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Abstract

Since its discovery in kaon decay in 1964, the origin of C'P (Charge-Parity)
violation has still not been completely understood. Even though the Stan-
dard Model is able to describe this phenomenon, its description involves
many theoretical uncertainties. Examples are the parameters of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements, and the hadronic matrix ele-
ments connected to the short and long distance effects. The interest in C' P
violation has increased with the rise of studies in cosmological physics (baryo-
genesis) and also with the use of new models so-called “beyond the Standard
Model”, such as the Higgs model and its derivative, the left-right symmetric
models and supersymmetric models.

CP violation can occur via three different modes: it could be an indirect
manifestation through the interaction of two initial states, for example B® —
B — £, it could be a direct manifestation due to the initial particle decay, for
example, a difference between the decay rates B¥ — p°(w)p*, and finally,
it could be a combination of the two processes, decay and mixing, as in
BY — ¢K,. One exciting way to obtain a more accurate understanding of
direct C'P violation is to study the details of the C'P violating asymmetries
in the case where p — w mixing plays a role in the B meson decay. In fact,
p — w mixing provides an opportunity to erase the phase uncertainty mod(n)
in the determination of the CKM angles « (in the case of B — pr) and v (in
the case of B — pK) in the unitarity triangle (UT). This phase uncertainty
usually arises from the conventional determination of sin2« (or sin2y) in
indirect C' P violation. Hence, we have an efficient test to check the picture
of direct C'P violation within the Standard Model.

To achieve this goal, the present thesis is divided in three parts. Firstly,
direct CP violation is studied in the following decays: B*? — p°(w)M=0
where M*? is either a pion or a kaon. The mixing (through isospin violation)
of an w to p® which decays into two pions allows us to obtain a difference
of the strong phase reaching its maximum at the w resonance. The calcula-
tion of the hadronic matrix elements is carried out using the so-called naive
factorization method. This approach utilizes the knowledge of the transition
form factors between pseudoscalars and vector particles. In this first part,
these form factors will be directly extracted from the literature. By com-
paring experimental data with theoretical results, it is possible to constrain
uncertainties associated with the form factors and parameters p and 7 of the
CKM matrix elements. The experimental data (from BELLE, BABAR and
CLEO) for branching ratios such as Z(B — pr) and #(B — pK) will be
used in this way. Thus, we are able to determine in first approximation (a
correct order of magnitude) the C'P violating asymmetry parameter, acp,

xiii



for the decays B*° — 7t7~K*? and B*? — ntn %0,

In order to decrease all the uncertainties mentioned previously, it is neces-
sary to evaluate the transition form factors between pseudoscalar and vector
particles. To get these form factors, we first need to calculate the wave
functions which are involved in these transitions. We take into account sev-
eral physical constraints to determine the wave functions for the particles
7w, K,p,w and B; these include the decay constant, electromagnetic form
factor, transition form factor and charge radius. We also consider the nor-
malization to fully constrain the wave functions. We apply an explicitly
Covariant Light Front Dynamics (CLFD) formalism in our analysis to com-
pute both wave functions and transition form factors. In this formalism, the
state vector describing the system under consideration is defined on a light
front plane of arbitrary orientation. It is thus decomposed in Fock state
components, each one being expressed in terms of a probability amplitude
very similar to a non-relativistic wave function. All off-shell amplitudes are
thus explicitly dependent on the orientation of the light-front plane, while
any physical amplitude should be independent on it.

Then, the last major uncertainty that remains is related to the final state
interactions. To compute the hadronic matrix elements without using naive
factorization and the Bjorken assumption, we will apply QCD factorization.
By assuming some properties lie in energy scales involved in B decays, it
allows us to determine as well as possible the non-factorizable terms which
arise during the usual hadronic matrix calculation. Finally, only one uncer-
tainty remains uncontrolled, theoretically speaking: these are the CKM ma-
trix parameters p and 7. By comparing, once again, experimental results for
branching ratios Z(B — pK) and #(B — pr) with the theoretical results
obtained in this second approach, we can check firstly the transition form fac-
tors determined in CLFD. Secondly, we can use these conclusions to predict
the C'P violating asymmetry parameter, acp, for decays B*? — 7tr~ K+
and B*? — 77~ 7%0. Finally, based on these results, we determine some
limits for the parameters p and 7 of the Cabibbo-Kobayashi-Maskawa matrix.
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Résumé

