈∆R〉 =

(
0 0
vR 0

)
. (2.5)

The Higgs fields are included in the Lagrangian over the traces of covariant derivatives [43]

LHiggs = Tr[(Dµ∆L)+(Dµ∆L)] + Tr[(Dµ∆R)+(Dµ∆R)] + Tr[(Dµφ)+(Dµφ)]

with

Dµφ = ∂µφ + i
gL

2
~WLµ · ~τφ− i

gR

2
φ ~WRµ · ~τ (2.6)

Dµ∆L = ∂µ∆L + i
gL

2

[
~WL · ~τ , ∆L

]
+ ig′Bµ∆L (2.7)

Dµ∆R = ∂µ∆R + i
gR

2

[
~WR · ~τ ,∆R

]
+ ig′Bµ∆R. (2.8)

The most general Higgs potential for the given fields which is invariant under parity is given
by [43]

V =− µ2
1

(
Tr(φ+φ)

)− µ2
2

(
Tr(φ̃φ+) + Tr(φ̃+φ)

)
− µ2

3

(
Tr(∆L∆+

L ) + Tr(∆R∆+
R)

)

+ λ1

(
Tr(φφ+)

)2 + λ2

(
[Tr(φ̃φ+)]2 + [Tr(φ̃+φ)]2

)
+ λ3

(
Tr(φ̃φ+)Tr(φ̃+φ)

)

+ λ4

(
Tr(φφ+)

[
Tr( ˜φφ+) + Tr(φ̃+φ)

])
+ ρ1

(
[Tr(∆L∆+

L )]2 + [Tr(∆R∆+
R)]2

)

+ ρ2

(
Tr(∆L∆L)Tr(∆+

L∆+
L ) + Tr(∆+

R∆+
R)Tr(∆R∆R)

)

+ ρ3

(
Tr(∆L∆+

L )Tr(∆R∆+
R)

)
+ ρ4

(
Tr(∆L∆L)Tr(∆+

R∆+
R) + Tr(∆+

L∆+
L )Tr(∆R∆R)

)

+ α1

(
Tr(φφ+)

[
Tr(∆L∆+

L ) + Tr(∆R∆+
R)

])

+ α2

(
eiδ2

[
Tr(φφ̃+)Tr(∆R∆+

R) + Tr(φ+φ̃)Tr(∆L∆+
L )

]
+ h.c.

)

+ α3

(
Tr(φφ+∆L∆+

L ) + Tr(φ+φ∆R∆+
R)

)
+ β1

(
Tr(φ∆Rφ+∆+

L ) + Tr(φ+∆Lφ∆+
R)

)

+ β2

(
Tr(φ̃∆Rφ+∆+

L ) + Tr(φ̃+∆Lφ∆+
R)

)
+ β3

(
Tr(φ∆Rφ̃+∆+

L ) + Tr(φ+∆Lφ̃∆+
R)

)
.

(2.9)

The only imaginary and therefore CP-violating prefactor in the potential is parameterised
by the phase δ2. This means that the Higgs potential is a source of explicit CP-violation in
addition to the imaginary vev of the Higgs bidoublet.
The Higgs potential must be at its minimum with respect to all vev parameters. Using the
minimum condition for the vev vL gives the so-called seesaw relation [50]

(2ρ1 − ρ3)vRvL = β1κκ′cos(θL − α) + β2κ
2cosθL + β3κ

′2cos(θL − 2α).

In the literature it is often assumed that due to an underlying symmetry (given for example
by a GUT), all β parameters are zero. Other solutions would lead to unrealistic fine-tuning
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under the requirement that vR is at TeV scale. This requirement is necessary in order to cre-
ate right-handed W- and Z-bosons with an observable mass (1-10 TeV).
It therefore follows that the left-hand side of the above equation must also be zero. Since vR

is breaking SU(2)R × P and since (2ρ1 − ρ3) can due to phenomenological reasons not be
zero, vL is set to zero.
In the last thirty years two different version of MLRSM have been popular. The manifest
LRSM assumes a real Higgs potential (δ2 = 0) and no spontaneous CP-violations. This
means no CP-violation due to Spontaneous Symmetry Breaking, which means that exclu-
sively real Higgs vevs (α = θL = 0) are considered. This version was favourably used
in the early development of the LRSM. These assumptions lead to almost equal right- and
left-handed CKM matrices, distinguishable only by the quark mass signs (derived in chap-
ter 2.2.5). The trade-off for the simplifying assumptions is the necessity of fine-tuning the
Higgs potential parameters in order to result in the right energy scales for the Higgs vevs.
The pseudo-manifest LRSM assumes a real Higgs potential, but allows spontaneous CP-
violation. This version does not predict as much CP-asymmetry as was found in B-meson
decay and is therefore ruled out experimentally.
Recent papers therefore consider both explicit CP-violation due to an imaginary Higgs po-
tential and spontaneous CP-violation. Ref. [43] states the following relation between the
discrete CP-violating phase and the spontaneous CP-violating phase:

α ∝ sin−1

(
2 |α2| sinδ2

α3ξ

)

where ξ is of the order mb
mt

, where mb and mt are the masses of the bottom- and the top-quark.

Before SSB the Higgs fields contain 20 degrees of freedom. Eight belong to the bidoublet
φ and six to each triplet ∆L and ∆R. After SSB six degrees of freedom are assigned to the
longitudinal model of W±

L , W±
R , ZL and ZR. The other fourteen degrees form physical Higgs

bosons. Hence there are four neutral scalars, two neutral pseudoscalars, two single-charged
bosons and two double-charged Higgs [51]. All Higgs particles but one acquire mass around
the scale of vR. The lighter Higgs behaves similar to the Standard Model Higgs with a mass
around the electroweak scale.
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Fig. 2.1: Possibilities of the Higgs content of Left-Right Symmetric Models and the scenarios they
result in. The bold framed scenarios are realistic.[50]
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2.2.3 Field content

The left- and right-handed quark fields are given by

QL =

(
uL

dL

)
, QR =

(
uR

dR

)

and transform as QL → ULQL and QR → URQR under SU(2)L,R and as QL ↔ QR under
parity transformation.
The covariant derivative applying to the fermion fields is given by [5]

Dµ = ∂µ − ig

3∑

k=1

(WLkµTLk + WRkµTRk)− ig′BµY (2.10)

with the weak hypercharge Y and the generators of SU(2)L and SU(2)R, TL and TR.
In the Standard Model the third component of the electroweak field W 3 and B mix to give
the physical Z-boson and the photon. In the MLRSM the situation is similar. Here the two
third component W 3

L and W 3
R mix with B to form the Z-bosons ZL and ZR and the massless

photon. It will be shown below that ZL and ZR are just the approximate physical mass
eigenstates.
Evaluating the traces of the covariant derivatives of the vevs of the Higgs fields gives among
others the mass term of the W-bosons WL and WR

LW−mass =
(
W−

Lµ W−
Rµ

) (
g2

2 (κ2 + κ′2 + 2v2
L) −g2κκ′e−iα

−g2κκ′eiα g2v2
R

)(
W+µ

L

W+µ
R

)

where the element for W+
R and W−

R is accurately given by g2

2 (κ2 + κ′2 + 2v2
R). From consid-

erations of the scale of the Higgs vevs it is known that vR >> κ, κ′ and therefore κ2 +κ′2 can
be neglected. Since the mass matrix is not diagonal, WL and WR are not the physical mass
eigenstates.
Calculating the eigenvalues of the mass matrix gives:

M2
W1

=
g2

2

(
κ2 + κ′2 + v2

R −
√

v4
R + 4κ2κ′2

)
≈ g2

2
(κ2 + κ′2) = M2

WL

M2
W2

=
g2

2

(
κ2 + κ′2 + v2

R +
√

v4
R + 4κ2κ′2

)
≈ g2v2

R = M2
WR

(2.11)

Here W1 and W2 are the physical gauge bosons. Due to the scale difference of the vevs
both κ and κ′ can be neglected if in a sum with vR and the masses of the W1 and W2 are
approximately equal to those of WL and WR.
The transformation between these states is given by

(
W+

L

W+
R

)
=

(
cosζ −sinζe−iα

sinζeiα cosζ

) (
W+

1

W+
2

)



2.2. The Left-Right Symmetric Model 53

with [43]

tanζ = −κκ′

v2
R

≈ −2ξ

(
MWL

MWR

)2

(2.12)

which shows that the mixing between these states is negligibly small. In practice it is easier
to calculate with the approximate mass eigenstates WL and WR since they only couple to
left- or right-handed fermions. Hence the Lagrangian describing the W-current writes

LW−current = − gL√
2
ūLiγ

µW+
LµdLi − gR√

2
ūRiγ

µW+
RµdRi + h.c.

= − gL√
2
ūLiγ

µ(cosζW+
1µ − sinζe−iαW+

2µ)dLi

− gR√
2
ūRiγ

µ(sinζeiαW+
1µ + cosζW+

2µ)dRi + h.c..

The mass term for the remaining gauge bosons is given by

L =
(
WL3µ WR3µ Bµ

)
M




WL3µ

WR3µ

Bµ




with

M =




g2

4 (κ2 + κ′2 + 4v2
L) −g2

4 (κ2 + κ′2) −gg′v2
L

−g2

4 (κ2 + κ′2) g2

4 (κ2 + κ′2 + 4v2
R) −gg′v2

R

−gg′v2
L −gg′v2

R −g′2(v2
L + v2

R)


 . (2.13)

Calculating the eigenvalues for vL = 0 gives the masses of the physical bosons Z1, Z2 and A

mZ1,2 =
g2

4
(κ2 + κ′2) +

v2
R

2
(g2 + g′2)∓ 1

4

√
g4(κ2 + κ′2)2 − 4g2g′2v2

R(κ2 + κ′2) + 4(g2 + g′2)2v4

mA = 0

Under the requirement of mWL
= cosθW mZ1 the coupling constants are related over

g′ =
sinθW√

cosθ2
W − sinθ2

W

g

which varies from the relation of the Standard Model. From now on the abbreviations
cosθW = cW and sinθW = sW are going to be used.
The covariant derivative (2.10) only using the neutral boson part writes [5]

Dµ = ∂µ − ig(WL3µTL3 + WR3µTR3)− ig′BµY,

where it transpires that the weak hypercharge Y can be simply generalised to [43]

Y =
B − L

2
= Q− TL3 − TR3
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with the electrical charge Q.
Inserting the weak hypercharge yields

Dµ =∂µ − ig


TL3


WL3µ − sW√

c2
W − s2

W

Bµ


 + TR3


WR3µ − sW√

c2
W − s2

W

Bµ




+Q
sW√

c2
W − s2

W

Bµ


 .

In order to rotate the fields WL3, WR3 and B to the states ZL, ZR and A such that ZL is
the Z-boson used in the Standard Model and A the photon one can read off some matrix
elements of the rotation matrix by comparing the covariant derivative above to the covariant
derivative of the Standard Model (1.6).




WL3µ

WR3µ

Bµ


 =




cW 0 sW

− s2
W

cW
−
√

c2W−s2
W

cW
sW

− sw
cW

√
c2
W − s2

W
sW
cW

√
c2
W − s2

W







ZLµ

ZRµ

Aµ


 (2.14)

Denoting the 3x3 matrix above as H, the matrix elements H11, H13, H23, H31 and H33 were
given by the previously mentioned requirement. The other elements were obtained by the
requirement of unitarity of H. The same matrix but with opposite signs of the elements H13,
H23, H31 and H22 was obtained in [5].
The mass matrix in the new basis is given by

M ′ =
1

4c2
W




g2(κ2 + κ′2) g2(κ2 + κ′2)
√

c2
W − s2

W 0

g2(κ2 + κ′2)
√

c2
W − s2

W g2 4c4W v2
R+(κ2+κ′2)(1−4c2W s2

W )

c2W−s2
W

0

0 0 0


 .

Since the upper part of the mass matrix is not diagonal, the states ZL and ZR are not the
mass eigenstates. Analogous to the W-boson case the Z-bosons can be transformed to their
mass eigenstates by the following rotation:

(
ZL

ZR

)
=

(
cosψ −sinψ

sinψ cosψ

)(
Z1

Z2

)

with the mixing angle

tanψ ≈ −(c2
W − s2

W )
3
2

4c4
W

(κ2 + κ′2)
v2
R

∝ m2
WL

m2
WR

.

Thus the mixing angles between the Z-bosons is about the factor χ−1 larger than the W-
boson mixing angle but is still negligible. Therefore the bosons ZL and ZR are approximately
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the mass eigenstates with the following masses:

m2
ZL
≈ g2

2c2
W

(κ2 + κ′2) (2.15)

m2
ZR
≈ g2c2

W

2(c2
W − s2

W )
v2
R. (2.16)

The results I achieved were actually only half as large as the quantities given above. Since
these results did not agree with the results repeatedly listed in the literature [5, 52, 53] there
must be a factor of two missing in my calculation or in the mass matrix (2.13).
Inserting the rotated gauge fields gives the covariant derivative for the neutral and charged
gauge bosons

Dµ = ∂µ − ig√
2

(
W+

LµT+
L + W−

LµT−L + W+
RµT+

R + W−
RµT−R

)

− ieAµQ− i
g

cW
ZLµ

(
TL3 − s2

W Q
)− ig

√
c2
W − s2

W

cW
ZRµ

(
Y

s2
W

c2
W − s2

W

− TR3

)

(2.17)

with the gauge fields [1, 5]

W±
L,Rµ =

1√
2
(A1

L,Rµ ∓ iA2
L,Rµ)

and generators rewritten in the following way:

T±L =





1
2(σ1 ± iσ2) for left-handed fermions,

0 for right-handed fermions

and

T±R =





0 for left-handed fermions,
1
2(σ1 ± iσ2) for right-handed fermions.

This covariant derivative is equal to the covariant derivative derived in [5] apart from the
opposite sign in front of the ZR coupling and the photon coupling. The sign in front of
the photon coupling was chosen to agree with the sign in the Standard Model covariant
derivative in [1]. The quantum numbers of the quark fields are displayed in table (2.1).

uL dL uR dR

TL3 1/2 -1/2 0 0
TR3 0 0 1/2 -1/2
Q 2/3 -1/3 2/3 -1/3
Y 1/6 1/6 1/6 1/6

Tab. 2.1: Quantum numbers for left-and right-handed quark fields with u ∈ {u, c, t} and d ∈ {d, s, b}.
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2.2.4 Constraints on the MLRSM

Since the new particles lie in mass ranges which cannot be explored directly, constraints
must be derived from indirect measurement. The heavy gauge and Higgs bosons contribute
to loop diagrams within meson mass-mixing and meson decay. The authors of [43] carry out
a whole analysis for an explicit and spontaneous CP-violating LRSM and derive constraints
for the masses of the right-handed gauge boson WR and some of the Higgs bosons. They
also constrain the spontaneous CP-violating phase α.
The lowest boundary for the mass of WR (2,5 TeV) is obtained from the KL − KS mass-
difference. The dominant new contribution is stated to be the amplitude with two inter-
mediate c-quarks and one WL- and one WR-boson in the loop. Other boundaries come
from B-B̄-mixing and the calculation of CP-violation. These approximations generally give
higher boundaries. Therefore the authors state that the lower boundary for MWR

should lie
around 4 TeV.
Two of the neutral Higgs scalars (H0

1 ,A0
1) cause flavour-changing currents (FCNH) and there-

fore contribute to the meson mass-mixing amplitudes. The two FCNH scalars are a linear
combination of the neutral components of the Higgs bidoublet and their mass is given by
[43]

mH0
1 ,A0

1
= α3v

2
R

with the parameter from the Higgs potential α3. From Kaon-mixing a lower mass boundary
of 15 TeV is derived. The boundary increases to 25 TeV for Bs−Bd mass-difference in order
to give a low enough boundary to the right-handed W-boson. The single-charged Higgs
H+

2 is almost degenerate with the two FCNH since the electroweak breaking scale is much
smaller than vR (mH2 = α3(v2

R + κ2/2) ≈ α3v
2
R). Thus the same lower mass boundaries

should be true for the single-charged Higgs boson whose properties are further discussed
in Appendix B.
Another tool that can be used to constrain CP-violating quantities is the Neutron EDM (Elec-
tric Dipole Moment). The neutron EDM has not yet been measured, thus there is a lower
boundary for its strength d < 0, 54 × 10−23 ecm [8]. Assuming the neutron would have an
electric dipole moment and considering it together with its measured magnetic moment, T-
and P-symmetry and thus CP-symmetry would be violated. The upper boundary on the
neutron EDM therefore gives an upper boundary to CP-violating interactions between the
quarks within the neutron. The authors of [43] state that the main CP-violating contribution
due to the LRSM is given by the four-quark operator ud(s) → ud(s) with an intermediate
left-handed W-boson that couples to an intermediate right-handed W-boson. Since the cou-
pling between these two bosons has been shown to be small (2.12) this contribution is also
very small but still usable in order to constrain the right-handed W-boson mass.
A combination of the consideration of the CP-violating parameter ε (obtained from K0−K̄0-
mixing) and the neutron EDM shows that small values of the phase α are preferred and the
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authors of [43] fix the product |rsinα| to 0,05 with

r ≡ mt

mb

κ′

κ

which transpires to be of the order 1.

