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Abstract

After 125GeV Higgs boson discovery, minimal supersymmetric standard model

with gauge mediation becomes dangerous. Gauge mediation is thought to be

one of the simplest solutions for SUSY flavor problem, such a virtue of gauge

mediation is now in danger. In this thesis, we consider right-handed Majorana

neutrino as supersymmetry breaking messenger. We can get additional tri-linear

coupling AU at the messenger scale after integrating out the right-handed Ma-

jorana neutrino. Through additional AU term, we can realize maximal stop

mixing scenario which is hardly possible in genuine gauge mediation mecha-

nism. However, mediating SUSY breaking effects through Yukawa coupling re-

introduces the SUSY flavor problem in the model unless neutrino Dirac Yukawa

is proportional to identity matrix. Making neutrino Dirac Yukawa the identity

matrix is not a bizzarre assumption, but it is easily achieved by importing dis-

crete symmetry. Discrete symmetry is also useful to explain the tri-bi maximal

form of the PMNS matrix. Tri-bi maximal form indicates the zero θ13 mixing of

neutrinos, which is rejected by RENO and Daya Bay collaborations. To incor-

porate non-zero θ13, we introduce small deviation parameters in the Majorana

mass matrix and neutrino Dirac Yukawa matrix. Deviation parameters in the

neutrino Dirac Yukawa can produce sizeable charged lepton flavor violation, we

examine how large deviation in the neutrino Dirac Yukawa matrix is allowed

by present and forthcoming charged lepton flavor violation experiments.

Keywords: Higgs boson, supersymmetry, flavor physics, discrete symmetry,

neutrino

Student Number: 2009-20409
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Chapter 1

Introduction

The Standard Model is experimentally confirmed by discovering Higgs boson

at the LHC. Standard model is the current understanding for the particles and

their governing laws up to electroweak scale, which is about 1TeV in energy

scale. Numerous experiments for standard model have been done for decades,

every result is consistent with standard model prediction within the experimen-

tal error. However, although we do not have any single evidence for the new

physics above the electroweak scale, we have good reasonings to believe that

standard model is not the complete theory, but only low-energy effective the-

ory vaild until the electroweak scale. One obvious deficit of standard model is

the absence of gravity. Since gravitational effect is absolutely negligible at the

energy scale of current experiments, or even forthcoming experiments unless we

invent revolutionary improvements over experimental techniques, ignoring the

gravitational effects can be safe and practical choice. However, as energy scale

approaches to Planck scale where the gravitational effects become sizeable, new

physics should participate in so we need to modify standard model. This exis-
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tence of new physics in standard model at the high energy scale, combined with

Higgs sector, implies the theoretical issue, so called naturalness problem. Nat-

uralness problem indicates the possible existence of cut-off at the electroweak

scale. There are many frameworks providing the new physics at the electroweak

scale, among them, supersymmetry is one of the most promising theories. Su-

persymmetry is the symmetry that converts boson to fermion and vice versa,

with same mass. Particles in standard model cannot make supermultiplet, every

particle in standard model needs its own superpartner differed by spin-1/2. Be-

cause of equality in mass, superpartners of standard model particles have to be

discovered already if supersymmetry is exact. But this is not the case in Nature,

supersymmetry must be broken if it exists. To resolve the naturalness problem

by importing supersymmetry, the mass spectra of superpartners should be at

the electroweak scale. However, the discovery of 125GeV Higgs boson changed

the situation a lot.

The implication of 125GeV mass on phenomenological supersymmetric model

is huge. As an example, the minimal supersymmetric standard model (MSSM)

can hardly explain 125GeV Higgs mass simultaneously with a relatively light

stop of 1 to 2 TeV without the maximal stop mixing. From the model building

point of view, it is quite difficult to realize the maximal stop mixing scenario

starting from ultraviolet (UV) theory. Especially in minimal gauge mediation

(MGM) [26, 27, 28, 29], soft tri-linear A term is not gereated at one loop level

at the messenger scale, we have only radiatively generated A term at the weak

scale which is not large enough to give maximal stop mixing. As a consequence,

coloured superpartners in the minimal gauge mediation should be as heavy as

5 to 10TeV to explain 125 GeV mass of the Higgs boson. Therefore, the ex-

planation of 125 GeV Higgs boson mass needs an extra help in minimal gauge

mediation. Firstly, we can add additional particle to the minimal supersym-

2



metric standard model to raise the tree-level Higgs boson mass from Z-boson

mass. Next to the minimal supersymmetric model (NMSSM) can be the ex-

ample. NMSSM can help the tree-level Higgs boson mass from the additional

singlet. Secondly, we can add additional particle to raise the quantum correc-

tions to the Higgs boson. For example, extra vector-like fermions can be added

in minimal gauge mediation. Its Yukawa coupling acts like Yukawa couplings of

chiral fermions. If Yukawa coupling of vector-like fermions is comparable to top

Yukawa coupling, one can get sizeable quantum corrections of Higgs boson from

extra vector-like fermions. Finally, we can add another SUSY breaking mecha-

nism other than gauge mediation. Especially connecting fields having Yukawa

coupling with SUSY breaking fields can generate additional soft tri-linear A

term. This type of SUSY breaking mechanism is categorized as Yukawa media-

tion. In this thesis, we will introduce neutrino assisted gauge mediation as the

example of such a model. In neutrino assisted gauge mediation, right-handed

Majorana neutrinos are added in the MSSM, and they also play the role of

SUSY breaking messengers. Since right-handed Majorana neutrino makes the

Yukawa term YνLHuN , we can obtain quantum corrections in wavefunction

renormalization factors ZL, ZHu after integrating out right-handed Majorana

neutrino via neutrino Dirac Yukawa Yν . Analytical continuation of supermulti-

plets into superspace can make the matching between this quantum correction

in the wavefunction renormalization factors and soft SUSY breaking terms pos-

sible, as a result, we can obtain up-type soft tri-linear coupling AU at the

messenger scale, which is absent in the minimal gauge mediaiton. Along with

AU term, soft scalar mass of lepton m2
L also obtains additional contribution

from Yukawa mediation. In general m2
L is not simultaneously diagonalizable

with Yukawa matrix of standard model unless soft sclar mass is proportional

to identity matrix.
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Various searches of the new physics like additional gauge boson or exotic

particles, et al., are being conducted at the LHC. Also we have beyond the stan-

dard models that are well motivated by theoretical reasonings. One of examples

can be the supersymmetry. Due to the theoretical reason named naturalness

problem, common factor of beyond the standard models is the cut-off scale at

the weak scale. The very weak scale can be explored in the LHC second run.
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Chapter 2

The Standard Model

The discovery of Standard Model Higgs-like new boson with mass at 125GeV

[4, 5] is now well confiremd. Various properties of the new boson has been mea-

sured and the result is consistent with the Higgs boson of the Standard Model.

Although more precise measurment is necessary to confirm if the new boson is

really the boson in the Standard Model, the basic framework of the Standard

Model works well so far. The Standard Model is the current understanding of

the physics up to about 1TeV energy scale. Now LHC is capable of exploring

the physics in the region of around 1 TeV, we can check if Standard Model works

well there. In this chapter, we will briefly review the framework of the standard

model. Firstly we will study the feature called electroweak symmetry break-

ing where Higgs boson has a critical role. Secondly, we will examine the flavor

structure of standard model. Standard model has many flavors, some of them

look like identical copies with only different masses. However, the phenomena

induced by standard model flavor part is sophisticated, we will briefly review

about them. Finally, we will study about theoretical issues of standard model.
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Although standard model does not have any counter experimental evidence, we

believe that standard model is not the complete theory of Nature. The origin

of the problem is the Higgs boson. Higgs boson is the fundamental scalar that

obtains quadratically divergent quantum corrections from UV physics, and by

the existence of gravity, standard model should be extremely fine-tuned to ex-

plain observed phenomena. This issue is called gauge hierarchy problem. And

we will examine deficiencies of standard model, dark matter, massive neutrino

and cosmological constant problem.

2.1 Electroweak Symmetry Breaking

The standard model is the relativistic quantum field theory with local gauge

group SU(3)c ×SU(2)L ×U(1)Y , combined with spontaneous breaking of elec-

troweak gauge symmetry SU(2)L × U(1)Y → U(1)EM. The theory of strong

interaction, Quantum Chromodynamics(QCD) is for quarks and gluons that

are governed by SU(3)c gauge group[1]. SU(3) gauge theory with quarks ex-

periences asymptotic freedom[3] [2], so quarks cannot be observed as an iso-

lated particle. Because of it, we observe particles governed by QCD as hadrons

and mesons in a low-energy state. Such low-energy bound states are well-

understood in a framework of chiral perturbation theory. On the other hand,

electromagnetic and weak interactions are described by spontaneous breaking

of the SU(2)L×U(1) gauge group. One main feature of the electroweak theory

is chirality of fermions. Since Dirac mass of fermion is written as the coupling

between left and right handed fermions, it is not possible to write the Dirac

mass of chiral fermion in a gauge invariant way since left and right handed

fermion are differently charged unger gauge group. Because of this, new par-

ticle should be introduced to make the product term of left and right handed

6



fermions gauge-invariant. To have only renormalizable term, new particle should

be scalar. In the standard model, the left handed fermions are doublets in fun-

damental representation and the right handed fermions are singlet under the

SU(2)L. Thus, SU(2)L doublet scalar would be the simplest choice. The par-

ticle introduced in this way is the Higgs boson in standard model, so Higgs

boson makes standard model possible to write mass term of chiral fermions

in the Lagrangian, finally by having vacuum expectation value via electroweak

spontaneous symmetry breaking. After electroweak symmetry breaking, only

electromagnetic interaction U(1)em remains as a long range force.

Higgs scalar H = (H+, H0) is SU(2)L doublet with U(1)Y hypercharge 1/2

to make the Yukawa couplings,

−yuq̄urH̃ + ydq̄dRH + yu l̄eRH (2.1)

where H̃ = iσ2H
+. The quarks and leptons obtain masses with Higgs VEV

(0, v/
√
2).

Main difference between QCD and electroweak theory is the existence of

the massive gauge boson. This can be achieved also due to electroweak symme-

try breaking. After electroweak symmetry breaking, we can get massive spin-1

particle in the adjoint representation under the given gauge group. Since gauge

boson gets the mass, the force range of the electroweak theory gets shorter due

to exp−mr suppression factor. Kinetic term and gauge interaction of matter can

be obtained by writing gauge covariant derivative terms. When Higgs has VEV,

covariant derivative term of the Higgs∣∣∣∣∣∣
 g

2A
3
µ + g′

2 Bµ
g
2(A

1
µ − iA2

µ)

2
2(A

1
µ + iA2

µ) −g
2A

3
µ + g′

2 Bµ

 0

v√
2

∣∣∣∣∣∣
2

=
g2v2

4
W−

µ W
+µ +

g2 + g′2

8
v2ZµZ

µ,

(2.2)
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gives gauge boson mass, MW = 1
2gv and MZ = 1

2

√
g2 + g′2v. Also we have

Z ≡
−g′Bµ + gW 3

µ√
g2 + g′2

= − sin θWB + cos θWW
3, (2.3)

and combination of B and W 3 orthogonal to Z is the photon,

A = cos θWB + sin θWW
3. (2.4)

So we haveMW =MZ cos θW , sin2 θW can be measured from the predicted neu-

tral current scattering. By the tree-level argument, one expect MW ∼ 78GeV

and MZ ∼ 89GeV, which differ from observed value via loop effects. The cur-

rent observed values are

MW = 80GeV, MZ = 91GeV. (2.5)

The full Higgs part of L is thus

L =M2
WW

−
µ W

+µ

(
1 +

H

v

)2

+
1

2
M2

ZZµZ
µ

(
1 +

H

v

)2

+
1

2
(∂µH)2 − V (H),

(2.6)

where

V (H) = −µ
4

4λ
− µ2H2 + λvH3 +

λ

4
H4. (2.7)

One can see the constant term in the potential. The constant term in the

potential is irrelevant for physics if we neglect gravity. But if we consider gravity,

the term can be one of the most serious problems of standard model because it

acts like a cosmological constant which is much larger than observed value.
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2.2 Flavor Observables and GIM mechanism

The quarks and the leptons discovered so far form three generations:

1st generation :

 uL

dL

 , uR, dR,

 νeL

eL

 , eR

2nd generation :

 cL

sL

 , cR, sR,

 νµL

µL

 , µR

3rd generation :

 tL

bL

 , tR, bR,

 ντL

τL

 , τR

(2.8)

Each of the quarks and the leptons obtains mass by electorweak symmetry

breaking. For the lepton, we can measure their masses because they are isolated-

states and their measured values are

me = 0.511MeV, mµ = 105.6MeV, mτ = 1777MeV. (2.9)

For the quark case, measuring quark mass is somewhat indirect because they

are not isolated, they exists in a form of hadrons. For the light quarks, chiral

perturbation theory can be used to extract quark mass ratios. Light quarks

here are u, d, s quarks. In the limit of massless quarks, chiral symmetry is re-

stored and eight massless Goldstone bosons emerge, the π’s, K’s, and η. Since

this chiral symmetry is explicitly broken by quark masses, we can perturba-

tively calculate eight Goldstone boson masses with quark masses as expansion

9



parameters, to first order one finds[85] that

m2
π0 = B(mu +md),

m2
π± = B(mu +md) + ∆em,

m2
K0 = B(md +ms),

m2
K± = B(mu +ms) + ∆em,

m2
η =

1

3
B(mu +md + 4ms),

(2.10)

with two unknown constants B and ∆em, the electromagnetic mass difference.

By using above equations, we can determine the quark mass ratios,

mu

md
=

2m2
π0 −m2

π+ +m2
K+ −m2

K0

m2
K0 −m2

K+ +m2
π+

,

ms

md
=
m2

K0 +m2
K+ −m2

π+

m2
K0 +m2

π+ −m2
K+

,

(2.11)

to lowest order in chiral perturbation theory. To determine absolute value of

quark mass from ratio formulae, one can use something called spectral sum

rules. For the results, light quark masses are measured by

mu = (1− 3)MeV, md = (4− 6)MeV, ms = (3− 5)MeV. (2.12)

For other heavy quarks, heavy quark effective field theory is a precise and

effective theoretical tool, by using it, measured quark masses are

mc = 1.3GeV, mb = 4.2MeV, mt = 172GeV. (2.13)

The Glashow-Iliopoulos-Maiani mechanism was proposed in 1970 by Shel-

don Lee Glashow, John Iliopoulos and Luciano Maiani[22]. At that time, Stan-

dard Model suffered from its large prediction of Flavor Changing Neutral Cur-

rents (FCNC), which is measured as quite small experimentally in weak inter-

actions. There are several selection rules for the flavor changing weak processes
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from experimental observations, one of them, known as the ∆S = 1 rule, states

that flavor number known as the strangeness S changes by at most one unit. A

second rule is that the allowed ∆Flavor = 1 processes involve only charged cur-

rents. The GIM mechanism was introduced to understand the branching ratio

Br(K0
L → µ+µ−),

Γ(K0
L → µ+µ−)

Γ(K0
L → all modes)

= 6.87× 10−9. (2.14)

The related process gives so far exceeding values of the braching ratio compared

to experimentally observed value. This situation can be resolved if we adopt

additional quark as a replacement of the down quark inside the loop. If the mass

of additional quark is exactly same to the d quark, two diagrams cancel exactly.

