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Abstract

The elementary fermions that so far have been discovered can be divide into two

subgroups: leptons and quarks. Quarks,unlike leptons , can have strong interactions.

As a result, they cannot be found in nature as free particles but they are always con-

fined in bound states called hadrons. The two well-established groups of hadrons are

mesons ,which are composed of valence quark and anti-quark and baryons which are

composed of of three valence quarks.In recent years, some exotic hadrons consisting

of four valence quarks (tetraquarks) and five valence quarks (pentaquarks) have been

registered and the study of their properties is under progress. In this thesis, we focus

on mesons, especially on pions, Kaons and B-mesons. We enumerate different species

of mesons, categorized based on their quark content (i.e., strangeness, beauty and

charm) and their spin. We discuss their well established properties such as lifetime

and decay modes within the standard model. We then review CP-violation in neutral

Kaon and B-meson systems and how the parameters of the CKM quark mixing can

be derived from experiments. We then discuss the recent observations in the B-meson

decay modes that deviate from the standard model predictions. These deviations are

known as B-anomalies. We review some classes of beyond standard model explana-

tions for these anomalies. We follow with a short discussion of the recently reported

KOTO anomaly and its possible explanations.In the end, we show how studying the

different decay modes of Kaons and pions can help us to search for new physics beyond

the standard model of the elementary particles. In particular we show that if there

are new neutral particles with a mass of less than 50 MeV coupled to the neutrinos,

a deviation from the standard model prediction for the energy spectrum of the final

particles in charged meson decays is expected. We study how such a coupling can be

constrained by studying meson decay modes.
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Chapter 1

Introduction and Motivation

The ”Standard Model” (SM) theory, is one of the greatest successful theory of physics.

It does a great job of describing the fundamental particles and their interactions. The

Standard Model has been enormously successful in reproducing data and predicting

various experimental results collected from collider physics experiments such as at

Large Electron-Positron Collider (LEP) and at the Large Hadron Collider (LHC).

LEP accelerator started operating in 1989 before LHC and finishes taking data in

2001.

It was searching for physics Beyond Standard Model(BSM) but it has failed. In-

stead, it has measured the SM parameters with good precision. Afterwards, LHC (

or proton-proton collider) through its CMS and ATLAS detectors, searched for New

Physics (NP) unfortunately it has not found any evidence for BSM. On 4th July 2012,

Compact Muon Solenoid (CMS) and A Toroidal LHC Apparatus (ATLAS) collabo-

rations reported the discovery of Higgs particle which was the last missing particle of

SM. The presence of Higgs particle was predicted in 1964 ( about four decades ago ).

The properties of the particle that was discovered by CMS and ATLAS coinced with

particle predicted by Higgs.

Despite the triumphs of the SM in prediction of the experimental results in colliders,

there are still some shortcomings not yet explained. We do not expect SM to be

the final and the most complete theory. We expect that researchers will find pieces

of evidence for NP. The most important evidence that the SM of particle physics is

incomplete comprises neutrino masses and mixing, and the presence of dark matter

(DM) in the Universe [6]. Here, we can simply mention: hierarchy problem, unifica-

tion of forces, charge quantization and the anomalous magnetic moment of muon and

electron, (g − 2)µ,e. We know that 95% of the universe’s matter content is in form

of DM but we do not know what is the nature of it and it cannot be presented in
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any of the known particles within SM. None of the known particles in SM can play

the role of DM. This discussion shows that there is something BSM which we should,

as physicists who are curious, go and investigate and propose strategies to find that.

There are two conventional approaches to search for NP and new particles.

• The energy frontier in Collider such as LHC where we increase the energy of

the centre of mass (CM) hoping that we find the heavier and heavier particles

which couple to SM particles assuming the couplings are not very small.

• The intensity frontier where instead of increasing energy, one prefers to

increase the number of colliding particles (intensity of colliding to each other)

like for example at Belle and BaBar experiment, and NA62 experiment. So far,

LHCb is the best intensity frontier which has a big intensity and luminosity and

is considered as the highest energy frontier experiment

Therefore, LHCb is suitable for searching for NP because of two reasons. First, the

idea for searching for relatively light particles with very small coupling. Suppose that

we have a new particle BSM which has a very tiny coupling. Such a particle has not

been observed and discovered so far, not because it is very heavy but because it has

very small coupling. Then this intensity frontier experiments by increasing luminosity

or intensity eventually will be able to discover these particles.

Moreover, by measuring scattering features from experimental interaction, other prop-

erties, when measured with higher precision can be seen. As result, it might be pos-

sible to discover Beyond Standard Models with high particles in the hierarchy. Of

course , these high particles will not be directly produced at lower energy intensity

frontier experiments, but their effects are indirectly identified. Once there is evidence

with high precision that you do not see directly such particles, then this indicates

that there are possibilities to search for NP. Therefore, high energy intensity frontier

experiment is necessary to identify what kind of physics that leads us to such effects.

Particle physics makes progress in high energy frontier, and high intensity Frontier.

The recent constructed B-decays by high intensity frontier experiment using a data

sample corresponding to integrated luminosity of around 7fb−1 , but at relatively

moderated center of mass energy (
√
s= 2TeV), gave accurate results at B-factories.

The anomalies encountered in SM that deviate from SM predictions are mainly found

in B-meson decays. The search for Lepton Flavour Univers (LFU) in B decays, is a

big motivation to experimenters in B-physics. One of the most interesting phenomena

reported by particle physics experiments in the last few years are the numerous hints
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of (LFU) violations observed in semi-leptonic B decays. The very recent LHCb re-

sults on the LFU ratios Rµe
K(∗) and Rτl

D(∗) . For example, the deviations from τ
µ

(and τ
e
)

universality in b→ clν̄ charged currents and deviations from µ
e

universality in b→ sll̄

neutral currents. Furthermore, a strong evidence for a deviation from the SM predic-

tion has been observed by LHCb in the angular distribution of the B0 → K∗0µ+µ−

decay, which is consistent with the deviations from LFU in neutral-current B decays

[7].

Neutrinos have played a crucial role from earlier in the 20th century in the construction

of the SM. All along this period, the direct detection of their masses is not an easier

task [8]. Despite, solar and atmospheric neutrino anomalies, occur in neutrino sector.

The Liquid Scintillator Neutrino Detector (LSND) experiment observed the appear-

ance of neutrino anomalies in a two-neutrino oscillation model, νµ → νe. The same

observation was replicated by MiniBooNE experiments. A two-neutrino oscillation

interpretation of the data, would require at least four neutrino types (3+1 model) and

imply the physics beyond the three neutrino paradigm [9]. The additional neutrinos

might be sterile neutrinos. Sterile neutrinos (or inert neutrinos) are hypothetical

particles that interact only via gravity and do not interact via any of the fundamental

interactions of the SM.

There are some hints that neutrinos may be coupling to some new light particles.

This is not established but some discrepancies can be explained. The cosmological

observations set two tensions. Firstly, from the Cosmic Microwave Background CMB

observation as well as other observable find an upper bound on the sum of neutrino

masses (
∑
mi < 0.12eV ). If any neutrino with mass heavier than 1eV is produced in

the early universe then it violates this bound. And secondly, cosmology tells us that

in the early universe only three neutrinos could be produced. If there were sterile

neutrinos that mixed with active neutrinos such that the recent results might be ex-

plained, both bound, some of the neutrino masses and the number of neutrinos could

be violated. So introducing new interactions for neutrinos is a technique to prevent

the sterile neutrinos being produced in the early universe.

The thesis is organised in five chapters as follows. In chapter 1, we give the intro-

duction of the thesis and the reason why we have chosen to work on it. In chapter 2,

we will review mesons and their main decays and the kaon physics. In chapter 3, we

will discuss deviation from SM predictions presented in B-decays and try to find the

explanations within is BSM framework. In chapter 4, we will discuss the new neutral

light gauge boson resulted in from the charged meson (π+, K+) and how it couples

to neutrinos. Finally , the summaries of the conclusion of the work are presented in

3



Chapter 5.

4



Chapter 2

REVIEW OF MESONS

The Standard Model (SM) of particles provides understanding of the principal natural

interactions (forces) which govern the matter-antimatter content of the universe. In

particle physics domain, a fundamental particle is a subatomic particle with no sub-

structure;i.e., it has no composition of other particles . Elementary particles include

fermions (leptons, quarks) and bosons (gauge bosons, Higgs boson). For ordinary

charged matter particles, there are corresponding anti-matter particles as was shown

in Quantum Field Theory (QFT) in Dirac formalism. Particles and antiparticles look

the same way, only differ in all charges. Fermions and bosons are distinguished by

their intrinsic spin. Fermions are those particles which are described by the Fermi-

Dirac statistics and generally have half odd integer spin (1
2
, 2

3
, 3

5
, ...). These particles

obey the Pauli exclusion principle where two or more identical particles cannot occupy

the same quantum energy state. Besides, they change sign whenever their position

becomes reversed. For instance, the operation of parity operator on their state func-

tions change sign. While Bosons are integer spin particles and obey Bose-Einstein

statistics. Here a collection of non-interacting and indistinguishable particles can

occupy a set of available discrete energy states. In this chapter we will discuss the

general overview of some elementary particles within the SM framework. We will

mainly focus on mesons, their decays modes but not all of them, we will be interested

especially on pions, kaons, D-mesons, and B-meson in which we will be restricted

on principal decay modes. We will show that the study of neutral mesons (K and

B-meson) and their oscillations provides constraints on the values of the elements of

the CKM matrix and allow CP violation to be studied in the quark sector.
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2.1 Fermions

In particle physics,as mentioned previously, fermions have half-integer spin and have

quantum numbers described by the Pauli-exclusion principle. They include leptons

and quarks. Leptons are primary particles, constituents of matter, which undergo

electromagnetic and weak (electroweak) interactions. The charged leptons only feel

such interaction while neutral ones and neutrinos undergo only weak interaction.

Furthermore, quarks are fundamental sub-atomic particles, constituents of hadrons.

In addition to electroweak undergone by leptons, they also feel strong interaction.

The strong forces found in quarks are mostly due to the presence of color charge

carried by each quark. There exist three types of color charges: red(r), green(g), and

blue (b) with their corresponding anti-colors. In quantum chromodynamic (QCD),

also called color field theory,color-charged particles interact via gluon exchanges, in

the same way, charged particles interact by exchanging photon (for electromagnetic

interaction) or W±, Z0 are gauge bosons (in weak interaction). Quarks are not found

as an isolated particle in nature, but they always in bound states(quark confinement)

and when combined, they form hadrons. They are twelve (12) fermionic particles(six

leptons and six quarks) and twelve corresponding anti-fermionic particles. Since the

whole subatomic structure is made of fermions(leptons(electrons) and quarks(protons

and neutron)), one can conclude that the fermions are the basic building blocks of

matter fields mediated by gauge bosons.