2.2.5 Introducing a fourth family to the MLRSM

The new family is introduced in the same way as it was introduced to the Standard Model
(chapter 2.1.2).

The most general Yukawa coupling in this model is given by [43]

LY = Q̄Li(hijφ + h̃ijφ̃)QRj + h.c. (2.18)

with φ̃ = τ2φ
∗τ2 and h, h̃ being 4x4 matrices.

The quark field indices now run from one to four and u ∈ {u, c, t, T} and d ∈ {d, s, b, B}
where T is the new heavy top- and B the new heavy bottom-quark.
Transforming the Lagrangian under parity and requiring invariance shows that h and h̃ are
hermitian. Inserting the vevs of the Higgs fields gives the following mass matrices for the
quarks:

MU = κh + κ′e−iαh̃, (2.19)

MD = κ′eiαh + κh̃. (2.20)

If one assumes MU − MD >> 0 since the quark masses in one family are generally not of
the same order it transpires that κ and κ′ and h and h̃ should not be of the same order. The
authors of [43] therefore assume κ′ << κ and h<< h̃. Hence the mass matrices reduce to

MU = κh,

MD = κ′eiαh + κh̃.

Since the eigenvalues of a matrix are not changed through a similarity transformation, the
flavour independence of the gauge couplings and the hermicity of h, it is possible to work
in the basis where MU is diagonal.

ūL → ūLU, d̄L → d̄LU, uR → U+uR, dR → U+dR (2.21)

such that
UMUU+ = SUM̂U

with SU = diag{su, sc, st, sT }, where si is the sign of the quark masses and
M̂U = diag{mu, mc,mt,mT }.
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Since h is diagonalised by the matrices U and U+ but in general not h̃, MD is in general not
diagonal in this basis. On observing that in the basis used no rotation of uL is required to
achieve the physical mass eigenstates, the left-handed CKM matrix is given by

d̄′Li = d̄LjV
CKM+
Lji

where d′Li are the physical eigenstates.
The same holds true for the right-handed eigenstates and CKM matrix.

d′Ri = S−1
U V CKM

Rij dRj

The singular value decomposition states that a random imaginary matrix can be trans-
formed into diagonal form with the help of two unitary matrices. Therefore there are unitary
matrices V CKM

L and V CKM
R such that

M̂D = V CKM+
L M ′

DS−1
U V CKM

R (2.22)

is diagonal and has real non-negative entries which are interpreted to be the quark masses,
i.e. M̂D = diag{md,ms,mb, mB}. M ′

D is the non-diagonal mass matrix in the new basis, i.e.
M ′

D = UMDU+.
Note that if α = 0 the right- and left-handed CKM matrices are equal except for the quark
mass signs.
Inserting equation (2.22) into (2.20) and using the hermicity of h̃ gives a relationship between
the right- and the left-handed CKM matrices

M̂DV̂ +
R − V̂RM̂D = 2iχsinαV +

L M̂USUVL (2.23)

with VR = SUVLV̂R and χ = κ′
κ ≈ mb

mt
∝ λ3.

Since md << ms << mb << mB all terms in a sum proportional to quarks of lower mass
can be neglected. The left-hand side of (2.23) is therefore given by

K =




−2imdImV̂R11 −msV̂R12 −mbV̂R13 −mBV̂R14

msV̂
∗
R12 −2imsImV̂R22 −mbV̂R23 −mBV̂R24

mbV̂
∗
R13 mbV̂

∗
R23 −2imbImV̂R33 −mBV̂R34

mBV̂ ∗
R14 mBV̂ ∗

R24 mBV̂ ∗
R34 −2imBImV̂R44




.

According to chapter 2.1.3 the mass of the heavy B-quark is not allowed to be bigger than
600 GeV, so it is questionable whether the approximation above holds in this case. Therefore
terms proportional to mb should not be neglected when compared to terms proportional to
mB .
For the left-handed CKM matrix VL the derived expression from chapter 1.4 can be used and
contributions up to the order λ4 should be included. Together with the right-hand side of
(2.23) this gives 10 independent equations for the matrix elements of V̂R.
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Using unitarity of V̂R gives the missing elements [43]

V̂Rii = SDiie
iγi

V̂R21 = −sdssV̂
∗
R12e

i(γ1+γ2)

V̂R31 = −sdsbV̂
∗
R13e

i(γ1+γ3)

V̂R41 = −sdsBV̂ ∗
R14e

i(γ1+γ4)

V̂R32 = −sssbV̂
∗
R23e

i(γ2+γ3)

V̂R41 = −sssBV̂ ∗
R24e

i(γ2+γ4)

V̂R43 = −sbsBV̂ ∗
R34e

i(γ3+γ4)

with the new parameters sinγi = SDiiImVRii.
The right-handed CKM matrix can be obtained by using the relation VR = VLSU V̂R.
According to [43] the right-handed CKM matrix in the three-family case has the same struc-
ture in λ as the left-handed CKM matrix enhanced with three more phases. All three phases
are determined by the phase of the vev of the Higgs bidoublet α, so effectively VL and VR

are distinguished from one another by only one phase.
Thus the right-handed CKM matrix which will be used in later analysis is given by

V CKM
R =




susde
iγ1

(
1− λ2

2

)
susse

−iγ2λ susbe
−iγ3Aλ3(ρ− iη)

−scsde
i(γ1+2γ2)λ scsse

iγ2

(
1− λ2

2

)
scsbe

−iγ3Aλ2

stsde
i(γ1+2γ3)Aλ3(1− ρ− iη) −stsse

i(γ2+2γ3)Aλ2 stsbe
iγ3




(2.24)
with the phases γ1,2,3 as functions of rsinα and the mass signs

γ1 =− sin−1[0, 31(sdsc + 0, 18sdst)rsinα]

γ2 =− sin−1[0, 32(sssc + 0, 25ssst)rsinα]

γ3 =− sin−1[sbstrsinα]. (2.25)

In the four-family case the situation would be far more complex.

2.3 The Little Higgs Model

A Little Higgs Model is a model extending the Standard Model describing the Higgs parti-
cle as a pseudo-Goldstone boson (PGB). PGBs are particles which are massless at tree-level
but acquire mass via loop corrections. They can occur in theories in which the Higgs po-
tential has a larger symmetry than the overall gauge symmetry of the complete Lagrangian
[54]. Even though the theoretical background has been known for over 30 years [54] the
embedding of the Higgs particle as a PGB in a theory extending the Standard Model was



60 2. Extensions of the Standard Model

not formulated until the last ten years [55]. Considering the Higgs as a PGB within the
framework of the Standard Model would lead to constraints on the Higgs and top-quark
mass (mh <10 GeV and mt <40 GeV) which are known to be incorrect [56]. The smallest
extension of the Standard Model which makes use of the described method was named the
Littlest Higgs Model [57] which is the Model described in this chapter.
The Little Higgs Model is built in such a way that it explains elements of unnaturalness
which are contained in the Standard Model. One of these is the hierarchy problem (the fact
that the one-loop contribution to the Higgs mass is quadratically dependent on the cutoff
scale, which can be removed by renormalisation albeit only under the application of fine-
tuning) which is solved by the introduction of an extra heavy Top-quark whose one-loop
contributions to the Higgs mass cancel the one-loop contributions of the Standard Model
top-quark. In [58] the cancellation of the contributions due to the t- and the T-quark is
shown explicitly for the limit of a vanishing Standard Model Higgs vev (v=0). The con-
tributing loops are shown in figure 2.2.

h

t

t̄

h h

T

t̄

h h

t̄

h

Fig. 2.2: Contributions to the one-loop correction of the Higgs mass square due to intermediate top-
and Top-quarks in the limit of v=0. The graphic is taken from [58].

Adding the three contributions shows that the first two diagrams produce a contribution
proportional to the square of the cutoff and breaking scale Λ2 with the same sign and the
third diagram a contribution proportional to Λ2 with the opposite sign, which cancels the
first two contributions. The remaining contribution to the Higgs mass square is proportional
to the physical logarithm logΛ2/m2

T with the Top-mass mT . This topic will be discussed for
the Standard Model extended by a vector-like quark in chapter 3.1.1.

2.3.1 Symmetry breaking

The gauge symmetry of the Littlest Higgs Model is described by the approximate global
SU(5) gauge group, which is broken down by a vev f at a scale Λ = 4πf to the gauge
group SO(5), resulting in 14 Goldstone bosons which are grouped into a real singlet, a
real triplet, a complex doublet and a complex triplet [59]. The first two fields serve as
the longitudinal modes of the new gauge bosons, the complex Higgs doublet develops a
non-vanishing vev and breaks the Lagrangian down to the electroweak Lagrangian and the
complex triplet produces a physical neutral, a single- and a double-charged Higgs boson
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similar to the complex triplet in the LRSM. In addition, there are two global subgroups
[SU(2) × U(1)]2 = [SU(2)1 × U(1)1] × [SU(2)2 × U(1)2] which break the global symmetry
such that the neutral Higgs boson (which arises from the complex Higgs doublet) is only
allowed mass terms at the two-loop level and bosons which arise from the complex Higgs
triplet are allowed masses at one-loop level [57]. The subgroup [SU(2) × U(1)]2 is broken
down at the same energy scale Λ to the electroweak gauge group SU(2)L × U(1)Y .
Requiring a theory which solves the hierarchy problem without fine-tuning allows the break-
ing scale Λ to be at most 10 TeV, which equates to a vev of f≈1 TeV [60].

2.3.2 Particle content

The Littlest Higgs Model includes additional Higgs bosons, gauge bosons and one addi-
tional quark compared to the Standard Model particle content. The gauge group
[SU(2)1 × U(1)1] × [SU(2)2 × U(1)2] produces eight gauge bosons W 1

1,2,3, B1, W 2
1,2,3 and

B2 which mix to give the physical mass eigenstates, which are the Standard Model gauge
bosons W±

L , ZL, AL and their heavy counterparts W±
H , ZH , AH . The index L here denotes the

light gauge boson and not the left-handed gauge boson as in the LRSM. The heavy gauge
bosons acquire their masses from the real Higgs singlet and triplet, and are therefore of the
order of f. According to [4] the following constraints can be derived:

W±
H , ZH > 1 TeV and AH > 500 GeV.

An interesting property of the heavy Z- and W-gauge bosons is that if their coupling to the
fermions is expanded in terms of their coupling to the light gauge bosons, the heavy Z- and
W-boson couple to leading order only to left-handed fermions [59].
In order to cancel the quadratic divergences of the Higgs mass corrections (produced by the
top-quark as discussed previously) one must introduce a heavy fermion which couples to
the Higgs. The new particle (usually referred to as the Top-quark) is chosen to be introduced
as a Weyl spinor with the following Yukawa coupling [59]:

LY =
1
2
λ1fεijkεxyχiΣjxΣkyu

′c
3 + λ2f t̃t̃c + h.c.

with χi = (b, t, t̃) and the 5x5 matrices Σ which include the Higgs fields. One can read
from this Lagrangian that the new heavy Top mixes with the Standard Model top but not
with the lighter quarks. Coupling with the lighter quarks is not necessary, since the light
quarks do not produce any quadratic divergences of the Higgs mass. Therefore the rotation
of the quarks to their Standard Model eigenstates leaves only the t- and the T-quark in their
non-physical form, which will also be the case when introducing the vector-like fermion
to the Standard Model (chapter 3.1). Therefore it has the same impact on the CKM matrix
elements. The CKM matrix alters from a 3x3 to a 4x3 matrix with the following elements [4]:

V LH
uj = V SM

uj , V LH
cj = V SM

cj , V LH
tj = V SM

tj (1− x2
L

2
v2

f2
), V LH

Tj = V SM
tj xL

v

f
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with i ∈ {d, s, b}, xL = λ2
1/(λ2

1 + λ2
2) and the vev of the complex Higgs doublet v=246 GeV.

If one would set θ = xL
v
f one would obtain the same parametrisation of the CKM matrix as

that in chapter 3.1. The authors of [4] point out that the measured values of all CKM matrix
elements not including t stay unaltered. Only the values measured for elements describing
transitions with the top-quark would have to be reinterpreted.
There are several boundaries on the Top-mass between mT < 2 TeV (in order to avoid fine-
tuning for the cancellation of the Higgs mass contribution assuming that mh < 220 GeV)
and mT > 8− 10 TeV (due to electroweak precision measurements) [58].

The Higgs content consists of the unphysical longitudinal modes of the gauge bosons, the
Standard Model neutral Higgs boson h, an additional neutral scalar Φ0, a neutral pseu-
doscalar ΦP and a charged and a double-charged Higgs boson Φ+ and Φ++.

The Feynman rules for the Littlest Higgs Model have been worked out in [59] and [61]. It
is observable that the WL-coupling to fermions equals the Standard Model coupling only to
leading order but receives additional contributions at the order v2/f2. A similar situation
would have occurred if W1 were used in the LRSM instead of the left-handed W-boson
which would have led to a higher order correction of the coupling, such that there would be
a very small coupling to right-handed quarks. The coupling of the Z-boson is also altered
such that it produces flavour-changing currents at the order of v/f.

2.3.3 Constraints on the Littlest Higgs Model

The parameters of the LHM can be constrained by analysing meson physics in the frame-
work of the new model. Contributions to meson mass-mixing and the CP-violating parame-
ter εK have been discussed in [4] and B-meson as well as Kaon decay in [61]. In both papers
the contributions have been derived in unitary gauge (not in the commonly used Feynman-
t’Hooft gauge) in order to avoid the calculation of a large number of diagrams due to the
unphysical charged Higgs bosons describing the longitudinal modes of the gauge bosons.
The QCD corrections have been chosen to be equal to those of the Standard Model, meaning
that the QCD corrections relating to the Top-quark were taken to be equal to the corrections
of the top-quark. This choice was justified by the fact that the QCD corrections are the small-
est of many uncertainties. The same assumptions have been made in the calculations in this
thesis.
The discussion of the box diagram contribution to meson mass-mixing is analogous to the
discussion of the LRSM extended by a vector-like quark (chapter 3.2 ), which also points out
that the inclusion of an extra heavy Top results in the need to include more diagrams, since
the mass of the Top cancels the suppression factor v/f. The number of discussed parameters
can be reduced to the masses of the new particles, the expansion factor v/f, the mixing angle
between the light and the heavy gauge bosons s and the parameter xL. The main contribu-
tion in addition to those existing in the Standard Model is the box with one intermediate
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light gauge boson WL and one intermediate heavy gauge boson WH . The boxes including
two heavy gauge bosons or the charged Higgs boson can be neglected, particularly consid-
ering that the coupling of the charged Higgs boson to the quarks is suppressed with v/f,
contrary to the single-charged Higgs-quarks coupling in the LRSM (B.10). It transpires that
the new contributions to ∆Md,s and εK can enhance their previous (SM) values by at most
20% for xL ≤ 0, 8 and by 56%/15% for xL ≈ 1 and f/v=5/10. The contribution to the mass-
mixing of the Kaon can be neglected.
The decay rates of the meson have been derived to be enhanceble by at most 15%. In the
calculations of the contributions mediated by the longitudinal mode of the heavy gauge bo-
son and the single-charged Higgs, divergences appear which do not cancel out in the final
result. The divergences are stated to be cancellable by charge renormalisation.
The Appelquist-Carazzone theorem (chapter 1.8) does not generally apply to the Little Higgs
Model, since it is not renormalisable [62, 63]. Consulting the Feynman rules and one-loop
calculations in [4, 61], the coupling to the new heavy particles is still suppressed by pow-
ers of the breaking scale f. The non-decoupling term (which was assigned to the charge
renormalisation) is also in accordance with the decoupling theorem.
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3. EXTENSIONS BY A VECTOR-LIKE QUARK ISOSINGLET

This chapter deals with the method of adding a massive vector-like up-type quark sin-
glet to the Standard Model and to the LRSM. After describing how the new particle ac-
quires mass and mixes with the Standard Model quarks, the Bd-mass-mixing and the CP-
violating parameter εK will be calculated in the two extended models and in the LRSM. The
experimentally-observed values of the mass-mixing and εK will then be used to constrain
the new parameters.