The additional quark exists in the Nature as charm quark, the mass mc = 1.3

GeV. As a result, they are suppressed, not cancelled. Similar phenomena occur

in the lepton sector, we will study them later.

2.3 Gauge Hierarchy Problem and Naturalness

The original setup of the Standard Model [6] has no constraint on Higgs bo-

son mass. Before the Higgs boson discovery by CERN, there were two main

experimental constraints for Higgs boson mass, LEP2 bound and electroweak

precision test. Global fitting of electroweak precision test suggested light Higgs

boson close to Z boson in mass, althought more stringent 114GeV LEP2 bound

should be applied. Beside the experimental constraint, there is a theoretical

constraint on Higgs mass. The unitarity bound is a good example. The scatter-

ing process between longitudinal mode of W bosons is briefly expressed in the

way,

mh ≥
√

8π
√
2

5GF
∼ 780GeV. (2.15)
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Higgs boson mass has to be in the region of characteristic mass scale, elec-

troweak scale which can be represented by Z boson or W boson mass. So far,

discussion is about tree-level parameters. If we consider the quantum corrections

to the Higgs mass, there arises some famous theoretical issue. Let us imagine

that there are new particles at very high energy Λ which couple to Higgs bo-

son. If the new particle is Fermion and couples to Higgs boson via Yukawa term

−λfh2|f |2 with Yukawa coupling λf , then the one-loop correction to Higgs mass

by the new particle is

δm2
h = −

λ2f
8π2

Λ2. (2.16)

Brief meaning of this equation is, if our Λ is very high, the quantum cor-

rections to the Higgs mass is enormously large. This is directly contradiction

to our Higgs mass measurment, the correction should be cancelled via counter

terms already existed in the Lagrangian by hands. This phenomenon has been

thought as an unnatural fine-tuning of the parameter, so called gauge hierarchy

problem, or more generally, naturalness problem. Back to the previous equation

again, one can ask if such a particle does not exist in the UV region. For the

case if the particle is Bosonic, the corrections become simply

δm2
h =

λS
16π2

(
Λ2
S − 2m2

S log(λS/mS) + · · ·
)
. (2.17)

The quadratic divergence behavior does not change. Even if we accept the

dimensional regularization scheme, only the Λ2
S term is disappeared, we still

have a term proportional to m2
S in the Lagrangian. This again brings significant

fine-tuning of the parameter. One can still ask if Standard Model is a complete

theory, so are the no more particles in any energy level. This argument also
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cannot be justified because of the existence of the Planck scale. At the Planck

scale, gravity phenomena are getting involved with characteristic scale MP.

In summary, the standard model Higgs boson obtains inevitably very large

quantum corrections due to UV physics, and they should be cancelled in a very

serious level of fine-tuning due to the discovery of Higgs boson at the electroweak

scale. Experimentally, there should be modifications on standard model. In

the standard model, neutrinos are massless by original setting. However, the

neutrino oscillations and mixings are discovered so we now know that neutrinos

are massive. The charged leptons are diagonalized as mL = LLmLRL like quark

sector, whereas neutrinos are diagonalized asmν = LνmνRν for Dirac mass and

mν = LνmνL
T
ν for Majorana mass. And the mixing matrix called Pontecorvo-

Maki-Nakagawa-Sakata(PMNS) matrix[86] is defined by VPMNS = LLL
†
ν . We

will briefly review the neutrino oscillation. In the vacuum, the flavor basis |να >
is the superposition of the mass eigenstates |νi > with the coefficients provided

by the PMNS matrix,

|να >=
∑
i

V ∗
αi|νi >, (2.18)

where the subscript α indicates e, µ, τ and i runs from 1 to 3. The survival

probability of electron, P (νe → νe) is given by

P (νe → νe) ∼ 1− 2|Ve3|2(1− |Ve3|2)
(
1− cos

∆m2
31

2p
L

)
, (2.19)

which is used in the Double CHOOZ, Daya Bay and RENO experiments. The

solar neutrino angle θsol = θ12 can be determined from the solar neutrino flux

observation, for example, the Super-Kamiokande experiments or from the detec-

tion of ν̄e neutrinos emitted from the nuclear power reactors. The atmospheric

neutrino angle θatm = θ23 measurments can be made by observing the atmo-

spheric neutrino, the product of cosmic ray interaction in the stmosphere in the
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Super-Kamiokande, or product from accelerator experiment.

In the SM, there is no candidate of dark matter. There are many confirmed

experimental evidences for dark matter like rotational curve, bullet cluster and

gravitational lensing. Dark matter is observed by only gravitational effect, we

do not know any property of dark matter in a view of particle physics. By def-

inition, dark matter is electromagnetic neutral and should be weakly coupled

to matter. For this reason, neutrino was thought to be dark matter. However,

neutrino is a relativistic particle, thus it destroys large scale structure of the

Universe. Dark matter therefore should be cold, in other words, it should be

like motionless particle for the dynamics of the Universe. By the observation of

cosmic microwave background, big bang scenario with inflation is the standard

model for the Universe. According to big bang scenario, the Universe was so

hot that every matters were in equilibrium, in other words, every particle con-

tinuously transformed to other particles. As the Universe expands, interaction

freezes out and particles of the interaction become out of equilibrium. The par-

ticles remain as a relic of the Universe unless it has other active interaction, this

type of particle production is called thermal production. If we assume all dark

matters are made of thermal production, it is well-known that the dark matter

should have the interaction strengh and the mass of SU(2) interaction scale.

One main virtue of supersymmetry is that natural SUSY provides particles with

such properties automatically.

Finally, we will briefly discuss about cosmological constant problem. The

total matter density of the Universe, Ω ∼ 1.0 is the very density for the flat

Universe. This is somewhat strange because we have only Ωb ∼ 0.02 for baryonic

matter, and ΩDM ∼ 0.25 for dark matter. Remaining part of the energy density

is for the vacuum energy density, ΩVac ∼ 0.7. The vacuum energy density

produces the negative pressure which accelerates the Universe, this effect is the
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same with the cosmological constant. In the Λ-CDM model, the cosmological

constant is measured by 10−47GeV2. However, naive dimensional analysis for

the vacuum isM4
P, this corresponds to about 10−120 level of fine-tuning. One of

possible solutions is anthropic principle, which is motivated by multiverse idea

of superstring theory.
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Chapter 3

Supersymmetry

In this chapter, we will give a brief review of supersymmetry. From the phe-

nomenological view, supersymmetry provides the natural solution to gauge hi-

erarchy problem by cancelling the quartic quamtum corrections to Higgs boson

from UV new physics. By importing supersymmetry to standard model, many

interestring phenomena arise. As an example, the minimal supersymmetric stan-

dard model will be introduced. Also mathematical structure of phenomenolog-

ical supersymmetric model will be discussed in this chapter.

3.1 Resolving the Hierarchy Problem by Supersym-

metry

In the standard model, Higgs boson is a fundamental scalar which is responsible

for electroweak symmetry breaking, and relevant potential in the Lagrangian is

given by
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V = m2
H |H|2 + λ|H|4 (3.1)

Because of many electroweak precision tests and the direct measurment on

the Higgs mass as 125GeV, we can expect the tree-level Higgs mass is order of

the electroweak scale, (100GeV)2. This is actually what we expect from knowl-

edge of quantum field theory. Quantum field theory indicates that observable

physical quantity is not the number in the Lagrangian, in other words, tree-level

coefficients, but the renormalizable quantity which is the tree-level quantity af-

fected by quantum corrections and counter-term. Since the observed Higgs mass

is at the electroweak scale, we can naturally expect that tree-level Higgs mass

and their quantum corrections are all in same order. However, it is well-known

that a fundamental scalar field suffers from quadratically divergent quantum

corrections,

∆m2 =
1

8π2
(λs − λ2f )Λ + · · · (3.2)

where λs(f) is the Higgs coupling to scalars (fermions), Λ is the cut-off scale

of standard model and remaining terms are logarithmically divergent contri-

butions. In general, λs! = λ2f so quantum corrections for the Higgs boson is

enormously huge if the cut-off scale is large. If Λ ∼ 1018GeV, i.e., Planck scale,

Higgs mass term is determined in (100/1018)2 ∼ 10−32 level fine tuning. This

is the gauge hierarchy problem of the standard model.

However, as you can observe in above equation, Higgs couplings to scalars

and fermions are opposite in sign. If they are exactly same in magnitude,

λs = λ2f , quadratically divergent terms in above equation cancel each other

so that fine-tuning problem will disappear. From this example, we can see that
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symmetry between scalar and fermion can resolve the gauge hierarchy problem

by cancelling quadratically divergent quantum corrections. We already have

named such a symmetry, supersymmetry, which is the graded Lie algebra, and

the only possible extension of spacetime symmetry. A supersymmetry trans-

forms bosonic state to fermionic state and vice versa like

Q|Boson >= |Fermion >, Q|Fermion >= |Boson >, (3.3)

where Q is a supersymmetry generator, which is a spnor itself. Spinors are

intrinsically complex object, so conjugate of supersymmetry generator Q† is

also a symmetry generator. Because Q and Q† are fermionic operators, they

carry spin angular momentum 1/2, so supersymmetry is a spacetime symmetry.

Supersymmetry generator Q and Q† obey the following algebra,

Q,Q† = Pµ,

Q,Q = Q†, Q† = 0,

[Pµ, Q] = [Pµ, Q†] = 0,

(3.4)

where Pµ is the four-momentum generator of spacetime translations. Here many

indices are suppressed for the simplicity. The more complete explanation for the

supersymmetry algebra can be found in [Wess,Beggar]. With supersymmetry,

we can write a Lagrangian for the supersymmetry gauge theory,

L = −Dµϕ∗iDµϕi − iψ†iσ̄µDµψi −
1

2

(
W ijψiψj +W ∗ijψ†iψ†j

)
−W iW ∗

i

−1

4
F a
µνF

µνa − iλ†aσ̄µDµλ
a − 1

2

∑
g2a(ϕ

∗T aϕ)2 −
√
2g

[
(ϕ∗T aψ)λa + λ†a(ψ†T aϕ)

]
(3.5)

where ϕ are scalar fields, ψ and λ are fermion fields, Fµνa are gauge field

strenghts. W is superpotential, which is a generating functional of scalar inter-

actions and Yukawa interactions and is given by

W =
1

2
M ijϕiϕj +

1

6
yijkϕiϕjϕk (3.6)
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where M ij are mass parameters and yijk are dimensionless couplings.

SUSY must be broken since we have not observed any superpartner particles

of the SM particle. Thus, phenomenology heavily depends on how SUSY is

broken. As usual symmetries, SUSY can be broken spontaneously but there is

an important rule for spontaneously broken SUSY, which is called supertrace

theorem[Wess, Bagger], ∑
i

(−1)2sim2
i = 0, (3.7)

where the index i runs for all fermionic and bosonic degrees of freedom, si

is spin of ith particle and mi is mass of ith particle. This theorem indicates

that sum of mass squared of all bosonic degrees of freedom is equal to that of

fermionic degrees of freedom, even for spontaneously broken SUSY. According

to the theorem, it is hard to obtain phenemonological theory of supersymmetric

extension of the standard model because we have very light fermions such as

electrons and neutrinos in the standard model, but supertrace theorem implies

that some superpartners should be lighter than their corresponding SM parti-

cles. This is not consistent with observation. So we can conclude that SUSY has

to be explicitly broken if one sticks to the MSSM fields alone. However, build-

ing a phenomenological SUSY model with explicitly breaking SUSY is difficult

for many reasons like ABJ anomalies, zero gaugino mass at the tree level, etc.

We can conclude that spontaneous breakdown of supersymmetry has to involve

fields beyond those of the MSSM. Phenomenologically, such fields should be sig-

nificantly heavier than the electroweak scale and hence carrying masses much

larger than those of the MSSM sparticles. Thus, Spontaneous SUSY Breakdown

(SSB) needs to be effected in a sector of fields which are singlets under the SM

gauge group and named as the hidden sector. SSB can take place at a dis-
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tinct scale denoted by Λs. Supersymmetry breaking effect is then transmitted

to the observable sector by a messenger sector. SUSY breaking in the hidden

sector is parametrized as spurion fieldX, so phenomenological features of SUSY

breaking effect are determined by the messenger sector. SUSY breaking effects

are expressed in terms of soft terms. There are several mechanisms to medi-

ate SUSY breaking effects by gravity, gauge vector multiplet, superconformal

anomaly.

3.2 The Minimal Supersymmetric Standard Model

Since the SM particles cannot compose supermultiplet, we need superpartner

which is corresponding to every standard model particle. Therefore, minimal

version of phenomenological supersymmetric model is the SM and only their

superpartners in the model. This model is called Minimal Supersymmetric Stan-

dard Model (MSSM). Any other phenomenological supersymmetric model must

contain MSSM as its part. We will briefly study MSSM. The MSSM is the su-

persymmetric version of the standard model. While gauge symmetry is exactly

the same as that of SM, the particle contents are doubled. Matter particle con-

tents and gauge particle contents are shown in Table 3.1. You can observe that

one more Higgs multiplet is added in the model, because fermionic partners

contribute gauge anomalies so that Higgs multiplets must be vector-like pair

to cancel such anomalies. Without this additional particle, it is not possible to

write supersymmetric Yukawa term in the Higgs sector. The MSSM has the

gauge group SU(3)C × SU(2)L × U(1)Y and is described by the Lagrangian

(3.5) and superpotential,

W = −huHuQu
c + hdHdQd

c + heHdLe
c + µHuHd. (3.8)
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where the fields written in superpotential are all scalar components of specified

multiplets, and hu, hd and he are 3×3 Yukawa coupling matrices in flavor basis.

In MSSM, we have additional mass parameter µ which is not present in SM.

This term is introduced because we import Higgs multiplets as vector-like pairs.

Such a dimensionful parameter leads a new hierarchy problem since source of

this term is purely supersymmetric and and does not have to be related to the

SUSY breaking scale. This problem is so called µ/Bµ problem, we will discuss

it later.