L’origine de la violation C'P (Charge-Parité) n’est pas encore complétement
comprise depuis sa découverte dans la désintégration du kaon en 1964. Méme
si le modele standard décrit de maniere assez précise ce phénomene, il prend
en compte de nombreuses incertitudes telles que celles sur les parametres de
la matrice Cabibbo-Kobayashi-Maskawa (CKM), celles sur les éléments de la
matrice hadronique reliée aux effets a courte et longue distances (probléme
d’intéraction forte), etc ... L’intérét de la violation C'P s’est accru avec 1’essor
du domaine cosmologique (étude de la baryogénese), et avec I’élaboration de
nouveaux modeles dits “au-dela du modele standard”, dont on peut citer
par exemple le modele multi-scalaire, le modele symétrique droite-gauche,
les modeles supersymétriques.

La violation C'P peut se présenter selon trois modes possibles: soit,
c’est une manifestation indirecte diie au mélange de deux états initiaux qui
intéragissent, par exemple B — B® — £, soit c’est une manifestation directe
die & la désintégration de la particule initiale, par exemple BT — p°(w)p™,
soit enfin, c’est une combinaison de mélange et de désintégration, par exemple
BY — ¢ K. Une voie d’étude motivante pour permettre une compréhension
plus précise de la violation directe de C'P est d’étudier plus en détails les
parametres d’asymétrie dans le cas de la désintégration du méson B tout en
tenant compte autant que possible de toutes les incertitudes présentes, et en
particulier celles liées a l'intéraction forte.

Pour ce faire, I’étude présentée dans cette these est divisée en trois par-
ties. Premierement, la violation directe de C'P est étudiée dans les réactions
suivantes: B0 — p0(w)M*0 o M*P représente soit un pion soit un kaon.
Le mélange p — w qui se désintegre en deux pions permet d’obtenir a travers
la violation d’isospin, un déphasage maximum de la phase forte au voisinage
de la résonance w. Le calcul des éléments hadroniques se fait en utilisant la
méthode dite de factorisation naive ot un nombre de couleur effectif, N¢//,
parameétrise les effets hadroniques. Cette méthode implique la connaissance
des facteurs de forme de transition entre particules pseudo-scalaires et parti-
cules vecteurs. Dans cette premiere partie, ceux-ci sont directement extraits
de la littérature scientifique. En confrontant les données expérimentales et
les résultats théoriques, il est alors possible de contraindre les incertitudes
théoriques liées aux facteurs de forme, aux éléments p et n de la matrice
Cabibbo-Kobayashi-Maskawa (CKM) et au nombre de couleur effectif, N¢//
via principalement les rapports de branchement #(B — pr) et Z(B — pK).
Il devient alors possible de déterminer en premiere approximation le taux
d’asymétrie pour les désintégrations B¥? — 7ta~K+0 et B¥0 — gtg—n+0,

Afin de réduire les présentes incertitudes, il est alors nécessaire d’évaluer
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les facteurs de forme de transition entre les particules pseudo-scalaires et
vecteurs. Pour obtenir ces facteurs de forme, il est indispensable de calculer
les fonctions d’ondes qui sont impliquées dans ces transitions. On prendra en
compte les contraintes physiques qui distinguent les particules les unes des
autres, i.e., constante de désintégration, facteur de forme électromagnétique,
facteur de forme de transition et rayon moyen carré. A ceci s’ajoute la condi-
tion de normalisation qui intervient dans toute évaluation de fonction d’onde
représentant une particule décrite dans une approche de théorie des champs.
Dans notre cas, nous appliquerons un formalisme explicitement covariant et
dynamique du front de lumiere pour notre analyse. Dans ce formalisme, le
vecteur d’état décrivant un systéme donné est défini sur un plan du front
de lumieére suivant une orientation arbitraire. Il est alors décomposé en état
de Fock ou chaque état est exprimé en terme d’amplitude de probabilité.
Les amplitudes “off-shell” sont explicitement dépendantes de 1’orientation
du plan du front de lumiere tandis que les amplitudes physiques doivent en
étre indépandentes.