3.1 Extending the Standard Model by a quark isosinglet

In chapter 2.1 it has been shown how a fourth generation of quarks can be added to the
Standard Model. Since those two extra quarks acquire their mass through the same vev of a
Higgs field as the other three-generation quarks, their masses must lie within a very narrow
range (2.1). In order to create heavier quarks one must introduce additional Higgs fields
whose vevs contribute to the masses of the new particles.
In order to keep the extension minimal, only a singlet up-type quark (a heavy Top) is added
to the Standard Model. The quark is introduced as a vector-like isosinglet, where ’vector-
like’ means that the left- and right-handed projections of the fermion transform in the same
way under the underlying gauge symmetry. The new Higgs field which gives a natural
mass term to the new quark in the simplest way is a Higgs singlet ϕ which acquires a vev at
an arbitrary energy scale w.
The most general Yukawa coupling which couples the quark fields of the Standard Model,
the new quark field and the new Higgs field is given by

LY = −Q̄LiλijΦdRj − εabQ̄Laiλ̃ikΦ+
b uRk − ūL4ϕΓkuRk (3.1)

with i = 1, 2, 3, j = 1, 2, 3, k = 1, 2, 3, 4 and the arbitrary complex numbers Γi. Thus λ de-
scribes a 3x3 matrix, λ̃ a 3x4 matrix and Γ a 1x4 matrix.
The Lagrangian can be rewritten in a part describing the Standard Model and a part describ-
ing the extension.

LY = LY SM + LY extend

= −Q̄LiλijΦdRj − εabQ̄Laiλ̃ijΦ+
b uRj − εabQ̄Laiλ̃i4Φ+

b uR4 − ūL4ϕΓkuRk

Inserting the Standard Model vev of Φ (1.21) and 〈ϕ〉 = w (where w is generally complex,
since the freedom of the gauge symmetry is already used to negate the phase of the vev of
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the Standard Model Higgs doublet) results in

LY = − v√
2
d̄LiλijdRj − v√

2
ūLiλ̃ijuRj − v√

2
ūLiλ̃i4uR4 − ūL4wΓkuRk.

Introducing one Higgs scalar to the Standard Model is known as the truly minimal exten-
sion of the Standard Model and is the minimal extension which provides spontaneous CP-
violation due to the complex phase of the vev of the scalar. However, the spontaneous
CP-violating phase is not considered here for reasons discussed in the next chapter.
The last term gives exactly the missing column for the 4x4 mass matrix for the four quarks
with charge 2/3

LY = − v√
2
d̄LiλijdRj − ūLkΛ̃kluRl

with

Λ̃kl =




v√
2
λ̃14

v√
2
λ̃ij

v√
2
λ̃24

v√
2
λ̃34

wΓ1 wΓ2 wΓ3 wΓ4 + v√
2
λ̃44




.

Defining the matrices Ud and Uu which diagonalise λ and Λ̃ and inserting them into the
flavour-changing current gives

Jµ+
W =

1√
2
ūLiγ

µdLi =
1√
2
ū′Lkγ

µVkjdLj with Vkj = U+
ukiUdij .

Thus the CKM matrix is a 4x3 matrix and has to be parameterised according to [5] by three
CP-violating phases. One can therefore take the parameterisation of the CKM matrix in the
four-generation case (2.2) without the fourth row.

V =




c12c13c14 c13c14s12 c14s13e
−iδ13

−c23c24s12 − c12c24s13s23e
iλ13 c12c23c24 − c24s12s13s23e

iδ13 c13c24c23

−c12c13s14s24e
i(δ14−δ24) −c13s12s14s24e

i(δ14−δ24) −s13s14s24e
−i(δ13+δ24−δ14)

−c12c23c34s13e
iδ13 + c34s12s23 −c12c34s23 − c23c34s12s13e

iδ13 c13c23c34

−c12c13c24s14s34e
iδ14 −c12c23s24s34e

iδ24 −c13s23s24s34e
iδ24

+c23s12s24s34e
iδ24 −c13c24s12s14s34e

iδ14 −c24s13s14s34e
i(δ14−δ13)

+c12s13s23s24s34e
i(δ13+δ24) +s12s13s23s24s34e

i(δ13+δ24)

−c12c13c24c34s14e
iδ14 −c12c23c34s24e

iδ24 + c12s23s34 −c13c23s34

+c12c23s13s34e
iδ13 −c13c24c34s12s14e

iδ14 −c13c34s23s24e
iδ24

+c23c34s12s24e
iδ24 − s12s23s34 +c23s12s13s34e

iδ13 −c24c34s13s14e
i(δ14−δ13)

+c12c34s13s23s24e
i(δ13+δ24) +c34s12s13s23s24e

i(δ13+δ24)




The extension of the Standard Model with a quark isosinglet has been extensively discussed
in the papers by M.I. Vysotsky [64] and Picek and Radovicic [21].
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3.1.1 Contributions to the Higgs mass square

The hierarchy problem of the Standard Model has been discussed within the chapter on the
Little Higgs Model (chapter 2.3). In that specific case the hierarchy problem is solved by
introducing a vector-like up-type quark. The cancellation (in the limit of a vanishing Higgs
vev v=0) then takes place between the two contributions which have two intermediate t-
or one t- and one T-quark and the contribution which has only one intermediate T-quark
(figure 2.2) caused by the hhTT-vertex. Inserting the Standard Model Higgs doublet into
Lagrangian (3.2) reveals that such a quartic coupling cannot be produced by a Yukawa cou-
pling of that type, since the Higgs doublet is not multiplied by another Higgs field including
the physical Higgs scalar. Thus the one-loop contribution to the Higgs mass square (in the
limit of a vanishing vev) due to the top- and the Top-quark reduces to the first two diagrams
in figure (2.2) with the following vertices:

h

tR

tL

= i
λ̃tt√

2 h

TR

tL

= i
λ̃tT√

2

Following [58] the one-loop contribution to the Higgs mass square is given by

δm2
h = −6λ̃2

tt

∫
d4k

(2π)4
1
k2
− 6λ̃2

tT

∫
d4k

(2π)4
1

k2 −m2
T

= − 3
8π2

[
Λ2

(
λ̃2

tt + λ̃2
tT

)
+ λ̃2

tT m2
T ln

(
Λ2 + m2

T

m2
T

)]

which shows that the hierarchy problem still exists in this extension of the Standard Model.
A cancellation of the quadratic dependence on the cutoff scale Λ is generally possible since
the factors λ̃tt and λ̃tT are undetermined and allowed to be complex. However, the require-
ment λ̃tt = ±iλ̃tT would cause a fine-tuning problem.
In order to solve the hierarchy problem in this model one could embed the theory in a larger
symmetry group such as the Little Higgs Model (chapter 2.3) and could thus possibly justify
a Yukawa coupling which multiplies Higgs fields, as in the Lagrangian (3.1) .
An analogous analysis with the same result is true for the following chapter, in which the
vector-like Top-quark is introduced to the LRSM.
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3.2 Extending the Left-Right Symmetric Model by a quark isosinglet

Introducing a vector-like fermion singlet to the LRSM Lagrangian does not result in any
mass terms for the new fermion, since the Higgs bidoublet does not couple to singlets.

The problem can be solved by introducing a Higgs scalar which acquires a vev at an arbi-
trary scale analogous to the introduction of a vector-like fermion to the Standard Model.

LY = Q̄Li(hijΦ + h̃ijΦ̃)QRj + ūL4ϕΓuR4 + h.c. (3.2)

Inserting the vev of the Higgs scalar shows that uL4 is already the mass eigenstate. Thus
the heavy top-quark would not mix with the Standard Model quarks and would therefore
not take part in flavour-changing processes such as meson-mixing. The detection of such a
particle would therefore be difficult.

Another Ansatz is the introduction of a new Higgs doublet χ. Hence the original fermion
doublets would couple to the new singlets.

LY = Q̄Li(hijΦ + h̃ijΦ̃)QRj + εabQ̄LaiΓiχ
+
b uR4 + h.c.

The magnitude of the mass-mixing between the new heavy Top and the Standard Model
quarks is determined by the Higgs vacuum expectation value of the Higgs doublet which is
chosen to have the form

〈χ〉 =

(
0

w′eiβ′

)

where β′ is generally non-zero since all the free phases of the underlying gauge symme-
try have already been used to cancel the imaginary parts of one component of the Higgs
bidoublet Φ and Higgs triplet ∆L. In order to avoid additional spontaneous CP-violation
the angle β′ is taken to be zero in the following calculation. The phenomenology of an ex-
tra CP-violating phase might be interesting when added to the Standard Model but would
increase the number of parameters when added to the LRSM such that the predictability of
the model would be compromised. One reason for this is that a spontaneous CP-violating
phase (α) already exists in the LRSM.

Another choice of 〈χ〉 such as assigning the first component a vev would yield unphysical
(charge non-conserving) vertices. Further, 〈χ〉 is assumed to break the symmetry at a scale
much higher than the electroweak scale (ω′ >> κ).
Inserting the vev in the Lagrangian gives the following:

LY = LY LRSM + w′ūLiΓiuR4 + h.c. with LY LRSM = ūLiMUijuRi + d̄LiMDijdRi

where Γi are any complex numbers which are also assumed to be real.
Assuming the first three-generation quark fields are presented as LRSM mass eigenstates,
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the down-type quark matrix MD would already be diagonal and the new mass matrix for
the up-type quarks would have the following form:

M̃U =




κhuu 0 0 ω′Γ1

0 κhcc 0 ω′Γ2

0 0 κhtt ω′Γ3

ω′Γ1 ω′Γ2 ω′Γ3 0




where κ is the upper component of the vacuum expectation value of the Higgs bidoublet Φ
whose magnitude lies around the electroweak scale.
Assuming (following [21]) that the new heavy Top-quark only couples to the Standard
Model top-quark and not to the u- and c-quark (justified by the hierarchy of the CKM ma-
trix), Γ1 and Γ2 have to be zero. Hence the up-type quark mass matrix reduces to

M̃U =




κhuu 0 0 0
0 κhcc 0 0
0 0 κhtt Ω′

0 0 Ω′ 0




with Ω′ = ω′Γ3.

Identifying the eigenvalues of M̃U results in the masses of the up-type quarks

mu = huuκ, mc = hccκ, mt,T =
httκ

2
∓ 1

2

√
h2

ttκ
2 + 4Ω′2.

Hence the parameters huu and hcc have the same values in this model as they do in the
LRSM. They translate to the parameters given in the Standard Model over hii = 1√

2
λi with

i = u, c. As in the Standard Model, these parameters are free and have to be constrained by
experiment. Since the parameters htt and Γ3 can be of completely different orders, the sum
in the square root determining the masses of the t- and the T-quark cannot be approximated
without further assumptions. It transpires that any assumption concerning these parameters
would lead to an unphysical situation with negative top-mass since

√
h2

ttκ
2 + 4Ω′2 > httκ

for Γ3 > 0.
Introducing both a Higgs doublet and a Higgs singlet introduces a new parameter which
prevents the problem of a negative top-mass.
The new Lagrangian writes

LY = Q̄Li(hijΦ + h̃ijΦ̃)QRj + εabQ̄La3Γ3χ
+
b uR4 + ūL4ϕΠuR4 + h.c.

with the free parameter Π which is here taken to be real.
Choosing the vevs of the new scalar field as 〈ϕ〉 = ωeiβ (with β = 0 and ω >> κ) and
inserting the vevs of the previously-discussed doublet, the LRSM Higgs bidoublet results in

LY = LY LRSM+Ω′ūL3uR4+ΩūL4uR4+h.c. with LY LRSM = ūLiMUijuRi+d̄LiMDijdRi
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where Ω = Πω.
Rewriting the matrices gives

LY = ūLkM̃UkluRl + d̄LiMDijdRi + h.c.

with

M̃U =




κhuu 0 0 0
0 κhcc 0 0
0 0 κhtt Ω′

0 0 Ω′ Ω




.

The eigenvalues are

mu = huuκ, mc = hccκ, mt,T =
Ω + httκ

2
∓ 1

2

√
(Ω− httκ)2 + 4Ω′2.

Requiring only positive top-masses produces the following relation between the parameters:

Ω′2 < Ωhttκ

The physical mass fields result from the rotation ūL → ūLŨ+ and uR → ŨuR with the
unitary matrix

Ũ =




1 0 0 0
0 1 0 0
0 0 Ω′√

Ω′2+(mt−httκ)2
Ω′√

Ω′2+(mT−httκ)2

0 0 mt−httκ√
Ω′2+(mt−httκ)2

mT−httκ√
Ω′2+(mT−httκ)2




.

The flavour-changing currents (B.1) can now be rewritten in two steps. The flavour eigen-
states are first rotated to their LRSM mass eigenstates by the left- and right-handed CKM
matrices V SM

L (chapter 1.4) and V LRSM
R (2.24). Following this rotation, the top-quark field

is no longer the mass eigenstate of the top but a mixture between the top- and the new
heavy Top-quark, as seen above. Hence the up-type quarks have to be rotated again which
is formally done by the matrix Ũ . Therefore the new Top-quark enters the flavour-changing
currents in the following way:

Jµ+
WL

=
1√
2
ūLiγ

µdLi =
1√
2
ū′Liγ

µV CKM
Lij d′Lj with V CKM

Lij = (Ũ+V SM
L )ij (3.3)

Jµ+
WR

=
1√
2
ūRiγ

µdRi =
1√
2
ū′Riγ

µV CKM
Rij d′Rj with V CKM

Rij = (Ũ+Ṽ LRSM
R )ij (3.4)

It transpires that the first two rows of the new 4x3 matrices VL and VR are the same as in the
LRSM. The third and fourth row are given by

VLti = V SM
Lti x and VLTi = V SM

Lti y (3.5)

VRti = V LRSM
Rti x and VRTi = V LRSM

Rti y
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with
x =

Ω′√
Ω′2 + (mt − httκ)2

and y =
Ω′√

Ω′2 + (mT − httκ)2

and i = d, s, b.

The GIM relation derived in the Standard Model (1.32) alters to

λu + λc + λt + λT = 0.

Inserting the new CKM matrix elements (3.5) and requiring the GIM relation to be true,
gives the following constraint on the new parameters:

x2 + y2 = 1 (3.6)

Hence the following parameterisation can be chosen:

x = cosθ and y = sinθ.

In paper [21] the same parameterisation has been used but with completely free parameters
x and y. In this thesis the explicit dependence on the Higgs parameters is discussed.
The condition (3.6) puts the following constraint on the Higgs parameter:

Ω′2 = (mt − httκ)(mT − httκ)

The values of mt and mT could generally be taken from observation.
The new CKM matrix is not quite unitary and the unitary relations (1.30, 1.31) of the Stan-
dard Model alter to

|Vui|2 + |Vci|2 + |Vti|2 + |VT i|2 = 1 for i ∈ {d, s, b},
|Vid|2 + |Vis|2 + |Vib|2 = 1 for i ∈ {u, c},
|Vid|2 + |Vis|2 + |Vib|2 = cos2θ for i = t,

|Vid|2 + |Vis|2 + |Vib|2 = sin2θ for i = T

and

V ∗
uiVuj + V ∗

ciVcj + V ∗
tiVtj + V ∗

T iVTj = 0 for i, j ∈ {d, s, b} with i 6= j,

VidV
∗
jd + VisV

∗
js + VibV

∗
jb = 0 for i, j ∈ {u, c, t, T} with i 6= j

and i, j /∈ {t, T},
VidV

∗
jd + VisV

∗
js + VibV

∗
jb = cosθsinθ for i, j ∈ {t, T} with i 6= j.
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3.2.1 Bd-B̄d-mixing in the LRSM extended by a Top-isosinglet

Prior to beginning the analysis of the B-meson mass-mixing, the applicability of constraints
on masses obtained in the framework of the LRSM is discussed. The lower boundary on the
WR-mass (mWR

> 2, 5 TeV) (which has been obtained from K0-K̄0-mixing (chapter 2.2.4)
[43]) is also valid in the LRSM extended by an extra heavy Top-quark, since the main contri-
bution to Kaon mass-mixing is the box diagram containing two intermediate c-quarks. The
new Top-quark does not mix with the c-quark and thus the new box diagram produced by
the Top has little impact on the lower mass boundary of the right-handed W-boson.
The lower boundary on the single-charged Higgs boson H+

2 is also taken into account
(mH2 > 15 TeV).