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (ũL d̃L) (uL dL) ( 3, 2 , 1
6)

(×3 families) u ũ∗R u†R ( 3, 1, −2
3)

d d̃∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (ν̃ ẽL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e ẽ∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) ( 1, 2 , +1
2)

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) ( 1, 2 , −1
2)

Table 3.1 Particle contents in Minimal Supersymmetric Standard Model. Tilded

symbols stand for superpartners of SM particles. The spin-0 fields are complex

scalars, and the spin-1/2 fields are two-component Weyl fermions.

More interactions are allowed by gauge symmetry such as,

W =
1

2
λijkLiLje

c
k +

1

2
λ′′ijkucid

c
jd

c
k + λ′ijkLiQjd

c
k + µ′iLiHu. (3.9)

These are lepton number and baryon number violating interactions, respec-

tively. It can lead dangerous proton decay. In order to forbid such interactions,
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we can consider a following discrete symmetry which is called R-parity,

PR = (−1)3(B−L)+2s (3.10)

where B and L are baryon and lepton number, s is spin of the field. By import-

ing above discrete symmetry, the above lepton and baryon number violating

terms are forbidden so that proton decay does not occur. Moreover, there is an

additional implication. The SM particles are even while their superpartners are

odd under R-parity. The superpartners are, therefore, produced or annihilated

in pairs. Consequently, there is no way for the lightest superpartner (LSP) to

decay and LSP is one of the most promising candidates for dark matter. This

is the reason why SUSY is promising for dark matter physics as well as for the

resolution to gauge hierarchy problem. We will see about them in more details.

The SUSY breaking soft terms must be included as discussed before. The soft

terms for MSSM are given by

Lsoft =−m2
QQ̃

†Q̃−m2
LL̃

†L̃−m2
uc ũc

†
ũc −m2

dc d̃
c†d̃c −m2

ec ẽ
c†ẽc −m2

Hu
H†

uHu

−m2
Hd
H†

dHd −
1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃

)
−1

2

(
auũcQ̃Hu − add̃cQ̃Hd − aeẽcL̃Hd +

)
−BµHuHd + h.c.

(3.11)

M3,M2 andM1 are the gluino, wino and bino mass terms. au, ad and ae and

m2
Q,m

2
L and m2

u,d,e are trilinear interactions of scalar particles and mass terms

of scalar partners of Sm fermions. The coefficients of these terms are in general

3×3 arbitrary matrix in flavor basis, so thtat they can potentially induce flavor

problems at quantum corrections. In order to evade this problem, we only con-

sider the situation that the trilinear terms are proportinal to the corresponding

Yukawa couplings and scalar masses squared are proportional to the identity

matrix. By doing these, flavor observalbes depend only on Yukawa coupling of
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SM fermions and this assumption is called Minimal Flavor Violation(MFV).

Such assumptions can be easily achieved if SUSY breaking mechanism is the

gauge mediation. Following is the defining formulae of MFV,

au = Auhu, ad =Adhd, ae = Aehe,

mQ,L,uc,dc,ec ∝ 13×3

(3.12)

In addition, gaugino mass terms and trilinear couplings can be arbitrary

complex matrix in general so that they induce CP violating interactions. We

will assume that these are real throughout the thesis.

The classical Higgs potential in the MSSM is given by

V =(|µ|2 +m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 +m2
Hd

)(|H0
d |2 + |H−

d |2)

+Bµ(H+
u H

−
d +H0

uH
0
d + h.c.) +

1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)

+
1

2
g2|H+

u H
0∗
d +H0

uH
−∗
d |2.

(3.13)

To break the electroweak symmetry SU(2)L ×U(1)Y → U(1)em, we should

consider the necessary conditions for Higgs to have non-zero vacuum expecta-

tion values (VEVs). It is noteworthy that such symmetry breaking is developed

by radiative corrections of Higgs potential, which is called radiative electroweak

symmetry breaking. Higgs masses squared are positive values at the SUSY

breaking scale, but these become negative due to the large loop corrections of

top Yukawa coupling. For Higgs to be stabilized at desired vacuum, let us write

Higgs VEVs, < H0
u >= vu, < H0

d >= vd and < H+
u >=< H−

d >= 0. These

VEVs are determined by gauge couplings,

v2u + v2d = v2 = (174GeV)2, (3.14)

and their ratio is written as tanβ ≡ vu/vd. Together with Higgs VEVs, we can

write the stationary condition of Higgs potential ∂V/∂H0
u = ∂V/∂H0

d = 0 and

23



we can obtain

|µ|2 +m2
Hu

= Bµ cotβ + (M2
Z/2) cos 2β,

|µ|2 +m2
Hd

= Bµ tanβ − (M2
Z/2) cos 2β.

(3.15)

Combining the above two conditions, we can obtain electroweak symmetry

breaking conditions for supersymmetric theory,

|µ|2 = −
m2

Hu
tan2 β −m2

Hd

tan2 β − 1
− 1

2
M2

Z . (3.16)

Since µ is supersymmetric parameter as we mentioned before, this does

not have to be order of the electroweak scale. However, to satisfy the above

electroweak symmetry breaking condition, |µ|2 + m2
Hu

should be order of the

electroweak scale because we have Z boson mass in the equation. So, we must

fine-tune µ parameter then another naturalness problem arises, which is called

µ problem of the MSSM. In the MSSM, there are two Higgs doublets so that

we have eight degrees of freedom, three are eaten up by gauge bosons to make

them massive and there are five physical Higgs bosons, h, H CP-even Higgs, A

CP-odd Higgs and H± charged Higgs. From the Higgs potential, one can get

m2
A = Bµ/(sinβ cosβ),

m2
± = m2

A +M2
W .

(3.17)

CP-even Higgs masses are determined by diagonalizing the following mass ma-

trix,  M2
Z cos2 β +m2

A sin2 β −(M2
Z +m2

A) sinβ cosβ

−(M2
Z +m2

A) sinβ cosβ M2
Z sin2 β +m2

A cos2 β

 . (3.18)

This is diagonalized by H

h

 =

 cosα sinα

− sinα cosα

 H0
d

H0
u

 (3.19)
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where α is the Higgs mixing angle. So CP-even Higgs masses are given by

m2
h,H =

1

2
(m2

A +M2
Z ±

√
(M2

A +M2
Z)

2 − 4M2
Zm

2
A cos2 2β). (3.20)

You can observe that mh < | cos 2β|MZ |. However, Standard Model Higgs

boson mass is measured as 125GeV, so we need large quantum correction to

fit the data. The dominant quantum correction is from stop via top Yukawa

coupling,

∆m2
h =

3

4π2
v2h2t sin

4 β log
mt̃1

mt̃2

m2
t

(3.21)

Even with this correction, 125GeV Higgs mass is not easily achieved. The

neutral components of Higgsinos and the neutral gauginos combine to form four

neutral mass eigenstates called neutralinos. The neutralino masses are described

by 4× 4 mass matrix in the basis (B̃0, W̃ 0, H̃0
d , H̃

0
u),

CP-even Higgs masses are determined by diagonalizing the following mass

matrix,

Mχ̃0 =


M1 0 −MZcβsθW MZsβsθW

0 M2 MZcβcθW −MZsβcθW

−MZcβsθW MZcβcθW 0 −µ
MZsβsθW −MZsβcθW −µ 0

 , (3.22)

where sβ = sinβ, cβ = cosβ, sθW = sin θW and cθW = cos θW and θW is the

weak mixing angle. The mass matrixx Mχ̃0 can be diagonalized by a unitary

matrix N by

M̃χ̃0 = N∗Mχ̃0N−1. (3.23)

Due to the form of mixing matrix N, composition of neutralino is determined.

This property is important in dark matter physics. The chargino mass eigen-
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states can be obtained in similar way. In the basis (W̃±, H̃±), their masses are

determined by diagonalizing the following mass matrix,

X =

 M2

√
2MW sinβ

√
2MW cosβ µ

 . (3.24)

The mass matrix of charginos is diagonalized by two unitary matrices U and V

such that

U∗XV −1 =

 mχ̃±
1

0

0 mχ̃±
2

 . (3.25)

The masses of the squarks and sleptons are obtained byu the superpoten-

tial and soft terms. For the case of first and second generation scalars, their

Yukawa couplings are very small so can be neglected in most times. For the

third generation, their mass matrices are given by

m2
t̃
=

 m2
Q3

+m2
t +∆u mt(At − µ cotβ)

mt(At − µ cotβ) m2
uc
3
+m2

t +∆uc

 ,

m2
b̃
=

 m2
Q3

+m2
b +∆d mb(Ab − µ tanβ)

mb(Ab − µ tanβ) m2
dc3

+m2
b +∆dc

 ,

m2
τ̃ =

 m2
L3

+m2
τ +∆e mτ (Aτ − µ tanβ)

mτ (Aτ − µ tanβ) m2
ec3

+m2
τ +∆ec

 .

(3.26)

where ∆ϕ for ϕ = Q,L, uc, dc, ec is D-term contribution to scalar masses.
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Chapter 4

Neutrino Assisted Gauge
Mediation Motivation

There are two options for the solution. First option is to extend the Higgs sector

with additional singlets and/or triplets providing extra tree-level corrections to

the Higgs mass, which is originally less than Z-boson mass. Second option is

to import direct superpotential messenger and Yukawa couplings to generate

sizeable mixing. Approach in this thesis is second one. Although the super-

symmetry breaking via Yukawa term can potentially re-introduce the super-

symmetric flavor problem, it can provide many interesting phenomena. Flavor

observable is a sensitive probe to UV physics in general. However, in the lack of

knowledge for the flavor structure, predictions on flavor observables are highly

dependent on assumptions of flavor structure. If we link the supersymmetry

breaking mechanism with Yukawa structure, we can expect more information

about flavor structure. We will provide the supersymmetirc theory, so named

neutrino assisted gauge mediation which can incorporate above points with

phenomenological predictions.
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As we explained above, supersymmetry can provide a good candidate as a

resolution to the gauge hierarchy problem, but with modifications to the sim-

plest implementation, for example, MSSM, mostly due to discovery of consider-

ably heavy Higgs boson. Especially, gauge mediation which provides the most

natural explanation to supersymmetric flavor problem is in danger by heavy

Higgs boson because of its absence of A-term at the tree level. The MSSM can

explain 125GeV with a relatively light stop of 1 to 2 TeV in the context of

maximal stop mixing. From the model building point of view, it is quite diffi-

cult to realize the maximal stop mixing scenario starting from ultraviolet (UV)

theory. In minimal gauge mediation (MGM) [26, 27, 28, 29], soft tri-linear A

term is not generated at the messenger scale and the radiatively generated A

term at the weak scale is not large enough to realize the maximal stop mixing.

As a result, colored superpartners should be as heavy as 5 to 10 TeV to explain

125GeV mass of the Higgs boson [30, 31]. Therefore, the explanation of 125GeV

Higgs boson mass needs an extra help in minimal gauge mediation. Next to the

minimal supersymmetric standard model (NMSSM) can use the extra contri-

bution from the Yukawa F-term of the singlet [32]. Extra vector-like fermions

are added in minimal gauge mediation [33, 34, 35]. Direct coupling of visible

sector fields with messengers can help. Higgs-messenger mixing [36, 37] and

matter-messenger mixing [38, 39, 40, 41, 42] can generate Yukawa mediated

contribution including A term at the messenger scale. However, at the same

time the virtue of gauge mediation is gone and they would spoil nice flavor pre-

serving spectrum and can possibly cause the flavor problem at the weak scale.

For the Higgs-messenger mixing, A/m2 problem[36, 37] which is analogous to

µ/Bµ problem can arise and the electroweak symmetry breaking is difficult to

achieve if the mixing coupling is large. General gauge mediation [53] can avoid

this problem by using the mechanism of radiatively generated maximal stop
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mixing [54, 55].

In this model, the right-handed Majorana neutrino supermultiplets as the

messengers of supersymmetry breaking in addition to the messengers charged

under the Standard Model (SM) gauge group, e.g. 5 and 5̄ of SU(5). The setup

is motivated from [23] which provides a solution to µ problem in gauge media-

tion (more precisely µ/Bµ problem) [24, 25]. For the solution in [23] to work,

the messenger scale should be higher than the Peccei-Quinn breaking scale,

109 ∼ 1011GeV. To have the gauge mediation as the dominant contribution

compared to the Planck suppressed higher dimensional contribution, the mes-

senger scale should be lower than 1015GeV. Therefore, the seesaw scale with

order one neutrino Dirac Yukawa couplings, 1013 ∼ 1014GeV, is well moti-

vated as the messenger scale if we accept [23] as a solution of the µ problem

in gauge mediation. If the messenger scale is at around the seesaw scale, the

natural question is why the right-handed neutrino supermultiplets do not serve

as messengers of supersymmetry breaking.

Apparently there is no harm to couple the right-handed neutrino superfields

directly to the messengers. Majorana mass of the right-handed neutrino and the

messenger mass of ordinary 5 and 5̄ might have the same origin in this case.

In summary, the minimal set of messengers are 5, 5̄ and 1. This is different

from previous studies relating gauge mediation and seesaw mechanism [43, 44,

45]. They employ particles relevant to seesaw mechanism as messengers, and

these particles are also charged under the SM gauge group, which can be seen

in the Type-II or Type-III seesaw. Therefore, gauge mediation and neutrino

Dirac Yukawa mediation have a common messenger. In our case, in contrast,

neutrino Dirac Yukawa messenger is the right-handed neutrino, the SM singlet.

If the right-handed neutrinos couple to the supersymmetry breaking field, the

A term is generated via neutrino Dirac Yukawa coupling when the right-handed
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neutrinos are integrated out and soft scalar mass of lepton doublet and up-type

HIggs at the seesaw scale after integrating out the neutrino messengers. 125GeV

Higgs mass can be explained with stop lighter than 2TeV in this setup. At the

same time, the stop mass gets an extra Yukawa mediation and maximal stop

mixing can be easily realized.

As there is a neutrino Dirac Yukawa contribution to the soft parameters in

addition to the minimal gauge mediation contribution, interesting new physics

signature is expected. The mechanism of the charged lepton flavor violation is

different from that in mSUGRA [46] or SUSY GUT [47] in which the origin

is the running of soft parameters above the seesaw scale. Though the origin

is different, the spectrum looks similar. The main difference is that here the

flavor violation appearing in the lepton doublet soft scalar mass is 16π2 bigger

than the one in mSUGRA. Therefore, the naive expectation is that order one

neutrino Dirac Yukawa coupling would be incompatible with the current bounds

of various charged lepton flavor violation constraints including µ→ eγ.