Ayant déterminé les facteurs de forme de transition entre les particules
B, 7, K, p et w, la derniere incertitude qui puisse étre analysée est celle liée a
I'importance des intéractions dans les états finaux. Afin de calculer au mieux
les éléments de matrices hadroniques sans utiliser I’hypothese de Bjorken,
nous utiliserons une approche dénommée QCD factorisation. Elle permet,
en tenant compte des échelles d’énergie mises en jeu dans les procéssus
de désintégration, de calculer la partie généralement non factorisable d’un
élément de matrice hadronique, et ainsi d’approximer les intéractions dans
les états finaux. Désormais, seule une incertitude subsiste: les éléments p et n
de la matrice CKM. En comparant les résultats expérimentaux des rapports
de branchement et les résultats théoriques obtenus par cette étude, il est alors
envisageable a la fois, de vérifier la validité des facteurs de forme déterminés
par I’approche CLFD, puis d’extraire des prédictions sur le taux d’asymétrie
de la violation directe de C'P dans les désintégrations du méson B en trois
corps. Finalement, nous exploiterons ces résultats afin d’obtenir des limites
sur les éléments p et 1 de la matrice Cabibbo-Kobayashi-Maskawa.

xXvi



statements

This work contains no material which has been accepted for the award of
any other degree or diploma in any university or other tertiary institution
and, to the best of my knowledge and belief, contains no material previously
published or written by another person, except where due reference has been
made in the text.

I give consent to this copy of my thesis, when deposited in the University
Library, being made available for loan and photocopying.

signature date

xvii



xViii



Acknowledgements

I am going to take the opportunity given by this section to write in french. I
hope that noone will be disappointed by that and I am pretty sure that you
will guess what it is written in the following sentences.

En écrivant les remerciements, je me rends compte que trés bientot trois
ans et demi se seront écoulés depuis mon arrivée en Australie au CSSM
le 7 décembre 1999. Ce fut, c’est et cela restera pour moi une formidable
expérience qui sans le moindre doute me servira tout au long de ma carriere
de physicien. J’ai énormément appris durant toute cette période, que ce soit
dans le domaine de la physique des particules, la pratique de ’anglais et la
découverte de I’Australie. Tout cela n’eut été possible sans ’accord de deux
personnes a qui je dois beaucoup et qui m’ont donné une incroyable oppor-
tunité: Jean-Francois Mathiot et Anthony Thomas. Mes remerciements les
plus chaleureux et les plus sinceres leur vont en premier. Je ne serais pas ce
que je suis aujourd’hui sans la confiance et I'investissement qu’ils ont mis en
moi, la liberté qu’ils m’ont donnée dans mon travail de these et le temps qu’ils
m’ont consacré. Qu’ils sachent que je leur en suis grandement reconnaissant.

Je remercie également Xin-Heng Guo pour tout le travail que nous avons
fait ensemble. Il a toujours su étre disponible pour toutes les questions que je
lui ai posées, pour les discussions que nous avons eues, et a été d'un précieux
secours pour controler mes étourderies dans les calculs. J’espére que cette
collaboration continuera dans le futur. Je voudrais aussi remercier Ian Cloet
pour les “morning sessions” ou nous discutions de tous les sujets avant de
commencer a travailler. Mes remerciements lui vont également entre autre
pour les lectures et relectures de ma these. Mes remerciements s’adressent
aussi aux étudiants du CSSM: James Zanotti, Ross Young, Wassem Kam-
leh, Will Detmold, Ben Lasscock, Ben Crouch, John Hedditch, Sarah Law-
ley, Maria Parappilly, Marco Bartolozzi, Frédéric Bonnet et Mark Stanford.
Je souhaite également remercier Sharon Johnson et Sara Boffa! pour leur
disponibilité a mon égard ainsi que Ramona Adorjan pour le temps qu’elle a
trouvé pour répondre a toutes mes questions (elles furent nombreuses..) en
informatique.

Mes remerciements vont aussi & Anthony Williams ainsi qu’a Alex Kallo-
niatis, Jianbo Zhang, Ayse Kizilersu, Danielle Morel, Vadim Guzey, Kazuo
Tsushima et Andreas Schreiber. Je voudrais mentionner I’exceptionnel con-
vivialité qui regne au CSSM. Je garde en moi le souvenir du petit voyage
que nous avons fait courant décembre 2002 pour aller voir I’éclipse totale de

LGrazie per aver preso cura dell’appartamento, del gatto, del cane, del pappagallo e
delle piante durante il mio soggiorno in Francia.

Xix



soleil. Ce voyage a lui seul résume I’amitié présente au laboratoire et I'unité
du groupe.