The main contributions to Bd-B̄d-mixing are the Standard Model contribution with two left-
handed W-bosons and the contribution with a left- and a right-handed W-boson as interme-
diate particles as discussed in Appendix C.
Thus the mass-mixing is given by

∆mBd
=

G2
F M2

WL

2π2

∑

i,j=u,c,t,T

∣∣∣∣2V ∗
Liq2

VRiq1V
∗
Riq2

VLiq1ηLRij
√

xixj

[(
xixj

xWR

+ 4
)

F0(xi, xj , xWR
, 1)

−
(

1 +
1

xWR

)
F2(xi, xj , xWR

, 1)
]
〈Bd|OdbLR |B̄d〉

+C0(xi, xj) 〈Bd|OdbLL |B̄d〉
∣∣

=
G2

F M2
WL

2π2

∑

i,j=u,c,t,T

∣∣MLR
ij + MLL

ij

∣∣

with

C0(xi, xj) = ηijV
∗
LibVLjdc

′
0(xi, xj ; 1) and 〈Bd|OdbLL |B̄d〉 = −1

3
Bd

4(µ)f2
Bd

mBd

where the hadron matrix element is taken from [5].
The box diagram mediated by a left-handed W-boson and the single-charged Higgs boson
H+

2 would add a contribution proportional to

xixjF0(xi, xj , xH2 , 1)− F2(xi, xj , xH2 , 1)

to the mass-mixing. This contribution would dominate for small scalar masses (since there
is no suppression of x−1

WR
) but can be neglected for masses larger than 15 TeV.

The contribution of the flavour-changing neutral Higgs scalars H0
1 and A0

1 which can already
produce meson mass-mixing at tree-level is also not considered since the new isosinglet does
not alter the value of this contribution.
In the case without the extra heavy Top the dominant contribution in the Standard Model
and in the LRSM is given by the box diagram including two top-quarks. All other diagrams
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are negligible. Since the new Top only couples to the Standard Model top the other contri-
butions do not alter and remain negligible. Therefore the mass-mixing reduces to

∆mBd
=

G2
F M2

WL

2π2

∑

i,j=t,T

∣∣MLR
ij + MLL

ij

∣∣ .

Since it is known that the Standard Model contribution can explain the measured value of
∆mBd

new physics only finds space in this amplitude either if cancellations between the
contributions take place or if the new contributions are used to constrain the CKM matrix
elements differently than in the Standard Model.
In the following the outcome of the box diagram is discussed for various values of the mass
of new heavy Top mT and the mass of the right-handed W-boson mWR

. The mass signs
(sc,st,sd and sb) which enter the mass-mixing over the right-handed CKM matrix are ini-
tially set to 1. Since the mass signs always appear in pairs, one of them can be fixed. Here sc

is chosen to be positive. It will be explicitly stated if any other choice of sign of st,sd andsb

would lead to a phenomenologically different result. The choices of quark mass signs are
grouped into the following regions:

st sd sb Region
+ + + I
- + + IV
+ - + III
+ + - III
- - + II
- + - II
- - - IV

Tab. 3.1: Regions grouping the quark mass
signs depending on their resulting
mass-mixing value.

The first case to be briefly discussed θ = 0 belongs to the pure LRSM case without any extra
quark. The Bd-meson mass-difference in this case writes

∆mBd
=

G2
F M2

WL

2π2

∣∣MLL
tt + MLR

tt

∣∣

=
G2

F M2
WL

2π2
|V ∗

LtbVLtd|2
∣∣∣sdsbe

i(γ2(α)+γ3(α))xLR(xt, xWR
) + xLL(xt)

∣∣∣
with

xLR(xi, xj , xWR
) =2ηLRtt

√
xixj

[(
xixj

xWR

+ 4
)

F0(xi, xj , xWR
, 1)

−
(

1 +
1

xWR

)
F2(xi, xj , xWR

, 1)
]
〈Bd|OdbLR |B̄d〉 (3.7)
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and
xLL(xi, xj) = ηttc

′
0(xi, xj ; 1) 〈Bd|OdbLL |B̄d〉 . (3.8)

Setting α = 0 in addition describes the manifest LRSM. In this case the imaginary part of
the amplitude is factored out of the sum of diagrams and therefore no cancellation between
MLL and MLR arising from taking the norm takes place. There are cancellations since xLL

is negative and xLR positive. For mWR
< 825GeV the mass-mixing is dominated by xLR but

since such a small value for the mass of the right-handed W-boson has been excluded this
case will not be discussed any further. For mWR

≈ 825 GeV, MLR cancels MLL completely
and approaches zero with raising mWR

. If one allows the CKM matrix element |VLtd| to alter
by a maximum of 10 % from the value given by the Particle Data Group one obtains the
constraint mWR

> 2, 6 TeV on the right-handed W-boson mass.
No quark mass sign choice would leave any space for the LRSM contribution. Giving the
CKM matrix element |VLtd| the freedom of ± 10% sets the following limit on the right-
handed W-boson mass: mWR

> 2, 5 TeV (for region I and IV) and mWR
> 2, 2 TeV (for

region II and III).
For α 6= 0, solutions including the LRSM contribution without altering the CKM matrix ele-
ments are possible. The mass-mixing ∆mBd

oscillates with α where the difference between
maximum and minimum becomes smaller with increasing mWR

. The choices of the quark
mass signs split into four regions (3.1). The resulting mass-mixing derived using a mass sign
choice from region III/IV is larger/smaller than the experimentally observed value. Choices
from region I or II lead to a mass-mixing value oscillating around the observed value (3.1).
One can read from figure 3.1a that the predicted mass-mixing value derived using a quark
mass sign choice of region I meets the experimentally observed value at α = 1, 14(+π) or
α = 2, 01(+π). A quark mass sign choice of region II predicts the correct amount of mass-
mixing for α = 1, 41(+π) or α = 1, 73(+π).
The value of θ is now taken to be non-zero and the new heavy Top-quark now contributes
to the mass-difference between the Bd and the B̄d meson. First the limit mWR

−→ ∞ is
considered where the LRSM contributions are zero and only the Standard Model case plus
the new heavy Top-quark are considered. Thus the mass-difference writes

∆mBd
=

G2
F M2

WL

2π2

∣∣MLL
tt + MLL

tT + MLL
Tt + MLL

TT

∣∣

=
G2

F M2
WL

2π2
|V ∗

LtbVLtd|2 ηtt

∣∣cos4(θ)c0(xt) + 2cos2(θ)sin2(θ)c0(xt, xT )

+sin4(θ)c0(xT )
∣∣ 〈Bd|OdbLL |B̄d〉

=
G2

F M2
WL

2π2
|V ∗

LtbVLtd|2 ηtt

∣∣c0(xt) + 2sin2(θ)(cos2(θ)c0(xt, xT )− c0(xt))

+sin4(θ)(c0(xT ) + c0(xt))
∣∣ 〈Bd|OdbLL |B̄d〉 . (3.9)
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(a) Region I (b) Region II

Fig. 3.1: Oscillation of the mass-difference ∆mBd
for mWR = 2, 5 TeV and mass signs chosen from

region I and II. The dashed line represents the experimentally observed value.

All contributions in equation 3.9 are positive and the imaginary parts factor out, therefore
no cancellations occur. Some constraints for the angle θ can be derived from the require-
ment of decoupling of the heavy Top for very large mT (chapter 1.8). For very large heavy
Top-masses, c0(xT ) is directly proportional to mT whereas c0(xt, xT ) is only proportional to
ln(mT ). Therefore if only large Top-masses are considered, the two contributions MLL

tT and
MLL

Tt can be neglected and the product sin4θxT must approach zero. This means sin4θ < x−1
T

for very large masses mT .
The first summand in equation (3.9) describes the measured mass-mixing, therefore the rest
would need to be zero. This solution does not exist and therefore there is no space for an
extra quark as long as the input parameters stay unchanged. If the CKM matrix element
|VLtd| is allowed to alter by a maximum of 10%, various combinations of θ and mT are pos-
sible. Table (3.2) shows some possible values of the heavy Top-mass and the mixing angle
if the CKM matrix element is allowed to deviate 10% from its value given by the Particle
Data Group. All these values would be excluded when taking the constraint due to the T-
and Rb- parameters (chapter 1.7) derived in [21] into account. The values obtained by allow-
ing 5% deviation (3.3) would still be excluded by the T-parameter constraint but not by the
Rb-parameter, which is the more reliable.
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mT θ

1000 0,246
2000 0,190
3000 0,163
5000 0,134

10000 0,100

Tab. 3.2: Possible combinations of mT and θ

if the CKM matrix element |VLtd| is
allowed to deviate by 10%.

mT θ

1000 0,175
2000 0,139
3000 0,122
5000 0,103

10000 0,0791

Tab. 3.3: Possible combinations of mT and θ

if the CKM matrix element |VLtd| is
allowed to deviate by 5%.

The right-handed W-boson is now allowed to acquire a finite mass, meaning that the contri-
butions due to the LRSM need to be taken into account. The mass-difference then writes

∆mBd
=

G2
F M2

WL

2π2

∣∣MLL
tt + MLL

tT + MLL
Tt + MLL

TT + MLR
tt + MLR

tT + MLR
Tt + MLR

TT

∣∣

=
G2

F M2
WL

2π2
|V ∗

LtbVLtd|2
∣∣∣sdsbe

i(γ3(α)+γ2(α))
(
xLR(xt, xWR

) + 2sin2θ
(
cos2θxLR(xt, xT , xWR

)

−xLR(xt, xWR
)) + sin4θ(xLR(xT , xWR

) + xLR(xt, xWR
))

)

+xLL(xt) + 2sin2θ
(
cos2θxLL(xt, xT )− xLL(xt)

)

+sin4θ(xLL(xT ) + xLL(xt))
∣∣ .

For α = 0 and sbsd = 1 the mass-mixing simplifies to

∆mBd
=

G2
F M2

WL

2π2
|V ∗

LtbVLtd|2
∣∣xLL(xt) + xLR(xt, xWR

) + 2sin2θ
(
cos2θ (xLL(xt, xT )

+xLR(xt, xT , xWR
))− xLL(xt)− xLR(xt, xWR

))

+sin4θ (xLL(xT ) + xLR(xT , xWR
) + xLL(xt) + xLR(xt, xWR

))
∣∣ .

As in the case without the LRSM no solution for θ exists if the input parameters are not
altered.
The functions used above have the following behaviour for very large heavy Top-masses
and a fixed right-handed W-boson mass:

xLR(xt, xT , xWR
) ∝ √

xT , xLL(xt, xT ) ∝ −ln(xT )

xLR(xT , xWR
) ∝ xT ln(xT ), xLL(xT ) ∝ −xT .

Inserting these limits gives the following value for θ under the requirement of decoupling
of large Top-masses:

sin2θ <
1√

xT ln(xT )
(3.10)

In the following step first the right-handed W-boson mass and then the heavy Top-mass will
be fixed in order to analyse whether there is space for both new particles to exist.
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Keeping the right-handed W-boson mass fixed with mWR
> 1 TeV leaves space for certain

combinations of the heavy Top-mass and the mixing angle θ. It transpires that the smaller
the mass of the right-handed W taken, the narrower the allowed mass range for the heavy
Top. The mixing angles also increase with falling W-mass. For fixed W-mass there is al-
ways only one suitable Top-mass and mixing angle combination. Plotting the mixing angle
dependent on the heavy Top-mass shows that the graph behaves in a parabola-like man-
ner with the maximum angle for mT = 1 TeV for mWR

> 2 TeV. In figure 3.2 the suitable
combinations for θ and mT are plotted for the fixed W-masses 2,5 , 3 and 5 TeV.

(a) mWR = 2,5 TeV (b) mWR = 3 TeV (c) mWR = 5 TeV

Fig. 3.2: Mixing angle dependent on the heavy Top-mass for a fixed right-handed W-boson mass.

Assuming that both mWR
and mT are larger than 1 TeV, the allowed mass ranges of the

heavy Top dependent on the fixed value of the boson are listed in table 3.4.

mWR
/TeV maximum of mT /TeV

1 3,63
1,5 21,5
2,5 1500
3 2,92*104

5 2,41*109

10 > ΛGUT

Tab. 3.4: Allowed mass range of the heavy Top-mass for various fixed right-handed W-boson masses.

This behaviour shows that the space for the extra heavy Top is provided by the LRSM contri-
butions due to cancellations between the two. The smaller the LRSM contributions (which
means the higher the W-mass), the smaller the contributions due to the heavy Top which is
represented by the smaller mixing angle.
The correlation between the mixing angle and the right-handed W-mass for a fixed heavy
Top-mass is shown in figure 3.3. There is no maximum limit for the W-mass, but a mini-
mum. This minimum only lies over 1 TeV if the heavy Top-mass is fixed above 10 TeV and is
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therefore not particularly relevant. The maximum mixing angle becomes smaller for a rising
heavy Top-mass and converges on zero if mWR

→∞ for every fixed heavy Top-mass.

(a) mT = 1 TeV (b) mT = 2 TeV (c) mT = 5 TeV

Fig. 3.3: The mixing angle dependent on the right-handed W-boson mass for a fixed heavy Top-mass.

Using constraint (3.10) one can read a lower boundary of the right-handed W-mass from
figure 3.3 (table 3.5). These lower boundaries should, however, only be seen as tendencies,
since the θ-constraint is only valid for very large Top-masses and can be shifted for smaller
Top-masses via an additional factor or a prefactor.

mT /TeV θmax lower boundary on mWR
/TeV

1 0,193 3,2
1,5 0,149 4,6
2 0,126 5,6
3 0,100 7,3
5 0,0749 10,2

Tab. 3.5: Lower boundary on the WR-mass derived from the requirement of decoupling for large
Top-masses and a fixed angle α = 0.

Allowing α to be unequal to zero extends the possible combination of parameters which
are possible in this model in order to acquire the right mass-difference. Only values for α

between 0 and π
2 are considered. Generally one finds a suitable combination of α and θ for

all fixed values of mWR
and mT so that no masses can be excluded. It transpires that for

each fixed pair of mWR
and mT there is a maximum value for θ when α = 0 and a maximum

value for α when θ = 0. The maximum value of θ decreases with increasing heavy Top or
right-handed W-boson mass. With the requirement that mWR

> 1 TeV and mT > 1 TeV the
following constraint on θ is achieved:

θ < 0.484



3.2. Extending the Left-Right Symmetric Model by a quark isosinglet 79

Allowing the input parameter to be corrected as in the CKM matrix elements this boundary
should lie higher.
This constraint is looser than the one obtained from the first condition (3.10) when inserting
mT = 1 TeV.

θ < 0.190

The maximum value of α is π
2 since the LRSM contribution decouples for very large W-boson

masses.
Constraints could also be obtained using the T- and Rb-parameter. However, extending
those calculations to the Left-Right Symmetric Model is a lengthy process since the new
gauge bosons (the additional two neutral, two single-charged and two double-charged Higgs
bosons) need to be considered in the loops. Even though the mixing between the physical
Z-bosons Z1 and Z2 and W-bosons W1 and W2 has been neglected, the calculation goes
beyond the scope of this thesis. Since the Standard Model prediction of the Rb-parameter
needs a small positive shift in order to agree with the measured value, new contributions
giving negative shifts can be used to constrain the particles involved in order to keep those
contributions small. On the other hand, positive shifts must cancel negative contributions
of the Standard Model and therefore yield to constraints relating parameters of the Standard
Model to those of the extended model. In [65] detached contributions are used in order to
constrain the masses of the new particles introduced in a Left-Right Symmetric Model.

3.2.2 CP-violation in neutral Kaon decay in the LRSM extended by a Top-isosinglet

The CP-violation in K0- and K̄0-decay is calculated via the CP-violating parameter ε (1.51).
The contribution M12 can be achieved from the contribution calculated in the last section by
substituting all indices referring to a b-quark for indices referring to an s-quark. The experi-
mental value of the CP-violating parameter has been measured [8] and can be explained by
means of only the Standard Model

|ε| = (2, 228± 0, 011)× 10−3.