The computation of the charged lepton flavor violation needs an assumption

for the flavor structure, or a complete flavor model. Current observation of

the charged lepton mass and neutral lepton mixing matrix (PMNS) can be

explained in a consistent way with the neutrino Dirac Yukawa matrix which

is proportional to the identity matrix. This is not an ad hoc assumption but

can be explained in the context of non-Abelian discrete flavor symmetry, e.g.,

tribimaximal PMNS[48] from S4. Therefore, order one neutrino Dirac Yukawa

coupling can generate order one A term at the messenger scale and at the same

time can be completely safe with the charged lepton flavor violation constraints

as long as it is proportional to the identity matrix.

S4 flavor symmetry is the most natural and/or simple if θ13 = 0 as the

tribimaximal mixing can be nicely realised. However, small but sizeable θ13
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(sin θ13 ∼ 0.15) can be accommodated with the extra complication[49, 50, 51,

52]. If the origin of θ13 is the modification of Majorana mass of the right-handed

neutrino, there would be no off-diagonal element in the lepton doublet soft

scalar masses as the neutrino Dirac Yukawa would be still proportional to the

identity. In this case the model is free from the cLFV constraints. Nevertheless,

the sparticle spectrum needed to explain the observed Higgs mass is heavy

enough such that it is hard to explain the muon anomalous magnetic moment

at the same time. If θ13 is due to the deviation of the neutrino Dirac Yukawa

matrix from the identity, sizeable charged lepton flavor violation is expected.

We compute the charged lepton flavor violating processes in both cases and

show that interesting parameter space exists if θ13 is a combination of two

contributions from neutrino Dirac Yukawa and Majorana mass matrix.

We will firstly explain the setup for neutrino assisted gauge mediation in

which the right-handed neutrino is added as messengers in addition to the or-

dinary SM charged messengers. Explicit formulae for the soft SUSY breaking

terms will be given. Also we will discuss the implication for the Higgs mass.

In the next chapter, we will explain our S4 flavor model as a representative

example to discuss possible phenomenological implication. One can see that

supersymmetric flavor problem can be resolved if we import discrete symmetry

to flavor structure. And we will discuss charged lepton flavor violation in con-

nection with muon anomalous magnetic moment, the neutrino mixing angle θ13

and the Higgs mass.

However, the Standard Model has been thought to be low-energy effective

theory of more UV-complete theory, we can possibly imagine that some new

particle can participate in the charged lepton flavor violation processes. Good

example comes from the supersymmetric extension of the Standard Model. Min-

imal Sueprsymmetric Standard Model (MSSM) has been regarded as a promis-
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ing candidate of the beyond Standard Model. Besides the original Standard

Model particles, MSSM has additional superpartners of them. Among them,

chargino and neutralino and slepton and gaugino.

4.1 Soft terms generated from right-handed neutrino

messengers

The extremely small masses of neutrinos can be explained through the seesaw

mechanism[56, 57, 58, 59, 60], in which lepton number is violated at around the

Grand Unified Theory (GUT) scale. In this thesis, we consider the type-I seesaw

which has three copies of SM-singlet right-handed neutrino. For this, we extend

the MSSM superpotential by including right-handed Majorana neutrinos

W = ϵab

[
(YU )ijŪiQ

a
jH

b
u − (YD)ijD̄iQ

a
jH

b
d − (YE)ijĒiL

a
jH

b
d + (Yν)ijNiL

a
jH

b
u

+ µHa
uH

b
d

]
+

1

2
M ij

NNiNj ,

(4.1)

where ϵab is a totally antisymmetric tensor with ϵ12 = 1. The superfields in the

superpotential represent right-handed neutrino-sneutrino pairs, in addition to

the SM particles and their superpartners. They have the following SM gauge

group SU(3)c×SU(2)L×U(1)Y quantum numbers:

Q : (3, 2,
1

6
), Ū : (3̄, 1,−2

3
), D̄ : (3̄, 1,

1

3
)

L : (1, 2,−1

2
), Ē : (1, 1, 1), N : (1, 0, 0)

Hu : (1, 2,
1

2
), Hd : (1, 2,−1

2
).

(4.2)

Relative minus signs of Yukawa terms are given to make the sign of terms

responsible for the fermion Dirac masses to be the same.
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The relevant soft supersymmetry breaking terms are given by

Lsoft =− (m2
N )ijÑ

†
i Ñj − (m2

L)
j
i L̃

†iL̃j −m2
Hu
H†

uHu

−
[1
2
(BNM)ijÑiÑj + (ÃU )ijŨ

iQ̃jHu − (ÃD)ijD̃
iQ̃jHd − (ÃE)ijẼ

iL̃jHd

+BµHuHd + h.c.
]
.

(4.3)

We have two supersymmetry breaking sources in this model. The minimal

gauge contribution is the first source. In the minimal gauge mediation, sfermions

obtain soft masses given in [29]

m2
f̃
= 4

∑
a

( g2a
16π2

)2
Ca

∑
i

( F

Mi

)2
Ta(Ri)f(xi) (4.4)

at the messenger scales Mi, where Ca is the quadratic Casmir
∑

α T
αTα of

the sfermion representation Ri under the corresponding gauge group labeled

by a, which is given by (N2 − 1)/(2N) for SU(N) and Y 2 for U(1)Y , Ta is

defined by TrTαT β = Ta(Ri)δ
αβ, and f(xi) is the loop function of xi = F/M2

i

which is close to one for small xi. On the other hand, tri-linear A term is not

appeared at 1-loop level but only 2-loop level, thus can be neglected safely

at the messenger scale. They can be obtained radiatively at the weak scale.

For the second source of soft terms, we will consider right-handed neutrinos

coupled directly to supersymmetry breaking messenger. As a messenger field,

we introduce a supersymmetry breaking spurion X which couples to the right-

handed neutrinos. Majorana mass of the right-handed neutrino comes from the

scalar vacuum expectation value (VEV) of the SUSY breaking spurion X,

W ⊃ λXNN. (4.5)

Then N acts as the messengers of supersymmetry breaking, and the neutrino
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Dirac Yukawa coupling,

W ⊃ YνNLHu, (4.6)

is interpreted as the direct mixing term among the messengers, Higgs and mat-

ter (leptons).

The supersymmetry breaking effects at the seesaw scale MN = λ⟨X⟩ is

studied in [61]. When right-handed neutrinos couple to the SUSY breaking

sector, Majorana mass matrix is analytically continued to be MN → (1 +

θ2BN )MN , as in the case of gauge mediation[62, 63, 64]. Here, we assume that

the flavor structure of the right-handed neutrinos is fully determined byMN , so

BN = FX/X is a constant. If BN is a general matrix, constraints from charged

lepton flavor violation become serious.

Then, SUSY breaking is transferred to the visible sector through the neu-

trino Dirac Yukawa interaction. Wave function renormalization from the inter-

action with right-handed neutrinos is given by

δZL =
Y R†
ν

16π2

(
1− ln

MR†MR

Λ2

)
Y R
ν , δZHu = TrδZL

(4.7)

where

λRN = [Z
−1/2
N ]TλNZ

−1/2
L Z

−1/2
Hu

, MR = [Z
−1/2
N ]TMNZ

−1/2
N , (4.8)

then analytically continued Majorana masses give the soft masses. From field

redefinitions

L→
(
1− δZL|0

2

)
(1− θ2δZL|θ2)L

Hu →
(
1− δZHu |0

2

)
(1− θ2δZHu |θ2)Hu,

(4.9)

supersymmetric kinetic terms can be written in the simple form,

Φ†(1 + δZΦ)Φ → Φ†(1 + θ2θ̄2δZΦ|θ2θ̄2)Φ (4.10)
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then we can read off the one-loop corrections to the soft masses

δm2
L = −δZL|θ2θ̄2 and δm2

Hu
= −δZHu |θ2θ̄2 . (4.11)

In the expression,BN is just a constant, not a matrix. So ln(M †
NMN ) in the wave

function renormalization is separated into holomorphic and anti-holomorphic

parts, respectively. Since θ2θ̄2 term is not generated, we do not have one-loop

soft masses.

Hence, as in minimal gauge mediation, soft masses are generated at two loop

level. In [36], it was shown that soft scalar masses of the fields which directly

couple to messengers and those which do not are different. In our model, the

slepton L̃ and the up-type Higgs Hu couple to messengers N directly to give

soft terms,

δm2
L =

B2
N

(4π)4

[(
Tr[YνY

†
ν ] + 3Tr[YUY

†
U ]− 3g22 −

1

5
g21

)
Y †
ν Yν + 3Y †

ν YνY
†
ν Yν

]
δm2

Hu
=

B2
N

(4π)4

[
4Tr[YνY

†
ν Y

†
ν Yν ]−

(
3g22 +

1

5
g21

)
Tr[YνY

†
ν ]
]
.

(4.12)

On the other hand, Q̃ and Ũ obtain two-loop soft scalar masses through the

wave function renormalization of Hu and the corrections are given by

δm2
Q = − B2

N

(4π)4
Tr[YνY

†
ν ]Y

†
UYU

δm2
U = − B2

N

(4π)4
Tr[YνY

†
ν ]YUY

†
U

(4.13)

while the soft masses of Ẽ andHd come out of the wave function renormalization

of L and the corrections are given by

δm2
E = − B2

N

(4π)4
YEY

†
ν YνY

†
E

δm2
Hd

= − B2
N

(4π)4
Tr[YEY

†
ν YνY

†
E ].

(4.14)
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By replacing YE → YE(1 + δAE), YU → YU (1 + δAU ), and YD → YD(1 +

δAD), we have following soft terms at one loop level,

δAE = −δZL|θ2 , δAU = −IδZHu |θ2 ,

δAD = 0, δB = −δZHu |θ2 .
(4.15)

Unlike gauge mediation, right-handed neutrino mediation generates one-loop

A−terms,

AE =
BN

16π2
Y †
ν Yν

AU = −TrAE × I3×3

B = TrAE .

(4.16)

While minimal gauge mediation contributions are flavor universal, Yukawa

mediation is flavor dependent in general, thus one of the virtue of the gauge

mediaion would disappear. In the absence of Yukawa mediation, charged lep-

ton flavor violation can appear when the messenger scale is higher than the

right-handed neutrino Majorana mass scale. Seesaw Yukawa contributes to the

slepton soft mass through the renormalization group equation (RGE),

µ
d

dµ
m2

L = µ
d

dµ
m2

L

∣∣∣
MGM

+
1

16π2

[
(m2

LY
†
ν Yν + Y †

ν Yνm
2
L) + 2(Y †

νm
2
NYν

+m2
Hu
Y †
ν Yν + Ã†

νÃν)
] (4.17)

which should be restricted by charged lepton flavor violation constraints [65].

Here Ãν = AνYν is used. Since m2
L is two-loop generated, cLFV effects are fur-

ther loop suppressed (at three loop level). In the case of mSUGRA, off-diagonal

terms in the soft scalar mass can be freely set. However, in gauge mediation, this

effect is known to be small as the messenger scale is at most comparable to the

seesaw scale and the running can be made in a very short interval. In this case,

charged lepton flavor violation is so small that even forthcoming experiment

cannot detect it.

36



In neutrino assisted gauge mediation, neutrino Dirac Yukawa couplings can

introduce two-loop generated cLFV effects on m2
L as a result of gauge-Yukawa

or Yukawa mediation,

δm2
L =

B2
N

(4π)4

[(
Tr[YνY

†
ν ] + 3Tr[YUY

†
U ]− 3g22 −

1

5
g21

)
Y †
ν Yν + 3Y †

ν YνY
†
ν Yν

]
(4.18)

in the charged lepton mass basis. If the two loop generated slepton mass squared

has a nonzero off-diagonal element, it would generate cLFV. Parametrically, this

effect is much larger than the expected cLFV in mSUGRA or similar scenarios

in which the effect comes from the running above the See-Saw scale. We simply

assume that both messengers 5, 5̄ and 1 have the same masses at the See-Saw

scale. In principle these two masses can be different and cLFV can arise if the

singlet messenger is lighter than 5, 5̄. However, this effect is loop suppressed

compared to the Yukawa mediation we would not consider it in this thesis.

Further discussion on cLFV is possible only when there is an explicit flavor

model providing the neutrino Dirac Yukawa and charged lepton Yukawa ma-

trices. As a simple and illustrative example of the explicit model, we consider

S4 flavor symmetry in Sec. 5.1. It will be shown that various types of See-Saw

Yukawa Yν would predict different sizes of effects on cLFV. Before moving onto

the flavor discussion, let us consider the implication on the Higgs mass first.

4.2 Higgs mass and superparticle spectrum

Minimal gauge mediation does not generate At at one loop and the weak scale

At is radiatively generated by the gluino loop. However, the same gluino con-

tribution appears in stop soft scalar mass and the relative ratio of |At| and mt̃

can not be large. On the other hand, the physical light CP even Higgs mass

in the MSSM is affected by X̂t ≡ (At − µ/ tanβ)/mt̃ and X̂t ∼ 2 (or
√
6 more
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Figure 4.1 Higgs mass with respect to Xt for tanβ = 10, stop massMt̃ ∼ 2TeV.

precisely) gives the maximum finite threshold correction as shown in Fig. 4.1.

One way to make |X̂t| > 1 at the weak scale is to start from tachyonic

stop boundary condition [54] which is explicitly realised in gauge messenger

model [55]. However, this option is not available in minimal gauge mediation.

The other possibility is to couple messengers directly to the visible sector fields

such that large negative A term can be generated at the messenger scale. If A

term is positive, the gluino contribution from the running cancels the A term at

the messenger scale. Matter-messenger mixing [38, 39, 40, 41, 42] also has been

considered recently. Messenger-matter-matter Yukawa coupling would generate

the needed At term at the messenger scale. However, the full Yukawa couplings

are written as 3 × 3 matrices and why all other dangerous Yukawa couplings

between matters and messengers are absent except 33 component remains to

be a puzzle. One way out is to consider Higgs-messenger mass mixing [64] and

to generate all the wanted Yukawa couplings between matter and messengers

from ordinary Yukawa couplings of matter with Higgs. There would be a direct

modification of squark spectrum if squark couples directly to the messenger.

Higgs-messenger mixing through Higgs-messenger-messenger coupling or

Higgs-Higgs-messenger coupling has been considered in [36, 37]. In this case, we

often encounter A/m2 problem. To understand this, it is worth to emphasize
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that, the two-loop soft mass squared of the Higgs field Hu which has direct

coupling to messenger Φ has a structure of m2
Hu

∼ cλ4 − c′λ2g2 where λ is a

coupling constant of Higgs and messenger fields and g is the gauge coupling(s).