Mes séjours en France au laboratoire LPC de Clermont-Ferrand furent
toujours tres agréables. Je remercie toute I’équipe de physique théorique du
laboratoire ainsi que 1’équipe de physique expérimentale LHCb avec laquelle
j’ai beaucoup collaboré. Je ne peux oublier de mentionner Hélene Fonvielle
pour son accueil et sa gentillesse. Mes remerciements vont aussi a Michele
Chadelas, Janine Pellet et Colette Blisson pour leur efficacité concernant les
problemes administratifs liés & mon statut d’étudiant particulier...

Je remercie également Volodia Karmanov, Jean-Jacques Dugnes, Vincent
Morenas, Francois Bissey, Cécile Rimbault et Ziad Ajaltouni pour leurs par-
ticipations, leurs commentaires et l'aide qu’ils m’ont apportés durant ma
these.

Enfin, il ne m’aurait pas été possible de venir en Australie sans le soutien
inconditionnel de mes parents, de mon frere et de Mélissa. Pour la présence
et 'amour qu’ils m’ont apportés malgré la distance, pour le respect et leur
appui dans les choix qui furent les miens, je les en remercie de tout mon
coeur. Cette these leur est dédiée.

XX



Part 1

Matter Antimatter






Chapter 1
Introduction

“ Eerire est difficile, parce qu’on est toujours dépassé par son livre. ”
2

Jean d’Ormesson

A little bit of history...

Why did the matter in our Universe not completely annihilate with antimat-
ter immediately after its creation? The answer to this question has been
and remains the quest of many physicists, both experimentalists and theo-
reticians, in high energy physics since the mid 1950’s. The answer lies some-
where within C'P violation theory, since it enables us to distinguish in an
absolute way matter and anti-matter. For a long time, Charge conjugation
C, which transforms a particle into its anti-particle, and Parity P, which
reflects the space coordinate ¥ into —Z, were considered as exact discrete
symmetries in processes such as those involving electromagnetic, strong and
weak interactions.

In May 1947 one of the first decays of a neutral particle (K% — 7t77)
into two charged ones was observed. Almost ten years later (1956), Lee and
Yang [1], motivated by the so-called § — 7 puzzle, pointed out that parity
invariance might be not conserved in weak interactions. Soon after (1957),
Wu et al [2] and Garwin et al [3] verified this theoretical analysis indepen-
dently and even found that both parity and charge invariance are violated
in weak interactions. In 1964 Christenson, Cronin, Fitch and Turlay [4], dis-
covered for the first time C'P violation in K° meson decays, at Brookhaven
National Lab. It was found that two neutral strange mesons could mix by
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weak interaction through the decay,
K® = (nm,nrm) — K° |

One way to represent this mixing is to consider two particles, called K; and
K, and defined as a linear combination of K° and K°:

) = = (1K) + 1K) (11)
1) = 2= (1K) = 1K) (12)

K, (K, — Ks with short lifetime 7¢ = 8.92 x 107! s) decays into two pions
and K, (K, — K with long lifetime 7, = 5.17 x 1078 s) decays into three
pions if one assumes CP conservation. What was observed in 1964 was the
interference between the particles K;, — 77 and Kg — 7w7. Even though the
branching ratio (K; — nm) is very small, it was the proof that Kg and
K, should be rewritten as a linear combination of K; and K, as follows,

|Ks) ~ [K1) + €[ K) (1.3)
K1) ~ [K3) + €| Ky) (1.4)

where the epsilon parameter, €, describes the strength of C'P violation.
le] =~ 2 x 1073 and Arg(e) ~ 7/4. We had to wait until 1973 to find the
theoretical explanation within the Standard Model by M. Kobayashi and T.
Maskawa [5] whereas there is still not definitive theoretical explanation be-
yond the Standard Model. In this work, our analysis will stay within the
Standard Model framework.

Plan

CP violation, as it has already been mentioned, is a very exciting field of
investigation in particle physics. For almost forty years, physicists have been
trying to understand this mechanism. As everyone can imagine, it is not easy
to draw an exact picture of C'P violation. One way to extract reasonable
predictions, since theoretically speaking, one knows the mechanism within
the Standard Model, is to use a phenomenological approach which, of course,
carries many uncertainties and is very often model dependent.