In the Standard Model the diagram with two intermediate top-quarks dominates the CP-
violation since the CKM matrix elements for the transition from the t- to the s- and d-quark
contain the CP-violating phase δ multiplied by the lowest order of λ compared to other CKM
matrix elements.
When introducing an extra isosinglet Top-quark to the Standard Model, the updated value
for ε leaves very little space for the new quark unless the parameters of the Standard Model
can be altered. Considering only the tt-contributions and taking the constraints on θ and mT

into account [21] allows the CKM matrix element Vtd to alter by at most 4% for a Top-mass
of 1 TeV.
In the previous contributions the u-quark contribution was implicitly taken into account
due to the application of the unitarity relations (λu = −λc − λt − λT ). Considering the
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contribution with one right-handed W-boson the application of the unitarity relations would
be too complicated to be useful. The contributions including one or two intermediate u-
quarks can be neglected because of their smallness compared to the other contributions. It
is assumed that the QCD correction ηij with i,j ∈ {c, t, T} are equal to the corrections in
the case with two left-handed intermediate W-bosons (1.54). After these simplifications the
CP-violating parameter ε depends on the masses of the two new particles mT and mWR

, the
angles α and θ and the quark mass signs sc, st, sd, ss and sb. Due to cancellations between
all the contributions, this scenario explains the value of the CP-violating parameter without
the necessity of altering any input parameter.
Evaluating ε reveals that the signs always appear in pairs and therefore that one sign can be
fixed. sc is chosen to be equal to one and thus 16 different choices of the signs remain. It
transpires that those 16 choices can be roughly attached to two regions.
Region Ia contains the four choices sd = −1, st = ss = −1, ss = sb = −1 and
st = ss = sb = −1 where unmentioned signs are chosen to be plus one. Characteristic of
region Ia is the graph shown in figure 3.4 which only alters slightly, changing mWR

, θ and
mT . Thus the choices in region Ia give the following constraint on the angle of the Higgs
bidoublet vev: |rsinα| > 0, 5.

Fig. 3.4: The CP-violating parameter ε depending on α for fixed mixing angle θ = 0, 15, a fixed Top-
mass mT = 1 TeV, a fixed W-mass mWR

= 2, 5 TeV and the sign choices sd = −1 and
st = ss = sb = 1 exemplaric for region Ia. The dashed line represents the experimentally
observed value.
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Region IIa contains all other 12 choices and the choices st = ss = −1 and st = ss = sb = −1
which give values to both regions. Figure (3.5) shows the characteristic graph of region IIa.
The constraint in this region is given by |rsinα| < 0, 3.
Combining these two regions shows that independent of the mass sign of the quarks the
following constraint is derived:

|rsinα| ∈ [0, 0, 3) or |rsinα| ∈ (0, 5, 1].

Fig. 3.5: The CP-violating parameter ε depending on α for a fixed mixing angle θ = 0, 15, a fixed Top-
mass mT = 1 TeV, a fixed W-mass mWR = 2, 5 TeV and the sign choices st = sd = sb = 1 and
ss = −1 exemplaric for region IIa. The dashed line represents the experimentally observed
value.

Most of the |rsinα|-combinations in region IIa are actually far smaller than 0,3 and the region
corresponds roughly to the region found in [43], which had the limitation |rsinα| <0,05. The
loosening of the boundary could be explained by the new freedom of choice introduced via
the two parameters θ and mT describing the new vector-like singlet.
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4. THE DECAY B → µ+µ− IN THE LRSM

In this chapter the expressions describing the B-meson decay to two muons in the LRSM are
derived to one-loop level. The functions describing the loops are presented as extensions
of the Inami-Lim-functions [66]. The enhanceability of the decay rate compared to that pre-
dicted by the Standard Model is discussed dependent on the new parameters. Finally the
way in which the functions could be extended in order to take into account an additional
vector-like heavy quark isosinglet is described.

4.1 Calculation of the contributing diagrams and the effective Lagrangian

Since the decay of Kaons and B-mesons to lepton pairs has not yet been observed, only an
upper limit of the branching ratio is given experimentally. In this chapter the decay rate of a
B-meson to a muon and an antimuon will be analysed. The experimentally-obtained upper
boundary is given by [8]

B(B0 → µ+µ−)exp < 1, 5× 10−8, B(B0
s → µ+µ−)exp < 4, 7× 10−8.

The value predicted by the Standard Model is roughly one to two orders of magnitude
smaller than the upper boundary [67]

B(B0 → µ+µ−)SM = (1, 00± 0, 14)× 10−10, B(B0
s → µ+µ−)SM = (3, 42± 0, 54)× 10−9.

There is therefore space for new physics to enhance the branching ratio.
The minuteness of the branching ratio is due to the fact that the mesons are only allowed to
decay to leptons via the weak interaction, not via the electromagnetic interaction (chapter
4.2) and that the process can only be mediated at one-loop level, since the Z-boson does not
couple to flavour-changing vertices.
Generally new particles such as the Z2-boson from the LRSM could mediate the decay in-
stead of the Standard Model Z-boson, but it will be shown that this contribution is negligible
since it is suppressed by the Z2-boson mass square. The functions presented in this chapter
can easily be translated in order to describe the decay B+ → π+νν̄. The new particles there-
fore contribute via diagrams of second order in perturbation theory, as pictured in figure
4.1.
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B0
s → µ+µ− =

Z
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b
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Fig. 4.1: Contributions to the effective Lagrangian for the decay B0
s → µ+µ−.

The vertex corrections which contribute to the effective (Zsb)-vertex in the case of a left-right
symmetric theory extended by an extra heavy Top-isosinglet are shown in figure 4.2. The
same diagrams, including only Standard Model particles, have been discussed by T. and C.
S. Lim [66].
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Fig. 4.2: Vertex corrections in the LRSM with ui ∈ {u, c, t} and potentially ui = T .

Comparing these diagrams with those in [66] shows that there is one additional gauge boson
(WR) and two additional scalar particles (GR and H2) in these loops. Since the external quark
masses are set to zero in the calculation, the gauge bosons WL and GL only allow left-handed
external quarks, while the gauge boson WR, as well as the scalar particles GR and H2 only
allow right-handed external quarks. The diagrams (i) and (j) do not exist in the Standard
Model.
First the contributions to the effective (Zsb)-vertex will be calculated. They are denoted by
Γi

L,R,H2
where the exponent denotes the figure and the index the intermediate gauge boson

(L,R stands for WL,R and H for H2). The Feynman rules for the vertices have been taken from
Appendix B. The integrals have been solved with the help of dimensional regularisation and
are explicitly given in Appendix A.
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The effective (Zsb)-vertex is thus given by

ΓZsb =
g3

(4π)2cosθW

(
V ∗

LjsVLjb

h∑

i=a

ΓL(L)(sγµγLb) + V ∗
RjsVRjb

l∑

i=a

ΓR(R),H(H),RH(sγµγRb)

)

with the following contributions:

Γa+b
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1
2

(
1
3
sin2θW − 1

2

)[
x2

i

(xi − 1)2
lnxi − xi

xi − 1
− xif

L
1 (xi)

]
− (xi → xu)

Γa+b
R =

1
6
sin2θW

[
y2

i

(yi − 1)2
lnyi − yi

yi − 1
− yif

R
1 (yi)

]
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Γa+b
H2

= −xH2

1
6
sin2θW zif

H2
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Γc
L =

(
1
3
sin2θW − 1

4

)
x2

i

(xi − 1)2
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1
2

xi

(xi − 1)2
lnxi −

(
1
3
sin2θW +

1
4

)
xi

xi − 1
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Γc
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1
3
sin2θW

y2
i

(yi − 1)2
lnyi − 1

2
yi

(yi − 1)2
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1
2
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3
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Γd
L = −1
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sin2θW xif
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2 (xi) +

1
4
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2
3
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x2
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Γi+j
RH = η

[
1
4

(
x2

i

(xi − xWR
)(xi − xH2)

lnxi −
x2

WR

(xi − xWR
)(xWR

− xH2)
lnxWR
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(xi − xH2)(xWR
− xH2)
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4
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(
2
ε
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The functions fL,R,H2
1 (x), fL,R,H2

2 (x) and CL,R,H2 are given in (A.5), (A.6) and (A.7) and the
following abbreviations have been used:

xi =
m2

i

M2
WL

, yi =
m2

i

M2
WR

, zi =
m2

i

M2
H2

, η =
M2

WL

M2
WR

, xWR
=

M2
WR

M2
WL

, xH2 =
M2

H2

M2
WL

.

The Euler-Mascheroni constant is given by γE ≈ 0.5772 [1].
The GIM mechanism has been used in the calculations of all the contributions, meaning that
λu = −λc − λt − λT has been inserted and that therefore the divergent contributions (which
are not linear in any order of xi) are cancelled. The divergences in contributions (c) and (e)
have been removed using this method. The contributions solely including Goldstone bosons
or the Higgs particle (diagrams a, b, d, h, i and j) include the divergent term (1/ε) multiplied
by the squared masses of the quarks and therefore cannot be removed by the GIM mecha-
nism. Since the theory is renormalisable, the divergences cancel each other when summing
over these contributions. It transpires that to the chosen order in ε and χ the divergences
produced by the three particles GL, GR and H2 cancel each other separately, meaning that
the individual contributions of one particle could be studied without having to include the
other particles in order to cancel divergences.

Summing these divergent contributions gives the following finite contributions:
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These contributions include negligible terms. In the following calculation, all non-Standard
Model contributions will be analysed and terms of higher orders in ε (equivalent to higher
orders in η or x−1

H2
) will be neglected. The result is dependent on the inclusion of an extra

Top-quark, since the quantities yi and zi are negligible for the Standard Model quarks, but
can be of order one for an extra Top-quark.
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Considering only the LRSM, the following contributions in addition to those of the Standard
Model must be taken into account:

Γa+b
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Γa+b
H + Γd
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RH = 0

The contribution Γe
R becomes negligible when the u-quark mass is set to zero.

Considering an extra heavy quark in the LRSM negates only the contributions due to the
diagrams (i) and (j). All other contributions must be taken into account in their entirety.

Summing up all contributions leads to the following:

ΓL(L) =
∑

i

Γi
L(L) =

1
4
xi − 5

4
1

xi − 1
+

1
4

3x2
i + 2xi

(xi − 1)2
lnxi − (xi → xu)

The terms differ from those in [66] due to the fact that here a specific gauge (Feynman-
t’Hooft) has been chosen.
The sum of the contributions including the new particles is displayed further down in the
discussion (4.2, 4.3) summarised by the function C̃R which adds up all vertex corrections
including the right-handed W-boson and the new scalar particle H2.

Analysing the box diagram (figure 4.1) requires the coupling of the single-charged Higgs bo-
son, the longitudinal modes of the W-bosons, and the W-bosons to the leptons. The deriva-
tion is analogous to that of the couplings to the quarks. The Feynman rules are obtained by
replacing (u, c, t) with (νe, νµ, ντ ) and (d, s, b) with (e, µ, τ ) in (B.8, B.9, B.10, B.1). Applying
these Feynman rules to the box diagram (figure 4.1), it transpires that all contributions with
one or two intermediate particles being GL, GR or H2 are linear or squared respectively
in the neutrino mass. In this calculation there is assumed to be no mixing between lepton
generations and the neutrino masses are assumed to be zero. Therefore all the aforemen-
tioned contributions are negligible and there are only four box diagrams left to be taken into
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account. These are the diagrams with two left-handed W-bosons ALL, two right-handed W-
bosons ARR and the two diagrams with one left- and one right-handed W-boson ALR, ARL
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]

which combine to give the contribution to the effective Lagrangian

A =
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[
V ∗

LjsVLjbALL(xi)(sγµγLb) + V ∗
LisVRibALR(xi)(s̄γLb)

+V ∗
RisVLibARL(xi)(s̄γRb) + V ∗

RjsVRjbARR(yi)(sγµγRb)
]
.

Analysing the sizes of the contributions above reveals that the contribution due to two right-
handed W-bosons can be neglected even if the new massive Top-quark is considered. The
contribution ALR would be neglected if it were isolated, since its leading order is linear in η.
It will be shown, however, that the contribution is enhanced due to its differing quark op-
erator by a factor of around 32 and must therefore be taken into account when considering
W-bosons which are not too large.

The effective Lagrangian writes

Leff =
4GF√

2
χ


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(
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, χ =
α

4πs2
W
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g2

(4π)2
,

and the functions C̃L,R summing up the vertex corrections (Γ) and the box corrections (A)
while applying the GIM mechanism and setting the quantities xu, yu and zu to zero. The
GIM mechanism has not yet been used for the box contribution mediated by one left- and
one right-handed boson, but will be applied in chapter 4.10.
The effective Lagrangian has been achieved by multiplying the effective (Zsb)-vertex by
1/M2

ZL
and the vertex function of the (ZLµ+µ−)-vertex [1].
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[
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(
−1

2
+ s2

W

)
µL + µ̄Rγαs2

W µR

]
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Contributions caused by the intermediate particle ZR have been neglected since the ZR-
mass is of the order of the mass of the right-handed W-boson (2.16).
The effective vertex function for initial left-handed quarks is given by

C̃L(xi) = ΓL + ALL =
1
4
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4
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3
4

x2
i

(xi − 1)2
lnxi. (4.1)

The effective vertex function describing right-handed initial states splits into one contribu-
tion describing the intermediate c- and t-quark (i = c, t) where many contributions were of
higher order in η and therefore neglected
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and one describing the new heavy Top-quark as an intermediate particle
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. (4.3)

Considering the behaviour of C̃ under very large scalar boson masses reveals that not all
terms decouple in the manner of the Appelquist-Carazzone theorem (chapter 1.8). There are
two terms which arise from diagram (h) (describing two H2-bosons) which converge when
taking the limit of infinite scalar mass

lim
mH2

→∞

[
−xH2

1
4

(
1
2
− sin2θW

)
zi

zi − 1
− (zi → zu)

]
=

1
4

(
1
2
− sin2θW

)
(xi − xu).
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The first term is half as large as the dominating leading top-quark contribution in the Stan-
dard Model (4.1). Since this result is in accordance neither with the decoupling theorem
nor with the understanding of an effective theory, these terms will be abandoned in the
further calculations in the expectation that the remaining terms nevertheless represent the
behaviour of an extension of the Standard Model by trend.
The calculation will be split into two parts. First all but the constant contributions will be
taken into account and the behaviour depending on the right-handed W-mass and the Higgs
boson mass will be evaluated. The second analysis is based on the fact that the contribution
due to the WR- and H2-boson can be considered in isolation, since the divergences left over
from dimensional regularisation cancel for the two contributions separately. In line with
the analysis in [43] the scalar boson mass is concluded to be large (mH2 > 15 TeV) and
thus the contributions due to the Higgs boson are assumed to decouple. Therefore in the
second calculation only the W-boson contributions which behave correctly according to the
decoupling theorem are considered.

4.2 The branching ratio Br(Bs → µ+µ−)

The branching ratio of the neutral Bs-meson decaying to a muon-antimuon pair is given by

Br(Bs → µ+µ−) =
∣∣〈µ+µ−|Heff |Bs〉

∣∣2 τB

with the lifetime of the B meson τB .
Thus the calculation of the branching ratio involves the calculation of the following expec-
tation values:

〈µ+µ−| (s̄γµγL,Rb)(µγµγLµ) |Bs〉 = 〈µ+µ−| s̄γµγL,Rb |0〉 〈0|µγµγLµ |Bs〉 (4.4)

〈µ+µ−| (s̄γL,Rb)(µγLµ) |Bs〉 = 〈µ+µ−| s̄γL,Rb |0〉 〈0|µγLµ |Bs〉 (4.5)

where the vacuum state |0〉 has been inserted. Rewriting the projection matrices
(γL = (1− γ5)/2 and γR = (1 + γ5)/2) and using

〈0| s̄γµb |Bs〉 = 0 and 〈0| s̄b |Bs〉 = 0

because the strong interaction is parity-invariant [5] results in the first expectation value in
equation (4.4)

〈0| s̄γµγL,Rb |Bs〉 =∓ 1
2
〈0| s̄γµγ5b |Bs〉 = ± i

2
fBspµ (4.6)

with the form factor fBs discussed in Appendix C and the right-hand side of the equation
taken from [5].
The first expectation value in equation 4.5 can be derived by contracting (4.6) with pµ and
using relation [1]

pµs̄γµγ5b = (ms + mb)s̄γ5b (4.7)
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which can be derived from the Dirac equation.

