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1 Introduction

What is flavour? It is known that the fermions in the Standard Model appear
in three generations. Each generation differs from the others only by the masses
of the particles. The particle of a certain generation is said to have a certain
flavour. For example the charged leptons in the standard model are electron,
muon and tau. These are the flavours of the charged leptons. The particle with
certain flavour has a well defined mass. So the flavour is just a quantity that
states the particle in question. For each flavour a flavour number can be defined.
It counts the number of certain flavour in the system, so that the particle gives
a positive contribution and the antiparticle negative. In a flavour violating
process that number is violated, i.e. the initial state has different number of a
particular flavour than the final state.

Table 1: Flavour quantum numbers of leptons

H Particle ‘ Flavour H
e” (et) | +1. (—1e)
Ve (176) +1e (_16)
o () | A1 (<1,)
Va () | +1p (1)
T (T+) +1; (_17)
vr (7)) | +1- (—17)

Search for charged lepton flavour violation began at early 1940’s after the
muon was identified as a separate particle [108]. Despite numerous experimen-
tal searches, the charged lepton flavour violating processes have never been
observed. It is well known that the quark flavour is violated. Also the neutrino
oscillations clearly show that also the neutrino flavour is not conserved. Only
in the charged leptons, electron e, muon p, and tau 7, there has been no exper-
imental evidence of flavour violation. Since all other fermions in the standard
model of particle physics (SM) have flavour violation, it would be natural that
also the charged leptons could mix.

It is known that if the neutrinos were massive and they mixed, the mixing
would be transferred to charged leptons as well due to the fact that the neutral
and the charged leptons share a coupling (v;-e-W). The neutrinos are definitely
massive according to the experiment and they mix, so the mixing should exist
on the charged leptons as well. The SM, however, considers the neutrinos to
be absolutely massless. This clearly contradicts the experiments. The SM has
therefore to be extended to include massive neutrinos. The question is how are
they introduced? The easiest way is to assume that the neutrino masses are
generated the same way as all the other SM fermion masses are: in the Higgs
mechanism. This would mean the addition of neutrino Yukawa couplings in to
the theory. This method is simple, but it has a serious problem: fine-tuning.
The neutrino mass is experimentally known to be smaller than approximately



Table 2: The current experimental bounds of CLFV processes.

H Observable ‘ Upper limit H
BR(u — ev) 5.7 x 10713 [91]
BR(T — e7) 3.3 x 1078 [92]
BR(1 — uv) 4.4 x 1078 [92]
BR(u — ece) 1.0 x 10712 [93]
BR(T — eee) 3.0 x 1078 [92]
BR(T — puupt) 2.0 x 1078 [92]

BR(t— — p~ete™) | 1.7x 1078 [94]
BR(t— — e ptp™) | 2.7 x1078 [94]
BR(t— —etu—p™) | 1.7x 1078 [94]
BR(t— — pte7e™) | 1.5x 1078 [94]
CR(p-e, Ti) 4.3 x 10712 [95]
CR(u-e, Au) 7.0 x 10713 [96]

leV. This forces the neutrino Yukawa coupling to be about 10712, which clearly
is a very precise number. The SM extended with massive Dirac neutrinos,
will also predict unobservably small rates for charged lepton flavour violating
(CLFV) processes, for example BR(i — ey) < 1074, The small rates are in
principle not a problem, they are in an agreement with the experiments, but
the need of fine-tuning is considered a serious problem. Some other model for
neutrino mass generation is therefore needed.

There is a popular method to generate neutrino masses to SM, which avoids
the neutrino Yukawa fine-tuning problem. This model is called the seesaw mech-
anism (type-I). Seesaw-I mechanism one assumes the neutrino to have a Dirac
mass and also a right-handed Majorana mass. This allows the left-handed neu-
trino mass to be tiny (~eV) and the right-handed mass to be very large (order
of the GUT scale ~ 10'6Gev). This also allows the neutrino Yukawa coupling
to be natural (~ 1). Despite its merits, the SM extended with the seesaw-I,
still predicts unobservably small ratios for CLFV processes, which is depressing
since we would like to find proof of their existence. The observation of charged
lepton flavour violating processes would be a clear sign of the existense of the
physics beyond the Standard Model (BSM) or its simpler extensions (i.e. just
the addition of massive neutrinos).

We have only considered SM extensions that add massive neutrinos and
nothing else. They fail to produce observable CLFV rates. The SM can of
course be extended more radically. One of the best motivated SM extensions are
supersymmetric models. Supersymmetry assumes that for every particle in the
theory there is a partner with otherwise the same properties, but with different
statistics. So for electron there should be a particle with the same electric
charge and mass, but with spin-0. These kind of superpartners have never been
observed so the supersymmetry, if it exists, must be a broken symmetry.



The simplest supersymmetric extension of the SM is the so called Mini-
mal Supersymmetric Standard Model (MSSM). The MSSM assumes for every
SM particle there is a superpartner and it also assumes a second Higgs dou-
blet to avoid anomalies. In the MSSM the supersymmetry breaking mech-
anism is not spelled out and the breaking is parametrized by the so called
soft supersymmetry-breaking terms. The soft terms offer new possible sources
of flavour violation. These include off-diagonal sfermion mass terms and off-
diagonal terms in the trilinear scalar couplings. Since there is no supersymme-
try breaking method spesified in the MSSM, the flavour violating off-diagonal
terms can be as big as the diagonal ones. This would lead to huge rates for
flavour violating processes, which is impossible, since the flavour violating pro-
cesses are extremely suppressed. The off-diagonal have therefore to be zero or
very close to it. It is usually assumed that the off-diagonal soft terms are zero.
This means that in the MSSM there can be no charged lepton flavour violation,
since also the neutrinos are massless in it just as in the SM. The quark flavour
is violated in MSSM as in the SM, since it is due to Yukawa couplings only.

The MSSM has also to be extended to include massive neutrinos. This can
also be done by seesaw-I mechanism, as in the SM. Both the SM extended
with the seesaw-I and the MSSM produce unobservably small rates of charged
lepton flavour violating processes. But when one combines the MSSM and the
seesaw-I, interesting things happen. In MSSM the off-diagonal soft terms are
(usually) assumed to be zero, but that holds only at the input scale, i.e. the scale
where the supersymmetry breaks. The SUSY-breaking scale is assumed to be
very high and the quantum corrections can drastically change the values of the
soft parameters as they are run from the input scale down to the electroweak
scale, where the experiments are done. In MSSM the renormalization group
running does not make the off-diagonal terms non-zero at the electroweak scale,
but when MSSM is extended with the seesaw-I, the off-diagonal soft terms can
deviate from zero at the electroweak scale due to the non-diagonal terms in the
neutrino Yukawa coupling. The soft terms generated in this way, produce such
rates for CLVF that are observable in the near future.

1.1 Neutrino oscillations

The neutrinos are spin-1/2 particles and have no electric charge. They interact
only via the weak interaction. The neutrinos are therefore leptons. There are
also electrically charged leptons in the Standard Model, called electron, e; muon,
w and tau, 7; of which the electron is the lightest and the tau the heaviest.
There are also three neutrinos in the Standard Model, called electron neutrino,
Ve; muon neutrino, v,, and tau neutrino, v;. The neutrinos are named like
that, because in the SM when the W™- boson decays into a charged lepton, it
is always accompanied by an antineutrino of same flavour:

W= = 1; + 1, where i=e,,T. (1)

In the Standard Model of particle physics the neutrinos are assumed to
be massless. They are also assumed to be Dirac-particles, which means that
they have distinct antiparticles. The zero mass forces the neutrino flavour to be
absolutely conserved, since the flavour mixing is due to the non-zero off-diagonal
terms in the mass matrix. So according to the Standard Model, there can be
no neutrino mixing.



However, it is experimentally known that different neutrino flavours can
mix to each other [74]. In neutrino mixing a neutrino that started out with
a definite flavour (v, v, or v,), can be found with a different flavour after
some propagation. This is possible, because the neutrinos taking part in the
interactions are not the mass eigenstates, i.e. the states with a definite flavour,
but linear combinations of them.

Neutrino mixing has undeniably been verified in ”disappearence” experi-
ments with athmospheric and accelerator neutrinos (v, - v, and v, - 1,),
solar neutrinos (v, - v,) and reactor neutrinos (7, - 7,) and in ”appearence”
experiments with solar neutrinos (v — v, .)[5]. This kind of mixing is only
possible when neutrinos are massive and their masses are different. Since the
discovery of the Higgs boson in the LHC [6], the origin of mass of the charged
fermions appears to be found. However, the origin of the neutrino masses
remains unknown. There are many suggestions concerning the generation of
neutrino mass. The structure of the neutrino mixing matrix, Pontecorvo-Maki-
Nakagawa-Sakata matrix (PMNS matrix), differs greatly from that of Cabibbo-
Kobayashi-Maskawa matrix which describes the mixing of quarks. This suggests
that maybe the neutrino masses are not generated in the same way as the masses
of quarks and charged leptons, that is when the Higgs field acquires the vacuum
expectation value (VEV). One of the suggestions of the neutrino mass genera-
tion is the seesaw mechanism (there are many of them). It is not even known
whether the neutrinos are Majorana or Dirac fermions (Majorana particles are
particles that are their own antiparticles).

Anyway, the neutrino oscillations clearly show that the neutrinos have non-
zero masses, and therefore that the Standard Model is not the complete descrip-
tion of nature. The SM has to be extended to include the massive neutrinos.
The method of their introduction affects the magnitude of charged lepton flavour
violation.

In this thesis I will study lepton flavour violation in charged lepton sector.
The outlook of this thesis is as follows. In Chapter 2 I will review flavour
and flavour violation in the context of the Standard Model. In the Chapters
3 and 4 I will study charged lepton flavour violation in the most general way,
using effective theory approach. The Chapter 5 is reserved for the general
dicussion about charged lepton flavour violation in supersymmetry in general
and specifically in MSSM extended with seesaw-1. In the Chapter 6 I will discuss
the following CLFV processes, I — I'l"l"”, 1 — I’y and e-u conversion, in the
MSSM extended with the seesaw-1. Finally in Chapter 7 I will priefly discuss
about the search for the CLFV that is conducted in the LHC.



2 Standard Model and Lepton Flavour

Let us review how the lepton and quark flavours are treated in the Standard
Model of particle physics. In this thesis we are of course mainly interested in
the flavour violation in the charged leptons, but it is instructive to review also
the mixing of quarks, since their mixing is understood a lot better than that of
leptons. We will need only a part of the Standard Model in our discussion, and
we will only consider topics we need.

The Standard Model gauge group is SU(3)c x SU(2)p x U(1l)y, where
SU(3)c¢ is the gauge group describing the strong interaction and the SU(2)y, x
U(1) is the gauge group describing the electroweak interaction. At low energies
where humans live, the SU(2);, x U(1) has been spontaneously broken due to
the Higgs field VEV at ~ 246 GeV, resulting into separate weak and electro-
magnetic interactions. The strong, weak and the electromagnetic interactions
are so called gauge interactions, i.e. they are mediated by spin-1 gauge bosons.
There is still one interaction remaining in the Standard Model, but it is not
a gauge interaction. The remaining interaction is the Higgs-fermion Yukawa
interaction. It applies in the energies higher than the electroweak scale, where
the Higgs field has not acquired vacuum expectation value.

According to the SM, the neutrinos know only the weak interaction. The
charged leptons know the weak interaction as well, and also the electromagnetic
interaction due to their electric charge. The quarks know all the interactions:
weak, strong and the electromagnetic.

Since only the quarks know the strong interaction and that they don’t con-
tribute to the flavour changing processes, we do not discuss it in the rest of this
thesis. We are particularly interested in the weak interaction and the Yukawa
interaction, since they combined are responsible for the flavour violation in the
Standard Model. We will next review the Weinberg-Salam model that treats
the topics relevant for us: electroweak and Yukawa interactions.

2.1 Weinberg-Salam model

In the Weinberg-Salam model (named after Nobel laureates Steven Weinberg
and Abdus Salam) the weak and electromagnetic interaction are unified under
one gauge group, SU(2);, x U(1)y. This is the gauge symmetry exact at the
energies larger than the electroweak scale, ~ 100 GeV. At the energies that
high all the fermions and gauge bosons are massless. When SU(2)r x U(1)y
gauge symmetry breaks spontaneously, charged leptons, quarks and W=*- and
Z%-bosons acquire masses. The neutrinos and the photon remain massless after
the breaking. Let us look into this more closely. First we will describe the
general structure of the electroweak interactions and after that we will see how
the electroweak SU(2) x U(1) symmetry is broken and particularly how the
fermion masses are created. The fermion mass generation is really important,
since it contains the key for understanding the flavour violation.

Before the spontaneous symmetry breaking the Weinberg-Salam Lagrangian
divides into three parts:

Lws=La+Lr+ Ly,

where Lg, L and Ly are gauge boson, fermion and Higgs interaction La-
grangians, respectively. Let us next see what they contain.



2.1.1 Gauge fields

The L describes the kinetic terms of the gauge bosons of the Weinberg-Salam
model and also the interactions between the gauge bosons themselves. There
are four gauge boson fields W, = (W, W2, W2) and B, in this model. The
vector fields Wj, Wﬁ and Wi’ correspond to the three generators, 71, T and 73°,
of the SU(2), gauge group and the vector field B,, corresponds to the gauge
group U(1l)y. These fields are the gauge eigenstates. These states are those
that appear in the Lagrangian.
The gauge part of the electroweak Lagrangian is

1 Vi 1 v
EG = 71Flﬂ F,U.D - ZBM B,Ltl/? (2)

where F}., is the SU(2)y, field strength tensor

FZV = 8HW; - 81/W; - g2€ijkW;zW5a i1=1,2,3,
g2 the SU(2) gauge coupling and B, is the U(1)y field strength tensor

By = 8,B, — 8,B,.