The aims of this thesis are, first of all, to determine an order of magnitude
for the direct C'P violation in decays such as B — p®(w)M*? — 7tr=M=0
(with M being a kaon or a pion). The p — w mixing effects in these decays



are also investigated in detail. The second aim is to decrease, within a rela-
tivistic and dynamic approach, the uncertainties included in the form factor
transitions and wave functions which are involved in our analysis. The third
aim is to apply a new kind of factorization of hadronic matrix elements, and
hence, to be able to obtain better predictions for the branching ratios as
well as the C'P violating asymmetry parameter, acp, in B decays. Com-
parisons with experimental data (only for branching ratios) provided by the
BABAR, BELLE and CLEO collaborations give us an excellent opportunity
to finally constrain the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
parameters p and 7.

To study as far as theoretical tools allow us to go, we divide our work
into four parts as follows: the first part, so-called “Matter Antimatter”, gives
the necessary and basic background in particle physics in order to under-
stand the concept of C'P violation within the Standard Model. In particular,
we recall briefly in Chapter 2, the characteristics of the Standard Model:
Gauge theory, Quantum Chromodynamics, Quantum Electrodynamics and
Electroweak interaction. It is known that, within the Standard Model frame-
work, the Cabibbo-Kobayashi-Maskawa matrix is the main source of Charge
Parity violation. Thus, we introduce it in an extensive way since all of the
following work is based on it. Experimentally, it has been observed that CP
violation can arise in different ways. To clarify them and to introduce the one
which we are going to focus on, we summarize the different observations of
CP violation in B meson decays. This first part is very well established and
therefore we refer the reader to the plentiful literature for more explanation
and detail.

The second part, so-called “Branching Ratio and Direct CP Asymme-
try in B Decays”, mainly focuses on the analysis of direct C'P violation.
We begin by explaining the formalism used in our approach: the operator
product expansion (OPE), Wilson coefficients and finally the effective Hamil-
tonian are introduced (Chapter 3). We then describe the calculation of the
hadronic matrix elements involved in the decay amplitude, by using the so-
called “Naive factorization” method. In Chapter 4, we discuss in detail p—w
mixing, its origin (Vector Meson Dominance model) and its inclusion in our
calculations of the branching ratios and C'P violating asymmetry parameter
acp- In Chapter 5, we are then able to investigate the branching ratios such
as (B — pn) and Z(B — pK). All the numerical and technical details are
described in this chapter. We also list the branching ratios for Z(B — pn)
and #(B — pK) measured by CLEO, BABAR and BELLE. Based on our
results for the branching ratios and comparisons with the experimental data,
we determine in Chapter 6, direct C'P violation for the same decays including
p — w mixing effects.
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Our calculations contain several uncertainties. One of them is the form
factor involved in the factorization method. The third part of this thesis,
the so-called “Covariant Light Front Dynamics, Wave Functions and Form
Factors”, aims to reduce this uncertainty. To increase the accuracy on these
transition form factors, we recalculate them in a relativistic and dynamical
approach. In Chapter 7, we introduce the main properties and definitions
of Covariant Light Front Dynamics (CLFD). In Chapter 8, we determine
the wave functions for the following mesons: we evaluate the pseudoscalar
particles 7, K, B and D and the vector particles p and w. We emphasize
that this study takes into account some experimental data (decay constant,
charge radius...) in order to parametrize the wave functions. We use the wave
functions mentioned previously to compute the transition form factors such
as pseudoscalar pseudoscalar transition and pseudoscalar vector transition.
This last study is accomplished in Chapter 9.

In order to go further in our investigation, we replace the naive factor-
ization (used as a first approach) by a very recent (1999) and promising
theoretical framework. This last part, “QCD Factorization in B Decays”,
presents the corrections included in our analysis through the “QCD factor-
ization” method. The main idea is to include all of the interactions at the
order a; between quarks and gluons arising in the final states following B
decays (in our case). In Chapter 10, we introduce in detail the method ap-
plied in our calculations. Expecting to have reduced as far as we can, all
the uncertainties involved in the analytical calculation of decay amplitudes,
we are able, in Chapter 11, to recalculate the branching ratios Z(B — pn)
and #Z(B — pK). In a similar manner to Chapter 6, we are also able in
Chapter 12, to determine more accurate asymmetries in B meson decays. In
this final chapter, we also propose some reasonable constraints regarding the
Cabibbo-Kobayashi-Maskawa matrix element parameters p and 7. To end
this work, we give some final remarks and draw some conclusions based on
this analysis within the Standard Model.