〈0| s̄γL,Rb |Bs〉 =∓ 1
2
〈0| s̄γ5b |Bs〉 = ±ifBs

m2
Bs

ms + mb

Thus the expectation value of the effective Hamiltonian can be rewritten in the following
way:

〈µ+µ−|Heff |Bs〉
= V

[
λLC̃L 〈µ+µ−| (s̄γµγLb)(µ̄γµγLµ) |Bs〉+ λRC̃R 〈µ+µ−| (s̄γµγRb)(µ̄γµγLµ) |Bs〉

+ALR

(
λLR 〈µ+µ−| (s̄γLb)(µ̄γRµ) |Bs〉+ λRL 〈µ+µ−| (s̄γRb)(µ̄γLµ) |Bs〉

)]

=
V

4

[(
−λLC̃L + λRC̃R

)
〈µ+µ−| µ̄γµγLµ |0〉 〈0| s̄γµγ5b |Bs〉

+ALR

(−λLR 〈µ+µ−| µ̄γRµ |0〉+ λRL 〈µ+µ−| µ̄γLµ |0〉) 〈0| s̄γ5b |Bs〉
]

= i
V

4
fBs

[(
λLC̃L − λRC̃R

)
pµ 〈µ+µ−| µ̄γµγLµ |0〉

+ALR
m2

B

ms + mb

(
λLR 〈µ+µ−| µ̄γRµ |0〉 − λRL 〈µ+µ−| µ̄γLµ |0〉)

]

= i
V

8
fBs

[(
λLC̃L − λRC̃R

)
pµ

(〈µ+µ−| µ̄γµµ |0〉 − 〈µ+µ−| µ̄γµγ5µ |0〉
)

+ALR
m2

B

ms + mb

(
(λLR − λRL) 〈µ+µ−| µ̄µ |0〉+ (λLR + λRL) 〈µ+µ−| µ̄γ5µ |0〉

)]
(4.8)

with V being some prefactor including the factor g4/M2
WL

.
The muon matrix element is rewritten in the manner of [1] such that the first matrix element
in the first row can be written as an electromagnetic current (jα) and the second as an axial
current (jα

5 ) with
jα = µ̄γαµ and jα

5 = µ̄γαγ5µ.

Since the muon field follows the Dirac equation, the conservation of the vector current
pαjα = 0 and a relation for the axial-vector current pαjα

5 = 2mαµ̄γ5µ can be derived [1]
in a manner analogous to (4.7). Inserting these relations into (4.8) shows that the first term
in the first row vanishes.
This also explains why the photon does not mediate the decay under consideration, since it
produces only a non-axial current with the muons.
The Dirac spinors of an incoming particle and an outgoing anti-particle or vice versa are
orthogonal, meaning that the first matrix element in the second row also vanishes. Thus the
expectation value can be written proportional to one matrix element

〈µ+µ−|Heff |Bs〉 = −i
V

4
mµfBs

[(
λLC̃L − λRC̃R

)
− uALR (λLR + λRL)

]
〈µ+µ−| µ̄γ5µ |0〉

with

u =
m2

Bs

2mµ(ms + mb)
≈ 31, 66.
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Hence a quantity measuring the impact of the new physics due to the LRSM and the new
quark is given by

As =
Br(Bs → µ+µ−)LRSM(+Top)

Br(Bs → µ+µ−)SM

=

∣∣∣∣∣∣

∑
i=c,t(,T )

(
λLiC̃L(xi)− λRiC̃R(xi)

)
− u

∑
i=u,c,t(,T ) ALR(xi) (λLRi + λRLi)

∑
i=c,t λSM

Li C̃L(xi)

∣∣∣∣∣∣

2

(4.9)

with

λL,Ri = V ∗
L,RisVL,Rib and λLRi = V ∗

LisVRib

where the CKM matrix elements are given by

VLcj = V SM
Lcj , VRcj = V LRSM

Rcj , VL,Rtj = V SM,LRSM
L,Rtj cosθ, VL,Rtj = V SM,LRSM

L,Rtj sinθ

for j = s, b and the Standard Model and LRSM CKM matrices given in equation (1.33) and
(2.24) respectively.
The contribution due to the LRSM plus the Top-quark can be written in terms of the masses
of the new particles (mWR

,mH2 and mT ), the complex phase of the vev of the Higgs bidou-
blet in the LRSM α, the mixing angle between the Standard Model top-quark and the new
heavy Top-quark and the mass signs (sd, ss, sb, su, sc, st and sT ) which in this analysis are all
set to 1.
Since all the left- and right-handed CKM matrix elements can be written as Standard Model
CKM matrix elements multiplied by some phase dependent on α and for the t-and T-quark
by either sinθ or cosθ, the quantity As is independent of the CKM matrix elements if only
one intermediate quark type or t and T are considered.
Using the main Standard Model contributions as a reference

∣∣λSM
Lt

∣∣ C̃L(xt) ≈ 1, 97
∣∣λSM

Lt

∣∣

all contributions with an absolute value smaller than 0, 01
∣∣λSM

Lt

∣∣ (for mWR
=2 TeV and

mT =1 TeV) will be neglected. One must take into account that every contribution can
be enhanced by the multiplication with another contribution due to the fact that the abso-
lute value is taken. It transpires that the maximum contribution comes from the Top-quark
vertex correction C̃L = 41, 75 for mT = 1 TeV. This correction is suppressed by sin2θ < x

−1/2
T

(chapter 3.2.1) and thus the enhancement factor reduces to approximately 3,36. It transpires
that the c-quark contributions to the vertex corrections (the functions C̃L,R) can be neglected.
In order to be able to use the GIM mechanism for the box contribution, the left- and right-
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handed CKM matrix elements must be rewritten

u
∑

i=u,c,t,T

ALR(xi) (λLRi + λRLi) = u
∑

i=u,c,t,T

ALR(xi)λSM
Li fi(α, θ)

GIM= λSM
Lc (ALR(xc)fc(α)−ALR(xu)fu(α))

+ λSM
Lt (ALR(xt)ft(α)−ALR(xu)fu(α)) cos2θ

+ λSM
Lt (ALR(xT )ft(α)−ALR(xu)fu(α)) sin2θ (4.10)

with

fu(α) = e−iγ3(α) + eiγ2(α), ft(α) = eiγ3(α) + e−i(γ2(α)+2γ3(α))

fc(α) = e−iγ3(α) + e−iγ2(α)

and the functions γ1, γ2 and γ3 given in equation (2.25). Thus the functions fi(α) can give
a maximum enhancing multiplication factor of two. Evaluating the different contributions
shows that the contributions due to the c-quark can be neglected (the first row of equation
(4.10)).
The quantity As simplifies to

As =

∣∣∣∣∣∣

∑
i=t

(
λLiC̃L(xi)− λRiC̃R(xi)

)
− uALR(xt) (λLRt + λRLt)

λSM
Lt C̃L(xt)

∣∣∣∣∣∣

2

=
∣∣∣1 + C̃L(xt)−1

[
−e−i(γ2(α)+γ3(α))C̃R(xt)− u (ALR(xt)ft(α)−ALR(0)fu(α))

]∣∣∣
2

where the u-quark mass has been set to zero. Only the LRSM has been considered since the
contributions including the Top-quark need to be extended (chapter 4.4). It is observable that
the quantity As does not depend on the Standard Model value of the CKM matrix elements.
The expression for As for only the LRSM can be achieved by setting sθ = 0.

4.3 Discussion of the branching ratio Br(Bs → µ+µ−) in the LRSM

Of the six terms which contribute to C̃R, the second and the fifth are constant and are not
taken into account, as discussed in chapter 4.1. The other four terms have been analysed
for growing H2- and WR-masses and it transpires that only the t-quark contribution of the
first and the sixth term need to be included. These contributions belong to the diagram with
two intermediate Higgs bosons (h) and the diagram with one intermediate right-handed W-
boson and one intermediate Higgs boson (f+g).
Thus the quantity As writes

As ≈
∣∣∣∣1− C̃L(xt)−1

[
ei(γ2+γ3)

(
1
4

xtxH2

(xt − xH2)2
(lnxt − lnxH2) + s2

W

√
xWR

xt − xWR

)

+
u

2

((
− ηlnη

(η − 1)(yt − 1)
+

ηxtlnxt

(xt − 1)(yt − 1)

)
ft(α)− ηlnη

(η − 1)
fu(α)

)]∣∣∣∣
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and the new contribution to the B-meson decay can be described by means of only three pa-
rameters: the new W-boson mass mR, the single-charged Higgs mass mH2 and the complex
phase α.
Considering first the manifest LRSM (α = 0) shows that As is bigger than one (meaning that
the new branching ratio is bigger than the Standard Model one) and converges to one for
large right-handed W-masses and large Higgs boson masses (figure 4.3).

Fig. 4.3: As for the manifest LRSM. The masses are given in GeV.

It transpires that As is largest for small W-masses. Therefore the boson mass is fixed to the
lowest boundary given in chapter 3.2.1 (mWR

= 2,5 TeV). The dependence on α for three
fixed H2-boson masses is displayed in figure 4.4.

Fig. 4.4: As for a varying value of α and the fixed masses mWR = 2,5 TeV and mH2 = 1, 1,5 and 5 TeV.
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Considering only α ∈ [0, π] reveals that As has two maxima with the same height and one
minimum with As > 1. The position of the maxima depends on the scalar boson mass such
that they grow closer together for growing boson masses. The minimum lies independently
of mH2 at α = π/2. The value of the maxima is larger for a small Higgs boson mass, meaning
that the maximum value for As under the given conditions is given by

As < 1, 246 for α = 0, 78, mWR
= 2, 5 TeV and mH2 = 1 TeV.

The minimum increases for increasing mH2 and finally converges to As = 1, 186. However,
one must bear in mind that the masses of the Higgs particle and the W-boson are related
since both their main contributions are linear in vR and that one therefore cannot consider
mH2 → ∞ without mWR

→ ∞. Letting both these masses go to infinity lets As converge
to one (figure 4.5) and thus the growing nature of the minimum of As with growing mH2

is only valid for a scalar mass being reasonably close to the W-mass. The same holds for
the maximum, which converges if one allows only the scalar boson mass to tend towards
infinity.

Fig. 4.5: The development of the minimum of As at α = π
2 with growing WR- and H2-masses dis-

played in GeV.

Considering only the right-handed W-boson, the quantity As decreases with decreasing W-
boson mass and therefore the upper boundary is given by

As < 1, 21 for α = 1, 21/1, 93 and mWR
= 2, 5 TeV (4.11)

where the lower boundary on the W-mass [43] has been taken into account. Figure 4.6 shows
the variation of As under the variation of α for a fixed W-mass. It transpires that for α ∈ [0, π]
there are two maxima with the same height at α = 1, 21 and α = 1, 93 and two minima at
α = π/2 and α = π for every fixed W-mass.
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Fig. 4.6: As for a varying value of α and the fixed masses mWR
= 2,5, 3 and 5 TeV.

Since the right-handed W-boson contributions follow the decoupling theorem, the quantity
As converges to one if the W-mass tends towards infinity.
The mass sign choice initially selected in this calculation belongs to region II, defined in
chapter 3.2.2. Taking into account the tighter boundary from [43] on the region
|rsinα| < 0, 05 still lets the quantity As vary up to almost 10 %

As ≈ 1.10 for α = 0.05 and mWR
= 2, 5 TeV.

4.4 Discussion of the branching ratio Br(Bs → µ+µ−) in the LRSM extended by a
Top-isosinglet

When calculating the contributions induced by an extra vector-like Top the contributions
derived in chapter 4.1 are not sufficient and must be extended. The complication is due
to the fact that the new CKM matrix (3.5) is not entirely unitary and therefore causes the
following Z-boson interactions with the t- and T-quark, including flavour-changing neutral
currents [21]:

L = − g

2cW
Zµ

(
cos2θt̄γµt + cosθsinθt̄γµT + sin2θT̄ γµT

)
+ h.c.

Applying these Feynman rules to the diagrams listed in figure 4.2 alters the contributions
(c) and (d).
Defining the function

B(xi) = Γ(c)(xi) + Γ(d)(xi),

the contributions to the (Zsb)-vertex from the diagrams (c) and (d) write

ΓZsb =
g3

(4π)2cosθW

[
B̃L(xt, xT )(sγµγLb) +

(
B̃R(yt, yT ) + B̃H(zt, zT )

)
(sγµγRb)

]
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with

B̃(xt, xT ) = λtB(xt) + λT B(xT )− λts
2
θB(xt)− λT c2

θB(xT ) + 2
√

λtλT cθsθB(xt, xT ).

The first two contributions in the above equation have already been included in C̃R(xt) and
C̃R(xT ), while the other contributions must be added. The integrals solved in Appendix A
can be used to calculate the contribution including the t- and T-quark. According to [21] all
divergences due to dimensional regularisation cancel and the main contribution including
the flavour-changing neutral coupling is positive. Therefore the value of As should be en-
hanceable when compared to the value of As calculated in the LRSM.
One must also be careful when calculating the contributions in the mass limit mT → mWR

so as to avoid unphysical divergences. These divergences arise from the fact that the masses
must already be set equally when calculating the integrals in Appendix A, since the number
of equal mass particles in the loop influences the Feynman parameterisation.



5. CONCLUSION

In this thesis I presented the Standard Model and discussed possible extensions, including
the Left-Right Symmetric Model and the Little Higgs Model. The primary focus was the
possibility of the existence of additional heavy quarks. Two ways in which these could be
introduced were discussed.
The most straightforward method was found to be the introduction of an additional genera-
tion of quarks. In chapter 2.1 the parameterisation of an extended CKM matrix and bound-
aries on the new quark masses were described using data gleaned from recent literature as
well as from earlier papers. It transpires that the allowed range of the new quark masses is
narrow (2.1), since the quarks acquire their mass from the same Higgs doublet as the other
six Standard Model ones. As the introduction of a fourth generation to the Standard Model
is analysed extensively in the literature, no further calculations were required.
In chapter 2.1 the Lagrangian, the quark fields and the right-handed CKM matrix of the
LRSM were extended so as to describe a Left-Right Symmetric Model with four generations
of quarks. Given that the mass range of quarks would be roughly as narrow as the one for
the fourth generation in the Standard Model, this possibility was again not explored any
further.
The other promising method which allows the inclusion of a single additional quark is to
introduce it as a vector-like isosinglet. This extra quark acquires the main contribution to
its mass from another Higgs field and can therefore be far larger than the Standard Model
quarks. Extensions of the Standard Model by an additional up-type or down-type quark
have been explored in the literature, where the new particle field was directly coupled to a
heavy mass scale. In this thesis the mass-giving Higgs field was explicitly introduced and an
extra heavy up-type quark added to the Standard Model as well as to the LRSM. It transpires
that the Top-quark can acquire its mass via a Higgs singlet when introduced to the Standard
Model, whereas introducing a massive vector-like quark isosinglet to the LRSM requires an
additional Higgs doublet. In effect, a model extended by an additional Top-quark receives
two additional parameters: the Top-quark mass and the mixing angle θ.
In chapter 3.2.1 and 3.2.2 parameters of the LRSM with and without an additional heavy
quark involved in the calculations of the Bd-meson mass-mixing, the CP-violating param-
eter εK and the Bs-meson decay to two muons were constrained when calculating those
quantities including one-loop corrections.
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It emerges that the B-meson mass-mixing and the CP-violating parameter only leave space
for an LRS extension or an additional Top-quark if one allows the Standard Model parame-
ters to alter. This alteration is a reasonable approach since the hadron matrix elements carry
a large uncertainty and the determination of CKM matrix elements relies in part on the as-
sumption of unitarity. Allowing the CKM matrix elements the possibility to alter by at most
10% gives the following two lower boundaries for the right-handed W-boson:

mWR
> 2, 2TeV (for region II and III) and mWR

> 2, 5TeV (for region I and IV).

Using a slightly different approach, the same lowest boundary (2,5 TeV) has been derived in
[43].
It was found that considering both the LRSM and an additional heavy quark leaves space for
the new particles even without altering the Standard Model parameters, due to cancellations
between the two new contributions. Therefore fixing the right-handed W-mass gives a an
upper boundary to the Top-mass (table 3.4).
The mixing angle was constrained using the decoupling theorem such that one obtains the
following relation for large Top-masses in the Standard Model extended by a Top-quark:

sin2θ < x
−1/2
T , with xT =

m2
T

m2
WL

.

and the tighter boundary in the LRSM extended by a Top-quark

sin2θ < (xT lnxT )−1/2.