When the SU(2)r, xU(1)y gauge symmetry spontaneously breaks, the gauge
bosons W, W7, W2 and B, acquire masses. Before the symmetry breaking the
gauge bosons are massless (no mass terms in (2)), and the gauge eigenstates
Wl}, Wi, WE and B, are also mass eigenstates, i.e. states with definite mass.
When the gauge fields become massive, the gauge eigenstates no longer are the
same thing as the mass eigenstates. After the symmetry breaking one usually
wants to use the mass eigenstates instead of gauge eigenstates, since the mass
eigenstates are the physical fields that are seen in the experiments. Even though
we are going to talk about Higgs mechanism later, we are now going to reveal
what the mass eigenstates of the gauge fields are. The later Section concerning
Higgs mechanism is reserved for the fermion mass generation, of which we are
mainly interested. The physical mass eigenstates are the familiar W*-bosons,
Z%-boson, and the photon. These mass eigenstates can be expressed in terms
of the gauge eigenstates in the following way:

VV#i = %(W;} F ZWI%),
Zy = cos@WVV;3 — sinfw By, (3)
A, = sinGWVVi’ + cosbw B,,.

where Wj[ stands for WW*-bosons, Z,, for Z-boson and A, stands for the photon.
The Oy is the so called Weinberg angle. In the Higgs mechanism the W*- and
the Z-bosons acquire masses by absorbing the degrees of freedom from the three
Goldstone-bosons. The photon remains massless.

Now that we have dealt with the gauge bosons of the electroweak theory, we
are ready to introduce the matter fields: the fermions of the Standard Model.

IThe generators of SU(2) group are the Pauli-matrices 71 = ( ? (1) ), T = ( ? _Ol )

and 73 = ( (1) _01 ) The Pauli-matrices satisfy the SU(2) algebra: [r, 7;] = 2i€;;5 k.



2.1.2 Fermion fields

The Standard Model fermions can be divided into two categories: quarks and
leptons. There are six quarks and six leptons. Three of the quarks has the
electric charge +2/3 and they are called: up, w; charm, ¢ and top, t. The rest
three quarks have the electric charge —1/3 and they are called: down, d; strange,
s and bottom, b. Three of the leptons have the electric charge —1 and they are
called: electron, e; muon, 4 and tau, 7. The rest three leptons are electrically
neutral and they are called: electron neutrino, v.; muon neutrino, v, and tau
neutrino, v,. Every fermion of certain electric charge are said to exist in three
generations. The fermion fields appearing in the electroweak Lagrangian are in
the gauge basis. Let us denote gauge eigenstates by prime:

<

n\

X
S~—"

= (d,7 Sl’ b/)’

where i is the generation index or equivalently flavour index, which run from 1
to 3. We have chosen to use prime in the names of the fields, because the gauge
eigenstates are in general different from the mass eigenstates. Even though
the fermions are massless when the SU(2); x U(1)y gauge symmetry is exact,
the fermions will become massive in the electroweak symmetry breaking. The
unprimed symbols are reserved for more fundamental, physically observable
mass eigenstates.

Let us now see how the fermions couple to the electroweak gauge bosons.
The electroweak interactions treat fermions of different handedness differently.
The SU(2) gauge bosons, W, W72 and W, couple only to the left-handed
fermions and the U(1)y gauge boson B,, couples to both left- and right-handed
fermions.

Left-handed fermions reside in the weak isospinors and right-handed fermions
reside in weak isosinglets. The weak isodoublets are

(), ()
iL = and qi,L = (4)
( ¢ )1 i ),

and weak isosinglets are e; g, u; r and d; g. Two quantum numbers are now
defined for the fermions: the weak isospin third component, I3, and the weak
hypercharge, Y. The upper field, in the weak isodoublets in (4) have the weak
isospin third component 1/2 and the lower ones have —1/2. So the left-handed
fermions have weak isospin third component either 1/2 or —1/2. The right-
handed fermions are defined to have isospin 0. We define the weak hypercharge
of a particle as?:

Y =2(Q — 1), (5)

where @ is the electric charge of the particle in question. The weak isospins
and weak hypercharges of the Standard Model fermions are given in the Table
3. Note that there is no right-handed neutrino in the Standard Model, since
the Standard Model treats the neutrino as an absolutely massless particle, even
after the electroweak symmetry breaking.

2Sometimes the weak hypercharge is defined as Y = Q — I3.



Table 3: Hypercharges and isospins

H Particle‘ I3 ‘ Y H

eirn | -1/2] -1
€i.R 0 -2
Vi L 1/2 -1
wip | 1/2 | 1/3
Ui, R 0 4/3
dip | -1/2 | 1/3
di.r 0 |-2/3

The fermion part of the Lagrangian is:
Lp =Y Cpilbyr+ Y VrilPyr, (6)
YL YR

where the first sum sums over all the left-handed weak isodoublets and the
second sum sums over all the right-handed weak isosinglets. The ) represents
the covariant derivative. As usual, the covariant derivative contains the possible
gauge interactions the fermions have. The right-handed fermions don not couple
to weak isospin so their covariant derivative is simpler than that of the left-
handed fermions. The covariant derivative of the right-handed fermions is

D/ﬂz)R = (6/L + i%YWB/L)QZJRv (7)

where ¢; is the U(1) coupling constant. As we see from (7), the right-handed
fermions couple only to the B,-boson.
The covariant derivative of the left-handed fermions is

) T =
D,y = <I(8“ + Z%YwB“) + 1925 . Wu) Vi, (8)

where I and the 2 x 2 matrices 7 are the Pauli matrices. As is evident from (8),
the left-handed fermions couple both to the gauge bosons W;, Wi and WEL’, as
well as to the B,,-boson. Now that we know all the possible electroweak gauge
interactions, we are fit to deal with the only non-gauge interaction in the: the
interaction with the spin-0 Higgs boson.

2.1.3 The Higgs sector

We have already discussed about the fermions and the vector bosons of the
electroweak theory. There is however two complex-scalar fields in the Standard
Model, electrically charged and electrically neutral Higgses: ¢+ and ¢°. The
Higgs fields are assigned to the weak isospinor:

@—(ﬁi). )
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So the charged Higgs has Is = 1/2 and the neutral Higgs has Is = —1/2.
Therefore they have the weak hypercharge Y = 1.

The Higgs field couples both to the fermions and the gauge bosons. Therefore
the Higgs sector Lagrangian divides into two parts, the Higgs-gauge part and
the Higgs-fermion part:

Ly =Luc+Lur.
The Higgs-gauge part can be written as

L = (D'®)'D,® — V(®), (10)

where the D* is the covariant derivative for Higgs fields and the V(®) is the
Higgs self-interaction potential

V(®) = —p20Td 4+ A (0TD)?, (11)

with positive u? and A parameters. This Higgs scalar potential is the most
important ingredient, when one considers the electroweak symmetry breaking.
We will come to this in the next section.

The covariant derivative can be written as:

—
-,

D@ = (I(9, + i%lB,L) +ng% W)@ (12)

The Higgs doublet couples to all of the electroweak gauge bosons.

The Higgs-fermion part describes the Yukawa-type interaction between the
Higgs fields and the Standard Model fermions. In general Yukawa couplings
couple one scalar field to two fermion fields. The Higgs-fermion part of the
electroweak Lagrangian is given by:

3 3
7£HF = Z (y’lu:]q_:,L@u;,R + y;jq_:’Léd;’R + yéj l_;’Lq)e;’R) + h.C., (13)
i=1 j=1
where y% | y;j and y¥ are arbitrary, dimensionless, Yukawa-coupling constants.
Primes denote gauge eigenstates. We have also employed charge conjugation to
d:

&) = iTQCI)*,
where 75 is the second Pauli matrix.
Note that there is no term

Yl (T)V;-,R (14)

i,l

n (13). Tt is so, because neutrinos are assumed massless in the Standard Model
and there can not therefore be any right-handed neutrinos. It is, however,
experimentally known that the neutrinos are massive. The Standard Model
could be trivially extended to include massive neutrinos by adding the term (14)
to the Standard Model. This however leads ot unwanted properties. We talk
more about this in the next section, where we dive into the Higgs mechanism.
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2.2 The Higgs mechanism

The Weinberg-Salam lagrangian is invariant under SU(2);, x U(1)y gauge trans-
formation. However, the ground state of the Higgs field (9) is not invariant
under SU(2)r, x U(1)y gauge transformation. More specifically the groundstate
of the Higgs field is not invariant under SU(2) transformation. It still must be
invariant under U(1) electromagnetic gauge transformation in order to ensure
zero photon mass and the conservation of the electric charge [3]. Because the
groundstate is not invariant under SU(2);, x U(1)y gauge transformation the
system is subject to spontaneous symmetry breaking. Let us look into this more
closely.
The minimum of the Higgs field corresponds to the minimum of its scalar
potential (11):
V(®) = —p20Td + \(DTD)2. (15)

One easily finds out that the minimum of the potential is:

2
7
10 = [¢T ] + |¢°)7 = 5

To ensure that only neutral component breaks we demand that the Higgs field
vacuum expectation value (®) is:

where v is:

vV = —_—.

So the vacuum expectation value of the charged Higgs is zero. If it differed
from zero, the Yukawa terms would then contain terms that would break the
conservation of the electric charge, which clearly contradicts the experimental
evidence.

The masses of all the fermions and the gauge bosons are determined by
substituting the Higgs field by its vacuum expectation value in the Weinberg-
Salam Lagrangian. Gauge boson masses are obtained from the Higgs-gauge part
of the Lagrangian (10). Fermion masses are obtained from the Higgs-fermion
Yukawa coupling (13). Thus the fermion mass Lagrangian is

*EF,mass = <*£HF> B
= %yyﬂ;Lu;’R + %y;JJ;,Ld;R + %yéjé;Le;,R + h.c. (16)
= ﬁ/i,L(mZ)ij“;',R + dé,L(m&)”dQ,R + ég,L(m/e)ije;',R + h.c.,

where we have identified the fermion mass matrices:

v .
m; = ﬁyi i=wu,d,e. (17)
The neutrino masses are not generated like this in the Standard Model since
the neutrinos are assumed to be massless in Standard Model. Their masses
could however be generated like this if the neutrinos have distinct antiparticles
i.e. they are Dirac particles. We would only have to add term

12



ylisz,L&)V;‘,Rﬂ
to the Higgs-fermion part (13) of the Weinberg-Salam Lagrangian. When Higgs
field acquires VEV, this term would become the neutrino Dirac-mass term:
L ijﬁ/ V/ _ 17/ (m/ )ijyl (18)
\/ﬁyu ., LV r = Vi 1M, iR
This seems unnatural, however. According to measurements the neutrino
masses less than 1eV [12]. This would need unsatisfactory fine-tuning:

gy <1071 < ge.

It would be more natural if the coupling would be closer to the order of one.
This need of fine tuning of neutrino Yukawa coupling could suggest, that the
neutrino masses are not generated in this way. It is not even known whether
the neutrinos are their own antiparticles or not. The particles, that are their
own antiparticles, are called Majorana particles. The Standard Model treats the
neutrinos as Dirac particles. The Standard Model has to be extended to have
massive neutrinos. One of the popular methods to give the mass to the neutrino
is the seesaw-I mechanism. This allows the neutrino to have a natural Yukawa
coupling. The seesaw-I mechanism is discussed in the Appendix C. Next we see
how the fermions mix with each other in the Standard Model.

2.3 Fermion mixing
When electroweak symmetry breaks the Higgs-fermion interaction terms (13)
become the fermion mass terms:
—LFmass = Upmluy + dpmldy + e;mlel + h.c.
There is no reason why fermion mass matrices, m,,, m, and m/, should be di-
agonal in gauge basis (denoted by prime). We want to make the mass matrices
diagonal, since the physical particles we observe have well defined masses. The
mass matrices can be made diagonal in mass basis (unprimed). The diagonal-
ization can done by introducing the following 3 x 3 unitary matrices:
Sy a=u,d,eand i=L,R,
and insert them next to appropriate fermion fields. The mass terms, that were
originally in gauge basis (16) can now be written in mass basis:
—Lpmass = 05,84 S m! S%S“u, + ) S¢S m!,SES%
+&;8585'm/ S48 ey + hec.
= Uurmyup + JLmddR +ermeer + h.c.
= amyu + dmyd + em_e.

The matrices ST, p are absorbed into the definitions of mass eigenstates:

up =Syhy,  dp=S{d;,  eL=S{¢]

19
up =S4y, dr=SHdy,  er =S¢y (19)

13



Here we use notation

wip= Y, Suuj,  wmr= Y @ (SE (20)

j=1,2,3 Jj=1,2,3

for matrix multiplication in (19). Here we see that the different generations

are mixed into each other. According to (20), an up-type quark w; j, is a linear

combination of gauge eigenstates of every generation. This mixing will be visible

in the interaction Lagrangian, and allow flavour violating processes to take place.
The diagonalizations of mass matrices m},, m/ and m/, therefore are:

/ ut / d d / u
m, = S7m,S, m; = SLmdSRT, m, = SI“JmeSRT.

The diagonal mass matrices then are:

m, O 0 mg 0O 0 me 0 0
m, = 0 m., O , mg = 0 ms O , m, = 0 m, O
0 0 my 0 0 my 0 0 m;

The electroweak theory was originally expressed in terms of gauge eigen-
states. In order to be able to compare calculations to observations, we should
express theory in terms of observed fields i.e. the mass eigenstates. This can
be done by using equations (19). The introduction of mass eigenstates leads to
modifications in electroweak currents. Also for a general theory, the currents
can be divided into neutral and charged currents. Neutral currents couple to
the neutral gauge bosons and the charged currents couple to the electrically
charged gauge bosons.