Fermions are classified in three generations according to how their masses increase

from one generation to another, see the tables(Tab2.1 and Tab12.2) belwow:

Table 2.1: Leptons [10]

Generation Particle Mass (GeV) charge (Q) interaction

First electron (e−) 0.000511 -1 electroweak
νe < 6.224× 10−9 0 weak

Second muon (µ−) 0.106 -1 electroweak
νµ < 89.78× 10−9 0 weak

Third tau (τ−1) 1.78 -1 electroweak
ντ < 368.7× 10−9 0 weak
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Table 2.2: quarks [11]

Generation Particle Mass(GeV) charge(Q) interaction

First down (d) 0.003 −1
3

strong and electroweak

up (u) 0.005 2
3

strong and electroweak

Second strange (s) 0.1 −1
3

electroweak and strong

charm(s) 1.3 2
3

strong and electroweak

Third top (t) 174 2
3

strong and electroweak

bottom(b) 4.5 −1
3

electroweak and strong

2.2 Bosons

As we have seen before, a boson is one type of the fundamental particles. Bosons

are divided into two groups: gauge bosons and scalar boson (see Tab2.3). The gauge

bosons have the spin of 1 and mediate the interactions between quarks and leptons.

The electromagnetic interaction is mediated by the exchange of virtual photons, the

weak charged-current interactions by the charged W± bosons, and weak neutral-

current interactions by Z0 bosons. The strong force is carried by eight different

massless and electrically neutral gluons. ( see Tab2.3 bellow :

Table 2.3: Forces and their mediators

Force Boson Symbol Mass(GeV) Spin

Strong gluon g - 1

Electromagnetic photon γ - 1

Weak Z-boson Z0 91.2 1

Weak W-boson W± 80.4 1

In 2012, the discovery of a scalar field with mass equal 125 GeV and zero spins

was announced. The Higgs boson is the scalar boson, which has no intrinsic spin

and plays an essential role in the SM by explaining the origin of mass of all particles.

The SM is characterized by the gauge symmetry group which is a combination of the

SU(3)C ⊗ SU(2)L ⊗ U(1)Y , where:
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the U(1) which corresponds to the photon is not the U(1)Y , but it is the combina-

tion which is left after the electroweak symmetry breaking, i.e. SU(2)L ⊗ U(1)Y →
U(1)emsymmetry;

SU(2)L: two-Component special unitary group, which describes the weak interac-

tions. This group has three generators of gauge symmetry, 1
2
σa , (a= 1,2,3) which are

represented as Pauli spin matrices, σa ,

SU(3): three-dimensional special unitary group, which describes the strong interac-

tions.

The symmetry has eight generators, which are associated with eight types of gluons

and represented as the Gell–Mann matrices, 1
2
λa.

The conserved charge associated with this symmetry is known as ”color charge”, C.

The SM prediction is that fermions and gauge bosons (W±, Z0) have to be mass-

less to preserve the electroweak gauge symmetry. However, the experimental results

demonstrated that measured masses for them are found to be non-zero. Therefore,

the electroweak gauge symmetry has to be broken involving the mechanism of spon-

taneous symmetry breaking, for them to acquire masses. The Higgs boson generates

the masses of the weak gauge bosons and fermions through the Higgs mechanism, in

which the local gauge symmetry of the SU(2)L ⊗ U(1)Y gets spontaneously broken

into the U(1)em symmetry of QED, while the U(1)em and SU(3)symmetries remain

unaffected after the symmetry is broken.

2.3 Mesons

Mesons are hadronic particles composed of quark anti-quark bound states (qq̄). The

neutrons and protons talk to each other by exchanging mesons, which guarantee

the two to live in together without basting due to the repulsion forces. Mesons feel

strong, weak, and electromagnetic forces. From the fact that a quark/antiquark has a

color/anti-color, they cancel out forming a neutral meson. On the other hand, three

colored quarks together form a baryon (for example proton and neutron, composed by

uud and ddu ,respectively ). In the constituent of the quark model, we treat a meson

as a quark-antiquark pair (qq̄), and then draw the same analogy to the electron-

positron (positronium system) e−e+ to understand the picture of meson total spin.

Since both q and q̄ have spin 1
2
, they combine to either total spin s = 0 or total

spin s = 1. Therefore, mesons are integer-spin particles and do not follow the Pauli

exclusion principle, the argument strongly supporting them to be bosons rather than

fermions. In addition to the total spin, we can have orbital angular momentum
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L between qq̄ pair.Then S and L can combine to total angular momentum J, with

J = L⊕ S and J takes the values | L− S | ,| L− S + 1 | ,...,| L+ S | [12].

2.3.1 Production modes

Mesons,like other particles can be produced by different means based on the kind

of process taken into consideration. High-energy nuclear collisions frequently yield

charged and neutral mesons as unstable reaction products. Charged pions (π±) de-

cay into positive and negative muons that decay in turn into relativistic electrons

and positrons. Neutral pions (π0) decay almost into two photons.The mesons are

produced in the proton-anti-proton reaction : p + p̄ → K+ + K̄0 + π− and in the

decay process of some heavy particles like :
∑
→ n + π. As other processes that

can result in meson generation, for example electron-proton(ep) deep scattering and

electron-positron (e+e−) annihilation (e+e− → qq̄) or ( e+e− → qq̄ g),(see Fig:2.1)

bellow.

.

Figure 2.1: Electron-positron annihilation [1]

Besides this,the earth’s atmosphere we are living in, is full of particles. For that rea-

son, neutrinos from the atmosphere (cosmic rays) are extraterrestrial neutrinos which

come from the collisions of the primary proton components of cosmic rays with the

earth’s atmosphere, giving rise to mesons. In turn, the mesons decay into muon and

a neutrinos.

The muons are the penetrating and energetic charged leptons of the cosmic rays spec-

trum that reach the earth . The neutrinos, even more penetrating particles, are muon

leptonic birth partners and decay products [13].

Nowadays, all the mesons can be copiously produced in high-energy collisions at

accelerators by strong interaction processes such as p+ p→ p+ n+ π+

9



2.3.2 Classification and Decay modes

There exist a huge number of mesons in nature, roughly 140 types of mesons have

been observed. They are classified according to their characteristic properties, such

as: masses, (heavier or lighter), strangeness, spin, parity, beauty,mode of production

and type of interaction. Before making a classification, let us define the following

important terms:

Strangeness is a quantum number assigned the value “-1” for quark and “+1” for

anti-quark. In general, (s= -1) is given to all particles and (s̄ = +1) to all antiparticles.

The zero value (s=0) is attributed to all other quarks which do not contain the strange

quark (s) in their content. It was introduced to a better understanding of the quark

structure of matter. It is a property describing a large group of strongly interacting

strange particles by taking into account to conservation law. A law of conservation of

strangeness states that the sum of the strangeness quantum numbers between reacting

particles or the quantum number of a decaying particle should be equal to the sum

of strangeness numbers of the reaction products or decay products. A violation of

the law might explain different decay rates of the products compared to their rates

of production. Note that the electromagnetic and strong interactions conserve the

strangeness and weak does not. It is symbolized by S and is given by: s = ns + ns̄,

where nsis the number of strange quarks (s) and ns̄, the number of strange anti-quarks

(s̄).

Bottomness or beauty is a quantum number reflecting particles containing bottom

quarks (nb) and bottom anti-quark (narb) in their quark content. b′ = nb + nb̄. The

value “-1” is given to the bottom quark and “+1” to the bottom antiquark.

Charmness is a flavor quantum number (symbol c) representing the number of charm

quarks nc and minus (”-”)charm anti-quark nc̄ that are present in a particle. Similarly

as the strangeness and beauty, the value “-1” is assigned to charm quark (c = −1)and

(c̄ = +1)to its conjugate. By convention the sign of flavor quantum numbers agree

with the sign of the electric charge carried by the quarks of corresponding flavors.

Branching ratio(or Decay fraction) we define the branching ratio (BR) as the

fraction of particles which decay by an individual decay mode with respect to the

sum of all decay channels, or simply the ratio of the partial decay constant to the

overall decay constant, (BR = Γi
Γtot

). A single particle can decays into many different

products with different values BR(A → B + C + D + ...) = Γ(A→B+C+D+...)
Γtot(A)

. This

means that the value of any decay proccess determines how much probable such

process can take place. The bigger BR is, the high probability of a decay process
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to occur among others in nature. We remember that the decay constant Γ or decay

width is the inverse of the average lifetime (Γ = 1
τ
) and the total partial decays sum

up to one (
∑

Γi = 1).

2.3.3 Light mesons: Pions

Pions are the lightest mesons, sometimes called unflavored mesons, are the lightest

bound states of all hadrons. The pion can be considered as one of the particles that

mediate the interaction between two nucleons (proton-neutron) within nucleus. The

interaction is attractive,ie., it pulls the nucleons together and is sometimes known as

non relativistic Yukawa interaction. Here proton and neutron communicate to each

other by exchanging pi meson for them to avoid the nucleus collapsing. In their quark

contents, pions do not have strange, charm and bottom quark (s = c = b = 0) and

they are formed by the 1st generation of quarks. Their quark contents are up(u) and

down (d) quarks as well as their corresponding anti-quarks.There exist 3 kinds of

pions (pi-meson): π± and π0 ( two charged π± and their neutral one π0 ).

The characteristic features of pions are:

Mass :mπ± = (139.57061± 0.00024) MeV

mπ0 = (134.9770± 0.0005) MeV

Electric charge: Qπ± = ±1e

Qπ0 = 0(neutral pion, not charged)

color charge: Qc = 0 (they do not decay via strong interaction)

Spin: S = 0 (zero spin for both π± and π0)

parity: (jp) = 0− (the intrinsic party of pi mesons is -1)

Mean lifetime: τπ± = (2.6033± 0.0005)× 10−8s

τπ0 = (8.55± 0.18)× 10−17s

Quark content: π− = ud̄, π+ = dū, and π0 = 1√
2
(uū− dd̄)

All mesons are unstable because of their short life time , they immediately decay into

other light particles just after being produced.

2.3.4 Decay modes of pions

In general, particle decay is a spontaneous disintegration of a subatomic particle with

the emission of energetic particles or radiation, such as electrons and neutrinos or

gamma-ray photons. In this process, the unstable particle transforms into numerous

other particles with masses, for each, less than the mother’s particle. The total mass

of the system must be conserved.
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A particle is unstable if there is at least one allowed final state that it can decay into.

Unstable particles often have multiple ways of decaying, each with its associated

probability. Decays can be mediated by one or several gauge bosons. The particles

in the final state may themselves be unstable and subject to further decay. It may

happen that the end products are not pieces of the starting particle, but new particles.

For the lightest mesons, which have zero orbital angular momentum ( J = 0), the

total angular momentum J is determined by the spin state alone . Consequently the

lightest mesons divide into the J = 0 pseudoscalar mesons ( These include: pions,

kaons, and eta) and the J = 1 (the vector mesons: rho, star-kaons(K∗), omega(ω),

and phi (φ), respectively with s = 0 and s = 1 In this section, we discuss different

decay modes of mesons.

2.3.5 Decays of charged pions

The π±-pions decay via weak interaction and they are mediated by W± gauge bosons.