On the other hand, the two-loop soft mass squared of fields Q, Ū which does

not have a direct coupling with messenger has a form of m2
Q3,Ū3

∼ −c3λ2y2t .
This fact was extensively studied in [36]. For sufficiently large λ, large one-loop

A terms are generated. At the same time, m2
Hu

becomes positive so the soft

mass of Hu can be much larger than that in the pure gauge mediation. More-

over, the soft mass of Q3, Ū3 can be much smaller. If the Higgs Hu superfield

directly couples to messengers whereas the top superfields do not, relatively

light stop in natural SUSY can be easily obtained as we can have the small

stop soft mass from the effect explained above and the large LR mixing from

large A term. A/m2 problem appears in Hu soft terms such that large A term

at the same time generate largem2
Hu

at the messenger scale and it can make the

electroweak symmetry breaking difficult. It is analogous to the famous µ/Bµ

problem in gauge mediation. To avoid this but to allow the large λ for max-

imal mixing, large −c2λ2g2 part in m2
Hu

is required. This can be achieved by

introducing new gauge bosons or making strong interaction involved [36]. On

the other hand, one loop, negative contribution to m2
Hu

can be considered if

the messenger scale is low as analysed in detail in [37].

Neutrino assisted gauge mediation uses the Yukawa coupling among mes-

sengers (neutrinos), Higgs and lepton doublets. As a result, Higgs and lepton

doublet soft scalar masses get extra contribution from Yukawa mediation. The

same A/m2 problem applies here and neutrino Dirac Yukawa coupling can not

be taken to be a large value for successful electroweak symmetry breaking in

principle. On the other hand, too large m2
Hu

and too large A term may drive

stop tachyonic through renormalization group running with top Yukawa. The
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problem becomes worse as the stop soft scalar mass squared at the messen-

ger scale gets a negative contribution from Yukawa mediation. The situation is

shown in Fig. 4.2. For the running mass of the top quark 160 GeV (the cen-

tral value), the tachyonic stop appears before the real A/m2 problem prevents

the successful electroweak symmetry breaking as we increase yν . The crucial

difference compared to the previous work in which A/m2 problem is empha-

sized [36, 37] comes from the number of messengers. In neutrino assisted gauge

mediation, the number of messengers is three, N = 3. The y2 contribution is

effectively replaced by Ny2ν . Large N effectively reduces the A/m2 problem by

1/N . At the same time smaller yν can provide the same impact with the aid of

N > 1. If tachyonic stop appears as yν gets larger, it would be easy to realise

the maximal stop mixing by making the stop soft scalar mass sufficiently small.

Fig. 4.3 shows the contribution assisted by neutrino messengers, compared

to the minimal gauge mediation which corresponds to yν = 0 with stop mass at

around 1 TeV. In the minimal gauge mediation, the Higgs mass is computed to

be at around 121 ∼ 122 GeV for tanβ = 10 ∼ 30. For yν = 0.7, the Higgs mass

can be as large as 125 ∼ 126 GeV. 4 to 5 GeV gain in the Higgs mass is obtained

in neutrino assisted gauge mediation. The gain does not look impressive but

has an impact on allowed superparticle spectrum. In the absence of At at the

messenger scale as is the case in minimal gauge mediation, this extra 5 to 6

GeV can be achieved by making the logarithmic contribution large and the

stop mass should be as heavy as 5 to 10 TeV rather than 2 TeV.

Note that the plot stops at yν = 0.72. Neutrino assisted gauge mediation

is classified as Higgs-messenger mixing scenario as the right-handed neutrino is

the messenger and the neutrino Dirac Yukawa coupling connects Higgs, lepton

doublet and the messenger (right-handed neutrino). The stop soft scalar mass

squared gets smaller and becomes tachyonic as the neutrino Dirac Yukawa cou-
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pling is increased as in Fig. 4.4. The logarithmic correction to the Higgs mass

also rapidly drops beyond yν ∼ 0.7 as the stop mass becomes too light (and

becomes tachyonic) as is shown in Fig. 4.3. The maximal mixing is realised

around this point, as shown in Fig. 4.5. This also corresponds to the corner of

the parameter space next to the critical point as in [?].

Fig. 4.6 compares At in the minimal gauge mediation and the neutrino

assisted gauge mediation both at the messenger scale and the weak scale. Note

that At by itself is enhanced by 1.5 at the weak scale with the help of messenger

scale At.

Fig. 4.7 shows the relation between BN and the Higgs mass. The neutrino

Dirac Yukawa coupling yν is chosen to be close to 0.72 which can maximize the

Higgs mass for given BN .

In summary, the minimal gauge mediation needs stop mass at around 5 to

10 TeV to raise the Higgs mass up to 125 GeV. If the right-handed neutrinos

are the messengers of the supersymmetry breaking, so called ‘neutrino assisted

gauge mediation’, we can explain 125 GeV Higgs mass with lighter than 2

TeV stop mass. we provide here a sample of sparticle mass spectrum. You can

observe that relatively light stop can explain the 125 GeV Higgs mass in the

table.
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(tanβ = 10, BN = 360TeV) (tanβ = 30, BN = 300TeV)

ν̃e, ν̃µ, ν̃τ 2957, 2961, 3013 2429, 2465, 2502

ẽ1, µ̃1, τ̃1 1364, 1364, 1333 1139, 1138, 880

ẽ2, µ̃2, τ̃2 3013, 2962, 2954 2503, 2467, 2427

ũ1, c̃1, t̃1 2827, 2827, 634 2384, 2384, 637

d̃1, s̃1, b̃1 2853, 2853, 2820 2406, 2406, 2283

ũ2, c̃2, t̃2 3177, 3177, 2252 2675, 2675, 1868

d̃2, s̃2, b̃2 3178, 3178, 2297 2676, 2676, 1893

h0, A,H0, H± 125, 1705, 1705, 1707 125, 1031, 1031, 1034

χ1, χ2, χ3, χ4 487, 850, -892, 980 405, 713, -758, 829

χ+, χ− 849, 980 712, 829

g̃ 2514 2126

Table 4.1 Sparticle spectrum at the point giving 125GeV Higgs mass with the

lowest BN
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Stop Tachyonic

No EWSB

Stop Tachyonic

No EWSB

Figure 4.2 Phase diagrams indicating stop tachyonic and no EWSB region for

tanβ = 10, tanβ = 30, respectively. BN is set to be 5× 105GeV.
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Figure 4.3 Higgs mass as a function of yν for BN = 5× 105GeV, ρ = 0.1. Higgs

mass can be achieved with the help of Yukawa mediation for large tanβ region.

At yν ∼ 0.7, stop mass is approximately 1TeV.
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Figure 4.4 Mt̃ as a function of yν for BN = 5× 105GeV, ρ = 0.1. tanβ = 10.

Figure 4.5 Xt/Mt̃ as a function of yν for BN = 5×105GeV, ρ = 0.1, tanβ = 10.
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Figure 4.6 Ãt ≡ AtYt as a function of yν for tanβ = 10, BN = 5 × 105GeV.

Without Yukawa mediation, one can obtain Ãt ∼ −2700GeV at the weak scale

by RG running effects. With help of neutrino mediation at the messenger scale,

one can obtain Ãt ∼ −4500GeV at weak scale. This drives more stop mixing,

which helps 125GeV Higgs mass.
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Figure 4.7 Maximum values of Higgs mass as a function of BN . For tanβ = 10,

at least BN = 360TeV is required to obtain 125GeV Higgs mass. For tanβ =

30, BN = 300TeV is required.
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Chapter 5

The Flavon Model Building

In this section, we introduce the framework for constructing flavor structure

based on discrete symmetry. Flavor structure is associated with flavor observ-

ables, so one should consider related experimental constraints when building

a model. Among flavor observables, we consider neutrino oscillation, neutrino

mixing, charged lepton flavor violation and muon g − 2 which are generally

well-isolated from standard model backgrounds.

5.1 Flavon Model Building Motivation

Since the SUSY breaking mediation through the neutrino Dirac Yukawa cou-

pling is flavor dependent in general, sizeable charged lepton flavor violation

could be occurred. One simple solution to avoid this is assuming that the neu-

trino Dirac Yukawa coupling is set to be proportional to the identity. In the

right-handed Majorana neutrino mass basis, it would be proportional to the
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unitary matrix so soft mass m2
L, which depends on the combination Y †

ν Yν is

flavor universal. This can be easily obtained by employing the non-abelian dis-

crete symmetry for the tri-bi maximal mixing of the PMNS matrix. However,

the tri-bi maximal mixing should be modified to make θ13 non-zero, as reported

by several observations[11, 12, 13, 14, 15], small corrections should be added.

When the neutrino Dirac Yukawa coupling has such corrections, such that it

has a deviation from identity, therefore charged lepton flavor violation is gen-

erated. We look for several ways to suppress charged lepton flavor violation, at

least under the experimental bound.

Superfield S4 Z4 U(1)L U(1)R

L 3 1 1 1

Ē 2+ 1 2 -1 0

N 3 3 -1 0

Φ 3+ 3′ 1 0 0

χ 1+ 2+ 3 2 2 0

Hu 1 0 0 1

Hd 1 0 0 1

X 1 0 0 2

Table 5.1 Charge assignments under S4×Z4×U(1)L×U(1)R for leptons, flavons,

Higgs, and SUSY breaking spurions.

To make the PMNS matrix tri-bi maximal, we use S4 discrete symmetry,

since it is closely related to the permutation structure of Yukawa couplings.

We can think of other discrete symmetries, such as A4, the even permutation
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of the S4 could be used. The main difference is that the first and the second

generation of the right-handed leptons belong to doublet representation in S4

while they correspond to different one dimensional representations, 1′,1′′ in A4.

In [16, 17, 18, 19], the structure we use is obtained from A4 symmetry and dis-

cussion on the deviation from the tri-bi maximal mixing is in parallel. The S4

symmetry model building is reviewed in [20]. Before model building, we need to

survey the mathematical structure of S4 symmetry, representations and tensor

product rules. We will examine A4 symmetry, too.

S4 is a non-abelian discrete symmetry and consists of all permutations

among four elements. For a review on various discrete symmetries, see [84].

Irreducible representations of S4 are two singlets 1,1′, one singlet 2, and two

triplets 3,3′. Tensor products among them are given as follows:
x1

x2

x3


3

×


y1

y2

y3


3

= (x1y1 + x2y2 + x3y3)1 +

 x1y1 + ωx2y2 + ω2x3y3

x1y1 + ω2x2y2 + ωx3y3


2

+


x2y3 + x3y2

x3y1 + x1y3

x1y2 + x2y1


3

+


x2y3 − x3y2

x3y1 − x1y3

x1y2 − x2y1


3′

(5.1)
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x1

x2

x3


3′

×


y1

y2

y3


3′

= (x1y1 + x2y2 + x3y3)1 +

 x1y1 + ωx2y2 + ω2x3y3

x1y1 + ω2x2y2 + ωx3y3


2

+


x2y3 + x3y2

x3y1 + x1y3

x1y2 + x2y1


3

+


x2y3 − x3y2

x3y1 − x1y3

x1y2 − x2y1


3′

(5.2)


x1

x2

x3


3

×


y1

y2

y3


3′

= (x1y1 + x2y2 + x3y3)1′ +

 x1y1 + ωx2y2 + ω2x3y3

−(x1y1 + ω2x2y2 + ωx3y3)


2

+


x2y3 + x3y2

x3y1 + x1y3

x1y2 + x2y1


3′

+


x2y3 − x3y2

x3y1 − x1y3

x1y2 − x2y1


3

(5.3)

 x1

x2


2

×

 y1

y2


2

= (x1y2 + x2y1)1 + (x1y2 − x2y1)1′ +

 x2y2

x1y1


2

(5.4)

 x1

x2


2

×


y1

y2

y3


3

=


(x1 + x2)y1

(ω2x1 + ωx2)y2

(ωx1 + ω2x2)y3


3

+


(x1 − x2)y1

(ω2x1 − ωx2)y2

(ωx1 − ω2x2)y3


3′

(5.5)
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 x1

x2


2

×


y1

y2

y3


3′

=


(x1 + x2)y1

(ω2x1 + ωx2)y2

(ωx1 + ω2x2)y3


3′

+


(x1 − x2)y1

(ω2x1 − ωx2)y2

(ωx1 − ω2x2)y3


3

(5.6)

and trivially, we have 3× 1′ = 3′, 3′ × 1′ = 3′, and 2× 1′ = 2.

A4 is a non-abelian discrete symmetry and consists of even permutations

in S4. It is often called the alternating group. Irreducible representations of A4

are three singlets 1,1′,1′′ and a single triplet 3. The tensor product of 3 × 3

can be decomposed as


x1

x2

x3


3

×


y1

y2

y3


3

= (x1y1 + x2y2 + x3y3)1 + (x1y1 + ωx2y2 + ω2x3y3)1′

+ (x1y1 + ω2x2y2 + ωx3y3)1′′ +


x2y3 + x3y2

x3y1 + x1y3

x1y2 + x2y1


3

+


x2y3 − x3y2

x3y1 − x1y3

x1y2 − x2y1


3

(5.7)

For quark sector, the CKM matrix is close to the identity. Deviation from

the identity has a hierarchy structure parametrized by some powers of the

Cabibbo angle, λ = sin θC . On the other hand, the PMNS matrix, mixing

matrix in the lepton sector has large mixing angles. Even the smallest mixing

angle, θ13 is in the order of λ. To explain this, it is natural to assume that u−
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and d− quark sectors have almost the same structure under the discrete flavor

symmetry whereas the charged lepton and the right-handed neutrino sectors do

not. This picture can be realised by introducing appropriate ‘flavons’ charged

under discrete symmetry group and more symmetries can be introduced to

forbid useless couplings. Here, we consider the symmetry group S4×Z4×U(1)L,

where U(1)L represents a lepton number, which may be discretized.

We think superpotential for seesaw mechanism with flavons Φ and χ,

W = −l1ijĒiΦLjHd + l2ijNiLjHu +
1

2
l3ijXNiχNj , (5.8)

where i, j = 1, 2, 3 are the generation indices andX is a SUSY breaking spurion.

For this, S4, Z4, U(1)L and U(1) R-symmetry quantum numbers are given in

Table 5.1.

5.2 Flavon Superpotential Stability

However, setting the flavon VEV arbitrarily can be dangerous. In [19], it was

shown that A4 triplet flavon vacuum in the direction of (1, 1, 1) and (1, 0, 0),

((0, 1, 0), (0, 0, 1) are the same) is favored compared to other directions, such

as (1, 1, 0). Since A4 symmetry is the subgroup of the S4 composed of even

permutations, similar arguments hold. In this Appendix, we argue that triplet

flavon directions favored in A4 model are also favored in the S4 model and that

S4 doublet vacuum favors the (1, 1) direction.