We are interested in the flavour violation. In the Standard Model the flavour
violation can only occur after the electroweak symmetry breaking, when the
fermion masses are generated. The off-diagonal mass terms act as sources for
the flavour violation. We will also express the neutral and charged current
Lagrangians in terms of physical gauge bosons: Wui, Z, and A,,.

2.3.1 Electroweak neutral current

The structure of electroweak neutral current does not change when we write the
current in terms of mass eigenstates. The neutral weak current Lagrangian is

[1]:

1
Lnc = goJ W3 + 501 JY B

g2 10
= eJiem AL Tz
" + cosOyy " H T

where J fm is the electromagnetic current, which contains both left- and right-
handed fields 3:

3 3 3
T =" giepytel + > quiytul + > qdiytd;, (21)
i=1 =1 i=1

SPL+PrR=31—-y)+i0+v)=1
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and JI’LO is the current which couples to the Z%-boson:

I = T} — sin®Ow J).

The prime in the names of the currents signifies, that they are written in terms
of the gauge eigenstate fermions.
Neutral weak current J;f’ is

3 3
1<, 1A
=3 S Gl + 3 > @

i=1 i=1

3
Z z/ LV zL ZezL’yM 1L+ZuzL7M ’LL ZdzL’yM i, L

Neutral currents /7 and J, LO retain their form when we express them in
terms of mass eigenstates (19), since unitary matrices S¢ r cancel. To show
this, let us write leptonic part of the electromagnetic current (21) in terms of
mass eigenstates (19):

;/Le?Zpton _Zq’b zlyll«e _ZQZ zL’YIJ« L+Zq’b ’LR’Y/"’ ’LR

3 3
= Z qi(eLS5 )i (Sher): + Z qi(ErS)ivu(Sher):.

i=1
We can commute S7 5 and v, because they operate in different spaces: S¢  op-

erates in flavour space and v, operates in spin space. Therefore due to umtarlty
of ST »

3 3

lem _ = —
w,lepton — E i€, LYu€i, L + E 4i€i,RVu€i,R
i=1 =1

_ § em
g€ 2’}/1162 = Jylepton-

So indeed electromagnetic current retains its structure when we express
gauge eigenstates in terms of mass eigenstates. That is because each term
in the electromagnetic current contains both a field and the adjoint of the same
field. Also neutral weak current has this property. However that is not the case
with the charged current as we shall see.

2.3.2 Electroweak charged current and quark mixing
The charged weak currents are [1]:

3

3
Z {LVeeir + Zuz LVudi L

i=1

3

3
- —/ 12 7 !
J, = E €, LYui + E di L Vi, -

=1 i=1
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The neutral currents hold their form, whether one represents them in the
gauge or the mass basis, so they can not be responsible for flavour violation in
the Standard Model. In fact, the charged currents are those responsible. Let us
show that for the quarks. The charged current J : for quarks can be written in
terms of mass eigenstates (19) as follows:

3
+ _ —/ 1 = Qut d
S quark = Z“i,LWdi,L =urSy v,Srdr
=1

3
= ﬂL’Y;LSzTS%dL = Zﬂi,L%dZL,
i1

where we have denoted

3
Y=Y Vidiw, (22)
j=1
and
Vv =sUisd,

The matrix V is called Cabibbo-Kobayashi-Maskawa matriz, abbreviated as
CKM matriz. It describes the mixing of quarks. Because the quark gauge
eigenstates differ from mass eigenstates, which is experimentally known, the
physically observed quarks (i.e. the mass eigenstates) are linear combinations
of gauge eigenstates. Traditionally the mixing matrix V is added to the lower
generations d,, but it can of course be added to the upper generations u 4 instead
of the lower ones.

The double primed state in equation (22) is called weak eigenstate, since
it is the field that directly couples to the W*-bosons. So the physical mass
eigenstates do not directly couple to the charged current, but they couple to it
as a linear combination (22).

Since the electroweak neutral currents retained their form when we switched
from the gauge eigenstates to the mass eigenstates, the flavour is not violated
by them. It is said that there is no flavour changing neutral currents (FCNC)
at the Lagrangian level. This means that the flavour cannot change in any
process, which has only neutral gauge boson (photon and Z-boson) exchanges.
The flavour can only change in processes where charged gauge bosons (W)
are exchanged. There can be flavour changing neutral currents in Standard
Model beyond Lagrangian level, i.e. in diagrams containing loops. The flavour
changing neutral current are however highly suppressed in the Standard Model
due to the GIM-mechanism.

2.3.3 Possibility of charged lepton mixing?

In the Standard Model charged leptons cannot mix, because the neutrinos are
massless in it. It is, however, known that the neutrinos have mass and that they
mix. Could the charged leptons mix? It is known that quark generations mix
to each other. The mixing is often associated to the lower fields in the SU(2),
doublet, but the mixing could as well be associated to the upper fields in the
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doublet. Based on the quark mixing case, we then expect that the neutrino mix-
ing matrix could be associated to the charged lepton fields instead of neutrino
fields.

If neutrinos were Dirac fermions, their masses could be generated through
Higgs mechanism. Then the neutrinos would have a mass term (18). The
neutrino mass matrix in (18) could be diagonalized in the same fashion as in
the equation (19), by introducing a unitary matrices ST gr- With these we could
represent the neutrino mass eigenstates in terms of gauge eigenstates:

vy = SETV/L VR = SVRTV}%.

We could now introduce lepton mixing in a same way as in the previous
section, by writing charged weak current in terms of mass eigenstate leptons
instead of gauge eigenstates. The lepton mixing would not be possible without
neutrino mass: mixing matrix could always be taken as unit matrix.

3
+ _ —/ 2 —— vt e
Ju,lepton - E :Vi,L’Y#ei,L - VLSL fY,LLSLeL
1=1

= DL’}/MSETSE/BL = DLSZTS‘E'YpeL-

So the mixing of neutrinos could suggest that also the charged leptons e, u
and 7 could mix. As we have already noted the Dirac-neutrinos would require
unsatisfactory fine-tuning of neutrino Yukawa-coupling. So the Standard Model
is preferably not extended in this way. But as a conclusion to our Standard
Model section, we can say that there are no charged lepton flavour violating
processes in the Standard Model. So any observation of charged lepton flavour
violating process would prove the existence of physics beyond the Standard
Model.
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3 CLFYV in effective theories

3.1 Effective theories

The Standard Model Lagrangian consists of renormalizable terms only, i.e. the
constant coefficients of every term in the Lagrangian have non-negative mass
dimensions. Also all the terms are invariant under the Standard Model gauge
group SU(3)c x SU(2), x U(1)y. If one abandons the requirement of renor-
malizability, the Standard Model can be extended by including gauge invariant
effective operators with mass dimensions larger than four. These operators are
remnants of the higher theory in the low energy limit. The propagators of the
heavy particles reduce into points in the low momentum limit leaving behind
only the contact interactions. The vertex function of this new vertex is called an
effective operator. Let us now briefly study an example of this kind of effective
operator.

Let us study the decay of a muon, u — v,ev., in the standard theory of
weak interactions. At the tree level there is only one diagram contributing to
this process and it is displayed at Figure 1 (a). The Feynman amplitude for this
process at tree level is therefore [3]:

. Kok
i(=gap + T52°)

m[ﬁiﬁﬁ(l =75 4l (23)

M = —giy [ (1 — 75)ve]
92

2v2

However, when the energy is small compared to the mass of the W-boson,

the W boson propagator reduces to a much simpler form:

where gy is related to weak coupling constant gs as gw =

. ko k
i i(—Yap + m’fj) i
11m = .
myy —00 ]{32 — m%v + z€ m‘z/v Gop

At this low energy limit the Feynman amplitude (23) becomes:

2
M= —i%[év“(l — 55 el [7pa (1 — 5. (24)

This corresponds to a contact interaction shown in figure 2 (b).

uo Y _
o
Vn
W~ e e
j— ﬂe
Te

Figure 2: (b
Figure 1: (a) & ()
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So when the energy scale is much lower than the scale of the weak interac-
tions, my, the propagator of the heavy high energy scale particle (W-boson)
contracts to a suppression factor ~ 1/m¥,. It is said that the heavy degrees
of freedom have been ”integrated out” (the term comes from the path integral
formalism where the heavy fields are got rid of by performing a functional in-
tegration over the heavy fields) . This is the fundamental idea of effective field
theories: at energies much lower than the energy scale of the higher theory, the
propagators of the heavy particles become factors which are suppressed by the
energy scale of the higher theory.

At lower energies than the scale of the higher energy theory the heavy high
energy theory particles cannot be produced in collisions or in decays, so they
are absent in the external states. The heavy fields are, however, still present
as virtual particles. Therefore the effects of the heavy fields are still there even
though the heavy fields themselves are not detected. This is how the effects of
the electroweak theory were first detected, as virtual effects beyond QED, which
was the Standard Model at the time. The nuclear beta decays were detected
and they seemed to happen as the contact interaction presented in our example.
The heavy field mediating the process, W boson, was detected later.

At low energies compared to the scale of the higher theory the heavy particles
effectively vanish. As a result two vertices of the original high energy theory
merge into a one vertex. This usually ruins the renormalizability of the effective
theory. As the propagator disappears more fields accumulate to that one vertex
making mass dimension of the effective coupling constant negative. This is
exactly what happens in our example: once the W-boson propagator vanishes
four fermion fields get connected in the same vertex. The mass dimension of a
fermion field is 3/2 so the total mass dimension of the fermion fields is 6, making
the mass dimension of the effective coupling constant, g‘%V /m%v, -2.

We would have obtained the expression (24) if we had used the interaction
Lagrangian

b= (gW) (€9 (L — )7y (1 — )l

This is the contact interaction which Fermi proposed in 1934 to describe nuclear
B-decay process n — p+ e~ + e [3][41].

The effective theories (effective QFT) can be used in two ways. If the La-
grangian of the full theory is known, the low energy situations of that theory
can be expressed in a much simpler form by integrating out the heavy degrees of
freedom. When the full high energy theory is not known, which is the case now
when one tries to study the physics beyond SM, the effective field theory can
be used to give the phenomenology of the high energy physics. It is straightfor-
ward to use an effective field theory at tree level, but at loop level complications
arise, since the higher dimensional operators are not renormalizable. In gen-
eral these non-renormalizable interactions give divergent results. However using
appropriate techniques one can scrape together a finite result [7]

In the most New Physics theories the Standard Model is recovered by de-
coupling the heavy degrees of freedom whose mass scale is A > Mz. This kind
of decoupling is possible because of the Appelquist-Carazzone theorem which
states that heavy fields decouple at low momenta except for their contribution
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to renormalization effects [28]. When low momentum limit is taken from a new
physics model the propagators in diagrams containing heavy new physics parti-
cles wither, leaving only contact interactions. This gives rise to so called higher
dimensional operators i.e. operators whose mass dimension is greater than four.
The new physics effective Lagrangian at low energy limit can be written as a
sum of the Standard Model Lagrangian and the effective higher dimensional
operators:

1 1 1
Lewphys = Lsar + = ZCIES)QS)) C Z C;E;G)QSQG) ) <A3> 7
k k

where C}’s are dimensionless coupling constants known as Wilson coeflicients
and Q™’s are the n-dimensional effective operators.

New physics can be studied in a model independent way by studying the
Standard Model extended with gauge invariant effective higher dimensional op-
erators. When we have chosen our New Physics model, we can calculate the
Wilson coefficients. However, in the following three Sections we want to study
lepton flavour violation in charged lepton sector without specifying the model.
This can then be done using higher dimensional effective operators. We assume
so called ”Minimal Flavour Violation hypothesis” (MFV) [27]. It assumes that
the Standard Model Yukawa couplings are the only sources of lepton flavour
symmetry breaking. This means that effective higher dimensional operators
describing lepton flavour violation contain only Standard Model fields.

In general two different high energy theories will both produce the same
effective higher dimensional operators. The two models differ in the Wilson
coefficients.

3.2 Effective operators

In the following sections we will take a closer look into three kinds of processes
which violate charged lepton flavour. These processes are [; — {5, I; — ;7 and
l; = lill;. We will study properties of these reactions by examining the effective
Lagrangians for given processes. The effective Lagrangians we use to generate
charged lepton flavour violation consist of dimension-six effective operators at
electroweak scale. There is only one dimension five operator, the Weinberg
operator [30], and it only contributes to the neutrino masses. The mixing of
neutrino masses gives a source of flavour violation in charged lepton sector,
due to the fact that the neutrinos couple to the charged leptons. The effect is
unobservably small however. We don’t need to include the Weinberg operator
in our studies then. The dimension-seven operators are order O (1/A%) and
are therefore contributing very little compared to the dimension-six operators
which are suppressed only by O (1 / AQ). The dimension-six operators are then
the only ones we need.

We will first study g — e. It is in some sense more general than closely
related p — ey. Vertex (or vertices) that contain photon exists in both reactions.
In p — ey the photon is on mass shell but ;x — e can contain a photon that is
virtual.

Then we will concentrate on I; — I;{{; which has many different properties
compared to previous ones. But before we can go to examine specific reactions,
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we have to review some of the effective operators that are relevant to our discus-
sion. The complete list of independent dimension-5 and dimension-6 operators
which are constructed from the SM fields and which also are invariant under
SM gauge group SU(3)c x SU(2)r, x U(1)y was first derived by W. Buchmuller
and D. Wyler in 1985 [42]. That list was not irreducible however. The classical
equations of motion can be used to get rid of redundant operators [46]. In this
thesis minimal reducible set of dimension-six operators is used [43].

Let us now list the effective dimension-six operators that contribute to the
charged lepton flavour violating processes at tree-level or at the 1-loop level
(after the heavy fields are integrated out). Operators listed here are the ones
that give the main contribution to lepton flavour violating processes. We have
omitted operators which give only the contribution to the flavour violating Higgs
boson coupling since they are suppressed by higher orders of m;/myo [14].

