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Abstract

This investigation studied the Type I, Type II and Type III Seesaw Mechanisms

in relation to the neutrino mass problem and the Universe’s Baryon Asymmetry

(Leptogenesis). The Type I Seesaw included heavy right-handed neutrinos to the

SM. The Type II Seesaw incorporated a Higgs triplet, and finally, the Type III

Seesaw introduced new left-handed fermions. In addition, The Type I and Type

III Seesaw Models explain Leptogenesis through the decay of new right-handed

neutrinos and new fermions, respectively. In contrast, the Type II Seesaw Model has

been shown recently to explain the asymmetry through the Afflect-Dine Mechanism.

Collider and low energy (charge lepton flavour violation) experiments are testing for

the signature of Leptogenesis successful seesaw extensions to the SM. The sensitives

of current muon decay searches for a three right-handed quasi-degenerate neutrino

Type I Low Scale Seesaw and a Type II Seesaw were examined. In addition,

searches for a Type II Seesaw in collider experiments were investigated. Future

investigations on Low-Scale Seesaws are shown to be promising.
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Chapter 1

Introduction

The Standard Model (SM) is a widely accepted theory in particle physics that

describes three of nature’s four fundamental forces [1]. The model provides an

understanding of the origin of particles and the nature of their interactions through

symmetries. In 1964, Peter Higgs and five other physicists postulated the Higgs

Mechanism to complete the SM and resolve the inconsistency between the predicted

mass of Z and W bosons and their experimental value [2] [3] [4]. Later, in 2012,

the Higgs Boson was detected in CERN’s Large Hadron Collider (LHC), and the

Higgs field was proved to exist [5]. Even though the central problem was resolved,

there are still various fundamental problems that the SM can not settle.

The current SM predicts that neutrinos are massless, which is inconsistent with

recent experimental data. Before discovering the Higgs field in 1968, Bruno Pon-

tecorvo predicted that neutrinos were massive particles with oscillating flavours

[6]. This phenomenon was later observed in several experiments, particularly

Super-Kamiokande (SK) [7], Homestake [8], and the Sudbury Neutrino Observa-

tory (SNO) [9], thus proving the SM is incomplete. The first proposed solution to

this problem, the ”Dirac” neutrino option, is to consider the neutrino like the other

particles in the SM, generating mass through the Higgs Mechanism [10]. But, its

right-handed state would not interact with other SM particles. The second solu-

tion, the ”Majorana” neutrino option, uses the Majorana equation, which requires

the neutrino and its antiparticle to be the same. The SM could then be extended

through Seesaw mechanisms. There has yet to be confirmation for either of the

solutions. Therefore, many modern experiments have been designed to test these

particles and constrain their parameters.
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The ”Majorana” option opens many possibilities for extending the SM, i.e. the

Type I, II, and III Seesaw Mechanisms. In the Type I Seesaw Model, heavy right-

handed neutrinos (RHN) are added to the SM [10], including a Majorana mass

term and new Yukawa interaction with the SM Higgs. Then, in the Type II Seesaw

Model [11], the SM scalar sector is expanded by the addition of a SU(2)L triplet

scalar (A Higgs triplet), which leads to, particularly, a new Yukawa term between

the scalar and the lepton doublet. Finally, the Type III Seesaw Model introduces

three left-handed (LH) triplets of leptons [12], which add a series of interactions

and mass terms.

The addition of a Seesaw mechanism explicitly shows how the mass of the neutri-

nos can be generated. Additionally, it implicitly explains the baryon asymmetry

of the universe through Leptogenesis. In brief, in Leptogenesis, heavy leptons (i.e.

heavy neutrinos, heavy fermions) in the early universe decayed into an asymmetry

or, through the Afflect-Dine mechanism, evolved into a lepton asymmetry, which

then was transferred into baryons through a sphaleron process [10] [11] [12]. The re-

quirement for Leptogenesis reflects constraints on the parameters of Seesaw models,

which can be tested.

The most widely studied model is the Type I Seesaw, which is problematic to study

at high energies as RH neutrino masses are beyond the reach of current and future

colliders [13]. However, in low-scale Type I Seesaw Models, the neutrino mass can

be sub-TeV scale through resonant Leptogenesis or Leptogenesis through neutrino

oscillations [14]. It thus can be probed in low-energy experiments such as future µ

decay (e.g. MEG, Mu2e, COMET).

The Type II Seesaw has been shown to cause Leptogenesis through the Afflect-Dine

Mechanism effectively [11]. The inclusion of a triplet Higgs to the SM leads to 6

additional scalars, such as the singly charged Higgs and the doubly charged Higgs,

which can be searched for in collider experiments [15]. Furthermore, if the scalar is

added, the new interactions will affect charged and neutral currents, thus affecting

µ decays [16]. One can draw limits for the Yukawa matrix from future muon decay

experiments.

This investigation aims at studying the suggested solutions to the neutrino mass

problem and the BAU. Further, to investigate the relevance of charged lepton

flavour violating (cLFV) decays and scalar triplet decays to signatures of Leptoge-

nesis. The status and sensitivities of current muon decay searches were examined.
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Chapter 2

Neutrino Masses

In the past, SM neutrinos were modelled as massless since the neutrino mass limits

were directly measured to be consistent with zero (due to their minuteness). How-

ever, in 1998, neutrino oscillations between flavour states were discovered, implying

that they consist of a mix of mass states [7]. The three neutrino flavours, which

interact weakly with charged leptons, are each a different superposition of three

mass eigenstates. As these superpositions propagate through space, the phases of

each state advance at different rates due to slight mass differences. Labelling the

three mass states as ν1, ν2, ν3, and assuming they have different masses, with Uei as

the relevant PMNS mixing matrix element [17]. Whenever one creates an electron

in β decay, a coherent superposition of νi is created. This superposition is denoted

as the electron neutrino,

∣∣νe〉 = Ue1

∣∣ν1〉+ Ue2

∣∣ν2〉+ Ue3

∣∣ν3〉. (2.1)

For this reason, if a neutrino is created at the source, the phase between the mass

states will change as they travel through space to the detector. When detected, the

relative phases between the mass eigenstates will change. Thus, detecting a different

flavour than the one produced is possible. Restricting to two flavour oscillations (2

mass state system) [7], the probability of starting at a flavour να and detecting νβ

is

P (vα → vβ) = sin2(2θ) sin2(1.27
∆m2L(km)

E(GeV )
). (2.2)
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Here, θ (the mixing angle) measures how different the flavour states are compared

to the mass states. L/E is the ratio between the distance from the detector to the

source and the particle’s energy. The mass squared difference, ∆m2 = m2
1 −m2

2, is

the difference of the squared masses of the individual mass states. Thus, neutrinos

must carry mass, and the mass of each mass eigenstate must be different for a

non-zero probability.

2.1 Evidence of Neutrino Oscillations and Mass

Hierarchy

Cosmic ray collisions in the atmosphere produce hadronic showers, which subse-

quently provoke the creation of atmospheric neutrinos. In this system, the creation

of electron and muon neutrinos (ve and vu, respectively) is dominated by the fol-

lowing reactions and their charge conjugates [7]:

π+ → µ+ + vµ, µ+ → e+ + vµ + ve, (2.3)

where π is a pion, and µ is a muon. These reactions give an predicted ratio,

vµ/ve, of the flux of vµ + vµ to the flux of ve + ve of roughly 2 [7]. Experiments

deep beneath the ground measure this ratio by detecting the final state of leptons

generated through neutrino’s charged-current interactions. Then, the lepton of the

final state is used to identify the neutrino flavour.

Since 1985, SK has been an experiment aimed at searching for atmospheric neu-

trino oscillations through Cherenkov radiation. The detector consists of a 50 kton

cylinder filled with pure water, and it is located 1km underground in the Kamioka

mine (to shield against other particles) [18]. Figure 2.1 shows the confidence levels

(CL) of the SK results from 1998, which overlaps with the CL of the Kamiokande

(K) experiment. The SK region was shown to favour lower values of mass squared

difference than allowed by K. The SK result was shown to agree with the two-flavour

oscillation model for vµ ⇐⇒ vτ (where vτ is the tau neutrino, equation 2.2) with

fitting parameters of sin2 2θ > 0.82 and 5 × 10−4 < ∆m2 < 6 × 10−3eV 2 at 90%

CL [7]. Since then, other experiments have independently arrived at an equivalent

result, including Homestake [8] and SNO [9]. Therefore, the finding of neutrino

oscillations confirmed that neutrinos have mass, and a Nobel Prize was granted to

Takaaki Kajita and Arthur B. McDonald in 2015 for the discovery [19].
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Figure 2.1: The graph shows the 68%, 90% and 99% CL for sin2(2θ) and ∆m2

for vµ-vτ two-neutrino oscillations from the SK experiment. The 90% CL from the
Kamiokande experiment is also shown [7].

As demonstrated in equation 2.2, through neutrino oscillations, one can only mea-

sure the mass squared difference between states. Thus, currently, there is no con-

sensus whether ν3 neutrino mass eigenstates are heavier or lighter than ν1 and ν2

neutrino mass eigenstates (equation 2.1). The scenario in which ν3 is heavier is

denoted as the normal mass hierarchy (NH), and otherwise, in which ν3 is lighter,

it is denoted as the inverted mass hierarchy (IH) [20], as shown in Figure 2.2. Be-

cause the ν1 has the greatest component of the electron neutrino νe while ν3 has the

slightest component of νe, the normal hierarchy in a crude way resembles the mass

ordering of the charged leptons. Thus, its nomenclature is normal. In contrast, the

inverted hierarchy represents the opposite situation.

Figure 2.2: The diagram shows both the normal, left and inverted, right, mass
hierarchy. It also shows the mass difference observed in atmospheric and solar
experiments. In addition, it shows how each mass state is composed [20].
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The neutrino flavours are each composed of 3 mass eigenstates, each with a differ-

ent mass, mi for i = 1, 2, 3. A superposition of these mass states is measured when

a neutrino mass is measured. Therefore, the neutrino mass that is measured is an

effective mass [20]. Figure 2.2 shows that each mass state can also be represented

as a mixture of flavours. Neutrino mass experiments are trying to reveal the con-

straints on these three mass values to explain neutrino phenomena fully. Direct

mass searches can find the effective neutrino mass to set rough constraints on light

neutrino masses [17]. Conversely, in neutrinoless double beta decay, one could find

the value of the lightest mass state or the effective electron neutrino mass upper

limit.

2.2 The Dirac Neutrino Option

Neutrinos in the SM are described as Left-handed (LH) massless Wely fermions.

As shown in section 2.1, the discovery of neutrino flavour oscillations implies non-

zero neutrino masses. A simple way of explaining non-zero neutrino masses is

to incorporate massless right-handed (RH) neutrinos into the SM that are singlet

under the SM gauge group. In general, a fermion mass is included in the Lagrangian

through the Dirac mass term [17],

mψψ. (2.4)

If we take the field ψ and decompose it into left and right chiral states [17], ψL and

ψR respectively, we can write (where ψLψL = 0 and ψRψR = 0)

mψψ = mψLψR +mψRψL. (2.5)

As seen in equation 2.5, a non-zero mass term requires both left and right-handed

chiral states. Moreover, the mass term can be regarded as a coupling constant

between two chiral components [17]. With a neutral Higgs Boson, the Dirac mass

term becomes neutrally charged and gauge invariant. The presence of RHNs allows

a Yukawa term between LH and RH neutrinos and the SM Higgs doublet ϕ. Thus

[10],

LD
N =

i

2
N

R

I
/∂NR

I − yIαN
R

I ϕ̃
†Lα + h.c, (2.6)

for I = 1, 2, 3 and α = e, µ, τ . Here, ϕ̃ = iσ2ϕ
∗ represents the hypercharge conju-

gated Higgs doublet, yIα is a complex Yukawa coupling matrix, and Lα = (νLα , ℓ
L
α)

T

represents the SM LH, with flavor α, lepton doublet. Through equation 2.6, the

neutrino mass generation is via the standard Higgs mechanism (HM). Through
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electroweak symmetry breaking (EWSB) [10], the Higgs field acquires a non-zero

vacuum expectation value (VEV), and massive Dirac fermions are formed through

the combination of LH and RH neutrinos.

This case is denoted as the Dirac neutrino option. An appealing characteristic of

this SM minimal extension is that it can implicitly explain BAU via neutrinogenesis

[10]. The mechanism is based on the idea that the decay of heavy degrees of

freedom (DOFs) in the early universe can lead to a primordial asymmetry between

LH and RH neutrinos if RH neutrinos are included. Later, the sphaleron process

converts the lepton number carried by the LH neutrinos LL to baryon number B.

However, the Dirac neutrino option cannot explain the tiny neutrino masses that

experimental observation indicates. If a RH neutrino exists, it must not interact

with other particles as it has not been observed. Thus, it is labelled as a “sterile”

neutrino. Otherwise, there is another mechanism for mass generation, the Majorana

mass mechanism.

2.3 The Majorana Neutrino Option

In early 1930, Ettore Majorana wondered if he could build a mass term with only

a left-handed chiral state to omit the ”sterile” right-handed neutrino state require-

ment [17]. He found that if we require the right-hand chiral state to be [17]

ψR = CψL
T
. (2.7)

Then we can write the field only in terms of ψL,

ψ = ψR + ψL = ψL + CψL
T
= ψL + ψC

L , (2.8)

where we have defined ψC
L = CψL

T
. Equation 2.7 implies that the field and its

charge conjugate are the same. Thus, a Majorana particle is its own antiparticle.

The weak point of the Dirac neutrino option inspired the extension of equation 2.6

by an RH neutrino Majorana mass term [10],

LM
N =

i

2
N

R

I
/∂NR

I − yIαN
R

I ϕ̃
†Lα −

1

2
N

R

I MIJ(N
R
J )

C + h.c. (2.9)

Here, MIJ can be selected to be real and diagonal, so MIJ =MIδIJ . Upon EWSB

equation 2.9, the SM neutrinos turn into Majorana fermions.
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Figure 2.3: The first diagram (a) shows double beta decay with Dirac neutrinos.
The second diagram (b) shows neutrinoless double beta decay with Majorana neu-
trinos [21].

If neutrinos are their own antiparticles, then it would lead to various implications.