Chapter 2

C P violation, a brief overview

“ Les petites choses ont leur importance; c’est toujours par elles qu’on se
perd. ”

Fiodor Dostoievski

In this chapter, we introduce the formalism and the concept of C'P viola-
tion [6] within the framework of the Standard Model (SM). We set the scene
and describe all the “participants” which are necessary to understand a C'P
violating asymmetry between matter and antimatter.

2.1 The Standard Model

2.1.1 Basic concepts

The Standard Model of elementary particle physics gives a complete descrip-
tion of the weak, electromagnetic and strong interactions. It is based on the
Glashow-Salam-Weinberg Model of the electroweak interaction plus Quan-
tum Chromodynamics. This model is derived from work undertaken in 60's
and is built on the principle of local gauge symmetry.

Gauge theory

Within the Standard Model, the fundamental interactions are governed by
gauge theory [7]. The free QED or QCD-Lagrangian (for a Dirac particle)
described in the framework of gauge theory is not invariant under the phase
changes called local gauge transformations. Nevertheless, local gauge invari-
ance can be restored by applying the appropriate covariant derivative D,

7
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acting on the field (fermion field for example). Then, the Lagrangian be-
comes invariant under any local transformations of a symmetry group. If
the symmetry group elements commute, we have an Abelian gauge theory.
This is the case for Quantum Electrodynamics (QED) where U(1) defines an
Abelian group. This is not the case for Quantum Chromodynamics (QCD)
where SU(3)colour; the gauge group of strong interaction, is a non-Abelian
group. In the latter group, SU(3)coour, the eight generators correspond to
the gluons. The properties of asymptotic freedom and confinement are due
to the colour charge carried by the gluons and quarks, which leads to gluons
interacting with each other (self-interaction), as well as with quarks.

Quantum ChromoDynamics

QCD [7] is the quantum field theory of strong interaction between quarks
and gluons. Since the colour symmetry of the quark model is gauged, the
strong interaction is described by an SU(3) colour Yang-Mills theory with
each flavour of quarks transforming according to the fundamental triplet
representation. By adding the renormalization requirement, the analytical
form of the full QCD-Lagrangian density has to be the following:

EQCD =
1
_ Z(auAg _ ayAZ 4 gfabcAZAlcj)(auAau — OV At 4 gfadeAduAeu)
1
. i(auAau)Q . —aau(auéac o gfabcAbu)T,c

+ P i7,(0* — igA™T*) —m|¢, (2.1)

where the first line refers to the gauge part of the QCD-Lagrangian. A% g
and f% are the gluon fields, gauge coupling and structure constants of
SU(3)colours Tespectively. The gluon colour indices take the values, a,b,c
equal to 1,---,8. The first term of the second line defines the gauge fixing,
where £ could be 1 for Feynman and 't Hooft gauge. The second term of
the same line describes the Faddeev-Popov interaction, where 7 is the ghost
field. The following term is the fermion part with the free part given by
¥ [i7,(8* —m)]4 and the quark gluon interaction written as 1 [7,g A% T]¢,
where 1) refers to the quark field and T to the generators of SU(3)colour-

Quantum ElectroDynamics

QED [7] is the quantum field theory of electrons, positrons and photons. It
describes any electromagnetic interactions of these elementary particles. The



2.1. THE STANDARD MODEL 9

fermion field ¢ transforms under a local U(1) transformation as:

P(z) = ' (x) = exp(—ieA(z)) ¥(z) . (2.2)

To restore the local U(1) gauge invariance of the free Lagrangian for a Dirac
particle, we introduce a vector field A, (called gauge field) and we replace the
ordinary derivative 0, by a covariant derivative D,. Hence, the full QED-
Lagrangian density constrained by the U(1) group of transformations reads
as,

1

(OuAy = 0,A,)" — 2%

(0, A")?

1
Loep = 1

+ 1 [i7,(0" + ieA") —m| . (2.3)

The gauge part of the QED-Lagrangian is given by the first term which is
invariant under transformation A}, — A,+0,). The second term is the gauge
fixing condition analogously to the QCD-Lagrangian, but here the photon
field is gauged. The last part contains the interaction term, —&%eA’%/) and
the free QED-Lagrangian, iy, (0* — m).