The last relation was used to derive a tendential lower boundary of the right-handed W-
boson mass (table 3.5).
The analysis of the CP-violating parameter in the LRSM extended by a Top-quark shows that
the quark mass sign choices can be split into two groups, one constraining the spontaneous
CP-violating phase α to small and one to large values.

|rsin|α ∈ [0, 0, 3) or |rsin|α ∈ (0, 5, 1]

These two regions have also been found in [43] when only considering the LRSM but with
tighter boundaries. Therefore this result again shows the enlarged space for new physics
due to cancellations between the LRSM contributions and the Top-quark contributions.
In discussing the B-meson decay to two muons, the problem of imprecise hadron matrix
elements and the model-dependent interpretation of measured CKM matrix element values
was solved by introducing the new physics-measuring quantity As. This quantity divides
the new contribution by that of the Standard Model and is (after some consideration of
the magnitudes of the contributions due to different intermediate particles) independent of
the hadron and the CKM matrix elements. It was shown that the branching ratio of the
B-decay in the LRSM is enhanced for all choices of new parameters and all mass signs set
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to plus one. Thus measuring the branching ratio could distinguish between the LRSM and
the Standard Model. The enhancement becomes larger the smaller the WR-mass and thus
once the branching ratio is observed, a lower boundary on the right-handed W-mass can be
derived. The maximum enhancement was shown to be around 20% for large α (region Ia,
but a mass sign choice of region IIa) and 10% for small α (region IIa) when only considering
one-loop corrections induced by the Standard Model and the right-handed W-boson.
A qualitative discussion on the ways in which to extend the calculation of the B-meson
decay branching ratio in order to describe an additional Top-quark has been made. It was
concluded that an enhancement of As is possible.
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APPENDIX





A. INTEGRALS REQUIRED FOR LOOP CORRECTIONS

A.1 Integrals required for box diagrams

The function Fn (1.53) is solved explicitly for n = 1, 2.
The calculation is simplified using Feynman parameters. A general fraction can then be
rewritten in the following way [1]:

1
Am1

1 Am2
2 ...Amn

n
=

∫ 1

0
dx1...dxnδ

(∑
xi − 1

) Πxmi−1
i

[
∑

xiAi]
∑

mi

Γ(m1 + ... + mn)
Γ(m1)...Γ(mn)

where xi are the Feynman parameters. This equation can be shown explicitly for two Feyn-
man parameters and the proof for n Feynman parameters can be obtained by induction.
Applying this method to (1.53) gives

Fn(xa, xb, xc, xd) =2n/2(−1)1−n/2

∫ 1

0
dAdBdCdD δ(A + B + C + D − 1)

∫
d4k

(2π)4
kn

[A(k2 − xa) + B(k2 − xb) + C(k2 − xc) + D(k2 − xd)]4

=2n/2(−1)1−n/2

∫ 1

0
dAdBdCdD δ(A + B + C + D − 1)

∫
d4k

(2π)4
kn

[k2 − (Axa + Bxb + Cxc + Dxd)]4
.

The integration over the four-momentum k can be solved by Wick rotation which removes
the minus sign of the time axis in the Minkowski metric by substituting

k0 ≡ ik0
E , and ~k = ~kE .

This substitution is equal to a 90 degree rotation in the complex plane.
Changing the variable from k to kE transforms the integral into Euclidean four-space and is
therefore easily solvable. [1]

Fn(xa, xb, xc, xd)

= 2n/2(−1)1−n/2

∫ 1

0
dAdBdCdD

δ(A + B + C + D − 1)
[A(k2 − xa) + B(k2 − xb) + C(k2 − xc) + D(k2 − xd)]2−n
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Performing the integral gives

F0(xa, xb, xc, xd) =
xalnxa

(xa − xb)(xa − xc)(xa − xd)
− xblnxb

(xa − xb)(xb − xc)(xb − xd)

+
xclnxc

(xc − xd)(xb − xc)(xa − xc)
− xdlnxd

(xc − xd)(xb − xd)(xa − xd)

F2(xa, xb, xc, xd) =
x2

alnxa

(xa − xb)(xa − xc)(xa − xd)
− x2

b lnxb

(xb − xc)(xa − xb)(xb − xd)

+
x2

c lnxc

(xc − xd)(xb − xc)(xa − xc)
− x2

dlnxd

(xc − xd)(xb − xd)(xa − xd)
.

These functions describe a loop with four different intermediate particles and are symmet-
rical under the exchange of any pair of particles.
The functions describing two different quarks and two similar gauge bosons or vice versa
are obtained by the following limit:

Fn(xa, xb; xc) = lim
xd→xc

Fn(xa, xb, xc, xd)

These functions are only symmetrical under the exchange of the first two arguments which
equates to the interchange of the two different quarks or the two different bosons.

F0(xa, xb; xc) =
1

xa − xb

[
xalnxa

(xa − xc)2
− xblnxb

(xb − xc)2
+

1
xb − xc

− 1
xa − xc

]

+ lnxc
−x2

c + xaxb

(xb − xc)2(xa − xc)2

F2(xa, xb; xc) =
1

xa − xb

[
x2

alnxa

(xa − xc)2
− x2

b lnxb

(xb − xc)2
+

xc

xb − xc
− xc

xa − xc

]

+ xclnxc

[
xa

(xb − xc)(xa − xc)2
+

xb

(xb − xc)2(xa − xc)

]

Taking the limit of equal values in the first two arguments gives the contributions for loops
including one type of quark and one type of gauge boson.

Fn(xa, xc) = lim
xb→xa

Fn(xa, xb;xc)

F0(xa, xb) =
xa + xb

(xa − xb)3
(lnxb − lnxa) +

2
(xa − xb)2

F2(xa, xb) =
2xaxb

(xa − xb)3
(lnxb − lnxa) +

xa + xc

(xa − xc)2

If a box diagram in a theory with several W-bosons which only couple to left-handed fermions
but have different masses is considered, the following function is needed:

c0(xa, xb, xc, xd) =
(
1 +

xaxb

4

)
F2(xa, xb, xc, xd)− 2xaxbF0(xa, xb, xc, xd)
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where xa and xb are functions of the masses of the quarks and xc and xd are functions of the
masses of the gauge bosons.
In the case of two quarks and only the Standard Model boson the derived functions F2 and
F0 can be inserted, which gives

c0(xi, xj ; 1) =
x2

i lnxi

(xi − xj)(xi − 1)2
[
1− 2xj +

xixj

4

]
(A.1)

− x2
j lnxj

(xi − xj)(xj − 1)2
[
1− 2xi +

xixj

4

]
(A.2)

+
1

(xi − 1)(xj − 1)

[
1− 7xixj

4

]
(A.3)

with the limit

c0(x; 1) = −xlnx
8 + 24x + 45x2

4(x− 1)3
+

4 + 4x− 15x2 + x3

4(x− 1)2
. (A.4)

Considering an N-dimensional CKM matrix the Wilson coefficients write

C0 =
N∑

i=1

N∑

j=1

λiλjc0(xi, xj ; 1).

Writing down the first summand for each sum gives

C0 = λ2
1c0(x1, x1; 1) +

N∑

j=2

λ1λjc0(x1, xj ; 1) +
N∑

i=2

λiλ1c0(xi, x1; 1) +
N∑

i=2

N∑

j=2

λiλjc0(xi, xj ; 1)

where x1 is a function of the mass of the first generation quark, the u-quark.
Inserting the unitarity condition of the CKM matrix λ1 = −∑N

i=2 λi gives

C0 =
N∑

i=2

N∑

j=2

λiλj (c0(x1, x1; 1)− c0(xi, x1; 1)− c0(x1, xj ; 1) + c0(xi, xj ; 1))

=
N∑

i=2

N∑

j=2

λiλjc
′
o(xi, xj ; 1).

It is common procedure to approximate the mass of the u-quark as zero, since it is far smaller
than all the other masses. Inserting x1 = 0 into equation (A.3) and (A.4) gives

c′0(xi, xj ; 1) = xixj

[
lnxi

(xi − 1)2(xi − xj)

(
1− 2xi +

x2
i

4

)
− lnxj

(xj − 1)2(xi − xj)

(
1− 2xj +

x2
j

4

)

− 3
4(xi − 1)(xj − 1)

]

with the limit

c′0(x; 1) =
x

(x− 1)2

[
1− 11x

4
+

x2

4
+

3x2lnx

2(x− 1)

]
.
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A.2 Integrals required for vertex corrections

Calculating the diagrams in figure 4.1 (c)-(j) one can initially set the external momentum
to zero, since there are no intermediate d-type quarks and the limit is well-defined. The
situation is more complicated when calculating the diagrams due to the quark self-energy
(figure 4.1 (a) and (b)) and will therefore be performed explicitly (a similar derivation has
been made in [5]).
In order not to arrive at a mathematically undefined s/d-quark propagator one must ascribe
general momenta p1 and p2 to the external quarks. Afterwards one can set the quarks on
mass shell (p2

1 = m2
d and p2

2 = m2
s) and take the limit m2

s,m
2
d → 0.

Considering the Higgs particle H2 only the second diagrams of figure (a) and (b) contribute,
therefore the Higgs scalar and the W-boson contribution are discussed separately.
First the following integral is defined:

IL,R,H(p, m) =
pα

p2 −m2

∫
ddk

(2π)d

kα

(k2 −m2
i )((k − p)2 −MWL,R,H

)

=
pα

p2 −m2

∫ 1

0
dx

∫
ddl

(2π)d

xpα

(l2 −∆L,R,H(p2))2

=
p2

p2 −m2
ĨL,R,H(p2)

where the Feynman parameter description, dimensional regularisation and the substitutions

kα = lα + xpα and ∆L,R,H(p2) = −x(1− x)p2 + xMWL,R,H
+ (1− x)m2

i

have been used. The following notation for the Z-boson current is also used:

Jµ
ZL

=
1

cW

[
aLūLiγ

µuLi + bLd̄Liγ
µdLi + aRūRiγ

µuRi + bRγµdRi

]

where the coefficients aL,R and bL,R are written out in equation (B.2).
Thus one can write down the sum of diagram (4.1 (a) and (b)) where only the W-boson
exchange is considered

(a)WL,R
+ (b)WL,R

=
g3

cW
bL,R(2− ε) [IL,R(ps, md) + IL,R(pd,ms)] (s̄L,RγµdL,R).

Setting the external quarks on shell (p2
s,d = m2

s,d) gives

(a)WL,R
+ (b)WL,R

=
g3

cW
bL,R(2− ε)

1
m2

s −m2
d

[
m2

s ĨL,R(m2
s)−m2

dĨL,R(m2
d)

]
(s̄L,RγµdL,R).

Finally one can take the limit m2
s,m

2
d → 0 where the following Taylor expansion of the

integral function Ĩ has to be inserted:

ĨL,R,H(m2 = 0) = ĨL,R,H(0) +
∞∑

n=1

Ĩ
(n)
L,R,H(0)

n!
m2n
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It transpires that the only term left over is ĨL,R(0) since the term (m2n
s − m2n

d )/(m2
s − m2

d)
converges to zero. This can be seen by taking the limit of the quark masses one after another.
Hence the contribution to the diagrams (a) and (b) due to the W-boson is given by

(a)WL,R
+ (b)WL,R

=
g3

cW
bL,R(2− ε)ĨL,R(0)(s̄L,RγµdL,R).

The intermediate Higgs scalars GL allow several contribution types, including contributions
belonging to right-handed quark-states. The same is true for GR producing contributions
with initial left-handed quark states. However, it has been shown in [5] that all contributions
proportional to integrals other than I go to zero for vanishing external quark momenta and
masses. Thus the scalar contributions after taking this limit are given by

(a)GL,R
+ (b)GL,R

= −2g3

cW
bL,RxiĨL,R(0)(s̄L,RγµdL,R).

The contribution resulting from the single-charged physical Higgs boson exchange is given
by

(a)H + (b)H = −2g3

cW
bRxiĨH(0)(s̄RγµdR).

After rewriting the integrals for the discussed and all other diagrams using Feynman param-
eters and the Wick rotation, the integrals are solved in dimensional regularisation, meaning
that the dimension is taken to be d = 4 − ε. The resulting expression is subsequently ex-
panded in ε such that all terms linear in the expansion variable are neglected. In performing
these steps the following two expressions (taken from [1]) are used:

∫
ddkE

(2π)d

1
(k2

E + ∆)n
=

1
(4π)d/2

Γ(n− d
2)

Γ(n)

(
1
∆

)n− d
2

∫
ddkE

(2π)d

k2
E

(k2
E + ∆)n

=
1

(4π)d/2

d

2
Γ(n− d

2 − 1)
Γ(n)

(
1
∆

)n− d
2
−1

The integrals required to calculate diagrams (a)-(j) are listed below, preceded by letters in
parentheses denoting the diagrams in which they are used.

(a), (b) : ĨL,R,H(0) =
1

(4π)2
fL,R,H
1 (xi)

(c), (d) :
∫

ddk

(2π)d

k2

(k2 −m2
i )2(k2 −M2

WL
)

=
1

(4π)2

[
fL
2 (xi)− 1 +

xi

(xi − 1)2
lnxi − 1

xi − 1

]

(e), (h) :
∫

ddk

(2π)d

k2

(k2 −m2
i )(k2 −M2

WL
)2

=
1

(4π)2

[
fL
2 (xi)− xi

(xi − 1)2
lnxi +

1
xi − 1

]

(c), (d) :
∫

ddk

(2π)d

m2
i

(k2 −m2
i )2(k2 −M2

WL
)

=
1

(4π)2

[
xi

(xi − 1)2
lnxi − xi

xi − 1

]

(f), (g) :
∫

ddk

(2π)d

m2
i

(k2 −m2
i )(k2 −M2

WL
)2

=
1

(4π)2

[
− x2

i

(xi − 1)2
lnxi +

xi

xi − 1

]
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(f), (g) :
∫

ddk

(2π)d

m2
i

(k2 −m2
i )(k2 −M2

WR
)(k2 −M2

H2
)

=
xi

(4π)2

[
− xi

(xi − xWR
)(xi − xH2)

lnxi +
xWR

(xi − xWR
)(xWR

− xH2)

− xH2

(xi − xH2)(xWR
− xH2)

]

(i), (j) :
∫

ddk

(2π)d

k2

(k2 −m2
i )(k2 −M2

WR
)(k2 −M2

H2
)

=
1

(4π)2

[
2
ε

+ CL + 1− x2
i

(xi − xWR
)(xi − xH2)

lnxi +
x2

WR

(xi − xWR
)(xWR

− xH2)

− x2
H2

(xi − xH2)(xWR
− xH2)

]

with

fL,R,H2
1 (x) =

1
ε

+
CL,R,H2

2
+

3
4
− 1

2

[
x2

(x− 1)2
lnx− 1

x− 1

]
, (A.5)

fL,R,H2
2 (x) =

2
ε

+ CL,R,H2 + 1− x

x− 1
lnx, (A.6)

CL,R,H2 = −γE + ln(4π)− lnMWL,R,H2 . (A.7)



B. FEYNMAN RULES FOR VERTICES INCLUDING THE NEW LRSM GAUGE
BOSONS

B.1 Feynman rules for the gauge bosons

The Feynman rules for the couplings of the gauge bosons to the quarks can be derived by
inserting the covariant derivative (2.17) into the following Lagrangian:

L = Q̄Li(i /D)QLi + Q̄Ri(i /D)QRi

Considering only the couplings which include a W-boson and inserting the rotation of the
left- and right-handed quark fields (1.28) in order to achieve the quark mass eigenstates, the
Lagrangian writes

L =
g√
2
W+

LµūLiVLijγ
µdLj +

g√
2
W+

RµūRiVRijγ
µdRj + h.c.

= g
(
W+

LµJµ+
WL

+ W+
RµJµ+

WR

)
+ h.c. (B.1)

with Jµ+
WL

and Jµ+
WR

given in (3.3) and (3.4), respectively.
Considering only the neutral boson part gives the following Lagrangian:

L = g(ZLµJµ
ZL

+ ZRµJµ
ZR

) + eAµJµ
EM

with

Jµ
ZL

=
1

cW

[(
1
2
− 2

3
s2
W

)
ūLiγ

µuLi +
(
−1

2
+

1
3
s2
W

)
d̄Liγ

µdLi − 2
3
s2
W ūRiγ

µuRi

+
1
3
s2
W d̄Riγ

µdRi

]
(B.2)

Jµ
ZR

=

√
c2
W − s2

W

cW

[
−1

6
s2
W

c2
W − s2

W

ūLiγ
µuLi − 1

6
s2
W

c2
W − s2

W

d̄Liγ
µdLi

+
(

1
2
− 1

6
s2
W

c2
W − s2

W

)
ūRiγ

µuRi +
(
−1

2
− 1

6
s2
W

c2
W − s2

W

)
d̄Riγ

µdRi

]

Jµ
EM =

2
3
ūLiγ

µuLi − 1
3
d̄Liγ

µdLi. (B.3)

The left-handed current (B.2) and the electromagnetic current (B.3) are the same as those
derived in the Standard Model by means of the neutral boson part of the Standard Model
covariant derivative (1.6).
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The triplet and quartic gauge boson coupling is introduced to the Lagrangian via the square
of the field tensor

L = −1
4
FLiµνF

µν
Li′ −

1
4
FRiµνF

µν
Ri′

with
FL,Riµν = ∂µWL,Riν − ∂νWL,Riµ + gεijkWL,RjµWL,Rkν .