In ordinary double beta decay (Figure 2.3, a), through a weak interaction, two

electron anti-neutrinos and two electrons are produced as two neutrons in a nucleus

transform into protons [22],

(A,Z)→ (A,Z + 2) + 2e− + 2ve. (2.10)

However, neutrino-less double beta decay can occur if neutrinos are Majorana par-

ticles (Figure 2.3, b). The neutrino would be emitted and then absorbed in the

same process [22],

(A,Z)→ (A,Z + 2) + 2e−. (2.11)

Thus, neutrino reactions would lead to lepton-violating phenomena since the lepton

number is not conserved.
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Chapter 3

Baryon Asymmetry

With the discovery of antiparticles and particle-antiparticle annihilation, the rea-

son why our universe is mainly composed of matter has become an unresolved

issue. Within human reach, the world and the rest of our solar system are mainly

composed of ordinary matter. Further, antimatter is only found in accelerators or

nuclear decays. Analysis of solar fluxes and fluxes of galaxies show us that most of

the observable universe is composed of matter.

Studies concerning the universe’s large-scale structure [23] and the cosmic mi-

crowave background CMB anisotropy from WMAP [24] grant us an approximate

measure of the BAU. Measuring near the e± annihilation era, one compares the

baryon number density to the photon density as their ratio is conserved provided

that the B-violating reactions happen slowly (Both densities evolve inversely to a

commoving volume R−3),

ηCMB
B =

ηB
ηγ

= (6.1± 0.2)× 10−10. (3.1)

This ratio agrees with the computation from Big Bang Nucleosynthesis (BBN),

where from astrophysical observations, the abundances of 3He, 4He, D, 6Li, 7Li

are measured, which depend on the value of the baryon-to-photon ratio [25] [26],

ηBBN
B ≈ (4.7− 6.5)× 10−10. (3.2)

Thus, the BBN result is consistent with the CMB result. As B-violating interactions

are currently unknown, it is reasonable to assume that this asymmetry already

existed in the early stages of the universe. Thermal quark-antiquark pairs were

highly abundant in the primordial soup, and the maximal B-asymmetry at that
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time was in the form of a small q − q asymmetry [27]:

nq − nq

nq

≈ 3× 10−8. (3.3)

If the universe was created with such a small B-asymmetry, one could argue that

an initially symmetric universe evolved to a slightly asymmetric one through lep-

togenesis.

3.1 The Sakharov Conditions

Sakharov laid down three essential features for a theory to produce the BAU, which

is the following [28]: Baryon Number Violation, C and CP Violation, and interac-

tions out of equilibrium. The nature of the mechanism for the BAU could differ,

but all require these four components.

Baryon Number Violation is a requirement as without it, only a past asym-

metry can cause a future asymmetry. GUT provides a framework where B and L

violate interactions. However, the present SM lagrangian has no such interactions.

Majorana neutrinos would violate the lepton number, which can then be transferred

to baryon number by the sphaleron process.

C and CP Violation are shown to occur in the SM in insufficient amounts. C is

maximally violated in the EW sector, and CP was violated in the Kaons decays.

Since it is linked to SSB, one can expect to see it in all theory sectors. This is

needed as the branching fractions for a particle, and its antiparticle must differ to

obtain a higher amount of baryons than antibaryons.

if V baryons decay into two channels with branching rations f and 1−f and baryon

number B1 and B2. In contrast V decay with different branching ratios a and 1−a
into channels −B1 and −B2. The baryon number average generated by the decays

of V and V is [27],

∆B = ∆B(V ) + ∆B(V )

= B1|M(V → B1)|+B2|M(V → B2)|2 −B1|M(X → B1)| −B2|M(V → B2)|2

=
1

2
(f − a)(B1 −B2).

(3.4)

then B1 ̸= B2 and C and CP (f ̸= a) must be violated to have an asymmetry.
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Out of equilibrium interactions must occur for a particle species to leave a relic,

such as a neutrino decoupling and the decoupling of the CMB. For a baryon b and

antibaryon b, the density is proportional to [27],

nb ∝
∫ ∞

0

1

e(
√

p2+m2
b−µ)/T + 1

dp, (3.5)

nb ∝
∫ ∞

0

1

e(
√

p2+m2
b
−µ)/T

dp (3.6)

The entropy, in chemical equilibrium, reaches its maximum for vanishing chemical

potentials (for all nonconserved quantum numbers). Further, in gauge theories,

CPT invariance implies that both the particle and its antiparticle must have equal

mass. Therefore, nb = nb in equilibrium, the process cannot happen.

3.2 Recipe for Leptogenesis

The Leptogenesis mechanism relates the BAU to the neutrino properties of the SM

and their extensions, i.e. Seesaw Models and Supersymmetry. The process can be

summarized as follows [29]: First, there must be a leptonic number-violating pro-

cess, such as an RH Majorana particle decaying before EWPT. Thus, one violates

the symmetry B − L. Then, the lepton asymmetry is almost washed out. One

must solve the Boltzmann equation using the relevant particles’ decay and inverse

decay processes. Then, the remaining lepton asymmetry will convert to baryonic

asymmetry due to the sphaleron effect.

A sphaleron is a static solution to the EW field equations in the SM. The sphaleron

geometrically is a saddle point of the EW potential [30]; this point rests at the

top of a barrier between two low-energy equilibria, labelled by two different baryon

numbers. e.g. one equilibrium can consist of three baryons and the other of three

antileptons in a system. One can tunnel through the barrier through an instanton-

like process, and the system can convert between the two equilibria. e.g. from three

baryons into three antileptons violating baryon and lepton numbers but conserving

the difference. Hence converting the lepton asymmetry into baryonic asymmetry

in leptogenesis.
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Chapter 4

Type I Seesaw Mechanism

The Type I Seesaw model is given in equation 2.9. In Chapter 4, I will limit to a

minimal Type I Seesaw Lagrangian incorporating only 2 RHN, NR
I (I = 1, 2) for

simplicity. In the 2 RHN seesaw model [10], yIα in equation 2.9 is a rank-2 Yukawa

matrix. This setup is enough to explain, in the SM neutrino sector, the two known

nonzero mass-squared differences. In this case, one of the three SM neutrino masses,

mi (i = 1,2,3), will vanish, min(m1,m2,m3) = 0. Further, in resonant leptogenesis,

the existence of a third RH neutrino is not necessary. It only needs two nearly

degenerate RHN mass eigenstates. Since it is not required, it leaves room to add a

third RHN that would not have a big effect on low-energy neutrino observables.

In Electroweak Symmetry Breaking (EWSB), the SM Higgs doublet archives a

nonzero VEV,
√
2⟨ϕ0⟩ = v ≃ 246 GeV, which produces a matrix of complex Dirac

masses, (mD)Iα, for LH and RH neutrinos. So [10],

EWSB−−−→ i

2
N

R

I
/∂NR

I − [(mD)Iα + yIαϕ0]N
R

I ν
L
α + yIαϕ+N

R

I ℓ
L
α −

1

2
N

R

I MIJ(N
R
I )

C , (4.1)

including its hermitian conjugate. Here ϕ0 contains the real SM Higgs boson with

a mass of mh ≃ 125 GeV after EWSB. Further, the Dirac matrix is proportional to

the RHN Yukawa matrix (mD)Iα = yIαv/
√
2. Organizing the Dirac and Majorana

mass terms as follows [10],

LM
N ⊃ −

1

2
((vLα)

C NR
I )

(
0αβ (mT

D)αJ

(mD)Iβ MIJ

)(
vLβ

(NR
J )

C

)
+ h.c, (4.2)

one can identify the total neutrino mass matrix, M, to conform to a 5 × 5 com-

plex symmetric matrix. By Autonne-Takagi factorization, one can diagonalizeM
through a unitary matrix [10],

12



M(α,I)(β,J) =

(
0αβ (mT

D)αJ

(mD)Iβ MIJ

)
→ D(i,I)(j,J) =

(
Dv

ij 0iJ

0Ij DN
IJ

)
, (4.3)

where Dv and DN contain three light and two heavy Majorana mass eigenvalues,

respectively, i.e. [10]

Dv
ij = miδij, D

N
IJ =M

′

IδIJ . (4.4)

The equations allow us to define 0 < M
′
1 ≤M

′
2 without losing generality. However,

in the case of light neutrinos, one must distinguish between the NH, 0 = m1 <

m2 < m3, or the IH, 0 = m3 < m1 < m2. The ordering then determines the ∆m2
3ℓ

sign. For NH, ∆m2
31 > 0 and for IH, ∆m2

32 < 0.

Now, one can switch to the seesaw limit, where the RH neutrino masses in equation

2.9 are greater than the Electroweak (EW) scale. In this scenario, RHNs decouple

at high energies; Thus, there is no significant mixing at low energies between the

sterile and active states. In this limit, one can approximately block diagonalize the

total mass matrix [10],

M(α,I)(β,J) ≈

(
mαβ 0αJ

0Iβ MIJ

)
(4.5)

where a perturbative expansion, retaining the leading order (LO) terms, in the

ratios of the form (mD)Iα/MJK was done. As shown, the RHN mass matrix in

equation 2.9 coincides with the mass matrix for the heavy Majorana neutrinos in

4.5. The heavy neutrino mass eigenvalues correspond to the RHN input masses in

the seesaw limit, i.e. MIJ = MIδIJ = DN
IJ = M

′
IδIJ . For the light SM neutrino’s

Majorana masses, one obtains the following expression [10],

mαβ = −(mT
D)αIM

−1
IJ (mD)Jβ. (4.6)

The expression 4.6 shows the Type I Seesaw suppresses the masses of light neutrinos

with small Yukawa couplings and large masses for the RHN.

mαβ in equation 4.6 is a complex symmetric matrix, which can again be diagonalized

by a unitary matrix U by Autonne-Takagi factorization [10],

(UT )iαmαβUβj = Dv
ij = miδij. (4.7)

The U matrix associates the light neutrino mass eigenstates νi to the light neutrino

flavour eigenstates νLα by

νLα = Uαiνi, νi = (U †)iαν
L
α = U∗

αiν
L
α . (4.8)
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One can carry out a unitary flavour transformation on the LH lepton doublet, Lα,

as well as on the RH charged singlet ℓRα before EWSB. Therefore, one assumes

a diagonal mass matrix for the lepton flavours e, µ, τ . The charged lepton mass

matrix leads to no contribution to lepton mixing. Hence, U can be identified as the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) lepton mixing matrix, UPMNS = U .

UPMNS is defined in the 2 RHN model as [31] [32],

U =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ s23c13

s12s23 − c12s13c23eiδ −c12s23 − s12s13c23eiδ c23c13


1 0 0

0 eiσ 0

0 0 1

 (4.9)

where sij and cij are shorthand notation for sin θij and cos θij, respectively. Further,

the PMNS mixing angles are θ12, θ23, θ13 ∈ [0, π/2), δ ∈ [0, 2π) is the CP violating

phase, and σ ∈ [0, π) is the CP violating Majorana phase in the 2 RHN seesaw.

The second Majorana phase in the 3 RHN model, τ , can be rotated away by a

phase transformation on the massless neutrino mass eigenstate. The current list

of experimental constraints attained from global fit analysis is shown in Table 4.1.

However, no current experimental constraint exists for the σ phase.

Table 4.1: Neutrino Experimental Constraints [33] [34] [35]

Parameter Normal Hierarchy Inverted Hierarchy

Best fit Value 3σ Best fit Value 3σ
∆m2

21/10
−5 7.39 6.79 – 8.01 7.39 6.79 – 8.01

∆m2
21/10

−5 2.525 2.431 – 2.622 2.512 2.413 – 2.606
sin2θ12 0.310 0.275 – 0.350 0.310 0.275 – 0.350
sin2θ23 0.582 0.428 – 0.624 0.582 0.433 – 0.623
sin2θ13 0.02240 0.02044 – 0.02437 0.02263 0.02067 – 0.02461
δ 3.79 2.36 – 6.39 4.89 3.42 – 6.13
σ - 0 – π – 0 – π

From the expression 4.6 and 4.12, one can obtain the following expression [10],

(UT )iαmαβUβj = −[M−1/2
I (mD)IαUαi]

T δIJ [M
−1/2
j (mD)JβUβj] = miδij. (4.10)

This can be used to solve for (mD)Iα, or equivalently for Yukawa matrix yIα [10],

yIα =
(mD)Iα

v/
√
2

=
i

v/
√
2
M

1/2
I RIim

1/2
i (U †)iα, (4.11)

where the matrix R is a complex rotation matrix that follows RRT = I2×2. Expres-

sion 4.11 is known as the Casas-Ibarra parametrization (CIP) of the RH neutrino
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Yukawa matrix [36]. The R matrix can be further parametrized by a discrete pa-

rameter ζ = ±1 and a complex rotation angle z. Here, ζ distinguishes between the

positive and negative branches of possible R matrices. Then [10],

NH : R(z)ζ =

(
0 cos(z) ζ sin(z)

0 − sin(z) ζ cos(z)

)
, IH : R(z)ζ =

(
cos(z) ζ sin(z) 0

− sin(z) ζ cos(z) 0

)
,

(4.12)

where z = zR + izI has two DOFs, it reflects the model’s mismatch between high

and low energy parameters.

4.1 Heavy right-handed neutrino Leptogenesis

Leptogenesis relates the BAU to the properties of neutrinos. Here, decays of heavy

Majorana neutrinos generate a lepton asymmetry, which is then partially trans-

formed through a sphaleron process to a baryon asymmetry. We now focus on a

single flavour regime of leptogenesis, a model based on the decay of the lightest

heavy RH neutrino, for simplicity to illustrate the ideas the theory entails.

The model, which was first proposed by Fukugita and Yanagida, uses a Type I

Seesaw Mechanism for neutrino mass generation [37]. In the model, RH heavy

neutrinos (SU(5) Sterile) are described by Yukawa couplings with Higgs and leptons

[38]. In the universe’s early stages, RH heavy neutrinos (due to their heaviness)

quickly decouple from the primordial thermal bath and decay into scalar bosons,

leptons and antileptons. Then, the surplus of leptons over anti-leptons at this

time is determined by the strength of CP violation in the lepton sector. Here, for

simplicity, we assume the RH heavy neutrinos have a mass Hierarchy M1 < M2 <

M3. Thus, the later decay of N1 (lightest one) will wash out the lepton number

generated by N2, N3. Provided that the interactions that follow are CP-conserving,

when the decay reaction freezes out, the lepton asymmetry will evolve without being

affected. Then, the lepton asymmetry is converted to baryon asymmetry (Sphaleron

Process) by non-perturbative B + L violating processes that are in equilibrium.