Rigid SUSY makes the discussion more simple, because the potential V

is minimized at ⟨V ⟩ = 0. On the other hand, extra symmetries like Z4 and

U(1)L more restrict possible terms in the superpotential. Suppose that U(1)L

symmetry is discretized to, for example, Z8 symmetry. In this case, only quartic

terms Φ4 and χ4 are allowed. Let us assume that breaking of extra symmetries

introduces quadratic term, like m1Φ
2 or m2χ

2. To achieve this, let us consider
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‘Z4 breaking singlets’ ψ1, ψ̄1 and ‘lepton number breaking singlets’ ψ2, ψ̄2 with

S4 × Z4 ×U(1)L quantum numbers

ψ1 : (1, 3, 0), ψ̄1 : (1, 1, 0),

ψ2 : (1, 0, 2), ψ̄2 : (1, 0, 6).
(5.9)

They do not combine with ĒLHd, NLHu and NN to make singlets under all

symmetries imposed. Then, they can couple to Φ2 or χ2 such that a superpo-

tential is given by

W (ψ1, ψ̄1, ψ2, ψ̄2) =
1

Λ
[Φ2ψ̄1ψ1 + χ2ψ̄2ψ2]

−M1ψ̄1ψ1 +
1

Λ
[κ1(ψ̄1ψ1)

2 + κ2(ψ1)
4 + κ3(ψ̄1)

4]

−M2ψ̄2ψ2 +
1

Λ
[κ′1(ψ̄2ψ2)

2 + κ′2(ψ2)
4 + κ′3(ψ̄2)

4].

(5.10)

In this superpotential, ψ̄1ψ1 and ψ̄2ψ2 pairs have VEVs and they provide

m1Φ
2 +m2χ

2 terms. With this setup, the triplet superpotential has the form

of

W = mS2 +
λ1
Λ
(x2 + y2 + z2)2 +

λ2
Λ
(x2 + ωy2 + ω2z2)(x2 + ω2y2 + ωz2)

+
λ3
Λ
(xy + yz + zx)2

(5.11)

where S = (x, y, z) represents the generic S4 triplet such as Φ or χ. Note also

that the superpotential has an accidental Z2 symmetry under which ψ1,2 and

ψ̄1,2 are odd whereas other fields are even. If this Z2 symmetry is imposed,

(Φ2ψ1/Λ
3)ĒLHd and (Φ2ψ2/Λ

2)NN terms, which change the flavor structure

in the subleading orders are forbidden. In this case, charged lepton Yukawa cou-

pling structure in dimension-4 operator is preserved up to dimension-6 operator

whereas Majorana mass structure in dimension-3 operator is preserved up to

dimension-5 operator so corrections to them are highly suppressed.
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Each term of the F-term potential V = |∂W/∂x|2 + |∂W/∂y|2 + |∂W/∂z|2

is given by

∂W

∂x
=mx+

4λ1
Λ
x(x2 + y2 + z2) +

2λ2
Λ
x(2x2 − y2 − z2)

+
2λ3
Λ

(y + z)(xy + yz + zx)

∂W

∂y
=my +

4λ1
Λ
x(x2 + y2 + z2) +

2λ2
Λ
y(2y2 − z2 − x2)

+
2λ3
Λ

(z + x)(xy + yz + zx)

∂W

∂z
=mz +

4λ1
Λ
z(x2 + y2 + z2) +

2λ2
Λ
z(2z2 − x2 − y2)

+
2λ3
Λ

(x+ y)(xy + yz + zx).

(5.12)

Stable vacuum requires that these three terms should be zero simultaneously.

For vacuum ⟨S⟩ = v(1, 1, 1), three terms give the same condition,

12(λ1 + λ3)
(v3
Λ

)
+mv = 0 (5.13)

so the vacuum is stabilized at v2 = −mΛ/[12(λ1 + λ3)]. For vacuum ⟨S⟩ =

v(1, 0, 0), the second and third terms vanish trivially and the first term gives

4(λ1 + λ3)
(v3
Λ

)
+mv = 0 (5.14)

so the vacuum is stabilized at v2 = −mΛ/[4(λ1 + λ3)]. The vacuum in the

direction (0, 1, 0) and (0, 0, 1) gives the same result by permutational property

of S4. On the other hand, vacuum ⟨S⟩ = v(1, 1, 0) gives two conditions,

v3

Λ
(8λ1 + 2λ2 + 2λ3) +mv = 0

λ3v
3 = 0.

(5.15)

If λ3 is not forbidden by another symmetry, v = 0 is the only solution and

nontrivial vacuum can not be developed.
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S4 doublet stabilization can be discused in the same way. Renormalizable

superpotential for doublet (x, y) is written as

W = m(xy) + λ(x3 + y3) (5.16)

and stabilization condition

∂W

∂x
= 2my + 3λx2 = 0

∂W

∂y
= 2mx+ 3λy2 = 0

(5.17)

requires that x = y. So the vacuum choice for Eq. (6.14) is stable.

In our setup, Yukawa couplings are constructed from non-renormalizable

dimension-4 superpotential with several flavons. These flavons also appear in

the non-renormalizable Kähler potential and kinetic terms are written in the

form of

Kij̄∂µϕ
j̄†∂µϕi − iKij̄ψ̄

j̄ σ̄µ∂
µψi (5.18)

where ϕ and ψ represent bosonic and fermionic fields, respectively. The Kähler

potential of charged lepton supermultiplet L is given by

K =
[
1 + a1

Φ†Φ
Λ2

+ a2
χ†χ
Λ2

]
L†L

∣∣∣
S4 singlets

+ · · · (5.19)

and similar terms can be written for other fields, Ē†Ē, N †N , H†
u,dHu,d, etc.

Then we have quite complicate terms. For example, from (Φ†
3Φ3/Λ

2)L†L where

Φ3 vacuum is given by v2(1, 1, 1), we have

a1
Φ†
3Φ3

Λ2
L†L

∣∣∣
S4 singlets

=a1,1
v22
Λ2

(L†
1L1 + L†

2L2 + L†
3L3)

+ a1,2
v22
Λ2

[
L†
2L3 + L†

3L2 + L†
3L1 + L†

1L3

+L†
1L2 + L†

2L1

]
.

(5.20)
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Since ⟨Φ⟩/Λ = v2/Λ is responsible for charged lepton Yukawa couplings, we see

4πv2/Λ ≳ Yτ = mτ/[(v/
√
2) cosβ] ∼ 0.1 for tanβ = 10. On the other hand, χ3

has another vacuum direction, w2(0, 1, 0). Then

a2
χ†χ
Λ2

L†L
∣∣∣
S4 singlets

=a2,1
w2
2

Λ2
(L†

1L1 + L†
2L2 + L†

3L3)

+ a2,2
w2
2

Λ2
(−L†

1L1 + L†
2L2 − L†

3L3)

(5.21)

so it just rescales the fields. Moreover, since See-Saw scale is about 1014GeV,

we have suppressed effect, 4πχ/Λ ∼ 0.01 with Λ is the GUT scale. In the same

way, doublet and singlet flavons in the Kähler potential just contribute to the

field rescalings.

Physical fields are defined with canonical kinetic terms, so we should make

field redefinitions and they affect flavor structures in principle. In our work, how-

ever, such effects are not considered by assuming small coeffecients a1,2. For ex-

ample, diagonalization of YE demonstrated above is not affected if a1(v
2
2/Λ

2) ≲

(me/mτ ) ∼ 3× 10−4, i.e. a1 ≲ 3.

On the other hand, mixings in the Kähler potential between flavons can be

dangerous. For example, kinetic mixing between flavons such as ψ̄†
1ψ

†
2Φ

†
3χ3/Λ

2

can introduce small correction to YE or MN with unwanted S4 triplet vacuum

direction. Such effect is suppressed by ψ̄†
1ψ

†
2/Λ

2 and can be more suppressed

with tiny coefficient.
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Chapter 6

Charged Lepton Flavor Violation

The Standard Model (SM) of elementary particle interactions successfully ex-

plains the particle phenomenology at the energy scale currently reachable in

the experiments. However, various theoretical problems and cosmological ob-

servations that cannot be explained in the frame of SM lead to the believe that

it is only an effective approximation of some more fundamental theory. The

promising area to search for New Physics phenomena is the lepton flavour phe-

nomenology. In particular within SM lepton flavor violating (LFV) and CPvio-

lating (CPV) effects in the charged lepton sector are very strongly suppressed,

and so far have not been observed in any experiment. Any such observation

would immediately signal some phenomena going beyond the SM. We will dis-

cuss lepton flavor violation in the context of NAGM.

Charged lepton violation is a good probe to new physics because it is quite

suppressed in the Standard Model. For example, µ can decay into electron and

additional photon due to Ward identity via Standard Model processes including

W boson and neutrino inside the loop. Since the extreme smallness of the neu-
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trino masses, charged lepton flavor violation is quite suppressed in the Standard

Model. The current experimental bound for branching ratio of muon decay to

electron and photon is about 10−12. One can naturally obtain such branching

ratio if particles at the weak scale participate in the loop. Phenomenological

supersymmetric model naturally provides such candidates. Since the absolute

absence of SM backgrounds, the discovery of Br(µ → eγ) is an inevitable evi-

dence of new physics.

The charged lepton Yukawa couplings can be constructed from ĒΦLHd,

the neutrino Dirac Yukawa coupling can be constructed from NL, and the

Majorana mass of the heavy neutrinos can be constructed from XNχN . On

the other hand, Φ2, χ2, and Φχ cannot couple to the combinations ĒLHd, NL,

and XNN to make singlets. Note that U(1)R is introduced to forbid unwanted

coupling NχN , which makes BN in a matrix form, not a constant.

The discrete symmetry quantum number can be extended to the quark sec-

tor, such as Q : (3, 1, 0, 1), Ū : (2+ 1, 2, 0, 0), and D̄ : (2+ 1, 2, 0, 0) under

S4 × Z4 × U(1)L×U(1)R. The flavons Φ : (3+ 3′, 1, 0) make the singlet combi-

nations ŪΦQHu + D̄ΦQHd and Yukawa couplings YU and YD have the same

form as the charged lepton Yukawa coupling. They are diagonalized by the same

unitary matrix so CKM matrix is the identity in the leading order. If another

type of flavon couples to either of up and down quark sectors to give subleading

corrections of order λ, it would explain the Cabibbo angle.

Lepton Li is in the 3 and Ēj is in the 1+2 representations, in which (Ē1)1+

(Ē2, Ē3)2. Also there are the SM singlet flavons Φ3, and Φ3′ in the 3, and 3′

representations. We do not provide a complete vacuum alignment in this setup.

Instead in Appendix B, we show a few simple examples in which the aligned

vacuum is realised. If, for instance, VEVs are arranged to be ⟨Φ3⟩ = v2(1, 1, 1),

59



and ⟨Φ3′⟩ = v3(1, 1, 1), we have the following Yukawa structure

YE = λE
1√
3


c c c

a aω aω2

b bω2 bω

 (6.1)

where a = (λv2 + λ′v3)/Λ, b = (λv2 − λ′v3)/Λ, c = λ′′v2/Λ, and λ, λ′, λ′′ are

coupling constants of Ē2L3Φ3, Ē2L3Φ3′ , and Ē1L3Φ3, respectively. In this

case, Y †
EYE has the form of

Y †
EYE = |λE |2


a2 + b2 + c2 c2 + a2ω + b2ω2 c2 + b2ω + a2ω2

c2 + a2ω2 + b2ω a2 + b2 + c2 c2 + a2ω + b2ω2

c2 + b2ω2 + a2ω c2 + a2ω2 + b2ω a2 + b2 + c2

 ,

(6.2)

which will be diagonalized to |λE |2((ϵ3)2, (ϵ)2, 1) by the unitary matrix,

V l
L =

1√
3


1 1 1

1 ω2 ω

1 ω ω2

 . (6.3)

Here we use ϵ ≃ mµ/mτ as the order parameter. Then, c = ϵ3, a = ϵ and b = 1.

On the other hand, let heavy neutrinos Ni be in the triplet 3. Φ3 and Φ3′

cannot couple to the combination LiNj by Z4 and U(1)L symmetries as well as

the SM gauge symmetry. Since the combination L1N1+L2N2+L3N3 is a singlet,

we naturally have the neutrino Dirac Yukawa coupling Yν proportional to the

identity. Finally, XNiNj has again the form of 3+3′+1+2. Φ’s cannot couple

to it while singlet χ1 and triplet χ3 in the singlet and triplet representation can

do, so we have the following Majorana mass term:

MN =


w1 0 w2

0 w1 0

w2 0 w1

 (6.4)
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where ⟨χ1⟩ = w1 and ⟨χ3⟩ = w2(0, 1, 0), respectively. Therefore, the neutrino

mass matrix Mν = −v2uY T
ν M

−1
N Yν is diagonalized by

V ν
L =


1√
2

0 − 1√
2

0 1 0

1√
2

0 1√
2

 (6.5)

so we obtain the PMNS matrix in the tri-bi maximal mixing,

VPMNS ≡ (V l
L)

†V ν
L =


√

2
3

1√
3

0

−ω 1√
6

ω 1√
3

e−i5π/6 1√
2

−ω2 1√
6

ω2 1√
3

ei5π/6 1√
2

 . (6.6)

In this construction, S4 triplet flavons have VEVs in the direction of (1, 1, 1)

or (0, 1, 0). These directions are easily stabilized compared to other directions,

such as (1, 1, 0), as argued in Appendix B. Note that Yν proportional to the

identity does not give rise to LFV. In Eq. (4.12), we see m2
L from the neutrino

Dirac Yukawa mediation is flavor universal. In the right-handed neutrino and

the charged lepton mass basis, Yν moves to V ν
LYν and m2

L moves to (V l
L)

†m2
LV

l
L.

As a result, PMNS matrix is mulitplied and will change m2
L matrix. However,

if the neutrino Dirac Yukawa matrix is proportional to the identity matrix, the

property of V IV † = IV V † = I cancels out such effects.

There are various ways to put corrections to make non-zero θ13. Moreover,

corrected neutrino mass matrix should be consistent with the measurements

of θ12, θ23 as well as neutrino mass squared differences, ∆m2
sol ≡ m2

2 − m2
1

and |∆m2
atm| ≡ |m2

3 −m2
2|. Since the overall neutrino mass scale is not known,

the important quantity is the ratio of neutrino mass squared differences, as

described in [19],

√
|R| ≡

√
∆m2

atm

∆m2
sol

. (6.7)

61



The measured values adopted in [?] are given by

∆m2
sol = (7.50± 0.20)× 10−5eV2

∆m2
atm = (0.00232)+0.00012

−0.00008eV
2

sin2(2θ12) = 0.857± 0.024

sin2(2θ23) > 0.95

sin2(2θ13) = 0.098± 0.013

(6.8)

in the 90% C. L. The global analysis for such quantities can be found in [?, ?].