By looking at the measured lifetime of π±-pions, stated above, it abivious that they

live longer that the neutral pion Because Mesons (pi-mesons) are the lightest among

all the hadrons, they decay mostly into leptons as final bound states. The reason

why their decay modes are referred to as leptonic decay. If a pion decays by emitting

photons, this phenomenon is called radiactive decay. The following are the main de-

cay modes of charged pions with their BR :

π± → µ±νµ, BR(π± → µ±νµ) = 99.9877%

π± → e±νe, BR(π± → e±νe) = 1.23×10−4

π± → µ±νµγ, BR(π± → µ±νµγ) = 2.00×10−4

π± → e±νeγ

π± → π0e±νe

π± → e±νeν̄ν.

[source:Http://pdg.ibl.gov].

From these results of branching ratio, it was seen that the π± mostly decay into

muon, muon neutrino rather than into electron and electron-neutrino. The pion has

spin zero; therefore the lepton and the antineutrino must be emitted with opposite

spins in order to preserve net zero spin and conserve the total angular momentum.

However, we know that neutrinos are always right-handed particles, their correspond-

ing antineutrinos must be left handed. Hence the lepton will be emitted with spin

in the same direction as its momentum (rightward). Further more, for any decaying

process, the dominant decay is identified because of how massive the decay products
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are. This could be the reason why BR(π± → µ±νµ) = 99.9877% is much greater than

BR(π± → e±νe) = 1.23× 10−4.

Again it is obvious that the branching ratio of a radiative decay modes of pions are

comparatively small. This is because if we have more particles in final state, then we

will have suppression by the coupling of new particles. In this case the new particle is

photon and the coupling is the electron (e). Hence, at mathematical point of view,the

decay rate is proportional to
e2G2

F

64π2 , with GF is a Fermi coupling constant and 64π, a

phase constant.

2.3.6 Neutral pion

The neutral pion (π0) decays via electromagnetic interaction (one-loop decay) and

decays mainly into photons, it is totally radiative decay.

π0 → 2γ,BR(π0 → 2γ) = (98.823± 0.034)%

π0 → γ + e+ + e−, BR(π0 → γ + e+ + e−) =(1.174± 0.035)%

The Feynmann diagram associated to the neutral pion decay (the first chanel

above) (is shown in Fig:2.2 bellow):

Figure 2.2: Neutral pion decay

By comparing the measured mean lifetimes of π± and π0, we see that the π±

live much longer than π0, τπ± > τπ0 . This is the reason why the π± decays via

weak interaction while π0 decays via electromagnetic interaction. The mass splitting

between these mesons is less than 5%.

2.3.7 Isospin

The isospin (I), is a quantum number that is assigned to particles which share al-

most common properties(likethe same mass, fell the interaction) and differ in some

others, like charges. Its description is quite similar to that of usual spin, except that

it does not couple with ordinary angular momenta as spin does. Here, we introduce
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the concept of isospin because of the nearly identical masses of π± and π0. The in-

volved symmetry is SU(2) flavour symmetry or isospin. The three pions belong to

the triplet representation of SU(2), two doublet of π± and singlet of π0. The isospin

operator I, like the ordinary spin operator, is a vector quantity with three compo-

nents Ix, Iy, Iz, which are its coordinates in the three-dimensional vector space in

which the 3-representation acts. Two quantum numbers I (for total spin) andI3 are

used to characterised flavor states. The second quantum numberI3 is an eigenvalue of

the Iz projection. The Iz projection is not arbitrary as in the case for ordinary spin

but a projection for which the flavor states as eigenstates ie., each I3 state describes

a specific flavor of the multiplet. The third coordinate (z), corresponding to the 3

subscript, is chosen due to notational convention which connects bases in 2 and 3

representation spaces. As we have seen, I3 = 1
2
σ3. The operation of I3 on quark-

antiqaurk gives: I3(u) = 1
2
, I3(ū) = −1

2
, I3(d) = 1

2
, I3(d̄) = −1

2
. Since I3 is additive

quantum number(in analogy with angular momentum), I3(π+) = 1, I3(π−) = −1,

and I3(π0) = 0.

2.3.8 Rho mesons

A rho meson is a short-lived hadronic particle that is an isospin triplet whose three

states are denoted as ρ± and ρ0. After the pions and kaons, the rho mesons are the

lightest strongly interacting particle, with a mass of (775.26± 0.25) MeV for all the

three states (ρ± and ρ0). Sometimes it denoted as ρ(770) to imply its mass. The rho

meson has the same quark composition as the pion.

In the description of rho mesons, De Rujula–Georgi–Glashow, defined the rho meson

as a bound state of anti-quark and quark and an excited state of the pion. It is like

the pion, except that the rho meson has spin s = 1. It is a vector meson, meaning

that its spins are aligned/parallel) and very massive compared to pion (about five

and half times). This difference in between the pions and rho mesons is attributed

to a large hyperfine interaction (the energy levels of atoms, molecules, and ions, due

to interaction between the state of the nucleus and the state of the electron clouds)

between the anti-quark and quark. It is known that the hadron masses depend upon

the dynamics inside the particle, and not just upon the quarks contained. The rho

mesons have a very short lifetime (τ = 4.5× 10−24sec)and their decay width is about

149 MeV which means that it is very faster. The primary decay modes of the rho

mesons is to a pair of pions (ρ → ππ) with BR of 99.9%. It is colorless and decays

14



via strong interaction [14].

The other decays are listed below: [source:Http://pdg.ibl.gov].

ρ± → π±γ, BR(ρ± → π±γ) = (4.5± 0.5)× 10−4

ρ± → π±η, BR(ρ± → π±η)= (6× 10−3

ρ0 → π±γ, BR(ρ0 → π±γ) = (9.9± 1.6)× 10−3

ρ0 → π0γ, BR(ρ0 → π0γ) = (4.7± 0.6)× 10−4

ρ0 → µ±, BR(ρ0 → µ±) = (4.55± 0.28)× 10−5

2.3.9 Eta meson

The (η)-meson is an iso-singlet that is made of a mixture of up, down and strange

quarks and their antiquarks, η = 1√
6
(uū + dd̄ − ss̄). It a neutral pseudo-scalar (zero

spin, negative parity, zero electric charge,zero strangeness,and zero hyper charge ).

The mass of eta meson is, mη = 547.862±0.017 MeV and the mean life time of about

(5.0±0.3)×10−19sec. The full width Γ = 1.31±0.05 KeV. The eta meson undergoes

all interaction forces, but decay mainly via weak or electromagnetic interaction. The

following are the main decays of eta meson: [15], [16].

η → 2γ, BR(η → 2γ) =(39.5± 0.2)%

η → 3π0, BR(η → 3π0) = (32.24± 0.29)%

η → π±π0, BR(η → π±π0) =(22.92± 0.28)%

η → π±γ, BR(η → π±γ) =(4.22± 0.8)%

η → π0γγ

η → π0π0γγ

η → 4γ.

2.3.10 Strange mesons

The strange mesons, also known as K-mesons, are formed by the 2nd generation of

quarks and contain a strangeness (s = ±1) as their characteristic quantum number.

One can wonder why these are called strange particles.

To answer this question, we can have a look at the properties of the strange par-

ticles. So far, strange particles present some unusual properties. It has observed

that most of the time, Kaons are produced in pair via strong interaction. Scientists

have suggested that they carry some new charge,strangeness. When they decay into

other light mesons which do not have strangeness, they decay weakly and violate the

strangeness but electromagnetic and strong interactions do not (see section 1.3.2).
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The following are examples of reactions involving kaons :

π− → K0 + Λ0 and p + p̄ → K+ + K̄0 + π− are allowed because they conserve the

strangeness number but π− + p→ K0 + n is not allowed [11].

Where lambda (Λ) is a strange particle while proton p, neutron n, and pion (π−)are

not strange. The production of strange particles, in general, is not a result of the

interaction of pions with protons and neutrons in natural cosmic processes (in the

atmosphere) as it happens for other particles, but they were created and decayed

through an artificial mechanism (reactors accelerator or/ and colliders). Like pions,

there are three (3) types of K-mesons, two charged (K±)and a neutral one (K0).

The characteristic features of kaons are:

mass m = (493.6770± 0.016)MeV

Electric charge Q = ±1e

spin = 0

stranges = ±1

parity: (jp) = 0−

Mean lifetime: = (1.23800± 0.0020)× 10−8s

Quark content: sū, us̄

For neutral kaons, K0 (not charged), there exist two types according to their mean

lifetime, short- and long-lived kaons (KS, KL ). The ratio of their lifetimes is about

571 ( τL
τS
≈ 571) Concerning the characteristics of neutron kaons, they share the same

strangeness, spin, parity with the charged ones, and differ in lifetime, mass and quark

content:

τK0
L

= (5.15± 0.14)× 10−8s

τK0
S

= (8.934± 0.02)× 10−11s

mass m = (497.440± 0.05)MeV

Quark content: sd̄, ds̄

2.3.11 Decay modes of kaons

Charged kaons (K±)

Kaons are the lightest hadrons that have a strange quantum number. They are

unstable and decay weakly. The main decay products of charged kaons are pions,

leptons, and /or photons. Hence, we will consider: leptonic decay, semi-leptonic

decay, and hadronic decays or decays with ll̄ pair (l-lepton).
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Leptonic and semi-leptonic modes

In these decay processes, the decays products are either pure leptons (leptonic) or

mixture of leptons and hadrons (semi-leptonic) [source:Http://pdg.ibl.gov] and

some other decays can be found in the ref [17].

We have:

K± → e±νe, ν̄e, BR(K± → e±νe, ν̄e) = 1.582× 10−5

K± → µ±νµ, ν̄µ , BR(K± → µ±νµ, ν̄µ)= 63.56%

K± → π0µ±νµ, ν̄µ , BR(K± → π0µ±νµ, ν̄µ) = 3.352%

K± → π0e±νe, ν̄e, BR(K± → π0e±νe, ν̄e) = 5.07%

K± → π±µ±νµ, ν̄µ

K± → π±e±νe, ν̄e

Hadronic modes

[17]

K± → π±π0, BR(K± → π±π0) = 20.67%

K± → π+π+π−, π−π−π+, BR(K± → π+π+π−) =1.76%, BR(K± → π−π−π+) =

5.583%

Leptonic and Semi-leptonic modes with photons

K± → µ±νµγ, BR(K± → µ±νµγ) = 6.2×10−3

K± → π0e±νeγ, BR(K± → π0e±νeγ) = 2.56×10−4

K± → π0µ±νµγ

Hadronic modes with photons

K± → π±π0γ, BR(K± → π±π0γ) = 6.0 ±0.4× 10−6

K± → π±γγ, BR(K± → π±γγ) = 1.010 ±0.6× 10−6

K± → π±π0mπ0γ

K± → π+π+π−γ, π−π−π+γ

Leptonic modes with ll̄ pairs

K± → e±νeνν̄, BR(K± → e±νeνν̄) = 6× 10−5

K± → µ±νµνν̄

K± → e±µ+µ−
K± → µ±νµe

+e−
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2.3.12 Neutral kaons

[source:Http://pdg.ibl.gov].