Starting with the Lagrangian with a Type I Seesaw with m (m ≥ 2) singlet RH

neutrinos NRi [38],

L ⊃ iNRi/∂NRi −
1

2
MiNC

RiNRi − ϵabYαiNRiℓ
a
αH

b − h.c. (4.13)

where Mi are the Majorana masses of the RH neutrino, ℓα = (ναL, α
−
L ) with α =

e, µ, τ are the LH lepton doublet and H = (H+, H0) is the Higgs doublet. Further,
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ϵab = −ϵba with ϵ12 = 1. This difference is induced if CP is violated through 1-loop

corrections by a Higgs particle. The net lepton number production due to the decay

of NR1 arises from the interference of diagrams in Figure 4.1.

Figure 4.1: The CP asymmetry in the Type I seesaw model comes from the inter-
ference among the one-loop wave and vertex diagrams. For the one-loop diagram,
there is an extra L-conserving diagram contributing to the CP asymmetry (this
vanishes when summing lepton flavours) [38].

The CP asymmetry in the decays of Ni can be defined as [38]

ϵiα =
|A0(Ni → ℓαH)|2 − |A0(Ni → ℓαH

∗)|2∑
α |A0(Ni → ℓαH)|2 − |A0(Ni → ℓαH∗)|2

(4.14)

where A0(i → f) denotes the decay amplitude at zero temperature. The equation

4.14 vanishes as tree level, but at 1-loop, there’s interference between the self-

energy, wave diagram, and vertex diagram [37] [39]. At leading order we obtain

[38],

ϵiα =
1

8π

1

(Y †Y )ii

∑
j ̸=i

Im[(Y †Y )jiYαiY
∗
αj)]g(

M2
j

M2
i

)

+
1

8π

1

(Y †Y )ii

∑
j ̸=i

Im[(Y †Y )ijYαiY
∗
αj)]

M2
i

M2
i −M2

j

.

(4.15)

where the loop function is

g(x) =
√
x
[ 1

1− x
+ 1− (1 + x) ln(

1 + x

x
)
]

(4.16)

The first term in equation 4.15 consists of vertex and L-violating wave diagrams.

The second term consists of the L-conserving wave diagram, which, if Mi ≈ Mj,

can resonantly enhance the CP asymmetry. In the one flavour regime, summing

over the index α leads to [38],

ϵi =
∑
α

ϵiα =
1

8π

1

(Y †Y )ii

∑
j ̸=i

Im[(Y †Y )2ji]g(
M2

j

M2
i

). (4.17)
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Because the combination of Yukawa couplings is real, the second term in equation

4.15 vanishes. Defining abundances as the ratio of particle density (ni) to entropy

density (s), Yi = ni/s. Then, when the mass of the heavy RH neutrino is more

than the temperature of the universe, the RHN decouple from the thermal bath,

generating a lepton asymmetry [38],

YL = ϵ1η1YN1 , (4.18)

where η1 is the efficiency factor (separating weak and strong washout regimes) and

YN1 is a solution to a Boltzmann equation as in reference [38]. If leptogenesis ends

before the EW sphaleron process becomes active, the B − L asymmetry YB−L is

YB−L = −YL. (4.19)

Then, the B − L asymmetry is partly converted to a B asymmetry through the

sphaleron process, [40]

YB =
28

79
YB−L. (4.20)

This equation holds if sphalerons decouple before EWPT. Hence, besides giving

an explanation of the light neutrino masses, the three Sakharov’s conditions for

leptogenesis are met. Here, Lepton number violation (LNV) is provided by the

Majorana nature, the complexity of the Yukawa coupling ensures CP violation and

the requirement that the Ni decay rate is not as quick as the Hubble expansion

rate at T =Mi guarantees the departure from thermal equilibrium.
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Chapter 5

Type II Seesaw Mechanism

In the Type II Seesaw mechanism [11], the SM scalar sector is minimally extended

by a SU(2)L triplet scalar ∆, which carries a hypercharge of 1. The addition of this

new field results in a natural framework explaining the neutrino masses’ smallness.

The triplet and SM doublet Higgs’s in this model are parameterized as [11],

H =

(
h+

h

)
, ∆ =

(
∆+/
√
2 ∆++

∆0 −∆+/
√
2

)
(5.1)

where h and ∆0 are the neutral components of H and ∆, respectively. Further, the

charged components of the triplet Higgs, ∆+ and ∆++, have a significant role in

collider experiments and are integral to discovering a Type II Seesaw.

Adding a triplet Higgs will lead to new interactions involving the LH lepton doublet

and the SM Higgs. Particularly, there is a new Yukawa interaction between the LH

Lepton doublet Li and the triple scalar ∆ [11],

LY ukawa = LSM
Y ukawa −

1

2
yijL

C

i ∆Lj + h.c. (5.2)

This Yukawa interaction is crucial in generating a nonzero neutrino mass matrix

when the neutral component of ∆ obtains a nonzero VEV. In addition, this inter-

action attributes to the triplet Higgs a lepton charge of QL = −2 (satisfying one of

the requirements of the Affleck-Dine mechanism). Including ∆ prompts new terms

in the Higgs’ potential V (H,∆), containing interactions related to the triplet scalar
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that cause global LNV. This potential is [11],

V (H,∆) =−m2
HH

†H + λH(H
†H)2 +m2

∆Tr(∆
†∆) + λ1(H

†H)Tr(∆†∆)+

λ2(Tr(∆
†∆))2 + λ3Tr(∆

†∆)2 + λ4H
†∆∆†H+

[
µ(HT iσ2∆†H)

+
λ5
Mp

(HT iσ2∆†H)(H†H) +
λ

′
5

Mp

(HT iσ2∆†H)(∆†∆) + h.c
]
+ . . .

(5.3)

where the terms in brackets cause LNV and the µ dependant cubic term are used

to determine the VEV of ∆0. In addition, the five dimension operators suppressed

by Mp have been included (Plank Scale). In low-energy physics, they play no role.

However, they can become important during the inflation and reheating of early

universe epochs.

Focusing on the neutral components of ∆ and H with non-trivial VEVs, the poten-

tial can be simplified as [11],

V (h,∆0) =−m2
H |h|2 + λH |h|4 +m2

∆|∆0|2 + λ∆|∆0|4 + λH∆|h|2|∆0|2

−
(
µh2∆0∗ +

λ5
Mp

|h|2h2∆0∗ +
λ

′
5

Mp

|∆0|2h2∆0∗ + h.c
)
+ . . .

(5.4)

Here λ∆ = λ2 + λ3 and λH∆ = λ1 + λ4. Notice that these parameters must carry

values which satisfy the vacuum stability conditions and require both h and ∆0 to

have nonzero VEVs in the early universe to ensure the breaking of the U(1)L term.

From the potential in equation 5.4, one can derive the VEV of ∆. In the limit,

m∆ ≪ vEW , where the SM Higgs VEV is substantially smaller than the triplet

Higgs mass parameter, one finds the triplet Higgs non-vanishing VEV to be [11],

v∆ =
〈
∆0
〉
≃ µv2EW

2m2
∆

, (5.5)

where the SM Higgs VEV is vEW = 246 GeV. Further, a lower limit, m∆ ≳ 800

GeV, has been placed from searches on the doubly-charged Higgs in the LHC [41].

The charged and neutral components of ∆ have masses approximately m∆++ ≃
m∆+ ≃ m∆0 ≃ m∆ in the m∆ > 800 GeV range.

The Yukawa interaction in equation 5.4, generates the following mass matrix of the

neutrinos [11],

mv
ij = yijv∆. (5.6)

Then, by a similar method to Type I Seesaw, one can diagonalize the matrix in
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equation 5.2 by the PMNS matrix. To guarantee that the neutrino Yukawa cou-

plings remains perturbative up to the Plank scale, yv has to be smaller than O(1).
The VEV of ∆0 is now given by the following range [11],

O(1) GeV > |
〈
∆0
〉
| ≳ 0.05 eV. (5.7)

The upper bound on ∆0 VEV is derived from the T-parameter constraints in pre-

cision measurements [42] and the lower limit ensures the generation of the small

neutrino masses (Also allows perturbative Yukawa couplings). If the Type II seesaw

model is responsible for inflation, it can generate the BAU during inflation through

the Affleck-Dine mechanism. However, it requires a non-minimal coupling amidst

the Higgs and the Ricci scalar.

5.1 Afflect-Dine Mechansim Leptogenesis

Following the inflationary setup and inflationary trajectory from reference [11],

the authors also extended the SM lagrangian by adding a term for a non-minimal

coupling of the triple Higgs with gravity. Here, combining the scalar sector with

the non-minimal coupling leads to [11] (with Ricci scalar R),

L√
−g

= −1

2
M2

pR− F (H,∆)R− gµν(DµH)†(DνH)

− gµν(Dµ∆)†(Dν∆)− V (H,∆) + LY ukawa,

(5.8)

where the non-minimal couplings take the form [11],

F (H,∆) = ξH |h|2 + ξ∆|∆0|2 = 1

2
ξHρ

2
H +

1

2
ξ∆ρ

2
∆. (5.9)

Here, we have introduced

h =
1√
2
ρHe

iη, ∆0 =
1√
2
ρ∆e

iθ. (5.10)

Now, by defining the inflation as φ through the following relations [11],

ρH = φ sinα, ρ∆ = φ cosα, ξ = ξH sin2 α + ξ∆ cos2 α, (5.11)

the Lagrangian simplifies to

L√
−g

= −
M2

p

2
R− ξ

2
φ2R− 1

2
gµν∂µφ∂νφ−

1

2
φ2 cos2 αgµν∂µθ∂νθ − V (φ, θ). (5.12)

20



where,

V (φ, θ) =
1

2
m2φ2 +

λ

4
φ4 + 2φ3

(
µ̃+

λ̃5
Mp

φ2
)
cos θ. (5.13)

and
m2 = m2

∆ cos2 α−m2
H sin2 α,

λ = λH sin4 α + λH∆ sin2 α cos2 α + λ∆ cos4 α,

µ̃ = − 1

2
√
2
µ sin2 α cosα,

λ̃5 = −
1

4
√
2
(λ5 sin

4 α cosα + λ
′

5 sin
2 α cos3 α).

(5.14)

The Afflect-Dine (AD) mechanism will be realised through the dynamical field θ.

The motion provoked in θ by inflation sets the size of the lepton asymmetry. The

quartic term in the potential dominates as m≪ φ during inflation. Now, changing

from the Jordan frame to the Einstein frame through the transformation [11]

˜
gµν = Ω2gµν , Ω2 = 1 + ξ

φ2

M2
p

(5.15)

and reparamtrizing in terms of a canonically nomarlized scalar χ. Changing from

the Jordan frame to the Einstien frame, φ no longer has a canonically normalized

kinetic term. So, the following field redefinition is required [11],

dχ

dφ
=

√
(6ξ2φ2/M2

p + Ω2)

Ω2
. (5.16)

This then gives χ in terms of φ as

χ =
1√
ξ

(√
1 + 6ξ sinh−1(

√
ξ + 6ξ2φ)−

√
6ξ sinh−1(

√
6ξ2φ/

√
1 + ξφ2)

)
(5.17)

. Thus, we now obtain the final Einstein frame Lagrangian [11],

L√
−g

= −
M2

p

2
R− 1

2
gµν∂µχ∂νχ−

1

2
f(χ)gµν∂µθ∂νθ − U(χ, θ), (5.18)

where

f(χ) =
φ(χ)2 cos2 α

Ω2(χ)
, U(χ, θ) =

V (φ(χ), θ)

Ω4(χ)
. (5.19)

The core idea behind the AD mechanism [43] is the generation of nonzero angular

motion in the phase of ϕ, a complex scalar field charged with a global U(1) sym-

metry. If, in the universe’s early stages, ϕ gains a large initial field value, ϕ will
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oscillate once the Hubble parameter decreases below the mass m of ϕ. If the po-

tential of the scalar incorporates a U(1) breaking term, the motion will generate a

U(1) charge asymmetry. Consequently, if the symmetry consists of U(1)B or U(1)L

symmetries, a baryon asymmetry will be acquired before EWPT. In this case, φ

can be ϕ (The global U(1)L symmetry is carried by the complex phase of the mixed

state of the SM and triplet Higgs).

Identifying ϕ with the scalar for inflation and the complex phase of the triplet

Higgs, the asymmetry number density associated with the U(1)L charge is [11],

nL = QLφ
2(χ)θ̇ cos2 α, (5.20)

where α is the mixing angle between the SM and triplet Higgs during inflation. To

acquire a nonzero nL, lepton asymmetry density, one needs a non-trivial motion

in phase θ and a nonzero VEV for χ. The net lepton asymmetry will then be

converted to a baryon asymmetry through the sphaleron process.

The equations of motion for χ and θ can be derived as,

χ̈− 1

2
f,χθ̇

2 + 3Hχ̇+ U,χ = 0, (5.21)

θ̈ +
f,χ
f(χ)

θ̇χ̇+ 3Hθ̇ +
1

f(χ)
U,θ = 0. (5.22)

Evaluating equations 5.21 and 5.22 in the inflationary epoch, one finds the slow-roll

regimes [11],

χ̇ ≃ −MpU,χ√
3U

, θ̇ ≃ − MpU,θ

f(χ)
√
3U

(5.23)

During inflation, since χ approaches Mp one can ignore the m and µ̃ terms in the

potential, which are less than Mp. Using these approximations, the asymmetry

generated by the triplet Higgs phase θ at the end of inflation is [11],

nLend = QLφ
2
endθ̇end cos

2 α

≃ −O(1)QLφ
2
end

MpU,θ

f(χend)
√
3Uend

cos2 α

≃ −O(1)QLλ̃5φ
3
end sin θend/

√
3λ.