Suppose, for simplicity, we leave the charged lepton sector untouched and

correct neutrino sector only. Moreover, we keep the mixings of ν2 with ν1,3

forbidden, so that V ν
L is modified to

V ν
L =


cos(π4 + δ) 0 − sin(π4 + δ)

0 1 0

sin(π4 + δ) 0 cos(π4 + δ)

 . (6.9)

For small δ, cos(π4 + δ) ≃ (1/
√
2)(1− δ) and sin(π4 + δ) ≃ (1/

√
2)(1 + δ). From

VPMNS = (V l
L)

†V ν
L

=
1√
3


1 1 1

1 ω ω2

1 ω2 ω

 1√
2


(1− δ) 0 −(1 + δ)

0 1 0

(1 + δ) 0 (1− δ)

 ,
(6.10)

we see (13) element of the PMNS matrix is given by

|Ve3| =
∣∣∣ 2δ√

6

∣∣∣. (6.11)

If such corrections are entirely present in the right-handed neutrino Majorana

mass term while Yν is untouched, there would be no observable charged lepton

flavor violating process. For example, let us introduce a doublet flavon χ2.
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Then, its VEV modifies the diagonal elements of the Majorana mass matrix.

With ⟨χ2⟩ = x2(1, 1), diagonal term has a correction x2[2N1N1−N2N2−N3N3].

In principle, by introducing several doublets with different VEVs, each diagonal

term can be different.

6.1 Yukawa Structure For Neutrino Experiments

Besides putting correction to MN , one can find S4 doublet VEVs giving correc-

tions to Yν to make a sizable θ13 while dangerous charged lepton flavor violation

is suppressed. To see this, consider the general S4 doublet VEV, (a, b) where a

and b are complex numbers. With this VEV and coupling λ1, Yν can be modified

as 
1 + λ1(a+ b) 0 0

0 1 + λ1(bω + aω2) 0

0 0 1 + λ1(bω
2 + aω)

 (6.12)

In this case, Y †
ν Yν in the charged lepton mass basis is given by

1 + λ21(|a|2 + |b|2) λ1(a
∗ + b) + λ21ab

∗ λ1(a+ b∗) + λ21a
∗b

λ1(a+ b∗) + λ21a
∗b 1 + λ21(|a|2 + |b|2) λ1(a

∗ + b) + λ21ab
∗

λ1(a
∗ + b) + λ21ab

∗ λ1(a+ b∗) + λ21a
∗b 1 + λ21(|a|2 + |b|2)

 . (6.13)

If λ1(a
∗ + b) + λ21ab

∗ = 0, all the off diagonal elements vanish. For example,

λ1 = 1 and a = b = ω is the case. This condition also implies that off diagonal

terms of Y †
ν YνY

†
ν Yν vanish so we do not expect any sizeable cLFV. However,

this condition requires a cancellation of two different flavon contributions and

is considered as a serious fine tuning different from vacuum alignment. We do

not pursue this possibility any longer in this thesis.

If a∗ = −b and both |a| and |b| are smaller than one, the (12) element of

Yν is given by −λ21(a∗)2. The (23) element is the same and the (13) element
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is its complex conjugate, −λ21a2. In this way, LFV is suppressed quadratically

even though it does not vanish. For Y †
ν YνY

†
ν Yν term, the (12) element is 2[1 +

λ21(|a|2 + |b|2)][λ1(a∗ + b) + λ21ab
∗] + [λ1(a+ b∗) + λ21a

∗b]2. For Y †
ν Yν term, the

(23) element is the same and the (13) element is its complex conjugate. When

a∗ = −b, it is −2λ21a
2(1 + 2λ21|a|2) + λ41(a

∗)4, which is quadratically suppressed

for small a. For illustration, suppose λ1a = λ1b = iρ. The stabilization of such

doublet VEV is discussed in Appendix B. The neutrino Dirac Yukawa has the

form of

Yν = yν


1 + 2iρ 0 0

0 1− iρ 0

0 0 1− iρ

 (6.14)

and off-diagonal terms of Y †
ν Yν in the charged lepton mass basis is suppressed

to O(ρ2), as expected,

(V l
L)

†(Y †
ν Yν)V

l
L = |yν |2


1 + 2ρ2 ρ2 ρ2

ρ2 1 + 2ρ2 ρ2

ρ2 ρ2 1 + 2ρ2

 . (6.15)

With this Yν , neutrino mass matrix is given by

Mν =− |yν |2
v2 sin2 β

2w1

1

1− x2
×

1 + 4iρ− 4ρ2 0 −x(1 + iρ+ 2ρ2)

0 (1− x2)(1− 2iρ− ρ2) 0

−x(1 + iρ+ 2ρ2) 0 1− 2iρ− ρ2


(6.16)

and the deviation of mixing from π/4 is given by

δ =
∣∣∣ −6iρ+ 3ρ2

4x(1 + iρ+ 2ρ2)

∣∣∣ ≃ 3ρ

2x
(6.17)
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such that

|Ve3| ≃
3ρ√
6x
. (6.18)

To the first order in ρ, mass eigenvalues are given by

−|yν |2
v2 sin2 β

2w1

(1 + iρ

1 + x
, 1− 2iρ,

1 + iρ

1− x

)
. (6.19)

Taking absolute values of these eigenvalues, we obtain neutrino masses

−[|yν |2v2 sin2 β/(2w1)](1/(1 + x), 1, 1/(1− x)) +O(ρ2).

In summary, we expect that even though the charged lepton flavor violating

effects are generated in the AE term at one loop and in the m2
L term at two

loop, they can be suppressed by extra small expansion parameter ρ proportional

to θ13. With the vacuum alignment of the doublet flavon i(v, v), it is possible

to cancel the first order correction of ρ and the off-diagonal elements of the

slepton mass squared would have ρ2 suppression as a result. Fig. 6.1 shows how

measured θ13 can be explained for the choices of ρ and x parameters satisfying

observed neutrino mass squared ratio,
√
R. The observed θ13 ∼ 0.15 can be

accommodated for ρ ∼ 0.1.

Of course, θ13 can come from both Majorana mass correction and neutrino

Dirac Yukawa correction. Only the neutrino Dirac Yukawa coupling can affect

the cLFV. To see the two-parameter case, consider

Yν = yν


1 + 2iρ 0 0

0 1− iρ 0

0 0 1− iρ

 (6.20)

and

MN =


w1 0 w2

0 w1 0

w2 0 w1(1− ζ)

 . (6.21)
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Figure 6.1 θ13 with respect to ρ and x parameters. All points in the col-

ored region satisfy neutrino oscillation experiments. Neutrino θ13, indicated

on contour label in radian, is measured as 0.144 < θ13 < 0.160 in 1σ level,

0.127 < θ13 < 0.174 in 3σ level.

The neutrino mass is given by

Mν = −|yν |2
v2 sin2 β

2w1

1

1− x2 − ζ


1 + 4iρ− ζ 0 −x(1 + iρ)

0 (1− x2)(1− 2iρ)− ζ 0

−x(1 + iρ) 0 1− 2iρ


+O(ρ2, ζ2)

(6.22)

where x = w2/w1 again. Then, three neutrino mass eigenvalues are given by

−|yν |2
v2 sin2 β

2w1

(1 + iρ

1 + x
+

ζ

2(1 + x)2
, 1− 2iρ,

1 + iρ

1− x
+

ζ

2(1− x)2

)
(6.23)

66



and

δ =

√
36ρ2 + ζ2

4x
. (6.24)

Hence, we see the (13) element of the PMNS matrix is given by

|Ve3| =
∣∣∣ 2δ√

6

∣∣∣ = ∣∣∣√36ρ2 + ζ2

2
√
6x

∣∣∣. (6.25)

Moreover, m2
L from Yukawa mediation is controlled by the parameter ρ only

and (V l
L)

†(Y †
ν Yν)V

l
L is the same as the previous case,

(V l
L)

†(Y †
ν Yν)V

l
L = |yν |2


1 + 2ρ2 ρ2 ρ2

ρ2 1 + 2ρ2 ρ2

ρ2 ρ2 1 + 2ρ2

 . (6.26)

In the limit of ζ → 0, both θ13 and cLFV come from the neutrino Dirac

Yukawa which corresponds to the Model I. In the opposite limit, ρ → 0, θ13 is

entirely obtained from Majorana mass term and cLFV does not appear.

In addition, we can also constrain absolute mass scale of light neutrinos.

The most stringent constraint on neutrino absolute mass is given by CMB data

of WMAP experiment, combined with supernovae data and data on galaxy

clustering, Σjmj ≲ 0.68eV, 95% C.L. Conservatively, we set the bound 2.6 ×
1014GeV ≲ MN . Throughout thesis, we use MN = 5 × 1014GeV, the heaviest

right-handed neutrino mass.

6.2 cLFV of NAGM

Since flavor structures of supersymmetric particles can be different from those

of SM partners, flavor number is easily violated in SUSY. In general, the struc-

ture of the slepton mass matrix raises dangerous cLFV. Such cLFV in SUSY

is studied in [?, ?]. In our model, once the identity structure of the neutrino
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Yukawa coupling Yν is broken, cLFV is produced. As a possible modification,

one may put off-diagonal terms into Yν . On the other hand, when the degener-

acy of Yν is broken, the combination of Yνs in the charged lepton mass basis,

(V l
L)

†(Y †
ν Yν)V

l
L has off-diagonal terms as shown in Sec. 5.1. The slepton mass

squared gets extra contribution from neutrino Dirac Yukawa interactions,

δm2
L =

B2
N

(4π)4

[(
Tr[YνY

†
ν ] + 3Tr[YUY

†
U ]− 3g22 −

1

5
g21

)
Y †
ν Yν + 3Y †

ν YνY
†
ν Yν

]
.

(6.27)

In the charged lepton mass basis, (V l
L)

†m2
LV

l
L has off-diagonal elements and

cLFV appears. Even though this is a general feature, it is also possible to

find some parameter space in which charged lepton number is conserved. For

example, in Sec. 6.1, off diagonal terms of the slepton soft mass squared, (m2
L)12

can vanish for specific value of yν . Corresponding condition would be

(δm2
L)12 ∝

[
Tr[Y †

ν Yν ] + 3Tr[YUY
†
U ]− 3g22 −

1

5
g21

]
(Y †

ν Yν)12 + 3(Y †
ν YνY

†
ν Yν)12 = 0,

(6.28)

which is equivalent to

(δm2
L)12 ∝

[
3(1 + 2ρ2)y2ν + 3y2t − 3g22 −

1

5
g21

]
y2νρ

2 + 3y4ν2ρ
2

≃ y2ν

[
3y2t − 3g22 −

1

5
g21

]
ρ2 + 9y4νρ

2 +O(ρ4) = 0.

(6.29)

Near the GUT scale, g21 ≃ g22 ≃ 4π/28, and yt ≃ 0.5 so off diagonal term

vanishes for yν ≃ 0.28. For this value of Yν , there would be no unwanted cLFV.

This is different from the condition that diagonal contribution involving Yν

vanishes,

(δm2
L)ii ∝

[
3(1 + 2ρ2)y2ν + 3y2t − 3g22 −

1

5
g21

]
y2ν(1 + 2ρ2) + 3y4ν(1 + 8ρ2)

≃ y2ν

[
3y2t − 3g22 −

1

5
g21

]
+ 6y4ν +O(ρ2) = 0

(6.30)
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Observables Experimental bound Future sensitivity

Br(µ→ eγ) 2.4× 10−12[63] O(10−13) [63]

Br(τ → µγ) 4.4× 10−8[64] 2.4× 10−9[69]

Br(τ → eγ) 3.3× 10−8[64] 3.0× 10−9 [69]

Br(µ→ 3e) 1.0× 10−12 [65] O(10−16) [70]

Br(τ → 3e) 2.7× 10−8[66] 2.3× 10−10 [69]

Br(τ → 3µ) 2.1× 10−8[66] 8.2× 10−10[69]

Γ(µTi→eTi)
Γ(µTi→capture) 4.3× 10−12[67] O(10−18)[71]

Γ(µAu→eAu)
Γ(µAu→capture) 7.0× 10−13[68]

Table 6.1 Various LFV experimental bounds and future sensitivities. The table

is adopted from [73].

which is satisfied for yν ≃ 0.34.

Of course, it does not mean that yν should take the lepton number conserv-

ing value. We have many constraints on yν from various observations. In this

thesis, we try to explain the 125GeV Higgs mass with large A term generated

from yν . On the other hand, one may try to explain deviation of muon g − 2

from the SM prediction. Moreover, degeneracy breaking parameter ρ is used to

explain sizable θ13. However, it is also difficult to find an appropriate value of yν

which satisfies all of them. In this section, we present the cLFVs for parameters

explaining the 125GeV Higgs mass with large A term and θ13. Thereafter, we

visit the muon g − 2 constraints and the relation among θ13, cLFV, and the

Higgs mass.
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eRj lLj l̃Lj l̃Li lLi

(m2
L)ijmj

B̃0, W̃0

× ×

γ

(a)

ejR ẽRj l̃Lj l̃Li lLi

(m2
LR)jj (m

2
L)ij

B̃0

M1

× ×

×

γ

(b)

eRj l̃Lj l̃Li lLi

(m2
L)ij

B̃0, W̃0

B̃0, W̃0

MZsβsW ,
−MZsβcW

M1,M2

H0
u

µ

H0
d

×

××
×

γ

(c)

Figure 6.2 Feynman diagrams for lj → liγ process with neutralino-charged

slepton internal lines in the mass insertion scheme.

The current experimental bounds and future sensitivities for various cLFV

processes in the 90% C. L. are summarised in Table 6.1[?, ?].
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eRj lLj ν̃Lj ν̃Li lLi

(m2
L)ijmj

W̃−

× ×

γ

(a)

eRj ν̃Lj ν̃Li lLi

(m2
L)ij

√
2MW sβ

W̃−

W̃−

M2

H−
u

µ

H−
d

×

××
×

γ

(b)

Figure 6.3 Feynman diagrams for lj → liγ process with chargino-sneutrino

internal lines in the mass insertion scheme.

6.3 lj → liγ

The amplitude for lj → liγ is written as

T = eϵµ∗ui(p− q)
[
q2γµ(A

L
1PL +AR

1 PR) +mlj iσµνq
ν(AL

2PL +AR
2 PR)

]
uj(p).

(6.31)

On the mass shell (q2 → 0), gauge invariance imposes that the chirality preserv-

ing part does not contribute to the lj → liγ process. Hence, chirality flipping

should take place in the on-shell lj → liγ process. The decay rate is given by

Γ(lj → liγ) =
e2

16π
m5

lj
(|AL

2 |2 + |AR
2 |2) (6.32)

and the branching ratio yields approximately

Br(lj → liγ) ∼
α3

G2
F

1

m4
SUSY

( (m2
L)ij

m2
SUSY

)2
. (6.33)
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Figure 6.4 Branching ratios of µ→ eγ, τ → µγ and τ → eγ with respect to the

lightest selectron mass for tanβ = 3, 10, 30, yν = 0.65 and ρ = 0.1.