Table 4: Effective dimension-six operators with leptons [14]

[ it | UX¢ \ gD

Qu = () lr™) | Qew = (o™ ep)r oWl | QW = (61i Dy 0)(Tv1y)
Qee = (Emue;) (@ er) | Qep = (lio"e;) ¢ By, ng;) — (61 D), &)(TrT4H1)

Que = (i) @ er) Qe = (611 Dy ¢)(E"e;)

Table 5: Effective dimension-six operators with leptons and quarks [14]

I llqq

QY

Q) = Uvuly) (@7 ar)
= (L 1) (@Y " q)

Qeq = (éi’)/uej)((jk’y#(ﬂ)

Qua = (Livuly) (diy'dy)
Qed = (Eyue;)(dey™dy)

Quedq = (I¥e5)(drgf')

Q

Qru = (Livyuly) (wpy™ur)
Qeu = (Eivuej)(ury*uy)

Qlequ - (Elej)eab(qzul)
(3)

lequ — (Z_?U;wej)ﬁab((jzguyul)

Indices i, 7, k and [ are flavour indices. These operators are the basis from
which the effective Lagrangians are constructed. In the case of operators, Q.w
and @Q.p, which contain gauge eigenstates Vf/# = (W57W37W5’) and B, it is
customary to use the mass eigenstates WJ » W, Z, and A, instead. The
relation between mass eigenstates and gauge eigenstates is given by (3).

The operators listed in Tables 4 and 5 give rise to lepton flavour violating
effective vertices. The effective vertices are represented in Figures 5-16. The
operators which contribute to a given vertex are written in to the captions of
the figures. In the Appendix E we have written the effective operators explicitly
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in terms of the fields. The Feynman rules associated to these vertices can be
found in [14]. The reason why we are assuming so small energy, that the Higgs
can be neglected, is that the processes [; — [;, l; — l;v and I; — [;l;]; are
predominantly searched in the low-energy experiments [75]-[86].

Y L

Figure 7: Qew

l; Lj
Ik Iy
Figure 10:
le Qee» Qle

l;
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Figure 3:
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Figure 5:
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W Vj
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Figure 8: Qew

Vi v

Figure 11: Qy, Qe
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By taking into account all the operators in the Tables 4 and 5 we can write
the most general charged lepton flavour violating Lagrangian to one loop order:

Lorrv = Luxe + Lun + Ligg + Lug2p
= 5 X (Clv @l + 02hl) + 3 X (Gl + clald + czai)
ij
_}_% Z (Cliljkl ighl | ikl () Ukz) A2Z(C'Lgkl zgkl)

ikl i>k,j>1 ikl

Ukl (1 igkl ijkl ~(3) 'ijl ijkl i k-l ijkl ~ijkl ijkl ~ijkl
g (C C Q Cej Q J C'ld Q + Ced Qed
z]kkl

eu lequ ¥lequ lequ ¥lequ

+C;Z¢§éQ;Z§é ngkl zgkl C”leszl + Cijle(l)ijkl Cz]le(l’»)ijkl) 7 (25)

where the C’s are the Wilson coefficients and A is the some energy scale where
the new physics enters. In the four-lepton part of the Lagrangian we have
required that ¢+ > j and 5 > [ to avoid counting the same operator multiple
times [14].

Depending on the relative size of the Wilson coefficients, different operators
can dominate the others. The operators in Tables 4 and 5 are the leftovers
of the higher energy diagrams where the heavy particles have been integrated
out. Some of the higher energy diagrams contained loops, some didn’t. If the
effective operator is a leftover from a tree level diagram, it is called tree-generated
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(TG) and if it is a leftover from a loop diagram it is called loop-generated (LG)
[33]. But since we don’t know what is the theory beyond Standard Model, we
don’t really know if a operator is tree-generated or not. Therefore one uses
usually term potential tree-generated operator (PTG) instead of tree-generated
operator. The Wilson coefficients of PTG operators are generically larger than
the Wilson coefficients of the LG operators. Therefore one might expect that
LG operators give smaller contribution compared to the PTG operators. In the
next section we will study the CLF'V processes l; — I, I; = l;{;{; and the [;-1;
conversion in the effective theory approach.
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4 CLFYV processes in effective theories

In the this section we will study CLFV processes, I; — 1, l; — ;1;l; and the [;-
l; conversion, in terms of effective operators. We will consider the contribution
of all the effective operators in the first order they appear. If the operator enters
already at tree level, the same operator is not taken into the account at the loop
level, since the tree level should always dominate the loop level diagrams. All the
operators enter not later than at the one loop level. When we begin our study
of each process we assume that the energy scale ~ My, so that the electroweak
symmetry has been broken and draw all the relevant Feynman diagrams to the
given process.

4.1 [; =, effectively

We will now study charged lepton conversion process, I; — [, that is a process
where a charged lepton /; changes to a different charged lepton /;. This con-
version process however can’t happen without involving other external particles
due to four-momentum conservation. So actually we are considering processes
where also other particles appear in the initial and final states. The term ”lepton
- lepton” conversion is therefore somewhat misleading.

We must now decide what other particles than the converting leptons we

include to our process. Lepton decay to lepton and photon, l; — [;7, is studied
in the next section, so we can’t include a photon. We can’t include other charged
leptons either since in the section 4.3 we are considering l; — [;1;{; which already
contains leptons.
The particles we are left with are quarks (or composite structures formed by
them: hadrons). Experimentally interesting processes are the expected lepton-
lepton conversions near the nucleus of an atom. In those a heavy charged
lepton (muon or tau) orbiting the nucleus converts into another charged lepton
by interacting with the quarks in the nucleus. Therefore we wish to study
processes

li+q—>lj+q7

where ¢ is a quark. The quark is the same in the initial and the final states. The
lepton conversion near the nucleus, where the nucleus does not change is called
coherent conversion. Let us next study coherent conversion at the tree-level of
the effective theory.

4.1.1 l; +q —1; + g at the tree level

The coherent conversion [; + ¢ — l; + ¢ can happen already at tree level. The
Feynman diagrams contributing to this in the effective theory, are constructed
by using the vertices listed in the Figures 5-16. At the tree-level the possible
diagrams are:
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Figure 19: Lepton

Figure 17: Lepton Figure 18: Lepton conversion with
conversion with conversion with quarks as a contact
quarks mediated by quarks mediated by interaction ({111
a photon Z boson class)
(QeWa QeB) (QeWa QeB)

Process in Figure 17 contains a lepton flavour violating /;1;y-vertex. It is gener-
ated by LG operators Q. and Q.p. Processes in the Figure 18 contain lepton
flavour violating vertex (I;1;Z) which is generated by LG operators Q.w and
Q.p but also by PTG operators Q((;l), Q((;z) and Qge . The contact interaction
in Figure 19 is generated by PTG operators in llgg-class.

The processes mediated by gauge bosons are generated when heavy new
physics particles are integrated out. The diagram in Figure 17 could be gener-
ated for example from the following penguin-diagram:

Iy (0] L
____>____

\I/ /

q q

Figure 20: Penguin
diagram containing New
Physics particles

The diagram in Figure 20 contains New Physics particles: ¥ (fermion), ¥’
(fermion) and @ (scalar). In Supersymmetric models the ¥ and ¥’ could be
gauginos (the fermionic partners of the gauge bosons) and the ® could be the
scalar partner of some neutrino.

The four-lepton contact interaction in the Figure 19 could be generated from
the following box diagram:
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Figure 21: New Physics
box diagram

In a supersymmetric model the ¥ and ¥’ could be some gauginos, ® the scalar

partner of some lepton and the @’ could be the scalar partner of some quark.
We have not used all of the effective CLF'V operators at the tree-level, so we

must also study the one-loop level to get all the possible CLFV contributions.

4.1.2 Il;+q — 1 +q at one-loop level

The other operators also contribute to process l; +¢ — [; +¢, but at loop order.
We are interested in the leading order contribution to the process. It would
be tempting to stick with the tree level, discarding the loops as higher order
contributions. This is not acceptable however. We do not know what is the
New Physics theory which allows CLFV. We don’t therefore know which CLFV
operators are generated and which aren’t. In order to be consistent one must
include contributions from all CLF'V operators at the lowest order they enter.
If some operator enters already at tree level we ignore the same operator at one
loop level, since the tree level contribution should always dominate.

The operators in classes X ¢, li¢pdD and llgg (in the Table 4) may enter at
tree level. So the only remaining operators that enter at one-loop order are the
operators of the [lll class (Table 4). The only one-loop diagrams that introduce
new operators are the diagrams in the Figures 22 and 23 involving lepton self
energy contributions and the diagrams in the Figures 25 and 26.

v, Z v, 4
q q q q
Figure 22: [; — I; with lepton self Figure 23: I; — I; with lepton self
energy (a) energy (b)

The gray blob is the following charged lepton flavour violating self energy dia-
gram:
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Figure 24: Self
energy generated
by CLFV operators
in Il class

Figure 25: il
operator
contribution

Figure 26: Qu, Qe

contribution

At a first glance the gray blobs in the diagrams in the Figures 22 and 23 look
like corrections to external leg, making the diagram not one particle irreducible
(1PI). However it is the gray blob that contains the flavour changing effective
vertex (Figure 24); cutting off the gray blob does not reduce to the same process,
making the diagrams in the Figures 22 and 23 1PL

All the effective diagrams describing CLFV process I; + ¢ — [; + ¢ in this
section contain only one effective CLFV vertex. The CLFV processes are exper-
imentally known to be extremely rare: they have never been observed. Even one
effective CLFV vertex comes from a loop constructed from heavy new physics
particles or only from the situation where heavy virtual particle has been inte-
grated out. Latter case gives suppression by mass (squared) in case on boson
(fermion) and the former gives loop suppression, (1672)~1, on top of that. This
is why we can safely take only one effective CLFV vertex, two is negligible.
In the following sections we will continue allow only one CLFV vertex in the
effective diagrams.

4.1.3 Il;+q—1; +q at low energy limit

The experimentally interesting I; — [; -conversion is the p-e conversion in a
muonic atom. In the muonic atom muon has replaced an electron in an ordinary
atom. Tau has so short life time that the similar structure formed by it and the
nucleus is not experimentally significant. We will therefore focus on
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@ — e conversion in a muonic atom. Normally the muon decays on orbit,
W~ — eV, or is captured by the nucleus

/’L7+(A7Z)—>VH+(AaZ_1)7

where A is the mass number and Z is the atomic number of the nucleus [31]. In
the context of charged lepton flavour violation the conversion,

W (A Z) e+ (A,2),

is expected. This kind of conversion where the nucleus remains unchanged is
coherent conversion. In process l; + ¢ — l; 4+ g the quark remains the same and
therefore also the nucleus.

Conversions of muons to electrons (or taus to muons and electrons) are low
energy processes (in order the atom to stay together), so the heavy Z-boson can
be ignored as mediator of the conversion process. Then only the diagrams with
virtual photon and contact interaction remain. The diagrams in Figures 22, 23
and 25 contain lepton loops. Since we are at low energy we consider them as
corrections to [;l;y vertex. So there are only two diagrams: photon mediated
and contact interaction.

So at the low energies the conversion process [; — [; can be described by two
interactions: lepton flavour violating virtual photon exchange with the quarks
in the nucleus as in Figure 17 and the [;/;gg-contact interaction as in Figure 19.
The CLFV process it + q¢ — e + g that can happen through a photon mediation
and a contact interaction is described by the following Lagrangian [31]

o non—photo
['p,—m - L:p,—m’y + ‘Cu—w P

= Afro"erF,, + Biuro"erF, + Z [(gLSéLﬂR) + (9rs€rpr)dq

q=u,d,s...

+(grperitr + grPERIL)TV5q + (grverY ur + grvery" r)qVuq
1

2(gLTéLUHVMR+9RTéRUHVML)qUqu+h-C- )

(graérypr+9gra€ry" LR)qVuY5q9+

where the A, B, grs, grs, grp, grP, 9Lv, grv, gra, gra, grr and grr are
dimensionful coupling constants.

It depends on the New Physics model which dominates: photonic or the
non-photonic interaction. Non-photonic mechanism is important when process
l; + ¢ = l; + ¢ can happen at tree level in the New Physics model. In the
models with extended gauge groups the lepton conversion can happen through
exchange of new gauge boson Z’ [37], which is not flavour diagonal. Similarly
the charged lepton conversion can happen at the tree level in models with non-
diagonal Higgs coupling [38]. In supersymmetric models with broken R-parity
the lepton conversion can also happen at tree level [39].

We have now discussed enough about charged lepton conversion. It is time
to study the charged lepton decay into a lighter charged lepton and a photon:
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4.2 [; — l;y effectively

Let us now consider process [; — [;y where a heavier charged lepton [/; decays
into a lighter charged lepton [; by emitting an on-shell photon. There are three
different decays: 7 — py, 7 — ey and p — evy. In one-loop order the effective
Lagrangian (25) describes the process [; — ;. The process can happen already
at tree level in the effective theory due to operators Q.w and Q.p:

gl

li Lj

Figure 27: Tree level contribution
to l; — l;7y generated by operators
Qew and Qcp

Again it might feel good to stay at the tree level to avoid nasty loops and
difficult integrals associated with them, but it would be cheating. We again
can’t know for sure what effective operators are actually generated when the
New Physics contributions are integrated out. We must consider all the possi-
ble CLFV operators in order to be consistent. We consider those loop diagrams
where the CLFV operators first appear, and reject diagrams containing opera-
tors that have already appeared at the tree level.