(5.24)

Here, the O(1) factor comes from numerical calculations in reference [11]. It ac-

counts for the breakdown of the slow-roll approximation at the end of inflation, and

it is roughly three. The last step consists of assuming that the quartic term in the

potential is dominant and that LNV interactions are dominated by λ̃5 coupling.
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The produced nonzero lepton number density nL will come as neutrinos once re-

heating is finished. Then, the lepton number will be redistributed into baryons

through an EW sphaleron process by the following relation [40],

nB ≃ −
28

79
nL. (5.25)

As in reference [11], for the reheating process at treh = 223/H0 and Hubble

parameter Hreh = 0.0047H0. The relation H2
reh ≃ (π2/90)g∗(T

4
ref/M

2
p ) gives

Tref ≈ 2.2 × 1014 GeV. Then considering the entropy density s = (2π2/45)g∗T
3
reh

then the authors obtained [11],

ηB =
nB

s
= ηobsB

( |nLend|/M3
p

1.3× 10−16

)( g∗
112.75

)−1/4
(5.26)

where ηobsB is the parameter for the observed baryon asymmetry, and g∗ is the DOF

at the present time of reheating.

This expression reveals that at the end of inflation, a lepton number asymmetry of

the magnitude 1.3× 10−16M3
p is needed to produce the current baryon asymmetry.

The corresponding parameters for this result (from numerical calculations) in this

model are the following: λ̃5 = 7 × 10−15 for θ0 = 0.1 and λ̃5 = 10−10 for θ0 =

6.5 × 10−6 [11]. Thus, these parameters illustrate the wide range of values for

successful leptogenesis.
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Chapter 6

Type III Seesaw Mechanism

In the Type III Seesaw Mechanism, one introduces a triplet lepton representing

Σ : (1, 3, 0) to generate the Seesaw neutrino mass matrix [12]. This model consists,

besides the SM particles, of three LH triplets of leptons, which carry a Hypercharge

of 0,

Σ =

(
N0/
√
2 E+

E− −N0/
√
2

)
, ΣC =

(
N0C/

√
2 E−C

E+C −N0C/
√
2

)
. (6.1)

The renormalizable Lagrangian related to Σ is [12],

L = Tr[ΣiDΣ]−1

2
Tr[ΣMΣΣ

C+ΣCM∗
ΣΣ]−H̃†Σ

√
2YΣLL−LL

√
2Y †

ΣΣH̃+h.c. (6.2)

Defining E = E+c
R + E−

R , one obtains the Lagrangian,

L = Ei/∂E +N0
Ri/∂N

0
R − EMΣE −

(
N0

R

MΣ

2
N0C

R + h.c.
)

+ g
(
W+

µ N
0
RγµPRE +W+

µ N
0C
R γµPLE + h.c.

)
− gW 3

µEγµE

−
(
ϕ0N0

RYΣvL +
√
2ϕ0EYΣlL + ϕ+N0

RYΣlL −
√
2ϕ+vCLY

T
Σ E + h.c

)
.

(6.3)

Then, one can identify the neutrino mass terms in equation 6.3 to obtain [12],

L ⊃ −(vCL N0)

(
0 Y T

Σ v/2
√
2

YΣv/2
√
2 MΣ/2

)(
vL

N0C

)
+ h.c, (6.4)

a standard seesaw matrix. The charged partners in the triplet Σ mix with the SM

charged leptons, resulting in the following mass matrix,

L ⊃ −(lR ER)

(
ml 0

YΣv MΣ

)(
lL

EL

)
+ h.c. (6.5)
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After introducing unitary matrices as in the Type I Seesaw model, as in [10]. One

can diagonalize the mass matrix and mass eigenvalues for the neutrinos and charged

leptons [44],

diag(N) = U †
0

(
0 Y †

Σv/2
√
2

Y ∗
Σv/2

√
2 M∗

Σ

)
U∗
0 =

(
mdiag

v 0

0 Mdiag
N

)
, (6.6)

diag(E) = U †
L

(
m†

l Y †
Σv0

0 M †
Σ

)
UR =

(
mdiag

l 0

0 Mdiag
E

)
. (6.7)

where the light neutrino mass eigenstates are denoted by vj for j = 1, 2, 3. Here, the

heavy neutral leptons are donated as Nj and the charged leptons as E±
k . Explicitly

in the expansion, the light and heavy neutrino mass eigenvalues are [44],

mv ≈
Y 2
Σv

2
0

2MΣ

, MN ≈MΣ (6.8)

and for charged leptons are,

ml −ml
Y 2
Σv

2
0

2MΣ

≈ ml, ME ≈MΣ. (6.9)

At the tree level, the heavy leptons N and E± are degenerate in mass. However,

after EWSB, and for MΣ ≥ 100 GeV, radiative corrections split this degeneracy by

[44],

∆M ≡ME −MN =
αW

2π

M2
W

MΣ

[
f
(MΣ

MZ

)
−f
(MΣ

MW

)]
≈ 160MeV (6.10)

where,

f(y) =
1

4y2
log(y2)− (1 +

1

4y2
)
√

4y2 − 1 arctan(
√

4y2 − 1). (6.11)

This opens the E± → Nπ±; after this, heavy lepton decays to electroweak bosons

and light leptons that progress through double-triplet lepton mixing.

The heavy triplet leptons have gauge interactions compared to the Type I Seesaw.

Thus, their detection is easier if, kinematically, these particles can be produced in

colliders. Further, gauge interactions also contribute to the Leptogenesis processes.

In the Type III Seesaw model, LNV is provided by the term, −1
2
Tr[ΣMΣΣ

C +

ΣCM∗
ΣΣ] in the Lagrangian, violating the lepton number by two units. The lepton

number asymmetry is caused by N0 and E±
i decays.
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6.1 Heavy fermion Leptogenesis

Leptogenesis is the process where one transforms the LNV into a baryon number

violation. The main idea behind the mechanism, apart from the Sakharov condi-

tions, is that at a high enough temperature, the sphaleron effect can transfer lepton

number asymmetry into the BAU. The sphaleron effect violates B and L but con-

serves B − L. When the effect occurs, B − L is preserved, but B + L is washed

out. If the B + L washout is finished, for an initial non-zero Li, but zero Bi, after

sphaleron effect, the final baryon number Bf and final lepton number Lf is [12],

Bi − Li = Bf − Lf , Bf + Lf = 0→ Bf = −1

2
Li, Lf =

1

2
Li. (6.12)

In an SM with a Higgs doublet, as shown previously, Bf = −28/79Li (the washout

is imperfect).

In the Type III seesaw model, the Majorana mass term for heavy neutrino N violates

the lepton number. When N decays, it generates a lepton number asymmetry ϵN

for a CP-violating interaction. If the process occurs out of equilibrium, a net lepton

asymmetry can be created. Then, through the sphaleron effect, one would have, at

present [12],
nB

nγ

= −28

79
Y eq
N ϵNη. (6.13)

where Y eq
N = neq/s with neq

N is the density of N at equilibrium, s is the entropy

density, and η is the efficiency factor of surviving washout. η is then determined by

solving a Boltzmann equation considering the lepton number conversing (washout

asymmetry) and conserving process, which is model-independent.

In the Type III model, the LNV is provided by the 2nd term in equation 6.2, which

has a LNV of two units. Here, the decays of N0 and E±
i produce a lepton number

asymmetry. The lepton number asymmetry ϵ1 by the lightest neutrino and charged

partners is [12],

ϵ1 = −
∑
j=2,3

3

2

M1

Mj

Γj

Mj

IJ
2Sj − Vj

3
, (6.14)

where

Ij =
Im[(λλ†)21j]

|λλ†|11|λλ†|jj
, (6.15)

Γj

Mj

=
|λλ†|jj
8π

=
m̃jMj

8πv2
, (6.16)

Sj =
M2

j ∆M
2
1j

(∆M2
1j)

2 −M2
1Γ

2
j

, (6.17)
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Vj = 2
M2

j

M2
1

[
(1 +

M2
j

M2
1

) log(1 +
M2

1

M2
j

)− 1
]

(6.18)

where Sj and Vj are functions due to Feynman diagrams, and finally,

∆M2
ij =M2

j −M2
i , λ = YΣ/

√
2. (6.19)

In the hierarchical limit (M2,3 ≪M1) of the heavy leptons [12],

ϵ1 =
∑
j=2,3

3

16π

M1

Mj

Im[(λλ†)21j
|λλ†|11

(6.20)

If heavy neutrinos are quasi-degenerate (QD) for ∆M2
12 = Γ2

2 andM3 >> M1,2 then

[12],

ϵ1 =
3

4π

Im[(λλ†)212
|λλ†|11

(ln 2− 1), (6.21)

where it is easy to obtain a large ϵ1. At last, to find η, the efficiency factor, one

needs to solve for the Boltzmann equation, this time with new relevant Feymann

processes (Figure 6.1) in contrast to the Type I Seesaw (Figure 4.1). Since the heavy

Figure 6.1: Additional Feynman diagrams must be added to the Boltzmann equa-
tion [12].

leptons have gauge interactions, they can easily achieve thermal equilibrium with

other SM particles. Then Y eq
N is explicitly found by counting relativistic particle

content in the model. Overall, in the Type III model [12],

nB

nγ

= −0.029ϵ1η. (6.22)

These heavy leptons quickly decouple with others at a lower temperature and decay

out of thermal equilibrium. Thus, one can have a large efficiency factor η compared

to a type I seesaw (heavy neutrinos are ”sterile”).
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Chapter 7

Testing Leptogenesis & the

Seesaw Mechanism

As seen, the three (Type I, II and III) seesaw mechanisms explicitly explain the

smallness of the neutrino masses and the BAU through Leptogenesis. Here, we will

focus on the most widely studied seesaw mechanism, the low-scale Type I seesaw

mechanism. Furthermore, the implications of the Type II and Type III seesaw

mechanisms in experiments will be examined.

7.1 Testing the Type I Seesaw (The Low Scale

Seesaw)

The crucial characteristic of the Type I seesaw [14] mechanism is the inclusion of

RH neutrino fields, which are added as SU(2)L singlets to the SM without affecting

the general properties. The minimal setup in which Leptogenesis is successful is

a Type I Seesaw extension with 2 RH neutrinos and correspondingly two heavy

Majorana neutrinos Nj with definite masses Mj > 0 for j = 1, 2. In classical ther-

mal leptogenesis with the Majorana neutrinos having a hierarchical mass spectrum,

BAU due to the out-of-equilibrium decays of Nj (L, C and CP violating decays)

occurs at scales around but a few orders of magnitude less than the scale of unifica-

tion for the EW and strong interactions in GUT [14]. The scale of leptogenesis, as

shown previously, is determined by the magnitude of the heavy Majorana masses.

At present, high-scale leptogenesis experiments have many complications. However,

the low-scale Type I seesaw can lead to the possibility that heavy Maj-neutrinos

can have masses less than TeV scales, which shows the possibility of testing in

colliders or low-energy experiments.
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In resonant leptogenesis [45], BAU is produced solely by CP violating Nj and

Higgs decays mediated by the neutrino Yukawa couplings with the heavy Majorana

neutrino with Mj < (≪)1 TeV. For simplicity, in the case of 2 RH neutrinos, the

resonant regime occurs when 2 heavy Majorana neutrinos are a quasi-degenerate

pair such thatM2−M1 > 0 andM2 ≈M1. Results in [46] show the possible N1 and

N2 initial abundances at temperature T0 >> Tsph, Tsph being sphaleron decoupling

temperature (131.7 GeV2). The authors demonstrated that in both cases, N1,2

Thermal Initial Abundance (TIA) and N1,2 Vanishing Initial Abundance (VIA),

successful resonant leptogenesis is possible. The heavy Majorana neutrinos would

take an accessible range M1,2 ≃ 0.3 − 100 GeV for VIA and M1,2 ≃ 5.0 − 100

GeV for TIA. Moreover, accessible for values of the charged and neutral current

couplings (for the Heavy Majorana neutrinos) in the weak interaction Lagrangian,

denoted (RV )iℓ, ℓ = e, µ, τ , j = 1, 2 [46], in the range 10−6 − 5× 10−5. In contrast,

the BAU is generated through RH neutrino oscillations in the freeze-in leptogenesis

mechanism [47]. Recently, the parameter space of the two scenarios was studied in

a unified framework with 2 Majorana neutrinos [48].

This was extended in [49], where they studied a case of three quasi-degenerate heavy

Majorana neutrinos N1,2,3 withM1,2,3 ≃M . The author’s work spannedM between

50 MeV to 70 TeV, focusing on an NH or quasi-degenerate (QD) mass spectrum and

considering vanishing and thermal initial conditions. They found that the range

of the couplings for charged current (CC) and neutral current (NC) with N1,2,3 is

several orders larger than the two heavy Majorana neutrino case. For N1,2,3 with

masses sub-TeV scale and with a large range of couplings can be investigated in

high precision experiments on charged lepton flavour violation (cLFV) searching

for µ decays and µ to e conversion in nuclei [14].

In the three singlet RH neutrino setup (νaR) with a Type I seesaw mechanism

leptogenesis model, the required lepton number charge L is not conserved by the

Majorana mass and the Yukawa couplings involving Higgs doublets. Furthermore,

the breaking of C and CP symmetries is also ensured.

If one starts in a diagonal mass basis of the νaR and the charged leptons ℓ± (ℓ =

e, µ, τ), the neutrino Yukawa coupling and the seesaw Majorana mass terms are

[46][48][49],

LY,M = −(YℓiψℓLiτ2Φ
∗(x)NiR(x) + h.c.)− 1

2
MiNi(x)Ni(x), (7.1)

where Yℓi is the Yukawa neutrino couplings (in chosen basis), (ψℓL(x))
T =

(νTℓL(x) ℓ
T
L(x)). νℓL is the LH neutrino and ℓL is the LH charged lepton field.
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Further, the Higgs field is Φ, and Ni is the heavy Majorana field. In this basis, the

neutrino fields νTℓL(x) which contribute to the expressions for CC and NC in the

weak interaction, are given by [14],

νℓL =
∑
i

(1 + η)UℓiνiL(x) +
∑
j

(RV )ℓjNjL(x), (7.2)

where NjL are the LH components of the field of the heavy neutrinos Nj, νiL are

the LH components of the three light Majorana neutrinos vi with mass mi (mi ≲

0.5 eV ≪ Mj). U is a three-by-three unitary matrix and η = −(1/2)(RV )(RV )†.

The matrix R is determined by R ∼= MDM
−1
N , MD and MN are the seesaw Dirac

and RH Majorana neutrino mass matrix (MD ≪ MN). V is a unitary matrix

diagonalising the Majorana mass matrix of heavy RH neutrino MN [14]. The

matrix MD (as shown in Chapter 4) is related to the Yukawa couplings Y by

MD = (v/
√
2)Y V T . The Majorana mass matrix of the LH flavour neutrinos is

given by

(mv)ℓℓ′
∼= −[MDM

−1
N (MD)

T ]ℓℓ′ = −
v2

2
YℓjM

−1
j Y T

jℓ′
= (Um̃vU

T )ℓℓ′ . (7.3)

where m̃v is a diagonal mass matrix for the light neutrinos. In this case, the PMNS

matrix takes the form [14],

UPMNS = (1 + η)U, (7.4)

where the matrix η describes the deviations from unitarity of the UPMNS. The

elements of η are constrained by EW data and data on flavour observables [50] [51].