In the mass insertion scheme, the chirality flipping can be easily analyzed.

Consider first the case of the neutralino-charged slepton internal loop, as shown

in Fig. 6.2. Fig. 6.2 (a) shows the chirality flipping from a fermion mass insertion

in the external lepton line. In Fig. 6.2 (b), chirality flipping takes place in the
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slepton internal line through the LR mixing insertion, mj(A − µ tanβ). This

term consists of flavor universal part −mjµ tanβ, which can be enhanced in the

limit of large tanβ and large µ. The chirality flipping in Fig. 6.2 (c) is given by

the Yukawa coupling of the lepton-slepton-Higgsino vertex. This vertex contains

1/ cosβ factor which combines with a sinβ in the Higgsino-gaugino mixing to

give a tanβ dependence to the diagram. Therefore, this diagram is enhanced

in the large tanβ limit. Note that it is inversely proportional to the µ, the

Higgsino mass. Since this diagram contains SUSY mass scale only, unlike other

diagrams proportional to the Higgs VEV v through mj , it is dominant over all

other diagrams with the neutralino-charged slepton internal loop in many cases.

However, since the Higgsino-bino mass insertion MZ sinβ sin θW and Higgsino-

wino mass insertion −MZ sinβ cos θW have the opposite signs, slight destructive

interference occurs.

Next, the case of the chargino-sneutrino internal loop is shown in Fig. 6.3.

Diagrams are similar to those of the neutralino-charged slepton internal loop,

except the absence of the slepton LR mixing, since the right handed neutrinos

are already integrated out. Chirality flipping can occur either in the external

lepton line (Fig. 6.3 (a)) or in the lepton-sneutrino-Higgsino vertex(Fig. 6.3 (b)).

The latter diagram dominates over the former one, and since it does not have

a destructive interference, it becomes the leading contribution over all other

diagrams in many cases. The similar argument also applies to the discussion

of muon g − 2, whose SUSY contribution comes from the same diagram with

flavor conservation. Following this diagram, SUSY enhances the muon g−2 for

positive µ[74, 75].

In Fig. 6.4, we show branching ratios of various lj → liγ processes for Sec.

6.1. In the graph, neutrino Dirac Yukawa couplings are fixed to be yν = 0.65

and ρ = 0.1, while tanβ and SUSY breaking scale are varied. Since off-diagonal
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terms of m2
L in the charged lepton mass basis are the same, normalized branch-

ing ratio, Γ(lj → liγ)/m
5
j are almost identical. Therefore, branching ratios are

closely related to the total decay rate of mother particle. For example, since

total decay rate of tau is about 5.3 times larger than that of muon, branching

ratio of Br(µ→ eγ) is about 5.3 times larger than Br(τ → eγ) and Br(τ → µγ)

which are almost the same.

6.4 l−j → l−i l
−
i l

+
i

In many cases, dominant contribution comes from the photon penguin. Z boson

penguin is suppressed in general because of the accidental cancellation when

the neutralino or chargino is pure gaugino or pure Higgsino[76]. Such acciden-

tal cancellation is broken by introducing TeV scale physics which couples to

the sneutrino with the sizable coupling. This can be realised in the R-parity

violating model or in the TeV inverse seesaw, for example[76, 73].

In our case, photon penguin is a leading contribution, so we have a simple

relation between Br(lj → liγ),

Br(lj → 3li)

Br(lj → liγ)
=

α

3π

(
ln
m2

lj

m2
li

− 11

4

)
. (6.34)

The box diagram is suppressed in general, except for some special cases, such

as in SUSY with Dirac gauginos[77].

In Fig. 6.5, we show branching ratios of various lj → 3li processes for for Sec.

6.1. Fixed parameters are the same as lj → liγ process. We see that Br(µ→ 3e)

is about 0.018 times suppressed than Br(µ → eγ) so Eq. (6.34) is satisfied.

Photon penguin is a leading contribution for µ → 3e process. In the absence

of special characteristic which can overcome the natural size of the branching

ratio, Br(l−j → l−i l
−
i l

+
i ) is α/π suppressed compared to Br(l−j → l−i γ).
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6.5 µ− e conversion

Conversion of the stopped muons in a nuclei to the electron is a promising

channel to look for the charged lepton flavor violation. In principle there are

Figure 6.5 Branching Ratios of µ→ 3e, τ → 3e and τ → 3µ with respect to the

lightest selectron mass for tanβ = 3, 10, 30, yν = 0.65 and ρ = 0.1.
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many different operators including scalar, photon mediated vector, Z-boson

mediated vector operators in addition to the dipole operator. Muon to electron

conversion rate is conventionally normalised by muon capture rate.

Bµ→e(Z) =
Γconv(Z,A)

Γcapt(Z,A)
. (6.35)

Here Z is the atomic number of the atom. Different target provide a different

Bµ→e(Z) and relative ratio of Bµ→e(Z) of at least two different target can

provide information on possible types of the operators as different operators

predict different ratios. In supersymmetric models[78], dominant contribution

to µ− e conversion comes from the dipole operator. As a result, B(µ → e)(Z)

is predicted to be suppressed by α/π compared to B(µ → eγ). For different

choice of Z, the conversion is suppressed by 10−3 ∼ 5× 10−3. Current limit on

the conversion rate is comparable to µ → eγ branching ratio, but the future

experiments on µ to e conversion will have better sensitivity. We plot µ − e

conversion rate with the expected future sensitivity of planned experiments in

Fig.6.6.

6.6 Correlation between Muon g − 2, θ13, cLFV and

the Higgs

The anomalous magnetic moment of muon (muon g − 2) has a long standing

sizable deviation from the SM prediction. The observed value is [79]

aµ(Exp) = 11659208.9(6.3)× 10−10, (6.36)

whereas the SM prediction[80] is given by

aµ(SM) = 11659182.8(4.9)× 10−10 (6.37)
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Figure 6.6 µ− e conversion rate with respect to the lightest selectron mass for

tanβ = 3, 10, 30, yν = 0.65 and ρ = 0.1.

so we may have new physics contribution explaining the 3.3 σ discrepancy,

δaµ ≡ aµ(Exp)− aµ(SM) = (26.1± 8.0)× 10−10. (6.38)

In the context of SUSY [81, 82], muon g − 2 has the same Feynman diagram

structure as the cLFV process µ → eγ. The crucial difference is that muon

g − 2 is flavor-conserving process, while µ → eγ violates lepton flavor, Lµ and

Le. Therefore, δaµ and Br(µ→ eγ) have a strong correlation[83],

Br(µ→ eγ) ≃ 3× 10−5
(δaSUSY

µ

10−9

)2((m2
L)12

m2
SUSY

)2
. (6.39)

Moreover, the neutrino Dirac Yukawa Yν contains information on the neutrino

oscillation observables. Since we consider the model where parameters of Yν are

related to θ13 and cLFV, we have a strong correlation between Br(µ → eγ),

θ13, and muon g − 2 as discussed in [83].

Fig. 6.7 summarises the result. Both muon anomalous magnetic moment

and cLFV is a function of tanβ/M2 in which M is the typical supersymmetry
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breaking scale. The cLFV has extra suppression proportional to (m2
L)12. The

S4 flavor model discussed here is constructed from the neutrino Dirac Yukawa

matrix which is proportional to the identity matrix and does not provide any

off-diagonal entry in the slepton mass squared matrix if θ13 vanishes. Recently

measured θ13 ∼ 0.15 provides an extra information depending on the origin of

modification for nonzero θ13.

If the full θ13 is explained by the degeneracy lift of the neutrino Dirac

Yukawa matrix and if the entire discrepancy of the muon anomalous magnetic

moment should be explained by light slepton, the current MEG bound tells

that θ13 should be smaller than 0.01 which is incompatible with the observation

recently made. The parameter space which is consistent with µ → eγ bound

and the θ13 predicts that muon anomalous magnetic moment is at least 1/20

times smaller than what is needed.

If the nonzero θ13 is entirely generated by modifying the neutrino Majorana

mass matrix, there would be no cLFV even for the sizeable θ13. In reality,

the subleading corrections in the simple flavor model would appear in both

sectors and the observed θ13 would be a combined result of various sources.

The bottom plot of Fig. 6.7 shows the hybrid case in which only 1/15 of the

θ13 is from the neutrino Dirac Yukawa modification. In this case θ13, muon

anomalous magnetic moment can be explained at the same time. The µ → eγ

bound is satisfied and the the consistent region can be reached by the planned

future MEG experiment as it predicts larger branching ratio of µ → eγ than

the planned expected sensitivity.

Fig. 6.8 shows the tension between the muon g − 2 and the Higgs mass.

Even if we take the model in which the neutrino Dirac Yukawa remains to be

proportional to the identiy matrix such that no cLFV constraints apply, 125

GeV Higgs mass needs BN much larger thna 300 TeV. Then the slepton is too
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heavy and the muon g − 2 is much smaller than 10−9. The figure also shows

an interesting feature that the off-diagonal elements of m2
L vanish at around

yν = 0.3 and the cLFV bounds are very weak at around yν = 0.3.
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Figure 6.7 Branching ratio of µ → eγ as a function of θ13 for tanβ = 10,

yν = 0.62, ρ = 0.1. Future MEG expected bound is O(10−13), we set the value

2×10−13. Observed muon g−2 discrepancy is about (2.25±1)×10−9, we draw

Br(µ → eγ) at each muon g − 2 contribution. Green and yellow band indicate

1σ, 3σ level of neutrino θ13, respectively. In upper figure, θ13 is purely obtained

from neutrino Dirac Yukawa splitting. In lower figure, only 1/15 portion of θ13

is obtained from neutrino Dirac Yukawa.
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Figure 6.8 Contour plot of Higgs mass(red solid line), cLFV(black dashed line),

and muon g − 2(blue dashed line) in BN - yν plane for ρ = 0.1, tanβ = 30.
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Chapter 7

Conculsion

We have discussed the phenomenological aspects of the supersymmetric exten-

sions of the standard model, particularly focusing on the Higgs physics and

lepton flavor observables. Although the standard model has been explained

all observed phenomena so far, we believe that more complete theory exists.

Property of neutrino, missing candidate for dark matter, cosmological constant

problem should be explained, also the standard model suffers from theoretical

problem so called gauge hierarchy problem. One possible solution is to extend

the standard model by importing supersymmetry. However, 125GeV Higgs bo-

son discovery has changed many things in supersymmetric model building. It

is hard to build supersymmetric model while keeping 125 GeV Higgs boson

because supersymmetry fixes the tree-level Higgs mass less than Z-boson mass.

Many theoretical ideas are discussed and they are now waiting the confirmation

of LHC second run. Since many ideas predict the existence of particles reachable

by second run LHC, flavor observables related to particles of the scale should be

studied complementarily also. Sensitivities of many flavor experiments requires
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the electroweak scale intermediate particles to be detected by current or forth-

coming experiments. This is the particle exactly what second run LHC looks for,

we can expect many cross-checks between collider and flavor observable. More-

over, lepton flavor violation of the standard model is extremely suppressed, any

lepton flavor violation signal means discovery of new physics. Muon g-2 shares

similar diagrams with charged lepton flavor violation, we can study muon g-2

together.

To have 125GeV Higgs boson, we need additional contribution to tree-

level or quantum correction. In this thesis, we have examined the later case

by adding Yukawa mediation source in addition to minimal gauge mediation

source. Right-handed Majorana neutrino is taken as SUSY breaking messen-

ger, we have additional AU term after integrating out right-handed neutrino

via neutrino Dirac Yukawa matrix. By having this additional contribution, we

can implement stop maximal mixing scenario which is hardly realized in gauge

mediation. However, additional contribution in flavor structure can take away

the virtue of gauge mediation, the natural absence of FCNC. The way to save

this situation is to have neutrino Dirac Yukawa matrix proportional to identity

matrix. This can be easily achieved by importing discrete symmetry. Discrete

symmetry also helps explaining the PMNS matrix. By observing non-zero θ13,

the minimal version of model building by discrete symmetry is not consistent

with the observation. We have examined many variations of models, we checked

that our model can explain charged lepton flavor violation constraint and neu-

trino experiments simultaneously. Additionally, muon g-2 is studied. Muon g-2

depends only on the scale of superpartners which are already elavorated by

heavy Higgs boson mass, we found only partial portion of muon g-2 can be

explained in our model.
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초록

125GeV 힉스보존 발견 이후로 게이지 전달(gauge mediation) 하에서 최소초대

칭 표준모형(minimal supersymmetric standard model)은 수정이 필요하게 되었

다. 게이지 전달은 초대칭 맛깔 문제를 자연스럽게 푸는 기작이지만 무거운 힉

스보존의 질량을 설명하는데는 어려움이 있다. 우리는 오른손 마요라나 뉴트리노

(right-handed Majorana neutrino)를초대칭깨짐메신저(supersymmetry break-

ing messenger)로 생각하였다. 오른손 마요라나 뉴트리노를 도입해서 추가적인

트라이리니어(tri-linear) 커플링 AU를 메신저 스케일에서 얻을 수 있다. 추가적인

AU를 이용해 우리는 일반적인 게이지 전달 모델 하에서는 얻기 어려운 최대 스탑

섞임(maximal stop mixing) 시나리오를 구현할 수 있다. 그러나 초대칭 깨짐 효

과를 유카와 커플링을 통해서 전달하는 것은 초대칭 맛깔 문제를 다시 나타나게

한다. 그러나 뉴트리노 디락 유카와(neutrino Dirac Yukawa) 커플링이 단위행렬

에 비례한다면 문제를 해결할 수 있다. 뉴트리노 디락 유카와 행렬을 단위행렬에

비례하게 만드는 것은 이산대칭(discrete symmetry)를 도입함으로써 쉽게 얻어낼

수있다.이산대칭은또한 PMNS행렬의형태를만드는데도움을줄수있다.뉴트

리노섞임각중 θ13가 0이아니라는것이 RENO와 Daya Bay에의해서확정되었고

이것은 기존 모델들에 수정이 필요함을 나타낸다. 0이 아닌 θ13을 설명하기 위해

우리는 마요라나 질량 행렬(Majorana mass matrix)와 뉴트리노 디락 유카와 매

트릭스에 수정을 가하였다. 뉴트리노 디락 유카와에 수정을 가하면 이것은 다시

초대칭 맛깔 문제를 렙톤쪽에 불러일으키는데 다양한 실험결과들을 고려함으로써

어떤 수정을 뉴트리노 디락 유카와에 가할 수 있는지 조사해보았다. 또한 우리의

모델에서 뮤온 g − 2를 얼마나 설명할 수 있는지 조사해보았다.

주요어: 힉스보존, 초대칭, 맛깔물리, 이산대칭, 뉴트리노

학번: 2009-20409
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