The other CLFV operators contribute at one-loop level through the following
diagrams:

L. Y Y !
J i
l—Q lj l; Q—1
Figure 28: I; — l;y generated by Figure 29: I; — l;7y generated by
lepton self energy lepton self energy
QY. Q%) Que. lill, Ulqq) QY. QL. Que. il Uigq)
gl
Y
O L, de yu,
Z
. I
li 7 I L

Figure 30: I; — l;y

generated by gauge boson Figure 31: I; = Iy

1) ~(3) generated by vertex
self energy (Q’, Qor's Qe) correction (U1, llgq)
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i J
Z Vi
Figure 32: I; — Iy Figure 33: I; — l;y
generated by vertex generated by vertex
. 1 3
correction (Q((M), Q((M), Qpe) correction (Qg;))

The diagrams in Figures 28-33 divide into two categories. The Figures 28-30
are corrections to particle propagators and the Figures 31-33 are corrections to
the photon-lepton vertex. In the next two subsections we look into these more
closely.

4.2.1 Self-energy contributions to I; — [;v

The gray blob in diagrams in the Figures 28 and 29 represents the fermion self
energy given by the diagrams in the Figures 34, 35 and 36. These fermion self
energy diagrams each contain one CLFV vertex. The diagram in Figure 34
contains a CLFV [;l;Z-vertex which is generated by operators ngll), Qfl) and
Q4e. The [;l; Z-vertex could also be generated by operators Q. and Q.p, but
since they appear already at the tree level, they are omitted at loop level.

In the diagram in the Figure 35 the violation of charged lepton flavour is
introduced by the l;v;W-vertex, which is generated by the operator QES) This
vertex could also be generated by the operator Q. , but this is again neglected
since it appears at the tree level already.

The self energy diagram in the Figure 36 contains a charged lepton flavour
violating four-lepton vertex, which is generated by the operators in the classes
11l and llqq.

Ui, g, i ugg
Z 5%
Iy Vi
li Lj li i l; L
Figure 34: Lepton Figure 35: Lepton Figure 36: Lepton
Z-self-energy W -self-energy fermion loop
Q4. Q5. Qse) Q%) self-energy

(1111, llgg-classes)

The gray blob in the Figure 30 contains Standard Model Z-photon self-
energies where virtual particles contain W-bosons, charged ghosts and charged
fermions. The violation of the charged lepton flavour is introduced by the Z{;l;-
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vertex which is generated by the operators Q;}l), Qfﬁ) and Qg.. We are again
omitting operators Q.w and Q.p.

4.2.2 Vertex correction contributions to [; — [y

Let us now examine the corrections to the [;l;y-vertex. The vertex corrections
are represented in Figures 31, 32 and 33. The diagram in the Figure 31 contains
charged fermion loop and it violates charged lepton flavour through four-fermion
vertex, which is generated by the diagrams in the [lll and llqq classes.

The diagram 32 contains one CLFV vertex [;/;Z generated by the operators

Q((;l)7 QS;) and Qge. The photon vertex [ilyy is SM-like; operators Q. and
Q.p have already appeared at tree level.

Finally the diagram in the Figure 33 contains CLFV vertex [;»;W which is

generated by operator QS) The same vertex could also be generated by the
operator Q. but as said it appears already at the tree level.

4.2.3 [; = ;v in a low energy limit

When we study [; — [;v at energies lower than weak scale, the fermion self
energies (Figures 34, 35 and 36) become insignificant (the gauge boson masses
suppress in the Figures 34 and 35 and the corrections to the [;1;7 vertex (Figures
31, 32 and 33) merge into one vertex. So at the low energy where all the heavy
new physics particles and the usual Standard Model gauge bosons have been
integrated out, the process I; — ;7 can be studied as a simple tree level process
as in Figure 27.

In general the Feynman amplitude of the process I; — [y can be written in
a form :

M= l_fvlﬁulism

where the photon-lepton vertex V}ﬁ” is [14]:

Uy
+(FLi Py + FLLPR)g" + (FLio Py + Flbio™ Pr)g, | .

viin = i [Vu( Fl' P+ F's Pr) 26)

The factors Féi are form factors and ¢* is the momentum of the photon. We are
studying process I; — l;y where the photon is real. This gives restrictions to the
form of the vertex. The gauge invariance of the electromagnetism states that
g"J;™ = 0, which means that the form factors F"le and F‘J/CZR must vanish. For
an on-shell photon €#g,, = 0, so the term proportional to ¢" must vanish as well.
This means that we are only left with magnetic transition term proportional to
ot

i

Ffpio™ P, + Ffpio™ Pr)g,lic.
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The branching ratio of the ; — [;7 can now be expressed in terms of the
form factors Fi: and Fﬁ% [14]:

3
my, i i
Brlls = 179) = qoxap (IFFRl + 1FfLP?)

where I';, is the decay width of the muon or the tau. The contributions to the

form factors Fj’:lL and F%% from the different diagrams are given in the Appendix
F.
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4.3  [; — [ll; effectively

Finally we study processes I; — [;{;(;, that is processes where a charged lepton
decays into three leptons so that individual lepton flavour is violated.

This process can happen already at tree level of the effective theory through
following diagrams:

0

Figure 37: I; — l;l3]; with 4-lepton
vertex generated by operators in
llll-class

Figure 38: ZIL' — ljlkll Figure 39: I, — ljlkll
mediated by a photon mediated by a Z
1
(Q6W7 QEB) (Q6W5 Qer Q((pl)v Q((fz)7 Q¢e)

The diagram in the Figure 37 contains one CLFV vertex which is generated
by PTG operators in the [lll-class. The two other tree level contributions are
mediated by neutral gauge bosons v and Z through charged lepton flavour
violating l;l;v and [;1;Z couplings, which are generated by LG operators Q.w
and Q.p (diagrams in Figures 38 and 39) and PTG operators Q;ll), Ql(;l) and Qe
(diagram in Figure 39). There is only one CLFV vertex at the Figures 38 and
39. The CLFV processes are highly suppressed even if they contain only one
CLFV vertex. Diagrams containing more than one CLFV vertex are negligible.

Tree level has exhausted all the dimension-six operators but the operators
of the llqq class. To be completely general we also have to take the llgq opera-
tors into account, even though the llgq operators enter at the loop level. If the
fundamental beyond the Standard Model theory does not generate charged lep-
ton flavour violating effective gauge boson couplings the llqq effective vertices
might be generated and they are now taken care of. When the New Physics
model contains both gauge and llgg-effective CLFV vertices the llgg contribu-
tions can be dropped since they appear only at the loop level in I; — [;1;l;. The
llgq operators enter at one-loop level through the Feynman diagrams in Figures
40-43.
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The diagrams in the Figures 40-43, contain only normal SM gauge boson
vertices. We don’t take the CLFV gauge boson couplings into the account at
the loop level since if the CLFV gauge couplings are significant, the tree level
contribution of those couplings will dominate.

q L.
L J by
ll l7{ l]
l; ———— Ik I
X < Z,
_k ik
Figure 40: I; — Ljlil; Figure 41: l; — l;l3]; mediated

mediated by llgq vertex by llgq vertex (non-physical)

_ Uk
Uk
] Figure 43: I; — 1111
Flgure 42: 1 — Lilely mediated by llgq vertex
mediated by llgg vertex (1PI) (non-physical)

(1PI)

A particle can decay only to particles which are together lighter than the
decaying particle itself due to four-momentum conservation and Lorentz invari-
ance. That is in case of 3-body lepton decay l; — [;lrl;, m; > mj; +my, +my.
Since the differences in lepton masses (Table 6) are so big, the decay I; — [;lxl;
is allowed whenever all the decay products individually are lighter than the
decaying particle.

Table 6: Charged lepton masses

H Particle ‘ mass H

e 0,511MeV

1 105,6 MeV
T 1,776 GeV

The diagrams in the Figures 41 and 43 contain [;l;y or [;1;Z vertices where

35



the initial decaying lepton is involved. This vertex is normal SM vertex and
preserves the lepton flavour. This means that the decay products contain the
decaying particle itself and that the diagrams in the Figures 41 and 43 are non
physical.

The possible charged lepton flavour violating 3-body decays can be classified
into three categories [14]:

(A) 75 = efefem, 75 = ptutpT and pt — eteter
(B) 7 = eTputp™ and 7F — pFete.

(C) 7F — eFuFpu® and 77 — pFetet.

The category (A) contains processes I — l;-:l]j-[lj;, where the final state
contains leptons of the same flavour. All the diagrams 37-39, 40 and 42 are
contributing to these processes. The category (B) contains processes lijE —
ljil,fl,f, with all the three charged leptons present. All the diagrams 37- 39,
40 and 42 are also contributing to these processes. The category (C) contains
exotic processes lli — lj—clkillf with two leptons of the same electric charge and
flavour and one with different flavour and electric charge. Only the four-lepton
contact interaction in Figure 37 contributes to the processes in this category,
due to the fact that we only allow one effective CLFV vertex per diagram.

It is now possible to calculate the branching ratios to the processes in these
categories. The loop diagrams 40 and 42 are neglected. The decaying lepton is
always much heavier than it’s decay products, so one can neglect the masses of
the decay products. When one uses the standard expression for 3-particle phase
space [45], the branching ratio can be obtained [14]:

N.M5
Br(li — ljlkll) = m 4(‘CVLL|2 + |CVRR|2 + |CVLR|2 + |CVRL|2)

+|Csrr? + |Csrr|? + |Csrrl* + |Csri|?
+48(Crif? + Cral®) + X, (27)

where N, = 1/2 if two of the final state leptons are the same and N, = 1
otherwise and M is the mass of the initial lepton. The quantities Cx and X,
are combinations of the Wilson coeflicients and their explicit expressions are
given in the Appendix G. The quantity I';, is the total decay width of the
initial lepton [;%.

The quantities C' describe the contributions of the Wilson coefficients of the
effective operators to the amplitude of the process. When the amplitude to the
process in question was calculated in [14], the non-photonic part was expressed
in the following basis of quadrilinears:

2 5
GF'm“

4 —
F” T 19273
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Ovxy = Y"Px X y*Py
Osxy = Px x Py
OTX = oM x O’”VPA)(,

where the X and Y represent the chiralities L and R. The C' are contributions
corresponding to those operators.

This concludes our review of the charged lepton flavour violating processes.
It is now time to move on and specify the new physics model, in order to make
more accurate predictions about the CLFV observables. The supersymmetric
models are still one of the most promising candidates for the theories beyond
the Standard Model, even though the superpartners have eluded detection so
far. We will therefore choose the theory beyond SM to be supersymmetric.
Supersymmetric models allow many new potential sources for the charged lepton
flavour violation. In the next section we will discuss about charged lepton flavour
violation in the supersymmetry context in general and then in section 5.2 we
will make a more specific choise.
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5 CLFV and SUSY

In the Standard Model of particle physics the lepton flavour is absolutely con-
served. If SM is extended to include supersymmetry® in a minimal way i.e. that
one adds a superpartner for every particle in the theory and also adds a second
Higgs doublet, one gets the so called Minimal Supersymmetric Standard Model
(MSSM). The lepton flavour will be conserved also in the MSSM. However it is
known that the neutrinos actually are massive unlike in SM and its extension
MSSM. The mass matrix of the neutrinos is not diagonal and the neutrinos are
allowed and known to mix with each other, that is the lepton flavour is not ab-
solutely conserved. As explained in the introduction, the mixing of neutrinos or
”neutrino oscillations” could also induce flavour violation in the charged lepton
sector.

The SM must be extended to include massive neutrinos. If one tried to in-
clude the massive neutrino in the SM as a Dirac particle and to suggest that
it gets its mass in the spontaneous breaking of the electroweak symmetry, one
would run into fine-tuning problem with the neutrino Yukawa coupling: it would
have to be of the order of 1072, A popular way of introducing massive neu-
trinos without introducing an unnecessary fine-tuning, is the so called Seesaw
Mechanism (type-I1)S. In the Seesaw mechanism one assumes that neutrino has
a right-handed Majorana mass as well as a Dirac mass. The effective mass of the
left-handed neutrino becomes very small (around 1 V) and the effective mass
becomes huge (near Agyr ~ 1016 GeV scale). MSSM can also be extended to
have massive neutrinos through seesaw mechanism. When the SM is extended
to have massive neutrinos through seesaw mechanism it has two sources of lep-
ton flavour violation: the electron and the neutrino Yukawa couplings fe and f,
(both of them are needed for the realization of charged lepton flavour violation).

The MSSM has supersymmetry incorporated in it which means that every
particle has a superpartner of different statistics (boson’s partner is fermion
and fermion’s boson). These superpartners have the same masses and quantum
numbers as the original particles, except that their spins differ by 1/2. We are
not observing this kind of particles so if the supersymmetry is to be a true
symmetry of nature, the supersymmetry must be broken. The MSSM does not
give the explicit mechanism of SUSY symmetry breaking, but parametrizes it
in the so called soft SUSY-breaking terms [48]:

1 e ~ ~~
7§(Mggg + MWW + M BB + C.C.)

— (ﬁauéHu — Ead@Hd — Eae@Hd + c.c.)

Esoft

e

—my HiH, —m} HiHg— (bH, Hg + c.c.). (28)

~ ~ ~ ~ ~~t ~ ~
~Q'mZQ — L'mZ2L - W' m2i - d m2d - ' m2z

The soft part consists of the gaugino mass terms (M7, Ms and M3), sfermion

mass terms (m2, x = Q,L,1,d, &), (scalar)® interaction terms (au, a4, ae)

and the supersymmetry breaking contributions to the Higgs potential at the

5The basic properties of supersymmetric models are presented in the Appendix B
6The non-SUSY seesaw-I mechanism is presented in the Appendix C
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last line. The soft terms give the masses to all gaugino and scalar fields in the
theory and violate supersymmetry since the terms don’t contain fields and also
their superpartners. The soft terms are not present at high energy where the
supersymmetry is realized. They are created when the supersymmetry breaks
at a very high energy.