Given the upper bounds on the elements of η are strong, UPMNS ≈ U . Here use

the PMNS matrix with two Majorana phases, α21 and α31 [52], c12c13 s12c13 s13e
−iδ

−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ s23c13

s12s23 − c12s13c23eiδ −c12s23 − s12s13c23eiδ c23c13


1 0 0

0 e
iα21
2 0

0 0 e
iα31
2

 .

(7.5)

α21 and α31 cannot be constrained by neutrino oscillation experiments (treated as

free parameters).

The quantities (RV )ℓj in equation 7.2 describe the strength of the CC and NC

interactions with Nj to the W± bosons and the charged lepton ℓ and the Z boson
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with the LH neutrino νℓL. Here, the weak Lagrangian is [14],

LN
CC = − g

2
√
2
ℓγα(RV )ℓj(1− γ5)NjW

α + h.c (7.6)

LN
NC = − g

4cw
νℓLγα(RV )ℓj(1− γ5)NjZ

α + h.c, (7.7)

where cw = cosθw and θw is the weak mixing angle. The magnitude of the coupling

in the leptogenesis parameter range is crucial for low-scale leptogenesis testing. As

shown in Chapter 4 in the CIP, the Yukawa coupling is described as [14],

Y = i

√
2

v
U
√
m̃vO

T
√
M̃, (7.8)

where O is a complex orthogonal matrix, OTO = OOT = I, and M̃ is the diagonal

mass matrix for the heavy Majorana neutrinos. The parameterization of O is given

by θj = ωj + iξj with j = 1, 2, 3 and ωj, ξj ∈ R for any j [46][48]. Thus,

O =

 c2c3 c2s3 s2

−s1s2c3 − c1s3 −s1s2s3 + c1c3 s1c2

−c1s2c3 + s1s3 −c1s2s3 − s1c3 c1c2

 , (7.9)

where sj = sin θj and cj = cos θj. An alternative parametrization is [49],

O = (OvRCON)
T , (7.10)

where Ov = O12
v O

23
v and ON = O23

NO
13
N represent products of real rotations in

the 1-2 and 1-3 planes, respectively. RC = R12
C outlines a rotation by a complex

angle in the 1-2 plane. The parametrization used provides convenience in the 3

RH Majorana case as it also involves a complex angle θC (in RC). The authors

worked in the extended range of the Majorana phases to account for both cases of

det(O) = ±1 [14].

The results in [49] in the three RH neutrino cases with QD Majorana neutrinos with

M1,2,3 < 70 TeV show that one can have Leptogenesis for either NH or QD light

neutrino masses for M in the range 1.7 GeV - 70 TeV (TIA) and 50 MeV - 70 TeV

(VIA). The Majorana neutrino couplings
∑

ℓj |(RV )ℓj|2 vary widely, with values

that can be observed in low-energy experiments. e.g. for m1 = 0 at NH, M = 100

GeV (70 TeV) then [49] shows max(
∑

ℓj |(RV )ℓj|2) ≃ 0.1(10−5). As shown in the

equations,
∑

ℓj |(RV )ℓj|2 has a strong dependence on θC , mild dependence on CIP

real angles and weak dependence on the Dirac and Majorana phases.
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The CC and NC couplings in equation 7.6 and 7.7 provoke cLFV process in µ± →
e±+γ, µ± → e±+e++e− and µ−e conversion in nuclei [16]. The branching ratios

depend on the quantity
∑

i=1,2,3 |(RV )∗µi(RV )ei|2 and for |Mi − Mj| ≪ Mk, i ̸=
j = 1, 2, 3, k = 1, 2, 3 on M1,2,3 ≃ M of N1,2,3 heavy Majorana neutrinos. The

expressions for BR(µ± → e±+ γ), BR(µ± → e±+ e++ e−) and CR(µA
ZX → eAZX)

are the following [14] (3 QD Model):

BR(µ→ eγ) =
Γ(µ→ eγ)

Γ((µ→ e+ νµ + νe)
=

3αEM

32π
|T |2, (7.11)

, where αem is the fine structure constant and

T ∼= [G(X)−G(0)]
∑

i=1,2,3

(RV )∗µi(RV )ei. (7.12)

G(X) is a loop integration function and X = (M/MW )2 (Asummed M1,2,3
∼= M).

The function G(X) is monotonic and takes values in the range [4/3, 10/3] with

G(X) ∼= 10/3−X for X ≪ 1 (G(X) function found in [16]). Then [16] for (2RHN

Model for simplicity),

CR(µA
ZX → eAZX) =

Γ(µA
ZX → eAZX)

Γcapt

=
α5
em

2π4 sin4 θw

Z4
eff

Z
|F (−m2

µ)|
G2

Fm
5
µ

Γcapt

|(RV )∗µ1(RV )e1||Cµe|2.

(7.13)

where Z is the proton number of the nucleus X, sin2 θW = 0.23, F (−m2
µ) is the

nuclear form factor at momentum transfer squared of the muon mass, Zeff is the

effective atomic charge and Γcapt is the experimentally known muon (total) capture

rate. Further, Cµe is the loop integral factor that shows the contributions from

γ-penguin, Z-penguin and box-type diagrams. Finally for µ± → eee [16] (2RHN

Model for simplicity),

BR(µ→ 3e) =
α2
EM

16π2 sin4 θW
|(RV )∗µ1(RV )e1||Cµ3e(x)|2, (7.14)

where |Cµ3e(x)|2 decay factor is defined in reference [16]. Even though the rates

of the cLFV τ decays are also proportional to the couplings, the sensitivity of

experiments on τ± decays are less stringent [14]. The Cµe loop integral values,

the Cµ3e decay factor, and the Z proton number. From nuclear factor, F (−m2
µ),

effective atomic charge and total capture rate can be found in reference [16].
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Table 7.1: Current experimental constraints for µ processes

Parameter Senisitivty Reference

BR(µ± → e± + γ) < 4.2× 10−13 MEG [53]
BR(µ± → e± + e+ + e−) < 1.0× 10−12 SINDRUM I [54]
CR(µA

ZTi→ eAZTi) < 4.3× 10−12 SINDRUM II [55]
CR(µA

ZAu→ eAZAu) < 7.0× 10−13 SINDRUM II [56]

It has been shown that µ± → e±+γ, µ± → e±+e++e− and µ−e conversion in nuclei

branching fractions are proportional to the couplings in Type I Seesaw Models, for

the full derivations refer to [57] [16] [58]. The most stringent experimental limits

on µ → eγ, µ → eee and µ − e conversion in nuclei have been reported by MEG,

SINDRUM and SINDRUM II collaborations as shown in Table 7.1

The MEG II (developing of MEG) aims to reach a sensitivity of BR(µ± → e±+γ) ≃
6.0× 10−14 [59]. Further, the Phase I (Phase II) of the Mu3e Project [60] plans to

reach a sensitivity of BR(µ± → e± + e+ + e−) ∼ 10−15(10−16). Finally, the Mu2e

[61] and COMET [62] collaboration studying µ− e conversion in aluminium aim to

reach CR(µA
ZAl → eAZAl) ∼ 6.0 × 10−17 and the experiment PRISM/PRIME [63]

aims to reach a sensitivity of CR(µA
ZTi→ eAZTi) ∼ 10−18.

For the BR(µ± → e± + γ) at M = MW (M = 1000 GeV), one finds G(X) −
G(0) = −0.5(≃ −1.9) [14] hence using equation 7.11 and 7.12 the MEG II will

reach
∑

i=1,2,3 |(RV )∗µi(RV )ei| ≳ 3.3 × 10−5 (8.9 × 10−6) [14]. This value is 1 to

3 orders of magnitude smaller than max(
∑

i=1,2,3 |(RV )∗µi(RV )ei|) at M = MW

(M = 1000 GeV) for which for both TIA and VIA three QD Majorana low scale

leptogenesis is possible.

For the BR(µ± → e± + e+ + e−) at Mu3e experiment which is planning to

reach BR(µ± → e± + e+ + e−) around 10−15 (1016) [60]. Thus smaller value of∑
i=1,2,3 |(RV )∗µi(RV )ei| can be tested [14].

For the CR(µA
ZX → eAZX) at Mu2e, COMET and PRISM/PRIME, Mu2e [61]

and COMET [62] are trying to reach a sensitivity of Aluminium, CR(µ27
13Al →

e2713Al) around 6 × 10−17. Which can be used to achieve smaller values of∑
i=1,2,3 |(RV )∗µi(RV )ei|. In the PRISM/PRIME experiment aiming at 10−18

[63] for the µ − e conversion rate in Titanium, one can achieve values of∑
i=1,2,3 |(RV )∗µi(RV )ei| as small as 10−7 at M ∼ 100 GeV [14].
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Figure 7.1: The region of successful Leptogenesis in the
∑

i=1,2,3 |(RV )∗µi(RV )ei|−M
in case of a NH with m1 = 0 is the top graph, and for Normal ordering (NO) with
m1 = 0.03 eV is the graph at the bottom. The solid and dotted black curves are the
constraints (in VIA and TIA, respectively) for successful Leptogenesis. The grey
region that extends to M ∼ 500 GeV is excluded by low energy experiments [64].
The dashed contour is excluded by the upper limit of BR(µ → eγ) < 4.2 × 10−13

and the dot-dashed contour is excluded by CR(µ27
13Au→ e2713Au) < 7× 10−13. The

green, blue, yellow, and red lines belong to the sensitivity of upcoming µ± → e±+γ,
µ± → e± + e+ + e− and µ− e conversion in nuclei experiments (Al and Ti) [14].
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The authors [14] obtained a viable leptogenesis range in terms of cLFV observables

by solving the density matrix equations and scanning the parameter space for the

largest allowed values of
∑

i=1,2,3 |(RV )∗µi(RV )ei|. In Figure 7.1 the regions of viable

low-scale leptogenesis are shown in the
∑

i=1,2,3 |(RV )∗µi(RV )ei|−M plane for values

greater or equal to 10−11 for the couplings and M in 0.1− 5× 105 GeV in the TIA

and VIA cases. Regions below the dotted and solid lines, respectively. (The mass

spectrum for light neutrinos is assumed to be normal ordering).

The lightest neutrino mass is set to m1 = 0 for the top graph and m1 = 0.03 eV

for the bottom graph. Current low-energy data exclude the subregion [64], and

limitations on the branching fractions of BR(µ± → e± + γ) and CR(µA
ZX → eAZX)

are shown in grey. The yellow and red lines represent the sensitivity of the future

µ± → e± + γ, µ± → e± + e+ + e− and µA
ZX → eAZX (for Ti and Al) experiments.

The figures indicate that future µLFV experiments can directly test crucial regions

of the leptogenesis parameter space. As shown, the future MEG II can test the

region from M ∼= 90 GeV to M ∼= 2 × 104 GeV, and the Mu3e can test M ∼= 60

GeV to M ∼= 7 × 104 GeV in the VIA case (For the TIA case slightly larger

values) [14]. They will test values down to
∑

i=1,2,3 |(RV )∗µi(RV )ei| ∼ 8× 10−6 and∑
i=1,2,3 |(RV )∗µi(RV )ei| ∼ 1.5× 10−6, respectively.

In the VIA (TIA) case the upcoming experiments on µ − e conversion in Al from

Mu2e and COMET will be able to test the region betweenM ≃ (4(6)−3×105) GeV

and values of up to
∑

i=1,2,3 |(RV )∗µi(RV )ei| ∼ 2 × 10−7 [14]. PRISM/PRIME will

test a region betweenM ≃ (2(3)−5×105) GeV and up to
∑

i=1,2,3 |(RV )∗µi(RV )ei| ∼
1.6× 10−8 [14].

If one finds a positive result in the µLFV experiments, it will support a low-

scale leptogenesis scenario with three (RH) QD-heavy Majorana neutrinos. From

the data of µ decays, one can compute M and
∑

i=1,2,3 |(RV )∗µi(RV )ei| [14]. This

permits us to make specific calculations on the branching fractions of the other

processes. Note that in the region of the parameter space successful leptogenesis,

the heavy Majorana neutrinos can simultaneously have sizeable CC couplings to

the electron and muon and to the e, µ, τ [14].

In summary, upcoming and future µLFV experiments on µ± → e± + γ, µ± →
e± + e+ + e− and µ− e conversion in nuclei in Ti and Al can probe directly regions

of viable low-scale leptogenesis parameter space based on type I with 3 QD heavy

Majorana neutrinos. Furthermore, experiments on τ → eee(µµµ) and τ → e(µ)γ

can probe parts of the parameter space (i.e. BaBar [65], BELLE II [66]).
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7.2 Sensitivities of the BR(µ→ eγ)

Table 7.2: Constraints for BR(µ→ eγ)

Parameter Senisitivty Reference

BR(µ± → e± + γ) < 4.9× 10−11 Crystal Box [67]
BR(µ± → e± + γ) < 1.2× 10−11 MEGA [68]
BR(µ± → e± + γ) < 4.3× 10−12 MEG [53]

In the light of the 3 QD Low Scale Seesaw, the Crystal Box experiment [67]

was operational in Los Alamos, USA, during the 1980s. Running at 4 × 1012

µ/s of beam intensity, the experiment collected the statistics of 1.4 × 1012 muons

(stopped on target). Using a Maximum likelihood technique in a parameter space

with four discriminating variables, they achieved the first limit shown in Ta-

ble 7.2. Using equation 7.11 and 7.12, (at M = MW (M = 1000 GeV), with

G(X) − G(0) = −0.5(≃ −1.9)) the Crystal Box would have reached a sensitivity

of
∑

i=1,2,3 |(RV )∗µi(RV )ei| ≳ 9.5 × 10−4 (2.5 × 10−4) (Calculation done by Author

of this Dissertation).