They were essential in establishing the foundations of the Standard Model of par-

ticle physics, such as the quark model of hadrons and the theory of quark mixing.

Kaons have played a distinguished role in our understanding of fundamental conser-

vation laws: CP violation, a phenomenon generating the observed matter-antimatter

asymmetry of the universe, was discovered in the kaon system in 1964.

For every neutral kaon (K0), there is its conjugate kaon (K̄0). The two neutral kaons

are distinguished by their modes of production while short(KS)and long(KL) kaons

are distinguished by their decays modes. KS primarily decays in two pions, while KL

decays primarily into three pions as it is shown in the decays below of this section.

Like charged kaons, neutral kaons also decay weakly with leptons or pions as their

decay products. Their decays may be accompanied with photon or pairs as we did

for charged K-mesons.

Short-neutral kaon(K0
S)

Different neutral types of neutral (short) kaon decays are listed below with branching

ratios Hadronic modes

K0
S → π0π0, BR(K0

S → π0π0) =(30.69± 0.05)%

K0
S → π±, BR(K0

S → π±) =(69.20± 0.05)%

K0
S → π±π0, BR(K0

S → π±π0) =(3.5± 0.1)× 10−7

Hadronic modes with photons

K0
S → π±γ, BR(K0

S → π±π0, BR(K0
S → π±γ) = (1.79± 0.05)× 10−5

K0
S → π0γγ

K0
S → π±e+e−

K0
S → π±e±νe

Long-neutral kaon(K0
L)

Similarly to short neutral kaons, also different neutral types of neutral (long) kaon

decays are listed below with branching ratios Hadronic modes

K0
L → π0π0π0, BR(K0

L → π0π0π0) =(19.52 ± 0.12 ) %

K0
L → π±π0, BR(K0

L → π±π0) =(12.54± 0.05)%

semi-leptonic mode and /or with a photon

K0
L → π±e±νe, γ, BR(K0

L → π±e±νe) =(40.550.11)%
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K0
L → π±µ±νµ, γ, BR(K0

L → π±µ±νµ) = (27.04± 0.07) %

Hadronic modes and /or with a photon

K0
L → π0π0π0γ

K0
L → π±γ

K0
L → π02γ

K0
L → π0γe+e−

2.3.13 Charmed mesons

The charmed mesons, also denoted D-meson, are the lightest particles containing

charm quarks (c = ±). If they have the strange quark in their composition, then they

are called the strange D-mesons (Ds with S = ±1) and they are always charged. They

feel all forces (strong, weak, and electromagnetic interactions), they are included in

the family of heavy quarks because they contain c-quark. The symbolical list of D-

mesons and their quark-content are given bellow:

D± = cd̄/dc̄, D0/D̄0 = uc̄/cc̄, D±s = cs̄/sc̄

they are massive and short-lived compared to kaons as shown by the following exper-

imental values of rest masses and lifetimes:

m = (1869.4± 0.5)MeV and τ = (1040± 7)× 10−15s (for charged D-mesons)

m = (1864.6± 0.5)MeV and τ = (410.3± 1.5)× 10−15s (for neutral D-mesons)

m = (1968.47± 0.30)MeV and τ = (490± 9)× 10−15s (for strange D-mesons)

2.3.14 Decays modes

Since D-mesons are heavier compared to pions and kaons, they decay into either

leptons or hadrons. Therefore, in D-mesons, one can have leptonic, hadronic, pionic,

or semi-leptonic decays. Each D-meson decay differently from one another. Here is

the list of decays:

Charged D-mesons

leptonic and semi-leptonic decay

D± → µ±νµ, BR(D± → µ±νµ) = (3.74± 0.17)× 10−4

D± → K̄0e±νe, BR(D± → K̄0e±νe) = (8.76± 0.17)%

D± → K±π∓e±νe, BR(D± → K±π∓e±νe) = (4.02± 0.18)× 10−4

D± → K±π±e∓νe

D± → K±π∓µ±νµ

19



hadronic decay

D± → K̄0π±, BR(D± → K̄0π±) = (1.562± 0.031)%

D± → K±π±π±, BR(D± → K±π±π±)= (9.32± 0.016)%

D± → K̄0K±K±π±

pionic decay

D± → π±π0, BR(D± → π±π0)= (1.247± 0.033)× 10−3

D± → π±π±π∓, BR(D± → π±π±π∓)= (3.27± 0.18)10−3

D± → ρ0π±

Neutral D-mesons

Semi-leptonic modes

D0 → K∓π±e±νe, BR(D0 → K∓π±e±νe) =(3.542± 0.035)%

D0 → K∓π±µ±νµ, BR(D0 → K∓π±µ±νµ) =(3.41± 0.04)%

D0 → K∓π0e±νe

D0 → K∓π±e±νe

hadronic modes

D0 → K∓π±, BR(D0 → K∓π±) =(3.950± 0.031) %

D± → K̄0
Sπ

0, BR(D± → K̄0
Sπ

0)= (1.240± 0.022) %

D± → K̄0π±

D0 → K∓π±π0

pionic modes

[source:Http://pdg.ibl.gov].

D0 → 2π±, BR(D0 → 2π±) = (1.455± 0.024)× 10−3

D0 → 2π0

D0 → ρ±pi±,BR(D0 → ρ±pi± ) = (1.01± 0.04) %

D0 → ρ0pi0, BR(D0 → ρ0pi0) = (3.86± 0.023)10−3

D0 → 2π±π0

radiative modes

D0 → ρ0γ, BR(D0 → ρ0γ) = (1.82± 0.32)× 10−5

D0 → ωγ

D0 → φγ

D±s -Mesons

The main decays of charmed-strange mesons are:

leptonic modes

D±s → µ±νµ ,BR(D±s → µ±νµ) =(5.49∓ 0.16)× 10−3

D±s → τ±ντ ,BR(D±s → τ±ντ ) =(5.48± 0.23)%

hadronic decays
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D±s → K±K̄0
S ,BR(D±s → K±K̄0

S) =(1.46± 0.04)%

D±s → K±K∓π± , BR(D±s → K±K∓π±) =( (5.39± 0.15)%

D±s → ρ±φ , BR(D±s → ρ±φ) =(8.4± 1.9)%

D±s → 2π±π∓

D±s → ρ±π∓
[source:Http://pdg.ibl.gov].

2.3.15 Bottom mesons : B-Mesons

The B mesons are bound states of a bottom quark (b = ±1)and a light antiquark

,either an up, down or strange quark. If they contain a strange quark, they are called

bottom-strange mesons (s = ±1) or charmed B-mesons. If they contain charm quark

(c = ±1). B mesons are the only mesons containing quarks of the third generation and

thus their decays provide a unique opportunity to measure the Cabibbo-Kobayashi-

Maskawa (CKM) matrix elements and the B − B̄ mixing phenomenon as will be

discussed in the last section of this chapter. According to their quark content, we

have 4 types of B-mesons, (see Tab:2.4)

Table 2.4: characteristics of B mesons

Particle Rest mass (GeV) Lifetime (×10−12s) Charge (e) Parity Quark content

B∓ 5.279± 0.0005 1.671± 0.0181 ±1 -1 ub̄/bū

B0/orB̄0 5.2794± 0.00005 1.536± 0.014 0 -1 db̄/bd̄

B0
s/orB̄

0 5.3696± 0.0024 1.461± 0.057 0 -1 sb̄/bs̄

B∓c 6.4± 0.4 0.46± 0.18 ±1 -1 cb̄/bc̄

Decay Modes of B-Mesons

Because B-meson has a heavier quark which belongs to the third generation, their

final state products may include all other quarks. The B-mesons can only decay via

the weak interaction. The B-meson decays play an important role in particle physics

because they allow the experimental determination of the CKM parameters, the study

of CP violation as well as the transition flavor of quarks that leads to the New Physics

beyond the standard model. We classify the main B-decay modes as follow:
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leptonic and semi-leptonic modes

B∓ → l±νl, BR(B∓ → l±νl) = (10.99± 0.28)% with l any lepton

B∓ → π0e±νe

B∓ → e±νe, BR(B∓ → e±νe) <9.8× 10−7

B∓ → µ±νµ, BR(B∓ → µ±νµ ) <1.0× 10−6

B∓ → µ±νµγ, BR(B∓ → µ±νµγ ) <3.4× 10−6

D-modes

B∓ → D̄π±, BR(B∓ → D̄π±)= (4.68± 0.13)× 10−3

B∓ → D̄ρ±, BR(B∓ → D̄ρ±) = (1.34± 0.18)%

B∓ → D̄K±

B∓ → D∓π±π∓

B∓ → D∗(2010)±K±π∓π∓π±π0 , BR(B∓ → D∗(2010)±K±π∓π±π∓, π0) =(1.5 ±
0.7)%

B∓ → D∓s φ, φ(ss̄)→ K±π±π0

Charmonmium modes

B∓ → ηcK
± ,BR(B∓ → ηcK

±)=1.06± 0.09)× 103 , ηc → K0
sπ
±π±

B∓ → ψπ∓, BR(B∓ → ψπ∓) =1.006± 0.027)× 10−3, ψ(cc̄) = J/ψ → µ±, e±

B∓ → ψK∓

B∓ → ψK0π∓

K-modes

B∓ → K0π±, BR(B∓ → K0π±)= 2.37± 0.08)× 10−5

B∓ → K±π0, BR(B∓ → K±π0)= (1.29± 0.05)× 10−5

B∓ → K0π±
B∓ → ηK±

B∓ → K0ρ0

B∓ → K±φ

B∓ → K0π±π0γ

Baryon modes

B∓ → pp̄

B∓ → pp̄π±, BR(B∓ → pp̄π±) =(2.87± 0.19)× 10−6

B∓ → pp̄π±

B∓ → pp̄K0

B∓ → pΛ̄π−

B∓ → pΛ̄Σ̄π−

[source:Http://pdg.ibl.gov].
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The B0/B̄0 -Decays

D-modes

B0 → l±νlx, BR(B0 → l±νlx) =(10.33± 0.28)% with x any element

B0 → D±π∓, BR(B0 → D±π∓) =(2.52± 0.13)× 10−3

B0 → D±ρ∓, BR(B0 → D±ρ∓) = (7.6± 1.2)× 10−3

B0 → D±K∓

B0 → D±D∓s

B0 → D̄0π±π∓

K-modes

B0 → K±π∓ , BR(B0 → K±π∓) =(1.96± 0.05)× 10−5

B0 → K±K0

B0 → K0ρ0 , BR(B0 → K0ρ0)= (3.4± 1.1)× 10−6

B0 → K∗(892)±π± , BR(B0 → K∗(892)±π±)= (7.5± 0.4)× 10−6

B0 → K±π∓π0

B0 → ηK0

B0 → K0K̄0

B0 → K0φγ

B0 → K∗γ

B0 → 3K0
s

Charmonmium modes

B0 → ηcK
± , BR(B0 → ηcK

±) = (1.06± 0.09)× 10−3

B0 → ψK0

B0 → ψK∓π∓

B0 → ψK±π∓

B0 → ψρ0

B0 → ψω
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2.4 CP Violation in Neutral Kaon and B-meson

systems

A group led by V. Fitch and J. Cronin in 1964 was the first detect a violation of CP

symmetry. they discovered this violation in the decays of ‘neutral kaon’ particles. The

phenomenon of CP violation allow us to distinguish between matter and antimmater

as mentioned by by A. Sakharov in 1967 and also provides the necessary ingredients

for explain why there is more matter than antimatter in the universe (see ref [18]).