The soft terms contain many potential sources of LFV at electroweak scale
(at high SUSY scale the soft terms vanish and the LE'V due to them disappears).
The (scalar)® terms become sfermion mass terms when the Higgs fields acquire
VEVs. Without any principle to tell otherwise, the scalar-coupling matrices are
off-diagonal and have entries with same order of magnitude. The same goes
with the sfermion mass matrices (m2). The off-diagonal terms which are of the
same size as the diagonal ones pose a big problem. The transition rates for
flavour violating processes would be huge and contradicting the experimental
observations. The off-diagonal terms should be almost non-existent to match
with the experiments. The problem is that it is known that the flavour violation
effects are extremely small and there is no explanation to that even though there
are many sources of flavour violation in the soft SUSY-breaking terms. This is
called the flavour problem.

There are many possible ”solutions” to the flavour problem: one can make
assumptions of the SUSY-breaking terms, such that the CLFV processes be-
come suppressed. One could allow large off-diagonal soft SUSY-breaking terms
if one assumes that the sfermions are heavy. Then the flavour violating processes
would be heavily suppressed. In flavour universality scenario the sfermion mass
matrix is proportional or almost proportional to unit matrix and in the align-
ment scenario the sfermion mass matrix is proportional or almost to the lepton
mass matrix. But these are just assumptions. Even though they produce the
desired result of small CLFV rates, there should be a mechanism that produces
them, i.e. there should be a supersymmetry-breaking mechanism.

One of the most popular properties of the SUSY breaking models is that
it is flavour blind i.e. it produces the flavour universality scenario. In that
scenario the only source of flavour violation is due to the Yukawa couplings of
the theory, which is also called Minimal Flavour Violation (we assumed this in
previous sections where we discussed CLFV in effective theories). So in this case
the soft terms don’t cause any additional contributions to the flavour violation
and the various mass and coupling matrices are flavour diagonal in the basis of
the fermion mass eigenstates, e.g.,

2 _ ;2 2 _m2 2 _ 2 2 _m2 2 _— ;2
mg —mél7 m: = mz1, mz —mgl, mz —le7 m: =m:1
ay = AuoYu, ag = Agya, ac = AcoYe,

in some high energy scale g, where the supersymmetry breaks. The yy, ya
and y are the SM Yukawa couplings.

Even though these are true at the input scale @)y, they do not hold at
the electroweak scale anymore. Renormalization group evolution can make the
non-diagonal soft terms to differ from zero even though they were absolutely
zero at the input scale. We have a discussion about renormalization group
evolution in the Appendix D. Next we will briefly discuss general properties of

39



SUSY-breaking and then we will review two of the most popular SUSY-breaking
models: gravity- and gauge-mediated supersymmetry-breaking models.

5.1 SUSY-breaking models

In SUSY it is hard to do generic analysis with the free parameters of the theory
because there is so many of them (124 [49]). Therefore one has to often rely on
analysis using a specific model which restricts the number of free parameters.
We will now concentrate our attention to two specific models of supersymmetry-
breaking: gauge and gravity mediated supersymmetry breaking mechanisms. In
them the SUSY-breaking is spontaneous.

Models in which the spontaneous symmetry breaking of SUSY is due to
spontaneous breaking in the F- and/or D-terms are called the ”visible sector”
SUSY-breaking models”. In them the SUSY is broken by known SUSY parti-
cles and there is no need of introduction of new particles to break SUSY. These
kind of models however fail to give out acceptable particle mass spectrum. Some
other kind of a model is therefore needed. Because the SUSY breaking in the
visible sector (the known MSSM particles) fails to deliver the viable SUSY part-
ner masses, one could suggest that the SUSY breaking is due to yet unknown
particles, called the "hidden sector”. There should not be any renormalizable
couplings between the visible and the hidden sector. The symmetry breaking
is communicated to the visible sector by the "messenger fields”. Those inter-
actions should be highly suppressed which could suggest that the scale of the
SUSY breaking is larger than the TeV scale. When the SYSY-breaking is com-
municated to the visible sector by the messenger fields, the soft SUSY-breaking
terms, L,ft, are generated. The SUSY-breaking scale is so large that one needs
to use renormalization group running to obtain the low-energy values for the
soft parameters.

The different SUSY breaking mechanisms differ in how the SUSY breaking
is mediated to the observable sector. In the gravity mediation the soft terms
are generated by couplings which vanish as m,; — oo, i.e. there is no quantum
gravity at the low energy scale. In gauge mediation the soft terms arise due
to loop diagrams which contain new fields that couple both to the hidden and
to the visible sectors. Let us now look into gravity-mediated SUSY-breaking
model more closely.

5.1.1 Gravity mediated supersymmetry breaking

In globally supersymmetric models the parameter of the supersymmetric trans-
formations is the same in every point in space-time. When one promotes the
SUSY transformation parameter to be a function of space-time, and demands
that the supersymmetry transformation still is a symmetry of the theory, one
obtains supersymmetric theory of gravitation. The supersymmetry transforma-
tion represents now the general coordinate transformation and by demanding
that the physics remains invariant under it, leads to quantum gravity, analogous
to classical Einstein’s gravity.

One usually assumes that the theory contains only one supersymmetry and
then the local supersymmetry is called N = 1 supergravity. The N = 1 super-
gravity is not renormalizable however, so it is only an effective field theory of

"The F- and D-terms are discussed in more detail in the Appendix B
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gravity. Gravity couples to all particles so it mediates the SUSY-breaking from
the hidden sector to the visible sector. So in the gravity mediated supersymme-
try breaking the supersymmetry is spontaneously broken in the hidden sector
and it is communicated to the visible sector by non-renormalizable contact in-
teractions. The true renormalizable theory of gravitation should be realized at
the Planck scale so the interactions which mediate the SUSY-breaking must be
suppressed by the Planck-scale.

If the supersymmetry is broken by the F-term VEV (F') in the hidden sector
the soft supersymmetry breaking masses should be approximately:

(F)
Msoft MPZ .

The soft terms should vanish when the supersymmetry is not broken. At
Planck scale the supersymmetry must not be broken and indeed when the grav-
ity becomes insignificant (Mp; — 00) the soft terms vanish (at the limit where
the gravity vanishes there is no interaction that could mediate the SUSY-
breaking to the visible sector). Also when the supersymmetry is not broken
((F) — 0) the soft mass terms vanish.

Let us discuss supergravity in the context of supersymmetry breaking briefly.
Gravitational interactions are non-renormalizable. The Lagrangian describing
non-renormalizable interactions is more general than the Lagrangian describing
only the renormalizable ones. The non-renormalizable Lagrangian describing
the gravity will be invariant under (local)supersymmetry and the gauge trans-
formations®. Let us assume that one F-term of the hidden sector chiral super-
fields acquires a VEV. This breaks the supersymmetry. Let the chiral superfield
responsible for supersymmetry breaking be X. Then the superpotential, K&hler
potential and the gauge kinetic function for supersymmetry breaking scenario
are [48]:

1 /1 v.. 1 o
W = Wwmssm — —— 7yX”qu)i(I)j‘I>k + */LXZJX(I)JI)]' + ... (29)
Mp; \ 6 2
*4 1 j —J vk *7 1 ] * T ki
K = o CI)i-l-MiPl(ngX-l-ngX )CI) q)j—M}%lkzj-XX P (I)j-l-...(?)())
5ab ( 2 )
w = — | 1——fX+...]. 31
fab .2 Mpzf (31)

The fields ®; are the chiral superfields of the MSSM or its extension. Parameters
y Xk k;-, nz-, nj and f, are dimensionless couplings and the X% has dimension
of mass. When the auxiliary fields of ®;’s are integrated out and the F-term of

X has acquired a VEV the supersymmetry breaking Lagrangian becomes [48]:

8The most general Lagrangian describing non-renormalizable supersymmetry, respecting
~kT ~ ~

gauge invariant interactions is: £ = [K(®;,® )|p + ([fab(q)i)W“Wb + W(@,)]F + c.c.).

This depends on three quantities: superpotential W, K&hler potential K and the gauge kinetic

function F,p(®;). In general the superpotential is a holomorphic fuction of chiral superfields.

In general Kéahler potential is a function of chiral and antichiral superfield, and it does not

have to be polynomial. The gauge kinetic function is in general a holomorphic function of the
chiral superfields.
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where the ¢; and A® are the scalar and the gaugino fields of MSSM or its
extension. One can now compare this to the general soft terms (90) and acquire
the soft SUSY-breaking parameters:

(Fix)
M, = a 34
oSy 1
az]k _ <ZWX> (yXUk: + n;ypjk + ni)ypzk + nl;ypm), (35)

Pl
blj — 3 v ., PJ J Pt 36
N (™ + P 4 ), (36)

i |<FX>|2 i i =

(m2)j = 5— (K} + n;né-)). (37)

Mg,

The soft SUSY-breaking parameters depend on arbitrary parameters X%,

k;;-, n?—,ﬁ?, fo and pX¥, because supergravity is only an effective theory. The
fundamental theory of quantum gravity is not known so there is no way of cal-
culating these parameters from the theory. These parameters can therefore have
whatever magnitude. This is not phenomenologically viable. The soft SUSY-
breaking parameters a*/* and (m2)§ have off-diagonal terms of the sfermion mass
matrices, which are sources of flavour violation. Since these off-diagonal terms
can be in principle as large as the diagonal ones, the rates of flavour violating
processes could be huge. This is clearly violating the observational fact that
the flavour violating processes among both leptons and quarks are extremely
suppressed. The off-diagonal terms in the squark and the slepton mass matrices
should be very close to zero, in order to the predictions match the experiments.
In order to get the phenomenologically desirable negligible off-diagonal soft
SUSY-breaking terms one has to make assumptions. Usually one assumes that
the k] = k&) and n] = nd!, with k and n real; a common f, = f for all
the gauginos and that the couplings yX%* and pX% are proportional to the
corresponding superpotential parameters: yXW* = ay¥* and pXV = Bui,
where the parameters o and 3 are real and common to all particles. The scenario
in which one makes these assumptions to the soft terms is commonly called the
minimal supergravity (MSUGRA). With these assumptions we find that there
are only four parameters describing the soft SUSY-breaking terms. By using
equations (34) and our assumptions we can define the following parameters:
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Fx

mip = W (38)

m: = (k+ n2)7‘ <§;§>‘ (39)
Pl

Ay = (a+ 3n)% (40)

By = (5+2n)%. (41)

These parameters determine the soft SUSY-breaking masses and couplings
n (34). We see that in MSUGRA all the gauginos have same masses and also
all the scalars have same masses. The trilinear couplings will be proportional to
the corresponding Yukawa couplings and the parameter b will be proportional
to the superpotential parameter p. These can be summarized in the following
equations:

Ms = My = My = my 2, (42
m%:m%:m%:m%:mé:mgl, (43
miy, =my, =mj, (
(

Ay = AO}’u, aq = Aoyda Ae = A0y67

These equations hold at the input scale, from which they have to be RG evolved
down to the electroweak scale in order to compare them with the experiments.
The input scale is usually taken to be the the GUT scale rather than the Planck
scale. Why the input scale is not set to Planck scale then? In MSSM the SM
gauge couplings can be unified at the GUT scale, Mgyt ~ 2x10'® GeV. The RG
evolution is clear up to this point, but not so clear between the GUT scale and
the Planck scale. The lack of knowledge is the reason to start the RG evolution
from lower energy, even though it gives error proportional to In(Mp;/Maur).

The explicit supersymmetry-breaking models are used when one wants to
explain the smallness of the off-diagonal soft SUSY-breaking terms. If one
uses gravity mediated SUSY-breaking models, one does not immediately acquire
the wanted flavour violating parameters. One again has to make assumptions
about the parameters of the supergravity model used, in order to get the wanted
negligible off-diagonal soft terms. So the gravity mediated models by themselves
do not ensure the universality (equations (42)-(46)) or the flavourblindness of
the SUSY-breaking terms. Maybe in the future the full theory of quantum
gravity is known and the soft SUSY-breaking terms can be calculated, but at
this moment it is not possible.

The gravity-mediated SUSY-breaking model was the first supersymmetry
breaking model (1982)[87]. Even though it successfully breaks the supersym-
metry, it leaves the question of flavour problem unanswered. We would like to
have a SUSY-breaking model that would naturally produce the negligible off-
diagonal soft mass terms of the sfermions. This kind of a model exists, and it is
one of the most popular SUSY-breaking models. It is called the gauge-mediated
supersymmetry-breaking model and it is our next topic.
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5.1.2 Gauge mediated supersymmetry breaking

In gauge mediated supersymmetry-breaking models the supersymmetry is bro-
ken by a non-zero scalar VEV in the hidden sector. The hidden sector particles
do not interact with the visible sector particles (or interact very weakly). In the
gauge mediated models one additional sector is assumed. This sector is called
the messenger sector. Messenger sector particles couple both to the hidden
sector as well as the SM gauge fields. The supersymmetry-breaking is com-
municated to the visible sector by radiative corrections. The supersymmetry
is unbroken in the MSSM sector at the tree-level. This ensures that the mass
sum rule (Appendix B, 89) holds at the tree-level and that we don’t get prob-
lems with the superpartner mass spectrum. The supersymmetry breaking is
communicated to the visible sector by radiative corrections involving messenger
fields in the loops to the visible sector particle propagators. This is how the soft
SUSY-breaking terms are generated. The gaugino masses are generated at the
one-loop order and the soft scalar masses are generated at the two-loop order.
The trilinear couplings are also generated at the two-loop order.