2.1.2 The electroweak interaction

Within the Standard Model (SM), one defines three generations of quarks
and leptons [7, 8, 9]. The gauge symmetry which governs these particles is,

Gsy = SU(3),® SU(2), ® U(1)y , (2.4)

where ¢, L and Y refer to colour, left and hypercharge respectively. Since one
assumes that a scalar field, ¢, defines a Vacuum Expectation Value like,

(¢) = ( 0/3/5 ) : (2.5)

the gauge group Ggys is spontaneously broken down to SU(2);, @ U(1)y.
SU(2);, ® U(1)y can also be spontaneously broken to U(1)gy through the
Vacuum Expectation Value of a scalar doublet Higgs field:

(9) = ( f; ) : (2.6)

The particles are classified as follows. The left-handed leptons are in SU(2)y,

doublets,
(), ), (7) e
e )\t S \NT )
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and similarly for the quarks,

(#).05).(5). =

with the corresponding right-handed singlets. Note also that d’, s’ and b are
related to the mass eigenstates d, s and b by a unitarity transformation. The
Standard Model Lagrangian is written down as the most general renormaliz-
able Lagrangian which is consistent with the gauge symmetry. If we focus on
the electroweak interaction of quarks and leptons, the massive bosons, W=,
are the mediators describing the electroweak charged current interaction,

2\f(J+W+“+J W=y, (2.9)

where, g, is the SU(2), coupling constant and the current’ J;’ is given by,

Iy = Z(Q_Q')V—A + Z(W)V—A : (2.10)

f f

with ¢ and [ denoting respectively quark and lepton. The notation V —
A refers to the v,(1 — ;) structure. We stress that the charged current
interactions involve only left-handed quarks and left-handed leptons. For
the neutral current interaction, the vectors are Z° and the photon A. The
corresponding Lagrangian term is,

_JOZN JemAH 2.11
2cos 0w * te ( )

where the current JJ is defined as,
I =Y fyuled — chs)f - (2.12)
!

In Eq. (2.12), f denotes the quark flavour and c{,, cz are written as,

o =T —2Q;sin?Oy and o, =T/ , (2.13)

where @)y is the charge, Oy is the Weinberg angle and T3f is the third com-
ponent of the weak isospin. For the current J:™, one has,

T =Y Qpfuf - (2.14)
7
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Finally, the weak interaction is related to the Fermi constant, G, which
plays an important role in the Standard Model,

Gr_ o ____¢

V2 8M2,  8MZ2sin2Oy ’

(2.15)

where My is the boson W mass.

2.2 The Cabibbo-Kobayashi-Maskawa matrix

2.2.1 Sources of CP violation

There are three possibilities which may explain the source of C'P violation
inside the Standard Model [10, 11, 12]. The first one comes from the strong
interaction. If we assume that the vacuum is given by a superposition of
degenerate vacua |n) which creates non-trivial quantum fluctuations (instan-
tons), we can include in the Lagrangian the following term:

gz
3272

Lo=0-2GAGw (2.16)
where 6 is the QCD vacuum angle (in fact, the C'P violating asymmetry
parameter), g5 the QCD gauge coupling and Gﬁu the QCD field strength
tensor. The term L, violates CP symmetry for a non-zero value of =
6 — arg(det M?), where M? is the non-diagonal quark mass matrix expressed
in the electroweak basis. But, up to now, the so-called strong C' P problem [13,
14] remains without any available explanation: based on the experimental
values on the electric dipole moment of the neutron, # has to be less than
1071 which implies a extremely fine value of the QCD vacuum angle 6. The
second possible source of C'P violation is in the leptonic sector if neutrinos are
massive. In this case, the term related to the leptonic sector, in the effective
Lagrangian, can give, after symmetry breaking, a Majorana neutrino mass
matrix with three C'P violating phases. The last way to get C'P violation in
the quark sector, is the CKM matrix. This possibility is widely detailed in
the following.

2.2.2 The CKM matrix

Let us first focus on the Yukawa interaction term in the Lagrangian used in
the Standard Model. It reads as,

Lyukawa = —YiQriddr; — V! Qridur; + h.c. , (2.17)
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where ng is the Yukawa matrix element, @), are the left-handed quark SU(2)-
doublets and ug, dg are the right-handed SU(2)-singlets. C'P asymmetry is
violated if and only if,

Sm{det[YIY? YUY} #£0. (2.18)

Now, if we replace ¢ by (v + H°)/v/2, the Yukawa Lagrangian becomes
massive and gives,