The phenomenon of CP violation is incorporated in the Cabibbo-Kobayashi-Maskawa

(CKM) matrix, which describes the weak interactions between the quarks. The weak

interactions between quarks are described by coupling constants that are functions of

three real parameters and one irreducible complex phase. This last one is responsible

for CP asymmetry [19].

Firstly, the CP violating effects were observed in K-meson systems where the differ-

ence in mean lifetimes of neutral short-long kaons can be thought of as the source.

However, the most experimental and theoretical developments revealed its occurrence

in B-system. The K0 − K̄0 and B0 − B̄0 mixing mechanisms are the convincing ev-

idences of CP violation. There are three types of CP violations: the cp violation in

decays in mixing and in interference

We remember that the discrete symmetry operators in particle physics are C, P, and

T, where C stands for charge conjugation (swapping particles for their anti-particles),

P for parity reflection (space reflection through the origin), and T for time reversal.

The symmetry operators P and C is linear and unitary in nature, while T is anti-

linear and anti-unitary.

Even though the two basic symmetries P and C which both are violated maximally

in the weak interaction, there is a certain very strong reason that requires the com-

bination of all three to be a symmetry of nature (CPT symmetry Theorem). This

is such a basic requirement that it is hard to imagine any theory in particle physics

which does not conform to this symmetry.

[20]

2.4.1 Measurements of CKM parameters

Later after the discovery of the cp violation in K meson system within the mixing

process, different strengths coupling were identified(violation of leptonic universality
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of strength coupling). The difference in coupling strengths was explained by Cabbibo

hypothesis. In the Cabbibo mechanism, the weak interaction of quarks can be de-

scribed in terms of unitary CKM matrix, where it relates the weak eigenstates to the

mass eigenstates as follow: d
′

s′

b′

 = VCKM

ds
b

 (2.1)

with

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (2.2)

a 3× 3 unitary matrix parametrazed by 3 angles (Cabbibo angles) and one complex

phase responsilble for Cp violating phenomena in SM. The standard choice of such

matrix is

VCKM =

1 0 0

0 c23 s23

0 −s23 c23


 c13 0 s13e

−iδ13

0 1 0

−s13e
−iδ13
13 0 c13


 c12 s12 o

−s12 c12 1

0 0 1

 (2.3)

with sij = sinθij and cij = cosθij,(i, j = 1, 2, 3).The magnitudes of all CKM elements

were determined experimentally and found to be:[11],[20]

VCKM =

0.97446 0.22452 0.00365

0.22438 0.97359 0.4214

0.00896 0.04133 0.99911

±
 0.0001 0.00044 0.00012

0.00044 00011 0.00076

0.00024 0.00974 0.00003

 (2.4)

There is another frequently method of VCKM parametrisation, known as Wolfentein

Parametrisation process.In this parameterisation, VCKM is written as

VCKM =

 1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) (2.5)

In this case, when the value of η is different to zero, then the system violates CP

symmetry.
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CP Violation in Neutral Kaon systems

Before the 1964 experiments of the Fitch and Cronin group all measurement has CP-

symmetry including those involving the weak interaction. CP symmetry was sed to

explain the large difference between the lifetime of K0
L and K0

S particles. The 1964

experiment by Christensen, Cronin, Fitch and Turlay changes. In this section, we

will discuss the mathematical proof of cp violation in the neutral kaon system. The

K0 and K̄0 are the eigenstates of the strong interaction and are referred to as the

flavour states. Since they are the lightest hadrons containing strange quarks, only

decays to final states with either leptons or pions are kinematically allowed. The weak

interaction also provides a mechanism whereby the neutral kaons can mix through

the K0 ↔ K̄0 box diagrams, (Fig:2.3)bellow:

Figure 2.3: K-mesom box mixing diagram

The source of K0 ↔ K̄0 mixing mechanism comes from the fact that they have

the common 2π0 decay products (K0 ↔ π0 ↔ K̄0).

In quantum mechanics, the physical states are the eigenstates of the free-particle

Hamiltonian. These are the stationary states. Here because of the K0 ↔ K̄0 mixing

process, a neutral kaon that is produced as a K K0 will develop a K̄0 component.

For this reason, the K0-K̄0 system has to be considered as a whole. The physical

neutral kaon states are the stationary states of the combined Hamiltonian of the K0-

K̄0 system, including the weak interaction mixing Hamiltonian. Consequently, the

neutral kaons propagate as linear combinations of the K0 and K̄0. These physical

states are known as the K-long ( K0
L) and K-short (K0

S) which are observed to have

very similar masses, but quite different lifetimes.

The K0
S and K0

L mainly decay to hadronic final states of either two/three pions or

to semi-leptonic final states with electrons or muons. For the hadronic decays, the

K0
S decays mostly to final states, whereas the main hadronic decays of the K0

L are

to πππ final states. The operation of CP on K0
S and K0

L give different eigenvalues,

CP(π0π0) = ±1 and CP(π0π0π0) = −1. If CP were conserved, the two neutral kaons

would organize themselves into CP-eigenstates; i.e., if CP was an exact symemtry of
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the weak interaction, the K0
S ≡ K1, K0

L ≡ K2 would be cp eigenstates of the neutral

kaon system, one can write

|K0
S >≡ |K1 >=

1√
2

(|K1 > +|K1 >) (2.6)

.

|K0
L >≡ |K2 >=

1√
2

(|K1 > −|K1 >) (2.7)

To understand well the physics of the neutral kaon system, it is necessary to consider

the quantum mechanical time evolution of the combined K0-K̄0 system . Assuming

that there no mixing,the state would evolve in tine as

|K0(t) >= |K0e−i(m+ iΓ
2

)t > (2.8)

where m is the mass of the particle, Γ = 1
τ

means that the probability density decays

away exponentially. In this picture the Schrodinger’s equation looks like:

i∂

∂t
|K0(t) >= (m− iΓ

2
|K0 > e−i(m+ iΓ

2
)t (2.9)

(~ = c = 1, natural unities). Equivalently we have

Ĥ|K0(t) >= (m− iΓ

2
|K0(t) > (2.10)

The mass m in the effective Hamiltonian of equation (2.10) includes contributions

from the masses of the constituent quarks and from the potential energy of the system.

Taking into account for the total Hamiltonian of the standard model, the mass m can

be evaluated up 2nd order in perturbation theory as

M = md+ms̄+ < K0|ĤQCD+ĤEM +ĤW |K0 > +
∑
j

< |K0||ĤW |j >< j||ĤW |K0 >

Ej −mk

(2.11)

where md +ms̄+ < K0|ĤQCD + ĤEM + ĤW |K0 >≡M . The last term in the expres-

sion (2.11) comes from the small second-order contribution to the weak interaction

potential from mixing. The decay rate (Γ) is given by the Fermi-Golden rule

Γ = 2π
∑
f

< f |ĤWK
0|2 > ρf (2.12)

with |f > , ρf are final states and density of states for that decay respectively.
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But in generally,the neutral kaon state must include both K0 and K̄0. Therefore the

general state can be written as

ψ(t) >= a(t)|K0 > +b(t)|K̄0 > (2.13)

where a and b are eigenstates satisfying the normalization condition |a|2 + |b|2 = 1.

Now the Schrodinger’s equation becomes

i
∂

∂t
ψ(t) = Hψ(t) = (M − iΓ

2
)ψ(t) (2.14)

With the effective Hamiltonian given by :

H =

(
M11 − i

2
Γ11 M12 − i

2
Γ12

M21 − i
2
Γ21 M22 − i

2
Γ22

)

The above effective Hamiltonian is not Hermitian because of the presence of a complex

number (i) and it separately composed by two matrices, M (mass matrix) and Γ, decay

matrix that accounts for the decay of states ψ(t) respectively

H =

(
H11 H12

H21 H22

)
= M + (

−i
2

)Γ =

(
M11 M12

M21 M22

)
− i

2

(
Γ11 Γ12

Γ21 Γ22

)

Assume the off-diagonal terms of the Hamiltonian H account for the interference

between the decays of the |K0 > and |K̄0 > components of K(t) differ to zero and

the diagonal elements,H11 and H22 are real numbers. Similarly, M11 and H22 are real

numbers. The CPT invariance requires that H11 = H11, implying M11 = M11 and

Γ12 = Γ21. Noticing that both M and Γ being hermitian with nonzero off diagonal

elements, Γ12 = Γ∗21 and M12 = M∗
21. Solving the eigenvalue equation,

H − λI = 0 (2.15)

and

H

(
α

β

)
= λ

(
α

β

)
(2.16)

One can find the eigenvalues and eigenstates of Hamiltonian, say λ and

(
α

β

)
respec-
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tively. The solution of equation 2.15 for (eigenvalues) is:

λ∓ = ±
√
H12H21 (2.17)

Substituting equation 2.17 into 2.15, we find the eigenvectors take the form

ψ∓ ∝

 1√
H12

H21

 (2.18)

. we impose a condition such that :

β

α
= ±ξ ≡ ±

√
M∗

12 − i
2
Γ∗12

M12 − i
2
Γ12

(2.19)

with
√

H12

H21
=

√
M∗12−

i
2

Γ∗12

M12− i
2

Γ12
.

After diagonalising the new Hamiltonian,the time dependent states look like

ψ(t) =
1√

1 + |ξ|2
(K0 ± ξK̄0)e−iλ±t (2.20)

The experiments showed that ξ 6= 1 which proves the CP violation in neutral K-

mesons.

CP violation in B-meson

In the previous section, we discussed the CP violation in K-meson system. Likewise,

the CP violating effects have been revealed in the B-meson system. B mesons are

particles component of heavy (b) quark, and a lighter (u,d, or s) antiquark. The

heavy particles are produced solely in high-energy reactions and decay with a life-

time of about (10−12) seconds. The neutral particles of this family, are B0
d and B0

s

particles, the subscript indicate the antiquark flavour and undergo mixing with their

corresponding antiparticles in a way similar to that used in the neutral kaon. This

mixing, coupled with possible CP violation occurring in the decay amplitude, leads

to a possibility of CP asymmetry in B mesons decay. However, since they are heavier,

there are many channels for B-meson decay compared to kaons. So their experimental

exploration is both richer and more difficult. Three CP violation effects haven seen:

decay, mixing and interference-effect.