The gaugino and soft scalar mass terms are generated as radiative corrections
to the propagators of those particles. The messenger sector directly couples to
the gauginos, which allows them to get mass terms at one-loop level through
the following diagram:

Figure 44: The gaugino propagator

The soft scalar masses are generated at two-loops”. The trilinear scalar
couplings soft terms are effective operators generated at two-loop level.
In the simplest gauge mediated model the messenger fields are left-handed

chiral supermultiplets ¢,q,! and [ that transform under MSSM gauge group
SU3)c x SU(2)r, x U(1) as:

1 - 1 1 - 1
qN(351777)a qN(3a177)7 ZN(172a7)7 ZN(172777

3 3 2 2)'

The fermions and scalars in these supermultiplets are called messenger quarks
g, g, messenger squarks g, ¢, messenger leptons ¢y, ¢; and messenger sleptons

l~7l. These messenger fields couple to the hidden sector gauge-singlet chiral
multiples S via the following superpotential [52], [48]:

Wmcss = yZSll_+ y35qq (47)

9The eight contributing diagrams are sketched in [48].

44



The supersymmetry is spontaneously broken when the scalar component of S
and its auxiliary field both acquire VEVs. Since S is chiral superfield, VEV of
its auxiliary field corresponds to a F-term breaking. The messenger fields get
masses when the supersymmetry is spontaneousy broken'®. The fermion and
scalar messenger masses become:

7 2 2 2 2
l7l : Mtermion = |y2<5>| ) Mgcalar — ‘y2<S>| + |y2<FS>‘7
- 2 2 2 2
q,q: Mtermion = |y3<s>‘ ) Mgcalar — |y3<S>| + |y3<FS>|7
Since now the messenger fields are massive, the loop corrections to gaugino
and scalar propagators, involving messenger fields, are not zero. When one
computes the diagram in Figure 44 one gets the gaugino mass:

2
9a (Fs)
= —_— =1,2,3).
“= Tonz (g0 (@ L23)
There are no one-loop corrections to the MSSM scalars so the scalars get
their masses at the two-loop diagrams. When one calculates the loops one gets

the scalar masses:
2\ 2 2\ 2 2\ 2
g1 . 93 . g3 .
(16n2) Ci()) + (167r2> Ca(i) + (167r2> C‘"‘(Z)]’

where the Cy(7)’s are the quadratic Casimir invariants. The scalar squared
masses contain extra loop factor g2/16m% compared to the gaugino masses.
These are however scalar squared masses so the scalar mass has the same order
of magnitude as the gaugino mass. Because the gauge interactions are flavour
blind the soft mass matrices created are flavour diagonal. The scalar masses are
not universal (as in the gravity mediated case) however: the masses of different
generations of squarks are the same for example, but that mass is not the same
as the mass of the charged sleptons for example.

The trilinear scalar couplings a,,aq and a. are generated at the two-loop
level. The trilinear scalar couplings contain one additional loop factor g2 /1672
compared to the gaugino masses. One can therefore approximate a, = aq =
ae = 0 to a good accuracy at the messenger scale. Even though the trilinear
couplings are zero at the input scale the RG evolution will generate non-zero
trilinear couplings as one runs them from the input scale down to the electroweak
scale!!.

The hidden sector also of course couples to the gravity as well. The gravity
is however much weaker than the gauge interactions so it can be neglected in
the gauge mediated supersymmetry-breaking.

So the gauge-mediation produces completely diagonal sfermion mass matri-
ces. If there is no other source of flavour violation present, the fermion flavour

10The superpotential (47) determines the masses of the messengers. Messenger fermion
masses are determined from the mass term Lagrangian Lmass = —Yy2 S1/lel*7y3wqwq+c.c. The

2
+

scalar messenger masses are determined by the following scalar potential: V' = ‘75‘/‘/3’2“5

2 2 2 2
W, s Wimess Wimess )
| Wanoa |° 4 | Wgncaa |° 4 | SWncsa |° 4 | & (Woness + Woreaking)

1 The RG evolution of SUSY parameters is discussed in the Appendix D
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will be absolutely conserved at low energies, like in MSSM. However the neu-
trinos are known to be massive and those masses must be incorporated into
the supersymmetric extension of the Standard Model. The addition of neu-
trino masses does not change the soft SUSY-breaking terms that result from
the gauge-mediation, but they might change the renormalization group evolu-
tion of the off-diagonal slepton mass terms, making them to deviate from zero
at the low energy scale. This is our next topic.

5.2 CLFYV in supersymmetric seesaw-I model

As we have said the MSSM does not contain massive neutrinos which we know to
exist. In the Standard Model the neutrinos are massless and there is no source of
lepton flavour violation. In MSSM the same is true. In supersymmetric theories
the soft SUSY-breaking terms contain potential sources for lepton flavour viola-
tion in the slepton mass matrices. If the slepton mass matrices are off-diagonal
the lepton flavour is violated because in supersymmetric models the leptons
couple to the their scalar partners, sleptons, through the lepton-slepton-gaugino
vertices:

Figure 45: lepton-
slepton-gaugino
vertex

It is however experimentally known that the lepton flavour violating pro-
cesses are highly suppressed. This gives stringent constraints to the off-diagonal
SUSY-breaking terms, leading to the flavour problem. In order to get out the
phenomenologically correct highly suppressed LFV interactions the off-diagonal
SUSY-breaking terms must be close to zero or they can be proportional to the
diagonal entries as long as the slepton masses are very heavy so that they ef-
fectively decouple. There should be some kind of mechanism that produces the
wanted phenomenological outcome. There is no consensus about the mechanism
which produces the small CLFV parameters.

5.2.1 Extension of MSSM via seesaw-I mechanism

The massive neutrinos can be incorporated into the MSSM using e.g. the seesaw
type-I mechanism, though many other ways exist. In this model the massive
neutrinos are introduced by adding three right-handed Majorana masses my, ,
mar, and mys,. The right handed neutrinos couple to the lepton doublets via
a new Yukawa coupling Y,. The soft SUSY-breaking terms will now also in-
volve new trilinear coupling a,, and new soft mass matrix, m2, for right-handed
neutrinos. So new terms must be added to the MSSM superpotential W and
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to the MSSM soft terms Lor¢. The leptonic part of the MSSM superpotential
Wirssy and the soft terms Lyrg9n are:

Warssm = E°Y,LH,
Lyrssy = *ETmf‘E —etmge + (—'é)ranHl + h.c.).

The new terms needed are:

1
AW = N¢Y,LH; + iNcmMNC

~ ~ ~ ~ 1~ ~
AL =-N°mgN°" + (=N°a,LH; + h.c.) + (=5 Nb, N+ h.c.).

The fields are in the basis where the charged lepton Yukawa matrix Y; and
right-handed Majorana mass matrix mpg = diag(may, , mas,, mas, ) are diagonal.
They can be made diagonal by performing unitary transformations of L, E' and
N. When we choose to diagonalize ¥; and my, the neutrino Yukawa coupling
Y, can not be diagonalized and is therefore off-diagonal in general. This gives
rise to lepton flavour violation.

In the seesaw-I mechanism there are two different sources of mass: the Dirac
mass term, which appears when the electroweak symmetry breaks spontaneously
and the right-handed Majorana mass term. After the electroweak symmetry
breaking, the charged lepton and the Dirac neutrino mass matrices can be writ-
ten in a form [53]:

m; = Y vy, mp = Y, V9,

where v; and vy are the vacuum expectation values of the neutral Higgs scalars:
v = vcospf v9 = vsin 3, v =174 GeV.

There are six neutrino masses: three Dirac masses and three Majorana
masses. Together they form a 6 x 6 neutrino mass matrix:

)
mp MM

Only the right-handed neutrinos are assumed to have Majorana masses, hence
the zero in the upper left corner. The physical neutrino masses are the eigen-
values of this mass matrix. There will be three light, v; and three heavy, N;
physical neutrinos. In the seesaw-I one assumes that the neutrino Majorana
mass is very high, order of grand unification scale 10'°GeV. The neutrino Dirac
mass is therefore much smaller than the Majorana mass. One can therefore
approximate the physical light neutrino masses as [55]:

m, ~ —mp’ my 'mp. (48)

Our basis was so that the my; is diagonal so the heavy eigenstates are also
diagonal:
my = diag(mn,, mn,, My,) < my.

The light neutrino states are those that are observed in the experiments. The
heavier neutrinos are so heavy that they effectively decouple and are therefore
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not seen in the experiments. Since the light neutrino states are physically ob-
servable, the light neutrino mass matrix can be diagonalized using the standard
Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS matrix) [88],[89):

mydlag _

T .
UPMNSmVUPMNS = dlag(muumﬂm ml/s)'

The Dirac mass of the neutrino can be solved from the equation (48) [60]:

mp = i\/mNdng\/m,,dmgULMNS. (49)

The matrix R is 3 x 3 complex orthogonal matrix and it represents the possible
mixing in the right-handed neutrino sector (The PMNS matrix Uprys repre-
sents the mixing in the left-handed sector). The matrix R can be parametrized
in terms of three complex angles 0;, (i =1,2,3) as

C2C3  —C183 — 5152C3 5183 — C152C3
R = C2S3 —C1C3 — 515283 —81C3 — C152S3 s (50)
52 51C2 C1C2

where ¢; = cos0; and s; = sin ;.
Now that we have specified our SUSY model, we can study what kind of
possibilities it has regarding the charged lepton flavour violation.

5.2.2 CLFYV in SUSY seesaw-I

The new terms in the superpotential and the soft terms have significant im-
plications. One sees that the theory contains massive right-handed neutrinos
and sneutrinos even though the supersymmetry is not broken. The new terms
modify the renormalization group equations so that even though the soft slep-
ton masses are diagonal at the GUT scale, the individual lepton number will
not be conserved if there are right-handed neutrinos below the GUT scale. The
right-handed neutrinos allow the lepton number to be violated. However the
right-handed neutrinos are very heavy and they will decouple at energies much
lower than their masses. So if the soft slepton mass matrices are diagonal at
GUT scale the presence of right-handed neutrinos modifies the renormalization
group equations so that lepton flavour violating off-diagonal slepton mass terms
are generated. The effect of right-handed neutrinos is only temporary since at
energies much lower than the mass of the lightest right-handed neutrino, the
right-handed neutrinos decouple. So the the right-handed neutrinos give contri-
bution to the lepton flavour violation in the region between the GUT scale to
the mass scale of the lightest right-handed neutrino. In supersymmetric mod-
els the right-handed neutrinos give significant contribution to LFV processes
because there are soft slepton masses to which the right-handed neutrinos can
affect through renormalization group equations and create lepton flavour vio-
lating off-diagonal slepton masses. To see more explicitly how the off-diagonal
slepton mass matrices are generated we will examine the renormalization group
equations for slepton squared masses. The RG equations for MSSM extended
with right-handed neutrinos are presented in the Appendix D. Let us study
the left handed scalar squared masses m?. Its renormalization group equation
(Appendix D, equation (121)) can be written in a form:
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dm?]5 B dm% -
dt dt (51)
Y, =0

—i—ﬁ(Yijm% +miY, Y, + 2V, my Y, + 2(m3;, )V, Y] + 2a,al).
The first term in the right-hand side represents the terms that do not contain
neutrino Yukawa couplings, i.e. the terms of the MSSM RG equations. The
terms in the second line contain neutrino Yukawa couplings and they are addi-
tions to the MSSM renormalization group equations due to seesaw-I mechanism
we have employed to generate neutrino masses. If we assume that the soft
terms are universal at the input scale like in MSUGRA (equations (42)-(46)),
the charged slepton masses are the same as the sneutrino masses my, = m, = mg
and the trilinear scalar couplings are proportional to the corresponding Yukawa
couplings, ar, = AgYy and a, = ApY, at the input scale which can be taken to
be Mgyy;. Using these assumptions equation (51) becomes much simpler:

dm? dm? 1
L _ L L 2 t
7 < 7 > _O+ 82 (3mo + A7) [V, Y]

In the basis where the charged lepton Yukawa couplings are diagonal, the
first term on the right-hand side is also diagonal. When one runs the energy
scale from the Mg,; to the lightest right-handed neutrino mass my,, the neu-
trino Yukawa couplings generate the off-diagonal terms to scalar squared mass
matrices (the neutrino Yukawa matrices can not be diagonalized simultaneously
with the charged lepton Yukawa matrix). To a leading log approximation the
off-diagonal terms are

1 Mgt L,
() = —grston (1) (i + B vi 20 62
3
The rest of the charged lepton flavour violating soft parameters, namely the
off-diagonal entries in trilinear coupling a. and the right-handed charged slepton
mass squared m%, are given in the leading log approximation as:

2

3 Mgy, .,
(@~ - qorglon () AL OOV, i and (69

(m%)y; ~ 0, i#j (54)

The MSSM extended with the seesaw mechanism can not generate lepton flavour
violation in (m%)ij due to the fact that its RG equation does not contain the

neutrino Yukawa term Y,[Y,,.

When we study different CLFV processes, different off-diagonal soft terms
are relevant. When we are working in a mass insertion approximation [57],
[58], only the corresponding matrix elements matter. For example if we study
pu — ev, only the elements (m?)2; and (a;)2; matter. One can use the mass
insertion approximation to identify the dominant contributions.

Now that we know how the charged lepton flavour violation is introduced
in MSSM extended via seesaw-I mechanism (we abbreviate this now on as
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MSSMv), we can stydy more closely the processes [; — l;v, I; — [;lxl; and
the l;-1; conversion.
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6 CLFYV reactions in SUSY

In this section we will go through charged lepton flavour violating processes
li = Uy, i = 11l and l;-1; conversion in the context of MSSM extended with
the seesaw-I mechanism (MSSMwv). In the following three subsections we will
first deal with the general properties of a given process and then we will review
different results obtained for these processes in the literature. Before we jump

into the processes themselves, let us discuss some of the common properties
they have in the MSSMv.

6.1 General properties

In the MSSM extended with the seesaw-I mechanism, the lepton flavour vio-
lating processes l; — l;y, {; = [;lxl; and [;-1; conversions all are, at the lowest
order, mediated by two kinds of diagrams: penguins and boxes. The penguin
diagrams include photon-, Z-boson and Higgs-penguins (in MSSM there are
three physical neutral Higgs bosons: two CP-even Hy and hg, and one CP-odd
Ap). In MSSM there is huge number of free parameters coming from the soft
SUSY-breaking terms. It is not practically possible to do numerical analysis for
one hundred or so parameters. Therefore the parameters must be constrained
somehow. Here we will use couple of different constraints (MSUGRA /CMSSM,
NUHM), when we do comparisons between them. There are also other ways of
constraining the soft parameters, like phenomenological minimal supersymmet-
ric standard model (pMSSM), but we do not consider the further.