Ly ukawa = _(Md)ijCZLide — (My)ijuriug; + h.c. , (2.19)

with My = Yiv/ V2. In the mass basis, one can always find some unitarity
matrices V7, and Vg which verify the condition,

Vi MV, = M, (2.20)

where M}mg is diagonal and real. Then, the mass eigenstates are given by,

dri = (Var)sjdz;
dri = (Var)ijdr;
uri = (Vaur)ijdij
UR; = (VdR)z'dey

Therefore, after electroweak symmetry breaking, the charged current inter-
action for quarks is given by,

e
Ly =———— A" (Vr VI )iidr, W + hec. | 2.21
w /2 sin Oy LV (VarVyy)ijdr; M ( )
where by definition, one puts,
_ T
Vexn = VurVyp, - (2.22)

This non-diagonal 3 x 3 matrix is so-called the Cabibbo-Kobayashi-Maskawa
and represents the charged current couplings between quark transitions. It
describes the only source of flavour changing interaction in the quark sector.
The CKM matrix is dependent on nine parameters; three real angles and
6 phases. In order to get a unique matrix, some conventions are adopted:
the first is the arrangement of the quark masses from the heaviest to the
lightest. We can also illustrate this by taking into account the hierarchy of
quark transition through the charged currents (see Fig. 2.1) [15].
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Figure 2.1: Hierarchy of strength of transitions between quarks.

The connection between the electroweak eigenstates (d', s',') and their
mass eigenstates (d, s, b) is given by,

dl Vud Vus Vub d
s =1 Vea Vs Vo | x| s | . (2.23)
b’ Vie Vis Va b

Therefore, the CKM matrix takes the form,

Vud Vus Vub
Vekv =1 Ve Ves Vo | - (2.24)
Vie Vis Vi

The second convention on the matrix, is to minimize the number of phases in
the matrix. When this is realized (in the case of three generations of quarks),
the CKM matrix contains only one single physical phase. It is called the
Kobayashi-Maskawa phase dx ) and any C'P violating physical observable
in flavour changing interactions has to be related to this phase. Inside the
Standard Model, the phase dx s is the only source of C'P violation in the
quark sector.

There are two parametrizations of this matrix. One, called standard
parametrization reads [16, 17],

Vorn =
¢ —i0K M
C12C13 S512€13 S13€
7 7
—512C23 — C12523513€" "KM C19Co3 — dioda3513€" KM $23C13 ;
i0 7
812893 — C12C23S13€" KM —(C19S93 — S12C93513€" KM C23C13

(2.25)
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where ¢;; = cosf;; and s;; = sinf,;;. The three angles 0;;, are real mixing
parameters. The ¢;; and s;; are chosen positive and dgps can vary in the
range 0 < d0gps < 7 since the measurements of C'P violation in K decays
impose this. In this representation, there are four independent parameters
which are,

s12 = |Vusl, s13 =1|Vasl, 23 = |Va|, and 0xnr - (2.26)

Another parametrization is widely used in phenomenological applications.
This is the Wolfenstein parametrization (Wolfenstein 1983) [16, 18, 19]. In
this approach, the four independent parameters are A, A, p and 1. Then, by
expanding each element of the matrix as a power series of the parameter
A =sinf, = 0.2209 (6. is the GellMan Levy Cabibbo angle), one gets (O(\?)
is neglected),

) 1— 21X A AN (p —1n)
Vokm = - 1— 22 AN? : (2.27)
AN (1 —p—in) —AN 1

where 7 plays the role of the CP violating phase. In this parametrization,
even though it is an approximation in A\, the CKM matrix satisfies unitarity
exactly, which means,

~

VCT’KM Vokmu =1 =Vokwm - V(;KM . (2.28)
The relation between the two parametrizations described above is,

S12 = A,
So3 = AAZ y
513 KM = AN3(p —in) .
Finally, one can also define a C'P violating quantity independent of the

parametrization. This quantity is called Jarlskog parameter and represents
the unique condition for C'P violation [10, 20];

3
Im[Vii Vi Z}*Vk’;] = Jop Z €ikmCjin - (2.29)

myn=1

CP symmetry is violated within the Standard Model if Jop # 0. From
the CKM matrix derived in the Wolfenstein parametrization, one can also
obtain 6 normalization relations and 6 orthogonality relations because of the
unitarity of the matrix, for example:

VudVay + VeaVi + ViaViy = 0 . (2.30)
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By combining the Wolfenstein parametrization and the unitarity tri