CP violation in decay or Direct cp violation. This kind of CP violation is said
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to occurs if the decay rate of ot the B to a final state f is different from the decay

rate of an anti-B to the CP-conjugated final state f̄ : Γ(B0 → K+π−) differs from

Γ(B̄0 → K−π+),implying that the ratio of amplitude is not unit.

CP violation in mixing (or Indirect CP violation). In this case the oscillation

from anti-meson to meson is different from the oscillation from meson to anti-meson

,ie., Probability(B0 → B̄0) differs from Probability (B̄0 → B0);

CP violation in interference. This kind of CP violation is characterised by decays

to a final state which is common for both the B0 and B̄0 -meson.

The B-box diagram is shown (in Fig : 2.4) below:

Figure 2.4: B-meson box mixing diagram

The most focus at present is in the area of B-meson decay. The expectation of

large CP asymmetry in the B-meson system pushed the will of B-factories construc-

tion (B-factory means an accelerator, which produces a lot of B-meson). In this

regard, two B-factories, KEKB at KEK in Japan and PEPII at SLAC in the US,

were built [21]. We have already established many examples of B-meson decay modes

(see section 2.3.12).

The mixing phenomenon in the neutral B-meson and its conjugate, B0 − B̄0, de-

caying as: (B0 ↔ B̄0 → ψK0
S) causes the interference between two different phase

amplitudes. This provides a single CP violating angle, β rather than δ in K-system

(in CKM). The value of sin2β has been very accurately determined by the BaBar

and Belle experiments [20], [18]. The experimental measurements showed that the

measured value of sin2β = 0.679 ± 0.20, that is β = 21o. This is indeed a large cp

violating effect evidence of the neutral B mesons. Having measurements of nonzero

values of |ξ| and β separately implies that η 6= 0 and hence all CKM elements are

determined. Therefore the Wolfenstein parameters are determined, comparing (2.4)

and (2.5), to be: [22],[11].

λ = 0.225± 0.007
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ρ = 0.13± 0.02

A = 0.811± 0.012

η = 0.345± 0.0014

The experimental measurements in this section provide a strong test of the SM predic-

tion that CKM unitary constraint is almost closed. Any deviation from this prediction

would be describing physics beyond the SM. In addition the dominance of matter of

the universe seems to require a new source of CP violation because it appears that

CP violation of the six-quark model is too small to explain matter dominance.
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Chapter 3

B-MESON ANOMALIES AND

THEIR EXPLANATIONS

3.1 Review of B-meson

In the previous chapter we discussed the B-mesons but before we go forward let us

have again a short review of beauty mesons. In the ordinary pattern of three fermions

and quark families, beauty (B) and top quarks belong to the third generation. Because

of the top quark’s mass is large, B mesons are supposed to be the only weakly decaying

mesons containing quarks of the third generation [23], apart from the excited states

like B∗2(5747)+, B∗2(5747)0, B∗J(5970)+, B∗J(5970)0 which can decay strongly, see PDG.

The hadronic B meson decays occur primarily through the transition between the 3rd

heavier quark and the lighter quark, b → c (Cabibbo favoured) or b → u (Cabibbo

suppressed). This transition is governed by the CKM mechanism which describes the

couplings between the two quarks. All B-meson decays that do not involve the usual

transition (said above) are known as rare B decays (b → s and b → d). Rare decays

involve Flavour Changing Neutral Currents (FCNC) through quantum loops, allowing

(b→ s and b→ d) transitions. Rare b→ s, d quark transitions are FCNC occurring

in the SM through loops via penguin or box diagrams, See the Fig:3.1. Because new

particles may appear in the loops, they are excellent probes for physics beyond the

SM to study such them. Examples of these decays are leptonic, semileptonic and

radiative b → s transitions, with branching ratios ranging between 10−9 to 10−5 see

ref [2].

The search for new physics is due to the deviations from the SM predictions that

were identified experimentally by different collaborative research groups. Therefore,
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Figure 3.1: Semileptonic(a), Radiative(b) and box diagram of rare B decays(c) taken from [2]

B-meson decay provides a good opportunity to pursue such a program.

3.2 B-meson Anomalies

The experiments have shown some deviations in B-meson from the SM expectations.

In the present section, we focus on the B-decay anomalies which deviate from the

standard model predictions.

What is anomaly (in physical context)? It is a statistically significant experimen-

tal divergence from theoretical prediction. In the SM, deviations are presented in

various areas, such as in muon (in (g-2) muon magnetic moment), in beaut quarks,

neutrino oscillations. Few years ago, these anomalies have evaluated on a new level

of importance as possible routes to the new physics, a keyword term for phenomena

unexplained within SM. Anomalies may be questioned and regarded with doubt, but

they often open the playing grounds for theorists. One of the most promising aspect

for model builders has been anomalies in physics—interactions involving B mesons. A

collection of results from LHCb at CERN, Belle in Japan, and Babar in the US point

to potential problems with the standard model predictions for some rare B-meson

decays. Anomalies are characterized by their sigma value (σ).

The observed anomalies in semileptonic B-meson decays represent the most signifi-

cant deviation from the SM observed to date in particle physics.The largest set of

deviations from the Standard Model (SM) observed in the last few years in particle

physics experiments are the numerous hints of Lepton Flavour Universality (LFU)

violations observed in semi-leptonic B decays, see ref[24].

The two classes of deviations as identified in the ref.[24] are the charged current

b → cτ̄ ν̄ transition via the R(D) and R(D∗) observables with 4σ and in Flavour-

Changing Neutral Current (FCNC) transitions b→ sl+l−. These deviations from the
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SM have initiated a series of theoretical speculations about the possible new physics

(NP) interpretations. Here the attempt to explain these anomalies is to assume that

the NP mainly couples to third-generation fermions of quarks and leptons, with a

smaller mixing with light generation. In this case, the proposition is to introduce a

SU(2)q ⊗ SU(2)l flavour symmetry, where the scale of the mediators responsible for

the observed deviations should be close to the 1 TeV scale [24].

The exact searches for Beyond Standard Model (BSM) particles have been constrain-

ing their mass scale (centre of mass energy) to the extent where it is becoming ac-

ceptable that such particles are likely to have energy above the one reached by the

LHC. Thus, the studies of indirect investigations of BSM physics, with all possible

diversity, have been accelerating both in accuracy and in setting up observables where

the theoretical errors are remarkable reduced. The observed flavour anomalies in b

hadron decays shows an important portion of the program of indirect detection of

BSM physics see ref [25].

Recently, numerous deviations from Standard Model (SM) expectations have been

building up in B-decay experimental measurements. Now these deviations can be

grouped into four categories: [26]

1. Apparent Suppression of various branching fraction measurements

of exclusive decays (B0 → K∗0 + µ+ + µ−, B+ → K∗+ + µ+ + µ−, Bs →
φ+µ+ +µ−) or based on Flavour-Changing Neutral Current (FCNC) transition

that occurs in the decay: b→ sµµ,

2. The deviations from standard model expectations in the decays: (B+ →
K∗+ + µ+ + µ−, Bs → φµ±)- angular observables. Also based on the de-

cay: b→ sµµ transition), the same observation can be identified. The angular

distribution and differential branching fraction of the decay: B0 → K∗0µ+µ−,

where K∗0 → K+π−, with mass 892 MeV and lifetime 1.3× 10−23s, are studied

using data sample collected by the LHCb experiment in pp collisions at
√
s =

7 TeV, corresponding to an integrated luminosity of 1.0fb−1. Several angular

observables are measured in bins of the dimuon invariant mass squared, q2. The

full differential decay distribution for the decay B → K∗(892)µ+µ− → Kπµ+µ−

is described by four independent kinematic variables:

• the dimuon invariant mass squared q2 ≡M2
µµ (GeV 2).

• the angle θl between the µ+µ− direction and the direction opposite to the

B meson in the dimuon rest frame.
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• the angle θK between the kaon direction and the direction opposite to the

B meson in the K∗ rest frame.

• the angle φ between the two planes formed by the dimuon and the K −
πsystems.

The angle φ is zero if the two planes are parallel. (See Fig:3.2)

Figure 3.2: The plot showing the angular observables

.

3. Apparent deviations from the test of Lepton Flavour Universality

(LFU) in the decay: b → sll. This implies the transitions represented in the

processes B → Kll and B → K∗ll (through the µ/e ratios RK and R∗K respec-

tively), and

4. Apparent deviations from the tau-muan leptons (τ − µ) and the tau-

electron leptons (τ − e) universality in b→ clν transitions.

In the SM, the leptonic parts of the three families of fermions have almost the

same behaviors, except for the different masses of their constituent particles. In

particular, the photon, the W and the Z bosons couple in the same manner to the

three lepton generations. This very beautiful aspect of the SM, known as Lepton

Universality (LU), was examined and tested in order to verify its validity. Even

though in the electroweak sector, the couplings of the W and Z bosons to all lepton

species are identical and a large number of experiments has tested this property,

there are still some deviations of leptonic universality [27]. These observations came

out and accepted after the measurements of LHCb collaboration. For example the
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new measurement ofRK , when combining Run-1 and Run-2 data, showing that the

value found was different from what SM predicted. That is: RK = Br(B→Kµµ
B→Kee )=

0.846±0.060 (stat) ±0.014 (sys) with stat and sys stand for statistical and systematic

uncertainties respectively.The experiment was carried out with the dileptonic mass

square, q2 between 1.1GeV 2 and 6 GeV 2 (1.1 eV 2 <q2 <6 GeV 2) [28]. This value is

different from that expected by the SM. The lepton flavour universality predicted by

SM is unit with very small errors compared to the experimental (RSM
K = 1± 0.0004).

If counted in terms of standard deviation σ, the deviation is about 2.5σ [26].

When performing high precision experiments at intensity frontier experiments both

precise results can be found, properties of particles via interactions and magnetic

moment can be measured with high accuracy and it can be compared with the SM

predictions. If there is deviation between the SM predictions and these precised

measurements, this indicates the need for NP. But if the NP involves light particles,

then in the lower energy intensity frontier finds no deviations, they can be produced

immediately. Like for example in NA62 experiment where Z
′
, light particle might be

directly produced. But there is another option.

We can see a deviation from the SM predictions but we do not produce new particles

because they are heavier than that produced in this lower energy experiment. But

indirectly through loop effect, effects can be seen. However,in this case we can not

distinguish what kind of high energy physics that leads to this deviation. We can

theorise it and then go to search for high energy experiments which lead to this

deviation at lower energy.

For example, within the SM the electric dipole moment of muon can be predicted.

The prediction is consistent. But when measured accurately through the intensity

frontier experiment, at this point, deviations occur relatively to the SM predictions.

This should come from NP. Here we can have have different hypotheses, then go to

search for these effects at high energy intensity frontier. Similarly, if you measure

the B-meson decays modes fractions at lower at lower accuracy, you do not find any

deviations. Anomalies frequently occur at high accuracy measurements.