The MEGA experiment [68] was operational in Los Alamos, USA, for about 10

years, and it could exploit a much larger beam rate up to 4 × 107 µ/s. The ex-

periment collected data for three years for a total of 8 × 106s of live time and

1.2 × 1014 muons stopped on target. They achieved the second limit shown in

Table 7.2. Using equation 7.11 and 7.12, (at M = MW (M = 1000 GeV), with

G(X) − G(0) = −0.5(≃ −1.9)) the MEGA would have reached a sensitivity of∑
i=1,2,3 |(RV )∗µi(RV )ei| ≳ 4.7 × 10−4 (1.2 × 10−4) (Calculation done by Author of

this Dissertation).

Finally, the MEG [53] experiment gives the best constraint with an innovative

liquid Xenon calorimeter. (With a better resolution and time than the MEGA

photon conversion approach). The experiment run at PSI, 3 × 107 µ/s collecting

up to 7.5 × 1014 muons stopped on target. They achieved the last limit shown

in Table 7.2. Using equation 7.11 and 7.12, (at M = MW (M = 1000 GeV),

with G(X)−G(0) = −0.5(≃ −1.9)) the MEG would have reached a sensitivity of∑
i=1,2,3 |(RV )∗µi(RV )ei| ≳ 2.8 × 10−4 (7.4 × 10−5) (Calculation done by Author of

this Dissertation).

Compared to the new sensitivity MEG II [59] will reach BR(µ± → e± + γ) ≃
6.0× 10−14, the limit in the couplings is improved significantly.
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7.3 Type I Seesaw Leptogenesis at High Energies

Leptogenesis in a Type I Seesaw mechanism can also be realized in a high-scale

leptogenesis mechanism, e.g. the out-of-equilibrium decay of heavy RH neutrinos

with CP-violating processes. However, the RH neutrino masses are typically beyond

the reach of current and future colliders (Except for resonant leptogenesis) [69].

Thus, these scenarios are difficult to experiment on.

One can ”falsify” high-scale leptogenesis models via LNV around the TeV scale

to probe models at high scales [69]. i.e., the observation of a same-sing dilepton

signature without missing energy at the LHC implies a strong washout that an

asymmetry at a high scale would be directly washed out before the sphaleron pro-

cess. For leptogenesis scenarios around the TeV scale, observation of such a signal

would imply a lower limit on the CP asymmetry [69].

Neutrinoless double beta decay (0νββ) is an LNV observable; if a new physics

mechanism of 0νββ is found other than light neutrino exchange, one can exclude

high-scale leptogenesis unless the baryon asymmetry is protected via another mech-

anism. Thus, if 0νββ is found, investigation of the underlying mechanism is sig-

nificant [69]. Observations in all flavour sectors or an additional measurement of

LNV are needed to confirm washout in all flavour sectors. In the case of 0vββ, no

confirmation has been found since the controversial Heidelberg-Moscow [70] results.

Since then, neither has NEMO-3 [71] or GERDA [72] found a signal.

Depending on the new UV physics hierarchy, collider probes or 0νββ can have

a larger experimental reach [69]. In addition, 0νββ is limited to only the first

generation of leptons. Collider search allows for signatures in the second and third

generation of leptons. Observing LNV at current or future colliders or 0νββ decay

experiments would imply that single-flavour high-scale leptogenesis is inadequate

[69].

Overall, experimental searches of LNV signatures are crucial for realising high-scale

leptogenesis, even though the physics is accessible implicitly. Thus, observing LNV

at 0νββ decay experiments via a non-standard mechanism or at current and future

colliders can tend towards low energy scale scenarios. .
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7.4 Implications of the Type II Seesaw

An essential characteristic of the Type II Seesaw model [11] is the inclusion of

a SU(2)L triplet scalar ∆ with a hypercharge of 1 to the SM without affecting

the SM’s general properties. In Type II, ∆ has a non-zero VEV and the lepton

sector couples to the triplet Higgs. Thus, the mass of the neutrinos can form. In

addition, the Type II model can provide a mechanism for Leptogenesis by playing

the role of inflation, as shown in Chapter 5. The model allows the triplet Higgs

mass parameter to be as light as the TeV scale, which can be tested in the LHC

and new collider experiments [15].

The LHC has performed surveys for the doubly charged Higgs contained in the

triplet Higgs and currently sets a limit of around a few 100 GeV, depending on its

decay products [73]. Its decay is sensitive to the VEV value of the triple Higgs.

But if the model generates the BAU, a VEV less than 1 keV is preferred to avoid

the lepton number being washed out [15]. Thus, one can look for the triple Higgs

decay in the leptonic channel.

In this extension [15] of the SM through the addition of ∆, after EWSB, be-

yond the SM Higgs, there are six additional scalars in the model, identified as

A0, H0, H±, H±±. A0 and H0 are the extra CP odd/even neutral scalars and H±

and H±± are the charged Higgs and doubly charged Higgs respectively. Through

a Drell-Yan process, the charged Higgs and the doubly charged Higgs can be pair-

produced. Thus, one can look for channels to test the triplet Higgs in colliders.

Depending on the number of observed leptons, we have the four-lepton channel,

the three-lepton channel and the two-lepton channel [15] (each one with a different

sensitivity). Then, through a combination of the three channels, the final result

is derived. The triplet Higgs is a triplet in the SM group. Therefore, the charged

Higgs and the doubly-charged Higgs can be produced together (the production rate

can be higher than H±± pair-production). H±±H∓ will contribute to the search

channels in the LHC if the charged Higgs decay emits a lepton and a neutrino.

Further, in the H±±H∓ pair production, since the charged Higgs decay emits a

lepton and a neutrino, a large missing energy will be undetected. Hence, one can

search the H±±H∓ decay via the signal of 3 electrons plus the missing energy (May

have good sensitivity).

As shown in Chapter 5, the model contains the SM Higgs Doublet H and the

SU(2)L scalar triplet ∆, which both have nonvanishing VEVs, as in equation 5.1.

An additional Yukawa interaction modifies the Lagrangian as in equation 5.2, and

we have a new potential as given in equation 5.4. After EWSB one finds (as in
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reference [15]): a doubly charged Higgs H±±(= ∆±±), two scalars H± and G±

(which are combinations of ∆± and h±), the CP even neutral states H0, h0, and

the CP odd states A0, G0. Here, G± and G0 are the Goldstone bosons that form

the longitudinal DOF of the W± and Z bosons.

The mass squared of the doubly charged Higgs is given by [15]

m2
H±± =

√
2µv2H − 2λ3v∆

3 − λ4v2Hv∆
2v∆

. (7.15)

The mass squared of the charged Higgs is [15],

m2
H± =

2
√
2µ2 + 4

√
2µv2∆ − λ4v∆v2H − 2λ4v

3
∆

4v∆
. (7.16)

For the CP odd/even scalars, the mass is [15],

m2
H0 =

1

2
[A+ C +

√
(A− C)2 + 4B2], (7.17)

m2
h0 =

1

2
[A+ C −

√
(A− C)2 + 4B2], (7.18)

m2
A0 =

µ(v2H + 4v2∆)√
2v∆

. (7.19)

Through equations 7.17 to 7.19,

A =
λ

2
v2H , (7.20)

B = −
√
2µvH + (λ1 + λ4)vHv∆, (7.21)

C =

√
2µv2H + 4(λ1 + λ4)v

3
∆

2v∆
. (7.22)

In the limit v∆ ≪ vH , one finds the following relation [15],

m2
H±± −m2

H± ≈ m2
H± −m2

H0/A0 ≈
−λ4v2H

4
. (7.23)

Defining the mass-splitting parameter as ∆m = mH±± − mH± (mass difference

of spectra in triplet Higgs sector). The decay behaviour of the triplet Higgs, for

different parameter ranges [15], is ∆m < O(10) GeV and v∆ < 10−4 GeV, H±±/H±

decays into ℓ±±/ℓ±ν. For ∆m < O(10) GeV and v∆ < 10−4 GeV, H±±/H± decays

into W±±/W±Z or W±h0. If ∆m > O(10), then one would find a cascade of decay

channels. In the case of the Type II Seesaw Leptogenesis, for ∆m < O(5) GeV and

v∆ < 10 keV, the H±±/H± would mainly decay into dileptons. Thus, one would
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find a multi-lepton signature.

As shown in Chapter 5, the minimal Type-II Seesaw model through the AD mech-

anism can cause leptogenesis. The scalar field acquires a large VEV during the

inflationary epoch in the AD mechanism. At the end of inflation, a lepton number

asymmetry generated would be transferred to the baryon asymmetry.

Now consider the non-minimal couplings of ∆ and H to gravity; the Lagrangian in

the Jordan frame is equation 5.8 [11], where R is the Ricci scalar. The non-minimal

couplings have the form of equation 5.9. Then, after a Weyl transformation, the

Lagrangian is transferred into the Einstein frame (with an Einstien-Hilbert form

the gravitational portion). Then the potential of the scalar, in Einstein frame, can

be written as [15]

VE(H,∆) =
M4

p

(M2
p + 2F (H,∆))2

V (H,∆), (7.24)

which in the large field limit of h and ∆0, one finds a flat direction. This flat

direction is a Starobinsky-like inflation trajectory, and inflation is the mixing of h

and ∆0. As shown, ∆ carries a lepton number of −2 and µ term-induced LNV

(AD mechanism ingredients). Then, as shown in section 5.1, the AD mechanism

generates a lepton number asymmetry, which is then transferred to baryon number

forming BAU.

However, after reheating, LNV processes cannot be in thermal equilibrium since

the generated lepton asymmetry would be washed out. Thus, one demands that

LL←→ HH and HH ←→ ∆ are not in thermal equilibrium [15],

Γ
∣∣
T=m∆

= n|
〈
σv
〉
≈ y2µ2/m∆ < H

∣∣
T=m∆

, (7.25)

ΓID(HH ←→ ∆)
∣∣
T=m∆

≃ µ2

32πm∆

< H
∣∣
T=m∆

, (7.26)

where

H
∣∣
T=m∆

=

√
π2g∗
90

m2
∆

Mp

. (7.27)

Using equations 7.27 and 7.26, to avoid washout one finds [15],

v∆ ≲ 10−5 GeV (
m∆

1 TeV
)−1/2. (7.28)

So for m∆ ≳ 1 TeV, one needs v∆ ≲ 10 keV.
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Through CC and NC Drell-Yan reactions, ∆ Higgs can be created in the LHC [15],

qq
γ∗/Z∗

−−−→ H±±H∓∓/H±H∓/H0A0, qq′
W ∗
−−→ H±±H∓/H±H0/H±A0. (7.29)

The Feynmann diagrams for H±±H∓∓, H±±H∓ are shown in Figure 7.2.

Figure 7.2: Feynman diagrams for pp→ H±±H∓∓ and pp→ H±±H∓ [15]

Given the setup as in [15],

q(p1) + q(p2)→ H++(k1) +H−−(k2),

q(p1) + q′(p2)→ H++(k1) +H−(k2),
(7.30)

one finds the parton level cross-section to be [15],

dσ

dy
(qq → H++H−−) =

3πα2β3
1(1− y2)
Ncs

(
e2q +

s

(s−MZ)2
cos 2θW
sin2 2θw

×
[
4eqg

q
V (s−M

2
Z) + 4(gq2V + gq2A )s

cos 2θW
sin2 2θw

])
,

(7.31)

dσ

dy
(qq′ → H++H−) =

πα2β3
2(1− y2)

16Nc sin
4 θW

s

(s−M2
W )2

. (7.32)

Here y = p1 ·k1, s is the partonic centre of mass energy, and α is the QED coupling

at scale
√
2, eq is the electric charge of quark q. Further [15],

β1 =
√

1− 4m2
H±±/s, (7.33)

β2 =
√

(1− (mH± +mH±±)2/s)(1− (mH± −mH±±)2/s). (7.34)

In Figure 7.3 we show the cross-sections of both H±±H∓∓, H±H∓ and H±±H∓

from the collision of 2 protons against the mass of H±±. Here, the authors [15]

used a K-factor of 1.25 [74] and assumed that both H±± and H± carry the same

mass parameter. As shown in the figure, H±±H∓∓ has a significant cross-section
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and a distinct signature, i.e. the same lepton final state. However, H±±H∓ has a

greater cross-section than H±±H∓∓. Therefore, it can grant us a better channel

for the ∆ search.

Figure 7.3: Pair production cross-section of the triplet scalars in a collider with√
s = 13 TeV and ∆m = 0 [15]

The authors in reference [15] considered the case where ∆m < O(1) GeV and

v∆ < 10−6 GeV. Therefore, H±± and singly-charged scalars generally decay into

leptonic final states. The branching ratios are [15],

BR(H±± → ℓ±i ℓ
±
j ) =

2

1 + δij

|yvij|2∑
mn |yvmn|2

, (7.35)

BR(H± → ℓ±i νj) =
|yij|2∑

mn |ymn|2
, (7.36)

where yv and y are defined as,

yv =
1√
2v∆

Udiag(m1,m2,m3)U
T , (7.37)

y =
cos β

v∆
diag(m1,m2,m3)U

T . (7.38)

Here, U is the lepton mixing matrix measured in neutrino oscillations. Additionally,

the leptonic BR depends on the mass hierarchy of the neutrinos. As shown in [75]

[15],

NH : BR(H++ → µµ), BR(H++ → ττ)≫ BR(H++ → ee),

IH : BR(H++ → ee)≫ BR(H++ → µµ), BR(H++ → ττ).
(7.39)
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The authors then assumed that BR(H++ → ee) = 100% for their study on multi-

electron searches in LHC.

The ATLAS collaboration has experimented on multi-lepton final state searches

at an integrated luminosity of 36.1fb−1 of proton-proton collisions at the centre of

mass energy of 13 TeV [76]. The author’s [15] analysis focuses on the H±± → e±e±,

H±± → e±µ±, and H±± → µ±µ± with a branching ratio around 100%. The events

are classified into three different regions, and their chosen selection criteria are

shown in Table 7.3.

Table 7.3: Selection Criteria [15]

Parameter Two electrons Three electrons Four electrons

b-jet veto YES YES YES
Z veto NO YES YES
PT (e

±e±) > 100 GeV YES YES NO∑
|PT (e)| > 300 GeV YES YES NO

∆R(e±, e±) < 3.5 GeV YES YES NO
∆M/M NO NO YES

Here PT is transverse momentum, and ∆R separates the pair of particles. The final

state that included two and three electrons is also considered due to the missing

leptons in the detector. The authors [15] simulated the experimental process by

adding the contribution of H±±H∓ to the signal event (H±±H∓ contributes to two

and three electrons electron signal).