Considering only the triplet coupling results in the same outcome as in the Standard Model
for the squared left-handed field tensor since WL1 and WL2 form the Standard Model W-
bosons and WL3 = cW ZL + sW A. This also means that there is no three gauge boson vertex
at which the left-handed W-boson couples to ZR. This, however, is caused by the fact that
the mixing between ZL and ZR has been neglected otherwise there would be (WLWLZ1)-
and (WLWLZ2)-vertices. The same holds for the W-bosons. In this approximation the left-
and right-handed gauge bosons do not couple to each other.
Inserting the physical fields (2.14) into the Lagrangian mentioned above yields the following
Feynman rules, where in all graphs the momenta are pointing inwards:

→
k−

→
k+→

q

W−
Lν

W+
Lµ

Aλ

= ie[gµν(k+ + k−)λ + gνλ(k− − q)µ + gλµ(q − k+)ν ]

→
k−

→
k+→

q

W−
Lν

W+
Lµ

ZLλ

= igcW [gµν(k+ + k−)λ + gνλ(k− − q)µ + gλµ(q − k+)ν ]

→
k−

→
k+→

q

W−
Rν

W+
Rµ

ZLλ

= −ig
s2
W

cW
[gµν(k+ + k−)λ + gνλ(k− − q)µ + gλµ(q − k+)ν ]
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→
k−

→
k+→

q

W−
Rν

W+
Rµ

ZRλ

= −ig

√
c2
W − s2

W

cW
[gµν(k+ + k−)λ + gνλ(k− − q)µ + gλµ(q − k+)ν ]

→
k−

→
k+→

q

W−
Rν

W+
Rµ

Aλ

= igsW [gµν(k+ + k−)λ + gνλ(k− − q)µ + gλµ(q − k+)ν ]

B.2 Feynman rules of the single-charged Higgs fields

There are four single-charged Higgs fields which enter the Lagrangian: φ±1 and φ±2 over
the Higgs bidoublet (2.4), δ±R over the right-handed triplet ∆R and δ±L over the left-handed
triplet ∆L (2.3). These four fields are not the physical mass eigenstates. In order to calculate
those, the contributions due to traces of the squares of the covariant derivatives (2.6, 2.7, 2.8)
and due to the Higgs potential (2.9) must be diagonalised. Since this calculation is fairly long
but not particularly difficult, the result from [43] is used without further proof. It transpires
that δ+

L does not mix with the other Higgs fields and is already the mass eigenstate of the
massive Higgs boson H+

1 with the following mass:

H+
1 = δ+

L with m2
H1

= (ρ3 − 2ρ1)v2
R +

1
2
α3κ

2

The other three Higgs fields combine to give another massive Higgs field H+
2 and the longi-

tudinal modes of the single-charged gauge bosons (W+
L and W+

R ) G+
L and G+

R

H+
2 = φ+

2 + χeiαφ+
1 + εδ+

R with m2
H2

= α3(v2
R +

1
2
κ2) (B.4)

G+
L = −χe−iαφ+

2 + φ+
1 with m2

GL
= ξm2

WL
(B.5)

G+
R = −εφ+

2 + δ+
R with m2

GR
= ξm2

WR
(B.6)

with the gauge parameter ξ which in these calculations is always taken as one (Feynman-
t’Hooft gauge) and the abbreviations χ = κ′/κ and ε = κ/(

√
2vR). The masses of the single-

charged massive gauge bosons depend, as expected, on the vev of the Higgs fields and the
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parameters of the Higgs potential.
The inverse transformation between the original and physical Higgs fields is given by

φ+
2 =

1
1 + χ2 + ε2

(
H+

2 − χeiαG+
L − εG+

R

) ≈ H+
2 − χeiαG+

L − εG+
R

φ+
1 =

1
1 + χ2 + ε2

(
χe−iαH+

2 + (1 + ε2)G+
L − εχe−iαG+

R

) ≈ χe−iαH+
2 + G+

L

δ+
R =

1
1 + χ2 + ε2

(
εH+

2 − εχeiαG+
L + (1 + χ2)G+

R

) ≈ εH+
2 + G+

R. (B.7)

The approximations are necessary since the original transformations (B.6) taken from [43]
are only up to single orders in ε and χ accurate.
The quark couplings to the Higgs fields emerge from the Yukawa couplings to the Higgs
bidoublet. Thus δ+

R does not couple to the quarks. Considering only the charged compo-
nents φ−1 and φ+

2 of the Higgs bidoublet and inserting the bidoublet into the Lagrangian
describing the Yukawa interaction (2.18) for three generations of quarks gives

L = hij

(
ūLiφ

+
2 dRj + d̄Liφ

−
1 uRj

)− h̃ij

(
ūLiφ

+
1 dRj + d̄Liφ

−
2 uRj

)
+ h.c..

The matrices h and h̃ can be rewritten as (chapter 2.2.5)

h =
1
κ

SUM̂U and h̃ =
1
κ

MD − κ′

κ2
eiαSUM̂U .

The parameter χ is determined by the largest quark mass-difference between the masses in
one generation and is therefore of the order 10−2. The order of ε is even smaller, considering
the constraint on the WR mass mWR

> 2, 5 TeV [43]. Therefore any contributions of order
χ2, ε2, χε and higher orders are neglected from now on.
Inserting the Higgs fields, the mass matrices and the rotated (to their mass eigenstates)
quark fields (2.21) gives the Lagrangian for the quark coupling with the massive charged
Goldstone bosons and the single-charged physical Higgs field

L =
g√

2MWL

ūiG
+
L (suimuiγL −mdj

γR)VLijdj (B.8)

+
g√

2MWR

ūiG
+
R(sujmdjγL −muiγR)VRijdj (B.9)

− g√
2MWL

ūiH
+
2 (sujmdjγL −muiγR)VRijdj + h.c. (B.10)

where the masses of the left- and right-handed W-boson are given in (2.11).

The coupling of the massive Goldstone bosons with other massive Goldstone bosons or
gauge bosons enters the Lagrangian via the traces of the square of the covariant derivatives
(2.6, 2.7, 2.8) where the approximate physical gauge and Higgs fields (2.14, B.7) must be
inserted. In order to be consistent all higher orders of ε ≈ MWL

/MWR
than order one have

been neglected.
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→
k−

→
k+→

q

G−
L G+

L

ZLλ

=
ig

2cW
(c2

W − s2
W )(k− − k+)λ (B.11)

→
k−

→
k+→

q

G−
R G+

R

ZLλ

= −ig
s2
W

cW
(k− − k+)λ (B.12)

→
k−

→
k+→

q

H−
2 H+

2

ZLλ

=
ig

2cW

(
1− 2s2

W

)
(k− − k+)λ (B.13)

→
k∓

→
k±→

q

G∓
R H±

2

ZLλ

= ∓ ig

cW

MWL

MWR

(k− − k+)λ (B.14)

→
k−

→
k+→

q

W−
Lν G+

L

ZLλ

= ig
s2
W

cW
MWL

gνλ (B.15)
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→
k−

→
k+→

q

W−
Rν G+

R

ZLλ

= −ig

(
M2

WL

MWR

cW −MWR

s2
W

cW

)
gνλ (B.16)

→
k−

→
k+→

q

W−
Rν H+

2

ZLλ

=
ig

cW
MWL

gνλ (B.17)

Comparing the Feynman rules (B.11, B.12, B.15, B.16) with those derived in [65] it transpires
that (B.12, B.16) differ from the result given in [65]. This might be explained by different
parametrisations of the Higgs or gauge fields. However, even if the Feynman rules in this
thesis are not correct, their usage for loop diagram calculations should still be assured since
the false terms are smaller than or of the order ε and (when used in loop diagrams) multi-
plied by at least another term of the order ε and therefore in these calculations neglected.
It is observable that (to the chosen order of perturbation theory) the longitudinal modes of
the left- and right-handed W-bosons GL and GR couple neither to each other, nor to the
right- and left-handed W-boson respectively. The single-charged Higgs boson H2 behaves
similarly to the right-handed Goldstone boson GR, it does not couple to WL and GL but it
does couple to WR and GR.



C. BOX DIAGRAM IN THE LRSM EXTENDED BY A HEAVY TOP-QUARK

The calculation of the box diagram-mixing in the LRSM extended by a heavy Top-quark
is analogous to the calculation of the box diagram in the Standard Model performed in
chapter 1.6.3. Since the number of intermediate particles increases, more diagrams must be
taken into account. According to [43] the main contribution except for the Standard Model
contribution with two left-handed W-bosons as intermediate particles is the contribution
due to a left- and a right-handed W-boson as intermediate particles which in the Feynman-
t’Hooft gauge can be presented as eight diagrams.

A = AWLWR
+ AWRWL

+ AWLφR
+ AφRWL

+ AWRφL
+ AφLWR

+ AφLφR
+ AφRφL

Inserting the Feynman rules (Appendix B) and using the notation (1.53) to refer to the func-
tions derived in Appendix A and using the rule vertex= −2iHeff gives

Heff =
G2

F M2
WL

2π2

∑

i,j=u,c,t,T

V ∗
Liq2

VRiq1V
∗
Riq2

VLiq1ηLRij
√

xixj

[(
xixj

xWR

+ 4
)

F0(xi, xj , xWR
, 1)−

(
1 +

1
xWR

)
F2(xi, xj , xWR

, 1)
]

Oq1q2LR

with
Oq1q2LR = (q̄1γLq2)(q̄1γRq2).

The quarks q1 and q2 are determined by the considered meson and the correction factors
ηLRij are analogous to the correction factors in the Standard Model. The different values for
η depending on the meson-mixing process and the operator Oq1q2 are listed in paper [68].
The effective Hamiltonian is equivalent to the Hamiltonian derived in [43]. The expectation
value of the operator Oq1q2LR depends on the considered meson and is for the cases of
K0-K̄0- and Bq-B̄q-mixing (q = s, d) given by [43]

〈K0|OsdLR |K̄0〉 = −1
2
mKf2

KB4(M)
(

mK

ms(M) + md(M)

)2

〈Bq|OqbLR |B̄q〉 = −mBqf
2
Bq

Bq
4(M)

[
1
12

+
1
2

(
mBq

mb + mq

)2
]

with the following constants taken from the Particle Data Group [8]:

mK = 497, 614± 0, 024MeV, mBs = 5366.3± 0.6MeV, mBd
= 5279.50± 0.03MeV
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and [43]
ms = 98MeV, md = 5MeV, mb = 4.2GeV.

The values for f
√

B4 are the ones with the largest uncertainty. The values predicted differ
between 200±40 MeV [5] and 244±26 MeV [8]. The CKM elements are also provided with
a certain error. Since the mass-difference of the mesons is measured very precisely it can
be used to constrain either f

√
B4 or the CKM matrix elements involved. Commonly ∆Bd

is used to constrain |Vtd|. In order to achieve exactly the measured value of ∆Bd
for the

Standard Model case while using the CKM matrix elements given by the Particle Data Group
the value f

√
B4 = 205,2 MeV is chosen. The choice is justified by the argument that the

calculations performed in this thesis are only of a systematic nature in order to determine
the space left for an extra quark and are not performed in order to achieve exact values.
The value of M should be taken around the mass of the original particle, the meson. It is
convenient to take M = 5 GeV for Bq-B̄q-mixing and M < O(mc) for K0-K̄0-mixing [16].



BIBLIOGRAPHY

[1] M. E. PESKIN AND D. V. SCHROEDER, An Introduction to Quantum Field Theory, West-
view Press, 1995.

[2] M. GUIDRY, Gauge Field Theories: An Introduction with Applications, Wiley-Interscience,
1991.

[3] T.-P. CHENG AND L.-F. LI, Gauge theory of elementary particle physics, Oxford University
Press, 1984.

[4] A. J. BURAS, A. POSCHENRIEDER AND S. UHLIG, (2005), arXiv:hep-ph/0410309v3.

[5] G. C. BRANCO, L. LAVOURA AND J. P. SILVA, CP Violation, Oxford University Press,
1999.

[6] O. W. GREENBERG, Phys. Rev. Lett. 89, 231602 (2002).

[7] M.B. GAVELA, P. HERNANDEZ, J. ORLOFF, O.PENE AND C. QUIMBAY, (1994),
arXiv9406289v2.

[8] C. AMSLER ET AL., Phys. Lett. B 667, 1 (2008).

[9] S. L. GLASHOW, J. ILIOPOULOS AND L. MAIANI, Phys. Rev. D 2, 1285 (1970).

[10] M. KOBAYASHI and T. MASKAWA, Prog. Theor. Phys. 49, 652 (1973).

[11] L.-L. CHAU AND W.-Y. KEUNG, Phys. Rev. Lett. 53, 1802 (1984).

[12] L. WOLFENSTEIN, Phys. Rev. Lett. 51, 1945 (1983).

[13] M. BOBROWSKI, A. LENZ, J. RIEDL AND J. ROHRWILD, (2009), arXiv0902.4883B.

[14] A. J. BURAS, M. E. LAUTENBACHER, AND G. OSTERMAIER, Phys. Rev. D 50, 3433
(1994).

[15] I. I. BIGI AND A. I. SANDA, CP Violation, Cambridge University Press, 2000.

[16] A. J. BURAS, arXiv:hep-ph/9806471v1 (1998).

[17] K. G. WILSON, Phys. Rev. 179, 1499 (1969).

[18] J. URBAN, F. KRAUSS AND G. SOFF, J. Phys. G: Nucl. Part. Phys 5 (1997).



120 Bibliography

[19] M. E. PESKIN AND T. TAKEUCHI, Phys. Rev. D 46, 381 (1992).

[20] L. LAVOURA AND J. P. SILVA, Phys. Rev. D 47, 2046 (1993).

[21] I. PICEK AND B. RADOVCIC, Phys. Rev. D 78 (2008).

[22] K. Y. LEE, arXiv:hep-ph/9904435v1 (1999).

[23] T. APPELQUIST AND J. CARAZZONE, Phys. Rev. D 11, 2856 (1975).

[24] J. F. DONOGHUE, E. GOLOWICH AND B. R. HOLSTEIN, Dynamics of the Standard Model,
Press Syndicate of the University of Cambridge, 1992.

[25] S. SULTANSOY, Why the Four SM Families, arXiv:hep-ph/0004271v1, 2000.

[26] J. YANG, D.N. SCHRAMM, G. STEIGMAN AND R.T.ROOD, Ap. J. 227, 697 (1979).

[27] G. STEIGMAN, K.A. OLIVE AND D.N. SCHRAMM, Phys. Rev. Lett. 43, 239 (1979).

[28] J. YANG, M.S. TURNER, G. STEIGMAN, D.N. SCHRAMM AND K.A. OLIVE, Ap. J. 281,
493 (1984).

[29] P. Q. HUNG, Phys. Rev. Lett. 80, 3000 (1998).

[30] P. H. FRAMPTON AND T. W. KEPHART, Phys. Rev. Lett. 66, 1666 (1991).

[31] P.H. FRAMPTON, Nucl. Phys. B 72, 36 (1999).

[32] W.-S. HOU, (2008), arXiv0803.1234H.

[33] C. JARLSKOG, Phys. Rev. Lett. 55, 1039 (1985).

[34] W.-S. HOU, M. NAGASHIMA AND A. SODDU, Phys Rev D (Particles and Fields) 76,
016004 (2007).

[35] P. DITA, Journal of Physics A: Mathematical and General 15, 3465 (1982).

[36] H. FRITZSCH AND J. PLANKL, Phys. Rev. D 35, 1732 (1987).

[37] J. . P. V. . . P. . . U. . D. Y. . . G. D. KRIBS, T. PLEHN, M. SPANNOWSKY AND T. M. P.
TAIT, TITLE = FOUR GENERATIONS AND HIGGS PHYSICS.

[38] J. C. PATI AND A. SALAM, Phys. Rev. D 11, 703 (1975).

[39] C. S. AULAKH AND A. GIRDHAR, (2004), arXiv:hep-ph/0204097v4.

[40] W.-M. YANG AND H.-H. LIU, (2009), arXiv0901.0233v3.

[41] R. N. MOHAPATRA AND J. C. PATI, Phys. Rev. D 11, 2558 (1975).



Bibliography 121

[42] G. SENJANOVIC AND R. N. MOHAPATRA, Phys. Rev. D 12, 1502 (1975).

[43] Y. ZHANG, H. AN, X. JI AND R. N. MOHAPATRA, Nucl. Phys. B 802, 247 (2008).

[44] D. CHANG, R. N. MOHAPATRA, AND M. K. PARIDA, Phys. Rev. D 30, 1052 (1984).
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