3.3 Neutrino Anomalies

In the previous section, we discussed the B-anomalies, but we will not skip the neu-

trino anomalies. In this section, we are going to talk about some discrepancies that

are appearing in neutrino physics. The neutrinos have played an important role in the

constriction of SM particle physics. On the other hand, the origin of neutrino mass
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is among the most crucial problems of the Standard Model (SM) of particle physics

ref[8]. The SM expects three mass-less neutrinos (νe, νµ, ντ ). But the experimentally

observed solar and atmospheric neutrinos, showed evidence for neutrino oscillations,

implying that they posses masses. We review the main concepts of sterile neutrinos,

a hypothetical particle, subjected to resolve some anomalies in neutrino data. In the

framework of an extension of the SM, a sterile neutrino field is a superposition of

fields of massive neutrinos.

The Liquid Scintillator Neutrino Detector (LSND) counter located at Los Alamos

National Laboratory, measuring the number of neutrinos that might be produced by

a neutrino accelerator source, found an excess of νe events (νµ → ν̄e) see ref [29] that

would support the neutrino oscillation. LSND observed an excess ofνe in their study

of decays µ+ → e+ +νe +νµ of positively charged muons at rest see ref [30]. This was

taken as an anomaly because they expected only muon-neutrino to reach the detec-

tor. The flavour change of neutrinos can be explained by the square mass splitting

and the mixing angle in the neutrino oscillation mechanism (∆m2 and θ),look at the

Fig:3.3

Figure 3.3: Two dimensional illustration of neutrino oscillations(left) and final fit result from the
LSND experiment(right) This figure was taken from the 34th SLAC Summer In-
stitute On Particle Physics (SSI 2006), July 17-28, 2006 ”The MiniBooNE
Experiment”

The probability for oscillation may be simplified into the following equation: as it

is found in [9].

Posc = sin2(2θ)sin2(
1.27.∆m2.L

E
) (3.1)

where (L, the distance from the neutrino source to the detector, and E, the energy of

the neutrino beam), and two terms which are fit for when performing a two-neutrino
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oscillation analysis (∆m2 is the difference in squares of the mass states of the neu-

trinos, and sin2(2θ), θ is the mixing angle between the two neutrino states). Note

that if the value of (1.27.∆m2.L
E

) as well as that of L are very small, then (Posc tends

to zero), and consequently the oscillation does not take place. The first experimental

evidence of eV-scale sterile neutrino is from LSND experiment in 2001 by observing

3.8σ excess of νe events from a νµ appearance channel at 30 m baseline from 30 MeV

νµ beam produced by muon decay at rest coming from 800 MeV proton beam on

water target more detail see ref [31].

Unfortunately, LSND experimental data are contradictory since they are not con-

sistent with the oscillation features measured by other neutrino experiments. The

MiniBooNE experiment at Fermilab was designed to unambiguously verify or refute

the LSND controversial result in a controlled environment, increasing L and E (in

Eq 2.1). After making many experiments, MiniBooNE in 2018, came to report the

results that remove the conflicts and agree with that of LSND. The MiniBooNE data

are consistent in energy and magnitude with the excess of events reported by LSND,

and the significance of the combined LSND and MiniBooNE excesses is 6.0σ as was

described in ref [9].

3.4 Explanations to Neutrino and B-anomalies

As we said before, the LHC did not directly observe any particles beyond the ones

we have at present in the SM of particle physics. However, one might have a de-

sire for knowledge about lepton flavour universality violating(LFUV). The RD and

R∗D directly measure LFUV ,and in the fit to the b → sµ+µ− and b → sν+ν− data

also the LHCb measurement of RK , which deviates by 2.6σ from the SM, points at

LFUV. Therefore, it is highly encouraged to search for a simultaneous explanation of

these anomalies, More details see ref[32]. In getting a more careful explanation, new

particles were proposed to be added to the SM for explaining RD and R∗D where they

cannot be very heavy and must have sizable couplings. In this case, the following new

particles have been proposed: Charged Higgses, W
′

gauge bosons and Leptoquarks.

Most of the SM predictions agree consistently with the experimental data. However,

some theoretical puzzles and experimental results cannot be explained only based on

the SM. Therefore, the search for new physics beyond the SM is obvious. The need

for new physics beyond the SM is well encountered in the neutrino field where the

neutrino oscillation requires at least two neutrinos to have nonzero masses. We know

that neutrinos masses are a crucial problem in SM. As the masses and mixing within
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the 3-generation neutrino matrix have been attached to solar and long-baseline neu-

trino experiments, more exotic models are typically used to explain these anomalies,

including, for example, 3+N neutrino oscillation models involving three active neu-

trinos and N additional sterile neutrinos [9]. In attempting to solve such problem

new hypothetical neutrinos, called ”sterile neutrinos” are proposed for them to mix

with the usual active neutrinos. The sterile neutrinos are hypothetical particles that

are assumed to interact only via gravity and do not interact via any other of the

fundamental forces of the SM (i.e., they do not have weak interactions). By choosing

M m2 of the order of some eV, the problem of LSND and MiniBooNE is now resolved

and there are neutrino oscillations.

The other advantage of introducing the sterile neutrinos is the possibility of the ex-

istence of right-handed neutrinos. As we know, all other known fermions have been

observed with both left and right chirality, and since they could explain in a usual

way the small active neutrino masses deduced from neutrino oscillation. Besides,

the SM does not provide any dark matter (DM) candidate which could explain the

observed DM content of the Universe. Moreover, the neutrino and DM puzzles, a

few other experimental results associated with the quarks and charged leptons also

pose challenges to the SM. See ref[33]. If they exist, they may be responsible for sev-

eral unexplained phenomena in cosmology and astrophysics, including dark matter,

baryogenesis, or hypothetical dark radiation.

The anomalous magnetic moment of the muon and electron ((g− 2)µ,e) is also one of

the considerable deviations of the experimental data from the theoretical predictions

of the SM. As described in ref [8] and [6], a class of models have been proposed that

inter-correlates and offers a simultaneous explanation of neutrino mass, dark matter,

the long-standing puzzle of the muon anomalous magnetic moment, and the recently

observed tension in the electron anomalous magnetic moment
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Chapter 4

New light gauge boson

In the previous chapter, (section 2.2), we talked about the gauge bosons (W± and Z0)

with masses about 80.4 GeV and 91.2 GeV respectively. The (W± and Z0) are gauge

bosons of the standard model particles already observed and are heavier than the

mesons. The CMS and ATLAS Collaborations at LHC have searched for various BSM

theories like dark matter , neutrino mass and neutrino oscillation, grand unification

(supersymmetry), and connection between standard model and gravity, but they have

not succeeded in finding any new particle except Higgs boson. In this section, we

discuss a new light neutral gauge boson which appears in the beyond standard model

(BSM) theory and how it couples with neutrinos. This gauge boson is a hypothetical

(BSM) particle that can interact with neutrinos and it is much lighter than the

(W± and Z0).We denoted such new gauge boson by (Z
′
) and its gauge coupling by

gnew. Its mass is small, less than 100 MeV ( here we assume it to be less than 50

MeV). Neutrinos are not easily accessible particles even though they contribute so

much in governing numerous physical phenomena in SM. Their advantages are well

noticed while describing their weak interactions. Nevertheless, neutrino detection

remains technically a hard task and new interactions that affect neutrinos might be

undiscovered. These unseen neutrino interactions have been called upon for solving a

variety of problems relating to cosmological structure formation, neutrino oscillation

anomalies, and dark matter. As shown in ref [5], the big motivation in searching

for this new vector gauge boson comes from the fact it can be useful in solving such

theoretical problems and provides advantages when searching for the corrections to

some anomalies identified in SM. In this regard, many scenarios have taken place

for possible explanations of various anomalies within particle physics and cosmology.

Taking into account of how Z
′

couples to neutrinos, the problem of missing satellite

that is considered a drawback for the canonical cold dark matter scenarios could be
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solved. Also if the Z
′

couples to matter fields, its effect can be probed by scattering

experiments or by its impact on neutrino oscillation in the matter. However, if the

only standard particles that couple to Z
′
are neutrinos, it will not have any impact on

neutrino oscillation in the matter or on the elastic scattering of neutrinos off nuclei.

It is reasonable to speculate about the possibility of interaction of neutrinos with

new light particles. This can be done by introducing a new gauge interaction which

involves neutrinos without coupling to charged leptons. The same thing happens to

electromagnetic interactions that involve charged leptons but not the neutrinos. In

this case, a new gauge symmetry U(1)
′

can be considered rather than U(1)EM . This

is shown in the decays of charged mesons (π+,K+) as we are going to see in the next

section.see ref [4].

4.1 Coupling of light gauge boson to neutrinos

In this section we investigate how much the leptonic decay of charged mesons is sen-

sible to the interaction of neutrinos with a new light neutral gauge boson.

From the neutrino physics framework and various of kaon and pion decay experi-

ments, it is possible to think about the possibility of interaction of neutrinos with

new light particles.

The decays of charged mesons revealed the secret of neutrinos to interacting with

light new particles. The decay, K → µ+ missing energy, has been used to constrain

the gauge coupling of muon to a light gauge boson, which is a motivation as a solution

to the (g-2) muon anomaly.

The missing energy is since Z
′

can decay only into neutrinos and hence appears as

missing energy in experiments. The tree-level decay of the charged meson is general-

ized as

M → lνZ
′

(4.1)

where l = e+, µ+ and M charged meson (π+,K+). The decay of Z
′

to the pair of

neutrino and anti-neutrino is given below

Z
′ → νν̄ (4.2)

The Z
′

has longitudinal component and because of this,the rate of three-body de-

cay of M, in equation (4.1), receives a factor of (
m2
M

m2
Z

) while that of two-body decay

(M → lν) is suppressed by a factor of (
m2
l

m2
M

). Therefore, if the new gauge coupling is
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moderate (not too small), one expects a significant contribution to (π+ or K+ → e+

+ missing energy). Otherwise ,the huge enhancement of order O(
m4
K

m2
em

2
Z

) ∼ 108− 1010

invokes about an opportunity of probing very small gauge couplings of νe. The inter-

action amplitude has the form: gnewkαk
∗
βναγ

µν̄βZ
′
µ with gnew, new coupling constant

and kα, mixing coupling.

In this regard, many experiments have been performed concerning the determination

of the decay fractions, Rπ and RK , of charged mesons (π+,K+) to leptons . Here we

discuss : (i) the measurement of K+ → e+ννν by TRIUMF, (ii) the measurement of

Rπ ≡ Γ(π+→e+ν)
Γ(π+→µ+ν)

by PIENU experiment, and (iii) the measurement of RK ≡ Γ(K+→e+ν)
Γ(K+→µ+ν)

by KLOE and NA62. From all these measurements, NA62 gives the strongest bound

(accurate value) on the new gauge interaction of νe and νµ. Comparing the experi-

mental value found by NA62 : [4] Rexp
K = (2.488±0.001)×10−5 and the SM predicted

value :RSM
K = (2.477 ± 0.001) × 10−5, we realise a small difference (about 1σ excess

relative to the SM prediction). Similarly for pion, RSM
π = (1.2352±0.0002)×10−4 and

Rexp
π = (1.2344±0.0023)×10−4 . Considering the results from various experiments, the

average value taken by Physics Data Group (PDG) isRPDG
π = (1.2327±0.0023)×10−4,

which agrees with the strong bound as measured by NA62 experiment.