One requires at least a pair of same charge electrons for the two-electron and three-

electron signal regions. The separation of the same-charge electrons must be ∆R

less than 3.5, and the sum of PT must be more than 300 GeV [15]. Further, the

vector sum of PT was selected greater than 100 GeV. The selection needed for the e±

was |η| < 2.47 and PT > 30 GeV. To reduce the Z production background, in the 3-

electron and 4-electron signals, events were rejected if any opposite-charge electron

(same flavour) pair was within 10 GeV of the Z boson. The 4-electron signal requires

the two electron pairs to have the same charge and net charge of 0. Finally, ∆M/M

criteria are applied to exclude background from incompatible invariant masses of

same-charge pairs, where ∆M = |m++ −m−−| and M = (m++ +m−−)/2 [15]. In

ATLAS, one finds a different M for a ∆M value. In the 4-electron channel, the

authors chose ∆M/M < 0.1. In the 2-electron, 3-electron and 4-electron channels,

the invariant mass of the same-charge pairs must be greater than 200 GeV [15].

Additionally, events with b-tagged jets were vetoed to reduce background events

from top-quark decays.
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The authors [15] used a signal cut efficiency and CLs method [77] to validate the

simulation and obtain a confidence level for the cross-section. The result of the full

simulation is shown in Figure 7.4, where one can find the limit of ATLAS in the

dotted black line (close to the one derived in the simulation).

Figure 7.4: The limits for the branching ratios are (ee) 100%, (eµ) 0%, (µµ)
0%. The black and red solid lines show the cross-section of pp → H±±H∓∓ and
pp→ H±±H∓, respectively [15]. The black dashed line is the 95% confidence level
(Comparable to the limit by ATLAS [76], the black dotted line.) Combining both
processes, one finds the red dashed line is the 95% confidence level.

Since pp → H±±H∓ contributes to the 2-electron and 3-electron signal, one ex-

pected the real limit to be stronger. Hence, the authors [15] simulated the pro-

cess pp → H±±H∓ → ℓ±ℓ±ℓ∓ν to compute signal efficiency. First, denoting the

cross-section of pp → H±±H∓∓ as σ1 and its cut efficiency as ϵ1 and denoting the

cross-section of pp → H±±H∓ as σ2 and its cut efficiency as ϵ2. Then, the total

signal is [15] (L here is luminosity, and they set a limit on total signal events)

n = Lσ1ϵ1 + Lσ2ϵ2. (7.40)

The authors [15] then calculated an effective cut efficiency of

ϵ2eff = ϵ2 + σ1/σ2ϵ1 (7.41)

for pp → H±±H∓ process. Thus, one can place a limit on the cross-section of

pp→ H±±H∓. The combined limit is roughly 100 GeV, greater than without it.
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The pp→ H±±H∓ has a greater cross-section, and missing energy is also embedded

in the final states. Examining 3e+Emiss
T , the relevant background for this signal is

produced from diboson (ZZ,ZW,WW ), tt, ttW , ttZ, tth, triboson and Drell-Yan

processes [15]. The other backgrounds are dominated by the background generated

by the diboson (the only process considered in the simulation). The leading order

cross-section for the diboson process [78] and the K-factor at a centre-of-mass energy

of 13 TeV are shown in Table 7.3.

Table 7.4: Diboson Process and K-Factor [78]

Parameter ZZ W+Z W−Z WW

σ[pb] 9.89 15.51 9.53 67.74
K-factor 1.62 1.84 1.91 1.66

Figure 7.5: The missing transverse energy distribution of the process, pp →
H±±H∓ → ℓ±ℓ±ℓ∓ν with a Branching ratio for (ee) 100% overlapped by the di-
boson background (including pre-selection) [15]. The mass of the doubly charged
Higgs and the singly charged Higgs is assumed to be around 1 TeV.

To ensure that the simulation is credible and check for a charge misidentification

in the electron channel, the same charge region is considered (only b-jet veto). For

pp → H±±H∓ → ℓ±ℓ±ℓ∓ν, a significant missing transverse energy will appear in
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the final state due to the neutrino. A simulation of the missing energy distribution

of the diboson process and pp → H±±H∓ → ℓ±ℓ±ℓ∓ν is shown in Figure 7.5 [15].

As shown in Figure 7.5, a missing energy cut, roughly a few 100 GeV, would remove

the background.

Due to the clear distinction of the missing energy distribution among the signal and

diboson, the author [15] added a missing energy cut Emiss
T > 300 GeV. The total

cut at a luminosity of 3000fb−1 at 13 TeV is shown in [15]. Through the cut, only

10 percent of the diboson background remains. Using S/
√
B (expected discovery

significance), one finds Figure 7.6 at 3000fb−1 at 13 TeV.

Figure 7.6: Future searches sensitivity at 3000fb−1 [15]

One finds that for the triplet Higgs mass less than 1.2 TeV, the LHC for a high

luminosity can reach a 2σ on the measurement. The graph also shows a comparison

without the missing energy cut. The multi-electron channel provides better sensi-

tivity when the triplet mass is below 800 GeV. But for greater than 800 GeV, the

3e + Emiss
T can measure a larger triplet Higgs mass. When the mass of the triplet

Higgs is low, Emiss
T could be lower, hurting the signal [15]. Larger missing energy

can further suppress the background and improve sensitivity.

Overall, the author [15] found pp → H±±H∓ can improve the sensitivty of multi-

electron channels searching for H±±H∓∓ pair production. Furthermore, they found

that the 3e + Emiss
T channel can provide better sensitivity for pp → H±±H∓ than

the multi-electron channel. The future LHC could reach a mass around 1.2 TeV at

2σ level and luminosity of 3000fb−1 in the 3e+ Emiss
T channel.
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7.5 Testing of the Type II Seesaw in Muon decays

Given a Type II Seesaw Lagrangian with a triplet Higgs as in equation 6.2 [16],

LII
Seesaw = −M2

∆Tr(∆
†∆)−

(
hℓℓ′ψ

C
ℓLiτ2∆ψℓ′L + µ∆H

T iτ2∆
†H + h.c

)
. (7.42)

where (ψℓL)
T = (νTℓL ℓ

T
L) and (ψC

ℓL) = (−νTℓLC−1 − ℓTLC−1) and H are the SM lepton

and Higgs doublet, C is the charge conjugation matrix, and µ∆ is a parameter that

characterizes the soft explicit breaking of total lepton number conservation.

The light neutrino mass matrix mv relates the flavour structure of the Yukawa

matrix h and µ∆ (generated when the neutral element of ∆ has a VEV). Setting

∆0 = v∆ and HT = (0, v)T where v ≃ 174 GeV, then from equation 7.42 [16],

(mv)ℓℓ′ ≃ 2hℓℓ′v∆. (7.43)

Then the Yukawa matrix hℓℓ′ is directly proportional to UPMNS [16],

hℓℓ′ =
1

2v∆
(U∗diag(m1,m2,m3)U

†)ℓℓ′ . (7.44)

The amplitudes of the µ± → e± + γ, µ± → e± + e+ + e− and µ − e conversion in

nuclei, LFV processes in the Type II model are proportional at LO to the product

of two elements in the Yukawa matrix h [16]. Thus, this relation implies that the

rate of the LFV process is near the current upper limits and within the sensitivity

of future experiments (for ∆M = 100 − 1000 GeV and a small Higgs triplet VEV

v∆, roughly 1-100 eV) [16]. A rather small v∆ value implies a small value of µ.

The corresponding effective low-energy LFV Lagrangian, which contributes to the

µ− e transition process, is written in the form [16],

Leff =− 4
eGF√

2
(mµAReσ

αβPRµFβα + h.c.)

− e2GF√
2

(AL(−m2
µ)eγ

αPLµ
∑
Q=u,d

qQQγαQ+ h.c).
(7.45)

Here, e is the proton charge, qu = 2/3 is the up quark electric charge, and qd = −1/3
is the electric down quark charge. The form factors AR,L, Fαβ, PR, PL and σαβ,

GF are defined in reference [16]. The term with the form factor AR generates

the µ± → e± + γ decay amplitude, analogous to the contribution of the one-loop

diagrams with a virtual neutrino and ∆+ and with a virtual lepton and ∆++. The

terms AL and AR generate the conversion amplitude of µ− e.
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For the µ± → e± + γ decay the authors [16] found that it is given by,

BR(µ± → e± + γ) ≃ 384π2(4παem)|AR|2 =
αem

192π

|(h†h)eµ|2

G2
F

(
1

m2
∆+

+
8

m2
∆++

)2.

(7.46)

Then for m∆+ ≃ m∆++ =M∆, for a upper limit of BR(µ± → e±+γ) < 2.4×10−12

by MEG [79], implies [16],

|(h†h)eµ| < 5.8× 10−6(
M∆

100GeV
)2. (7.47)

Moreover, one can use equation 7.47 to obtain a lower bound in the VEV of ∆0, v∆

using the following equation [16],

|(h†h)eµ| =
1

4v2∆
|Ue2U

†
2µ∆m

2
21 + Ue3U

†
3µ∆m

2
31|. (7.48)

For the µ± → e± + e+ + e− decay, the amplitude is generated at the tree level by

a diagram with the exchange of a virtual ∆++. Then the branching ratio is found

to be [16],

BR(µ± → e± + e+ + e−) =
1

G2
F

|(h†)ee(hµe)|2

m4
∆++

=
1

G2
Fm

4
∆++

|m∗
eemµe|2

16v4∆
. (7.49)

From the present limit limit BR(µ± → e± + e+ + e−) ∼ 10−12 [54], then [16]

|(h†h)eµ| < 1.2× 10−7(
m∆++

100GeV
)2. (7.50)

Finally, for µ − e conversion in nuclei, the conversion rate is parametrized by the

effective field theory approach in [80]. Taking into account the type II lagrangian

then [16],

CR(µN → eN) ≃ (4παem)
2 2G

2
F

Γcapt

|AR
D√

4παem
+ 2(qu + qd)ALV

(p)|2. (7.51)

Here, V and D depict the muon and electron wavefunction overlap integrals, and

they are related to vector and dipole type operations in the Lagrangian.

For a light nucleus, i.e. for Z ≲ 30, one can find an approximation D ≃
8
√
4παemV

p, with V p, the vector type overlap integral of the proton, given by

[16],

V p ≃ 1

4π
m5/2

µ α3/2
emZ

2
effZ

1/2F (−m2
µ), (7.52)

where F (q2) is the form factor of the nucleus and αem is fine structure constant.
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The values of the parameters Dm
−5/2
µ , V (p)m−5/2 and Γcapt are given in [16]. The

conversion rate can be written as [16],

CR(µN → eN) ≃ α5
em

36π4

m5
µ

Γcapt

Z4
effZF

2(−m2
µ)|(h†h)eµ|

[ 5

24m2
∆+

+
1

m2
∆++

]
+

1

m2
∆++

∑
ℓ=e,µ,τ

|h†eℓf(r, sℓ)hℓµ|
2,

(7.53)

Here, the loop function f(r, sℓ) is defined in reference [16]. Thus assuming that

m∆+
∼= m∆++ =M∆ then CR(µN → eN) ∝ |C(II)

µe |2. C(II)
µe is defined as [16],

C(II)
µe =

1

4v2∆

[29
24

(m†m)eµ +
∑

ℓ=e,µ,τ

m†
eℓf(r, sℓ)mℓµ

]
. (7.54)

The upper limit of CR(µTi→ eT i) < 4.3× 10−12 [55] leads to [16],

|C(II)
µe | < 1.24× 10−4(

M∆

100GeV
)2. (7.55)

Taking the limit m∆++ ≫ m∆+ with m∆+ = (100 − 1000) GeV, then |C(II)
µe | ∝

|(h†h)eµ| (the dominant contribution is the exchange of the singly charged scalar).

Then [16],

|(h†h)eµ| < 6× 10−4(
m∆+

100GeV
)2, (7.56)

It produces a weaker upper bound than the one given by µ± → e± + γ.
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Chapter 8

Discussion

The Type I, II and III Seesaw mechanisms simultaneously explain the minuteness

of the neutrino mass and the BAU through different Leptogenesis mechanisms. As

they extend the SM through different particles, their testing varies widely, from

searching a triplet Higgs to searching for heavy Majorana neutrinos. As shown,

seesaw model extensions lead to observable effects in µ decays and can even be

observed through their decay products in collider experiments.

8.1 Kinship of Seesaw Models

Chapter 4 shows that the SM is extended by adding heavy Majorana RH neutrinos

in the Type I Seesaw [10]. Including Majorana mass terms and Higgs-RH neutrino

Yukawa term leads to the manifestation of a mass matrix, which can then be further

diagonalized to obtain the masses of the particles. If one is restricted to the seesaw

limit, one finds an expression relating the light masses with the heavy masses where

the Yukawa couplings and large RHN masses suppress the light neutrino mass. This

is analogous to a Seesaw; the light masses decrease if the RHN masses increase.

Then, one can use the PMNS matrix to diagonalize the light neutrino mass matrix

further.

Chapter 5 describes the Type II Seesaw Mechanism by adding a SU(2)L triplet

scalar ∆, which carries a hypercharge of 1 [11]. The addition of a new Yukawa

interaction involving the LH lepton doublet Li and ∆. When the neutral component

of ∆ gains a nonzero VEV, the nonzero neutrino mass matrix manifests, including

a new scalar, which leads to new terms in the Higgs potential, including terms

which violate the lepton number. The addition of the Higgs triplet leads to the

manifestation of further observable decay.
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Chapter 6 shows that the Type III Seesaw mechanism introduces a set of triplet

leptons which generate a mass matrix similar to the Type I seesaw [12]. The

addition of fermion triplets leads to the manifestation of observable decay.

The three different seesaw models can explain the manifestation of neutrino masses.

However, in the Type I Seesaw, the neutrinos tend to be ”sterile” as they are singlets

under the SM gauge group (Unless mixed with light neutrinos). Thus, unlike the

Type II and Type III Seesaw, they are difficult to detect in experiments. The triplet

Higgs couples to leptons and neutrinos; therefore, in colliders, one can observe their

signature decay in leptonic channels. In the Type III Seesaw, fermions carry gauge

interactions, making it easier for them to be kinematically produced in colliders.

The neutrino masses generated in the Type II seesaw mechanism are Majorana

type. In contrast to models in which RH neutrinos include Dirac and Majorana

mass terms. The presence of the Majorana mass term leads to the 0νββ decay

process, which is very rare and unconfirmed. Thus, the Type II seesaw significantly

depends on the 0νββ result.

8.2 Similitude of Leptogenesis Mechanisms

As demonstrated in Chapter 3, studies concerning the large-scale structure of our

universe, such as the CMB and BBN, imply that the universe is predominantly

made of matter. Thus, Sakharov laid down three requirements for the BAU to

manifest: Baryon Number Violation, C and CP Violation, and Out of Equilib-

rium interactions. Through the help of the sphaleron process, if an initial lepton

asymmetry exists before it occurs, the asymmetry can partially be transformed into

baryon asymmetry.

Section 4.1 shows that for Type I Seesaw, the Majorana nature violates the lep-

ton number, the CP violation comes from the Yukawa couplings, and the out-of-

equilibrium requirement is given by demanding that the decay rate is less than the

Hubble expansion [38]. The heavy RH neutrinos at the start of the universe would

first decay predominantly into matter, which would then be transferred into BAU.

At High energies (Section 7.3), Type I seesaw scenarios are difficult to experiment

on as the physics has to be accessed implicitly, i.e. ”falsify” potential models [69].

However, one can test the low-scale seesaw (for three quasi-degenerate Majorana

neutrino models) with the upcoming µ± → e± + γ, µ± → e± + e+ + e− and µ− e
conversion in nuclei experiments. Through the branching fractions of µ± → e±+γ,

µ± → e±+e++e− and µ−e conversion in nuclei experiments, one can constraint the
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parameter space of the couplings, as they are directly proportional [16]. The sen-

sitivity of new experiments shows that µLFV experiments can directly test regions

of the leptogenesis parameter space, such as in MEG II [79], Mu2e [61], COMET

[62], and PRISM/PRIME [63].

Section 5.1 demonstrated that if the triplet Higgs has a non-minimal coupling with

gravity and if the mixed state of the SM and triplet Higgs plays the role of inflation,

then through a non-zero angular motion in the phase of the complex scalar, then

an asymmetry in the lepton number density manifests [11]. At last, the asymmetry

would then be transferred into BAU through sphalerons. Adding the scalar triplet

∆ leads, after EWSB, to 6 new scalars in the spectrum [15]. In the scenario of

Chapter 5, for a triplet Higgs VEV within the range of 0.05 eV ≲ v∆ ≲ 10 keV,

then the triplet Higgs will predominately decay into leptons. Colliders can search

the H±±H∓∓ pair production in multilepton channels, and with the help of pp →
H±±H∓ on can the sensitivity. The single-charge Higgs and doubly charged Higgs

can be observed in 4-lepton, 3-lepton, and 2-lepton channels. Furthermore, below

800 GeV without a missing energy cut, one can provide a significant sensitivity in

the LHC, whereas above 800 GeV 3e + Emiss
T provides a better measure of the ∆

mass [15]. On the other hand, one can measure the Yukawa couplings of the triplet

Higgs through the decays of µ± → e±+ γ, µ± → e±+ e++ e− and µ− e conversion
in nuclei experiments [16], which further help constraint parameters in the model.

Section 6.1 finds that the Type III model (similar to the Type I seesaw) violated

the lepton number by two units. Here, the decay from N0 and E±
i produce the

lepton number asymmetry [12]. Unlike the Type I seesaw, one can have a large

efficiency factor because heavy leptons quickly decoupled from the thermal bath to

decay out of equilibrium.

Overall, the three different seesaw models can explain leptogenesis. However, the

Type II model requires a non-minimal coupling to gravity. The Type I model can-

not be reached at high energies due to the mass of the heavy RH neutrinos. In

the case of 2RHN neutrinos (Type I Low scale Seesaw), in most of the parameter

regions where BAU is successful, their masses must be too degenerate to be ex-

perimentally resolved [81]. Can the 3 QD neutrino case masses be experimentally

resolved? Further [82] shows that coupling to the Higgs sector of the SM can lead

to dangerously large corrections to the Higgs mass in the Type II seesaw model.

All three leptogenesis mechanisms rely on the sphaleron process; if changed, the

calculations must be revised.
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8.3 Sensitivites of Type I and Type II

As shown in Table 7.1, the most stringent experiment limits on µ± → e± + γ,

µ± → e±+ e++ e− and µ− e conversion in nuclei have been reported by MEG [79],

SINDRUM [54] and SINDRUM II [55] [56] collaborations.

For the Low-Scale Type I seesaw (3 QD case) and the sensitivities, one calcu-

lates that for the MEG II aiming to reach a sensitivity of BR(µ± → e± + γ) ≃
6.0 × 10−14 [79] and using equation 7.11 and 7.12 for M = MW (M = 1000 GeV)

one finds
∑

i=1,2,3 |(RV )∗µi(RV )ei| ≳ 3.3 × 10−5 (8.9 × 10−6) which less than the

mas(
∑

i=1,2,3 |(RV )∗µi(RV )ei|) at that M, showing that one can test for leptogenesis

in MEG II [14]. Mu3e, for the BR(µ± → e± + e+ + e−), aims to reach a sensi-

tivity around 10−15(1016). Mu2e and COMET are trying to reach a sensitivity of

Aluminium, CR(µ27
13Al→ e2713Al) around 6× 10−17. This sensitivity can be used in

equations relating branching ratios to coupling constants to achieve even smaller

coupling values, leading to a better constraint. Finally, the PRISM/PRIME ex-

periment aiming at 10−18 for the µ − e conversion rate in Titanium, one will find∑
i=1,2,3 |(RV )∗µi(RV )ei| as small as 10−7 at M ∼ 100 GeV [14].

For the Low-Scale Type II seesaw finds that the process, µ± → e± + γ, µ± → e± +

e++e− and µ−e conversion in nuclei, lead to upper limits on the coupling |(h†h)eµ|
as shown in equation 7.47, 7.50 and 7.56 (respectively) [16]. These calculations have

been done with sensitivities published before 2013. Given that the sensitivities in

Table 7.1 for µ± → e±+γ decay are smaller and newer, one can have more stringent

upper limits on |(h†h)eµ| from equation 7.49. Further, one can use the proposed

sensitivities of MEG II, Mu2e, COMET, and PRISM/PRIME to find even more

stringent upper limits on |(h†h)eµ|.

As shown in section 7.2, compared to the Crystal Box, MEGA and MEG, the

sensitivity of MEG II significantly improves the limit set on the couplings form

µ± → e± + γ in the 3 QD Low Scale Seesaw.
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Chapter 9

Concluding Remarks

With the addition of the Higgs field, the SM is roughly complete. However, there

still remain unexplained physical phenomena, such as neutrinos and the baryon

asymmetry of the universe. At first, neutrinos were modelled as massless particles,

as no RH neutrino state was found in nature. However, observations of neutrino

oscillations in SK [7], SNO [9], and Homestake [8] have found evidence that neutri-

nos do in fact have mass. To explain the neutrino mass, the ”Majorana” neutrino

option was introduced (where the neutrino is its own antiparticle). This inspired

the extensions of the SM through the Seesaw Mechanisms. Further, modern-day

experiments are looking to probe this mechanism and its parameters.

The three most widely studied Seesaw mechanisms are the Type I, II and III See-

saw models. First, in Type I, the SM is extended through additional RHN, and

the SM lagrangians now include a Majorana mass term and new Yukawa interac-

tions with the Higgs field [10]. Second, the Type II Seesaw model is extended by

triplet SU(2)L scalar, which leads to the addition of a new Yukawa term and a

new potential [11]. Finally, the Type III Seesaw model is extended through three

LH triplets of leptons with new gauge, Yukawa and mass terms [12]. The Seesaw

Mechanism, apart from explaining the neutrino mass, explains the BAU through

leptogenesis. Here, either by the decay of heavy leptons or the Afflect-Dine mech-

anism, the universe evolves a lepton asymmetry in the early stages of existence,

which is then partially transformed into baryons through a sphaleron process [38]

[11] [12]. Further, leptogenesis puts constraints on the parameters proposed by

Seesaw models.

The Type I Seesaw model is the most studied currently. Even though at high

energies, it is shown to be difficult to probe, low-scale models are sub-TeV scale
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[69], which can be probed in low-energy experiments and colliders. e.g. tests on

charge lepton flavour violating muon decays can put constraints in the CC and NC

couplings with the heavy Majorana neutrinos (when mixed with light neutrinos)

[16]. The sensitivity of future experiments such as MEG II [79], COMET [62], and

PRISM/PRIME [63] show that they will be able to test a significant portion of

the region for viable leptogenesis. A positive result will serve as an indication that

low-scale leptogenesis with three RH QD heavy Majorana neutrinos is preferred. A

recent study of the Type II Seesaw model showed that leptogenesis is possible if a

scalar Higgs triplet is added and there is a non-minimal coupling with gravity [11].

Then through the Afflect-Dine Mechanism, the BAU can be explained. The decay

of the pair production of the singly charged Higgs and the doubly charged Higgs

can be searched for in multilepton channels [15]. In addition, constraints on the

coupling constants from tests on charge lepton flavour violating muon decays can

placed. The Type II Seesaw model provides a new, unique solution to the BAU

without the need for GUT or Supersymmetry.

9.1 Further Research

This investigation could be further explored by researching the current status of

Type III seesaw models in regard to the collider experiments and examining their

contribution to the following processes µ± → e± + γ, µ± → e± + e+ + e− and

µ − e conversion in nuclei [16]. In the Type III model, both the Majorana mass

eigenstates N (through the mixing with light Majorana neutrinos) and the heavy

(charged) leptons E have couplings to the weak gauge bosons [16], potentially

leading to corrections in the µ± → e±+ γ, µ± → e±+ e++ e− and µ− e conversion
in nuclei processes.

An investigation of current 0νββ searches, their constraints on seesaw models and

their underlying mechanism can expand our clarification of which models work,

such as a constraint of the Type II seesaw electron neutrino with only Majorana

terms and an upper limit on the linear combination of neutrino masses (the 0νββ

half-life is proportional to the linear combination of neutrino masses) [17]. Further,

it would also be confirmation of the Majorana neutrino option, as 0νββ can only

occur if a neutrino is its own antiparticle.

Further research into resonant leptogenesis, when Majorana mass are quasi-

degenerate and leptogenesis via neutrino oscillations, should be further examined as

they demonstrate an accessible range of parameters which can be currently tested

as the heavy Majorana neutrinos can have masses sub-TeV scales [14].

55



Bibliography

1. Altarelli G. Collider Physics within the Standard Model: a Primer. 2013.

arXiv: 1303.2842 [hep-ph]

2. Englert F and Brout R. Broken Symmetry and the Mass of Gauge Vector

Mesons. Phys. Rev. Lett. 1964; 13. Ed. by Taylor JC:321–3. doi: 10.1103/

PhysRevLett.13.321

3. Guralnik GS, Hagen CR, and Kibble TWB. Global Conservation Laws and

Massless Particles. Phys. Rev. Lett. 1964; 13. Ed. by Taylor JC:585–7. doi:

10.1103/PhysRevLett.13.585

4. Higgs PW. Broken Symmetries and the Masses of Gauge Bosons. Phys. Rev.

Lett. 1964; 13. Ed. by Taylor JC:508–9. doi: 10.1103/PhysRevLett.13.508

5. Aad G et al. Observation of a new particle in the search for the Standard

Model Higgs boson with the ATLAS detector at the LHC. Phys. Lett. B

2012; 716:1–29. doi: 10.1016/j.physletb.2012.08.020. arXiv: 1207.7214

[hep-ex]

6. Goodman M. NEUTRINO PHYSICS IN 2020. Particle Physics at the Year

of Centenary of Bruno Pontecorvo. WORLD SCIENTIFIC, 2015 Mar. doi:

10.1142/9789814663618_0022. Available from: https://doi.org/10.1142%

2F9789814663618_0022

7. Fukuda Y et al. Evidence for oscillation of atmospheric neutrinos. Phys. Rev.

Lett. 1998; 81:1562–7. doi: 10.1103/PhysRevLett.81.1562. arXiv: hep-

ex/9807003

8. Cleveland BT, Daily T, Davis Jr. R, Distel JR, Lande K, Lee CK, Wildenhain

PS, and Ullman J. Measurement of the solar electron neutrino flux with the

Homestake chlorine detector. Astrophys. J. 1998; 496:505–26. doi: 10.1086/

305343

9. Ahmad QR et al. Direct evidence for neutrino flavor transformation from

neutral current interactions in the Sudbury Neutrino Observatory. Phys. Rev.

Lett. 2002; 89:011301. doi: 10.1103/PhysRevLett.89.011301. arXiv: nucl-

ex/0204008

56

https://arxiv.org/abs/1303.2842
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://arxiv.org/abs/1207.7214
https://doi.org/10.1142/9789814663618_0022
https://doi.org/10.1142%2F9789814663618_0022
https://doi.org/10.1142%2F9789814663618_0022
https://doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/hep-ex/9807003
https://arxiv.org/abs/hep-ex/9807003
https://doi.org/10.1086/305343
https://doi.org/10.1086/305343
https://doi.org/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/nucl-ex/0204008
https://arxiv.org/abs/nucl-ex/0204008


10. Brdar V, Helmboldt AJ, Iwamoto S, and Schmitz K. Type I seesaw mecha-

nism as the common origin of neutrino mass, baryon asymmetry, and the elec-

troweak scale. Physical Review D 2019 Oct; 100. doi: 10.1103/physrevd.

100.075029. Available from: https://doi.org/10.1103%2Fphysrevd.100.

075029

11. Barrie ND, Han C, and Murayama H. Type II Seesaw leptogenesis. Journal

of High Energy Physics 2022 May; 2022. doi: 10.1007/jhep05(2022)160.

Available from: https://doi.org/10.1007%2Fjhep05%282022%29160

12. CHEN SL and HE XG. LEPTOGENESIS AND LHC PHYSICS WITH TYPE

III SEE-SAW. International Journal of Modern Physics: Conference Series

2011 Jan; 01:18–27. doi: 10 . 1142 / s2010194511000067. Available from:

https://doi.org/10.1142%2Fs2010194511000067

13. Barrow JL et al. Theories and Experiments for Testable Baryogenesis Mech-

anisms: A Snowmass White Paper. 2022 Mar. arXiv: 2203.07059 [hep-ph]
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