4.2 Detection of light gauge boson at DUNE

It was shown that the neutrinos and Z
′
can be inserted within electroweak symmetric

models. The possibility of neutrinos and Z
′

interaction was studied at DUNE ND

(Deep Underground Neutrino Experiment Near Detector), based at Sanford Under-

ground Research Facility (SURF). It is a long-baseline set up with two detectors:

Far detector (FD) and Near detector (ND). The particles recognition and energy-

momentum measurement receive much flux of neutrinos from the source and makes

the ND a formal site to search for new light particles to couple with leptons. The new

gauge boson Z
′

is produced via π+(K+) → lνZ
′

before reaching ND. The produced

neutrinos are detected in ND and provide us information on intermediate Z
′
. Taking

into account the different values of the coupling, geα =
√∑

α g
2
eα and different values

mZ′ , both at DUNE ND and at NA62, The graph see the Fig:4.1, of gee versus mZ′

at 90% C.L at high bound, can be produced.

We remeber that the contribution from π to the value of mZ′ is important at

energy less than 25 MeV. And that of K when the energy is greater than 30 MeV.

Here the NA62 experiment indicates stronger bound. The other advantage of the

DUNE ND is its sensitivity to the detection of tau neutrinos(ντ ). In this case for
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Figure 4.1: the plot gee versus mZ′ at 90% C.L(Confidential Level) [3]

geτ 6= 0, ντ , ν̄τ are produced via π+ → e+ντZ
′ and Z

′ → ντ ν̄τ [3].

4.2.1 Light gauge boson decay rate

The amplitude of interaction between neutrinos and the new gauge boson is of the

form : M = gαiν̄iγ
µναZ

′
, where νi is any neutrino mass eigenstate much lighter

than (π)’s mass (approximately 100 MeV), gαi new coupling between νi and Z
′

and

generally given by gαi =
∑
kαk

∗
βU
∗
βi , U∗βi is CKM mixing matrix element. In this

case, the decay rate is :

Γ(M → lανZ
′
) = 1

64π3mM

∫ Emaxl

Eminl

∫ Emaxν

Eminν
dEldEν

∑
spins |M|2. Neglecting the leptonic

and neutrino masses(mlα ,mν ≈ 0),the square of the amplitude can be calculated in a

given integration boundaries : Emin
l = ml , Emin

l =
m2
M−m

2
Z

2mM
, Emin

ν =
m2
M−m

2
Z−2mMEl

2mM
,

and Emin
ν =

m2
M−m

2
Z−2mkEl

2mM−2El
.

As result, the decay rate of Z
′ → ναν̄β is : Γ(Z

′ → ναν̄β) =
g2
αβmZ

24π
. The Feynman

diagram corresponding to the decay M → lανZ
′

is shown in Fig:4.2 The decays of

usual gauge bosons (W± and Z0) can also contribute to the emission of the light

vector gauge boson Z
′
. A light vector boson Z

′
that couples to neutrinos may be
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Figure 4.2: Feynman diagram of charged meson to lepton,neutrino, and light gauge boson [4]

constrained by the invisible decay width of the boson Z0. The so-call invisible decay

of Z0 given as

Z0 → νν̄ (4.3)

The decay fraction ratio of this decaying process is approximately 20% with the

mass of Z
′

much smaller than that of Z0. By replacing Z
′

by V, similar Feynman

diagrams as Fig: 4.2 might be reproduced ensuring that the vector boson’s mass is

smaller than that of Z0. The decay width of Z0, as measured in the rest frame, is

(2.4949± 0.0071)GeV and is in good agreement with the theoretical value calculated

(2.4952± 0.0023). Note that this constraint must apply only to the standard model

neutrinos considered in question. If Z
′

is replaced by V (light vector boson) as it

was used in [5], we have a Fig: 4.3 below A similar approach can work for W-boson.

Figure 4.3: Feynman diagram showing Z-boson decay to neutrinos where a V is radiated from the
final state antineutrino [5].

Because W-boson is charged, our restriction on the light vector boson coupling to
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neutrinos can become stronger if the final state in the decay contains charged leptons

as well. Here we focus on leptonic decay like

W± → l±ν̄l (4.4)

, which is related to the Z0 decay and with an averaged branching ratio of around

ten per cent (∼ 10%). The difference from what we know is that a V-boson can be

radiated from the charged lepton, instead of that from neutrinos. The experimental

measurements of the total decay width of the W was found to be 2.085± 0.042 GeV,

which is almost the same as the one theoretical calculated value, 2.091± 0.002 GeV.

The corresponding Feynmann diagram of the W boson is shown in the Fig:4.4 below

Figure 4.4: Feynman diagram showing K−(ūs) decay to a muon where as a V is radiated from the
final state antineutrino. [5].

.

Recently, many observations of a tree- and loop-level B- decays reveal possibilities of

LU violation. As consequence, a violation of LU would be an unambiguous sign that

probes physics beyond the SM. The most hints of new physics, like neutrino masses

and dark matter, point towards the existence of a hidden sector weakly coupled to

the Standard Model particles. Instead, it is traditionally believed to be mediated

by particles at a heavier mass scale. Now, it seems that the new physics is also at

low energies and weakly coupled. Light neutral vector bosons can accomplish such

a pattern, and we believe that our constraints on their interactions to neutrinos and

charged leptons will serve as a useful guide to phenomenology.
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Chapter 5

Discussion and Conclusion

In this work, we did a review of SM particles (mesons) where we discussed funda-

mental interactions (forces) and other main characteristics(mass, spin, quark content,

electric charge, beauty, charm, strangeness,...). Within SM framework, we studied the

main decays modes of different categories of mesons (π, ρ, η, K, D, and B) providing

their lifetimes and branching ratio.

We reviewed the CP violation that appears in the weak interaction of neutral kaon

and bottom mesons where among the four CKM parameters (three real and one com-

plex), the complex one bears the responsibility of CP asymmetry.

We discussed the B-anomalies presented in the B-meson decays (B0 → K∗0+µ++µ− ,

B+ → K∗++µ++µ− , Bs → φ+µ++µ−,B+ → K∗++µ++µ−, Bs → φµ±). Concern-

ing the B-anomalies, the LHCb collaboration has confirmed evidence of odd behaviour

in the way B mesons decay into a K∗ and pair of muons (B0 → K∗0 +µ+ +µ−), bring-

ing fresh intrigue to the pattern of flavour anomalies that has emerged during the past

few years. At a seminar at CERN on 10 March 2019, it was presented an updated

analysis of the angular distributions of B0 → K∗0 +µ+ +µ− decays based on around

twice as many events than were used for the collaboration’s previous measurement

reported in 2015. The latest LHCb result includes additional Run 2 data collected

during 2016, corresponding to a total integrated luminosity of 4.7fb−1 showed the

discrepancy that could be explained within in BSM framework. The deviations in

the test of Lepton Flavour Universality(LFU) make LHCb continuing measurements

of LFU. In recent years, LHCb has also found that the ratio of the rates of muonic

and electronic B decays departs from the SM prediction, suggesting a violation of the

key SM principle of LFU.

Also, the anomalous magnetic moment of the muon and electron as deviations of the

experimental data from the theoretical predictions of the SM were discussed. We
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showed the need for the extension of the SM towards the New physics beyond the

standard model theory in attempting to find the explanations to these anomalies.

In this regard, new theories were searched for and new particles beyond SM were

proposed. This is because even though the SM of particle physics is a very successful,

and mathematically consistent theory of the elementary particles, some theoretical

deviations and experimental results that cannot be explained only based on the SM

are still there.

The search for new physics beyond the SM is well established in both: neutrino sector

(neutrino masses), dark matter (DM), origin of the anomalous magnetic moment of

the muon and electron and in the origin of CP violation of the electroweak field.

Finally, we discussed a new hypothetical light gauge boson (Z
′
) generated from the

charged meson (π+ or K+) which can couple to neutrinos. The great motivation of

many scenarios in searching for this new vector gauge boson comes from the fact it

can serve in solving some theoretical problems and moderate some anomalies within

particle physics and cosmology.

5.1 Beyond Standard Model (BSM) theories

In this section, we briefly discuss a few BSM theories. As it can be understood, BSM

theories are theories that resulted from the extensions of the SM theory to provide

the explanations with the deficiencies and shortcomings presented in the SM. Such

BSM theories, one can list the following.

• Two-Higgs-doublet model (2HDM). It is one of the simple extended SM

theory. The 2HDM models are one of the natural choices for beyond-SM models

containing two Higgs doublets instead of just one described in the Higgs mech-

anism where it was a spin zero scalar. Throuh Higgs mechanism particles got

their masses, but not all of them (like for example, neutrinos did not). There

are also models with more than two Higgs doublets, for example, three Higgs

doublet models etc. Such a model can be described in terms of six physical

parameters: four Higgs masses ( mh,mH ,mA,mH , two neutral and two charged

Higgs), the ratio of the two vacuum expectation values, tan (β) and the mixing

angle (α) which diagonalizes the mass matrix of the neutral CP even Higgses

while the SM uses only 2 parameters: the mass of the Higgs and its vacuum
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expectation value, see ref [34].

• Supersymmetry (SUSY). It is a superposition that ensure the relationship

between two basic classes of elementary particles: bosons, which have an integer-

valued spin, and fermions, which have a half-integer spin. This hypothesis could

resolve the major hierarchy problems within gauge theory, by guaranteeing that

quadratic divergences of all orders to cancel out in perturbation theory. In su-

persymmetry theory, each particle (boson or fermion) from one group would

have an associated particle in the other, known as its superpartner, the spin

of which differs by a half-integer. These superpartners might be thought of as

new and undiscovered particles. For example, there would be a particle called

a ”selectron” (superpartner electron), a bosonic partner of the electron , See ref

[35]. As the main purpose, the supersymmetry model, if successful, contributes

to finding the solutions to the dark matter candidate and neutrino masses.

• Grand Unified Theory (GUT) [36]. It is a model in particle physics, where

at high energies, the three gauge interactions of the Standard Model compris-

ing the three fundamental forces ( electromagnetic, weak, and strong forces)

are combined into a single force. Although this unified force has not yet been

directly observed, several GUT models theorize/predict its existence. If the

unification of these three interactions is possible and realizable, it raises the

possibility that there was a grand unification epoch in the very early universe

in which these three fundamental interactions were not yet distinct.

The three Physicists, Weinberg, Glashow, and Salam, confirmed that at high

energy the electromagnetic interaction and weak interaction unify into a sin-

gle electroweak interaction. GUT models predict that at even higher energy,

the strong interaction and the electroweak interaction will unify into a single

electronuclear interaction. This interaction is characterized by one larger gauge

symmetry and thus several force carriers, but one unified coupling constant.

In addition, if the electronuclear interaction is unified with gravity, gives the

Theory of Everything (TOE). For more details look at ref [37],[38].
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