Moreover in MSSMv there is only one source of charged lepton flavour vi-
olation (neutrino Yukawa coupling). Because of the unique source of flavour
violation, it is espected that the LFV observables exhibit some correlation [97].

6.2 p — e conversion in SUSY

We start with the electron-muon conversion in the vicinity of a nucleus. The
muon orbiting the nucleus will interact with the quarks in the nucleus. In pre-
vious section we have studied the charged lepton conversion in effective theory
context, using effective operators. We don’t have to do that now, since we
are working in a specific BSM model (MSSMv) where all the interactions are
known. In MSSMv the p—e conversion in the nuclei can happen by the following
schematic diagrams at the one loop order:

l; . lj l; L

gl A

q q q q

Figure 46: SUSY photon-penguin Figure 47: SUSY Z-penguin
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q q q q

Figure 48: Higgs-penguin Figure 49: Box-diagram

The explicit diagrams contributing to the conversion are given in the Appendix
H. The analytical calculation of this process is done in [53].

It is common in the literature to assume that the photon-penguin contribu-
tion is dominant and the Z-boson and Higgs-penguins and the boxes are sub-
dominant. In MSSM with universal SUSY-breaking soft terms this is definitely
so ([53], [62]). With different soft parameters the photon-contribution might be
rivaled by some of the other contributions. Let us look this more closely. Let us
first look into the most popular scenario: MSSM with universal soft parameters.

6.2.1 Constrained MSSM

Let us first study how much different kinds of diagrams, penguins and boxes
contribute to the conversion rate of y—e. Extensive analysis on muon-electron
conversion in MSSMv was performed in [53]. They calculated first the conver-
sion rate analytically, taking into account all the contributions from photon-,
Higgs- and Z-penguins and the box diagrams to one-loop order. Using the
complete analytical result they plotted the muon-electron conversion rate in
titanium nuclei for each contribution (v, Z, H and box) separately using the
following assumptions: the heavy neutrinos are hierarchical with the masses
my, = (1019,10*!,10'4)GeV and that the light neutrino mixing angle 613 = 5°,
and that the other mixing angles (for heavy and light neutrinos) are zero. Using
these assumptions the conversion ratio CR(u — e,T%) was plotted in two dif-
ferent ways: first as a fuction of tan 8 with the universal soft parameters were
chosen to be My = M, /5 = 250 GeV and Ag = 0. The results are plotted in the
Figure 50.

It was found that the photon penguin utterly dominates the conversion pro-
cess: it is at least two orders of magnitude larger than the second largest contri-
bution. The Z- boson and box diagram contributions are observed to be almost
constants for whole tan 8 range considered. The Higgs-penguin contribution ex-
periences rapid growth as tan 8 grows, almost seven orders of magnitude. This
strong dependence is in agreement with the approximation of Higgs contribu-

tion: . 6
11 ¢
CR(ju — e, Ti) ~ O(10~12) < 5Gev> < anﬂ) (55)
mgo 50

which holds for large tan 8 [53]. At low tan 3 the Higgs contribution is the
smallest, but it becomes the second largest in the large tan 3, but it is still far
behind the photon-contribution.
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Figure 50: The contributions to CR(u — e, T): total, y-penguins (diamonds),
Z-penguins (asterisks), H-penguins (crosses) and box diagrams (times) as a
function of tan 8 [53]

Conversion ratio was also plotted as a function of My = M, 5 (Figure 51,
assuming that Ag = 0 and that tan 8 = 30.
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Figure 51: The contributions to CR(u — e, T%): total, y-penguins (diamonds),
Z-penguins (asterisks), H-penguins (crosses) and box diagrams (times) as a
function of SUSY mass scale [53]

The result is that the all the contributions decrease as the SUSY mass scale
grows as is expected, the photon-penguin contribution being most dominant:
three orders of magnitude larger than the Z-contribution, which is the second
largest. One could say that the dependence on tan 3 is the more interesting
one, since it affects the relative order between the magnitudes of the different
contributions. So as a conclusion one could state that in the CMSSM case the
photon-penguin is the only contribution one has to take into account when one
considers conversion u—e. Because universal soft terms is so simple assumption,
the photon domination is also very popular assumption. Let us next look into
different case: assume that the SUSY-breaking soft terms are not completely
universal.
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6.2.2 NUHM MSSM

In CMSSM the photon-penguin clearly dominates the conversion process. This
is challenged when one allows some of the soft scalar masses to differ from the
rest. There is one scalar mediating the conversion process: the Higgs boson
(actually there are two of them, heavy and light; the CP-odd Higgs doesn’t
contribute to the coherent conversion). If the Higgs mass were to be small
compared to the rest of the SUSY masses, the Higgs-penguin would be enhanced
with respect to the other contributions, due to smaller suppression coming from
the Higgs propagator. The case where all the soft terms are universal, except
the Higgs masses, which differ from the rest of the scalar masses, is called
the Non-Universal Higgs Mass scenario (NUHM). So in the NUHM scenario
there is seven parameters: Mo, M /o, Ao, tan 3, sign(p), My, and Mpy,. The
My, and My, are the massparameters of the neutral CP-even Higgses. The
departure from universality in NUHM scenario is parametrized in terms of the
non-vanishing parameters §; and Jo:

Mg = Mg(1+61), Mg, = Mg(1+6s).

In [53] the different contributions to CR(u — e,T%) were studied with non-
universal Higgs masses. Large tan 8 (= 50) and small Higgs masses were chosen
to show the interesting behaviour of the NUHM case. The muon-electron con-
version ratio in titanium was plotted as a function of My = M/, (masses of the
SUSY particles other than Higgses) for photon, Z- and Higgs penguins and box
diagrams separately assuming that 6,3 = 5°, 8; =0, §; = —1.8 and J, = 0.
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Figure 52: The contributions to the CR(u — e): total, y-penguins (diamonds),
Z-penguins (asterisks), H-penguins (crosses) and box diagrams (times) as a
function of SUSY mass scale [53]

Very interesting results were obtained. With small SUSY masses the photon-
contribution dominated as in the CMSSM case. All the contributions decrease
at first but for large SUSY masses the Higgs contribution starts to increase and
Higgs-contribution eventually becomes larger than the photon contribution by
an order of magnitude. So in NUHM scenario it is possible for the Higgs to rival
the photon contribution and even dominate the whole conversion process!
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Similar results were obtained in [62], where the muon-electron conversion was
also studied in NUHM scenario. They obtained an approximation for photon-
and Higgs-contributions in pu — e conversion in aluminum for large tan 3:

1 g 2
CR(uAl 5 eAl), ~ 0(1013)< OOOGGV> < anﬂ) 7 (56)
ms 60
9 4 " 6
CR(AL = eAl) o ~0(1013)( OOGGV> ( an 5 ) , (57)
mgo 60

where m o is the heavy Higgs mass and mg = Mo = M, s, is the universal scalar
mass. From these we notice the different behaviour of the Higgs- and photon-
mediated processes. For tan 5 2 60 and myo < Mg the Higgs-mediation starts
to dominate the process. But if tan < 60 and mpyo > Mg the photon-
mediation clearly dominates the process.

So according to papers [53] and [62], the photon mediation utterly dominates
the u-e conversion when one assumes universal soft scalar masses in MSSM ex-
tended with seesaw-I mechanism and the other contributions could be neglected.

The Higgs mediation can become important however if one relaxes the uni-
versality of scalar masses, and allows the Higgs bosons to have different masses.
The Higgs mediation can then dominate in the limit of really large tan 8 and
small heavy Higgs mass. We will next study the three-body lepton decay
l; = 1;1;1;. It has many similar properties with the charged lepton conversion.

6.3 [ —=U'l"l" in SUSY

The process l; — I;1;l; can proceed at one loop order through box- and penguin-
diagrams. For simplicity let us consider process I; — [;1;1;. It can proceed at
one-loop level through the diagrams presented in the Appendix I.

In the literature the photon contribution is usually assumed to be dominant.
Let us find out why.

6.3.1 Numerical result for the [; — [;1;{;

In paper [56] the charged lepton flavour violating processes {; — 1;1;1; are studied
in MSSM extended with seesaw-1 mechanism. The soft parameters are assumed
to be universal in the MSUGRA scheme. In [56] analytical calculations for
l; = l;l;1; are conducted, and the results are later utilized in the numerical
analysis. The full set of one-loop contributions are considered: photon-, Z- and
Higgs-penguins and the box-diagrams. The numerical analysis was done in two
kinds of cases: a) the quasi-degenarate light neutrinos and degenerate heavy
neutrinos, b) hierarchical light and heavy neutrinos. Let us now review the two
cases a) and b).

a): Degenerate case. The following processes were studied: 77 — p~pu~p™

77 — e"e e, u= — e"e”et. The branching ratio of the process 7= —
w~pu~ pt was plotted as the function of tan 3, with the following assumptions:
my = 10 GeV, My = 400GeV, M, /5 = 300GeV, Ag = 0 and sign(u) > 0. The
result is plotted in the Figure 53.

As is evident from the Figure 53, the photon-penguin utterly dominates the
process BR(7~ — pu~p~p'): the photon contribution hardly differs from the
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Figure 53: The BR(T — 3u) as the function of tan 5 in the case of degenerate
heavy neutrinos [56].

total decay rate. The photon contribution goes approximately as (tan 3)2. The
Z-penguin contribution is the second largest with the small tan 3, but still over
an order of magnitude smaller than the photon-contribution. Also te Z-penguin
and the box contributions are observed not to depend significantly on the tan g.
They change approximately only an order of magnitude. The contribution of
the Higgs-penguins has the most dramatic behaviour however: it becomes the
second largest at the large tan 3 due to the approximate tan® 3-dependence.
Both the lepton conversion of the previous section and the three-body decay
proceed through similar diagrams: penguins and boxes. Due to the similar
diagram structure the different contributions, boxes, photon-, Z- and Higgs-
penguins have similar behaviour. The Z-penguins and the box diagrams of the
lepton conversion and the three-body decay both depend little about the tan 5.
Also the photon- and the Higgs-contributions of the lepton conversion and the
three-body decay have the similar behaviour: the photon contributions behave
as (tan )% and the Higgs-contributions behave as (tan 3)% (equations (56) and
(57)).

Even though the Higgs-contribution has significant enhancement at the large
tan f3, it is still four orders of magnitude smaller than the the photon-contribution
at the largest tan 8(= 50) studied. As a summary one could deduce that the
leading photon-penguin approximation works extremely well for large tan 5. We
have now established that the photon contribution dominates the process what-
ever the tan 8 is. So next in the case of hierarchical heavy neutrinos we set
tan 8 = 50.

b): Hierarchical case. The same processes as in the case a) are studied
here, but now the heavy neutrinos are strictly hierarchical and their masses
are chosen to be (my,, mn,, my,) = (108,2 x 108,10'*)GeV. They are picked
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so because this choise generates a proper rate for baryogenesis via leptogenesis
in the hierarchical case [63]. The branching ratios were studied as fuctions of
neutrino mixing angles |6/, |02| and |03]. First the BR(t~ — pu~p~ p*) and
BR(T — py) were studied as a fuction of mixing angle |02| (figure 54). The other
mixing angles are kept zero and Arg(62) = w/4. The MSUGRA parameters are
chosen to be the same as in the degenerate case: tan g = 50, My = 400GeV,
M, /5 = 300GeV, Ay = 0 and sign(u) > 0.
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Figure 54: The contributions to BR(7 — 3u) as the function of |f| in the case
of hierarchical heavy neutrinos [56].

It is again noticed that the photon-contribution completely dominates the
process BR(7~ — p~p~ ). The Higgs-contribution is the second largest (be-
cause of the choice tan 8 = 50). The relative size of the box- and Z-contributions
change with respect to the degenerate case: the Z-contribution is now the small-
est contribution. The branching ratio in question stays under the experimental
upper limit for all |#]. The branching ratios were also plotted for different
phases Arg(f2) for processes BR(l; — I;71;71). The branching ratios behave
smoothly for complex 65, but experience a dip for real 6. The branching ratios
BR(l; — 1717 1}) stay within the experimental limits.

Then the BR(l; — I;71;71}) are studied as a function of |6;]. Now we get
more severe limits from the experiments. The branching ratios are plotted for
different phases of 6; as a function of |61]. One notices that the BR(u — 3e) is
mostly much larger than the experimental upper limit, except for a small region.
The BR(T — 3e) and the BR(7 — 3u) stay within the upper bounds.

Finally the branching ratios BR(l; — I;7171}) are studied as a function
of |65]. It was noticed that the branching ratios stay almost constant with
the angle 03. So for tan 3 = 50, My = 400GeV, M;,; = 300GeV, Ag = 0 and
sign(p) > 0 the branching ratios are approximately: BR(T — 3u) = 2.6x10710,
BR(T — 3¢) =8.8 x 1071° and BR(u — 3e) = 1.8 x 10714,
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6.4 [ —!vin SUSY

Let us now concentrate on the process I; — l;7. This process differs from the
decay l; — l;lxl; and conversion p — e in that it does not contain penguins and
boxes whereas previous ones have. It will be related to the two other processes
we are considering as we shall see. Let us now discuss about general properties
of l; = l;v in MSSMuv.

6.4.1 General properties
The general form of the amplitude of I; — 1,7 is given by [60]:

T = Eal_jmljiaagqﬁ(ALPL + ARPR)li7 (58)

where Ay is the coefficient of the amplitude when the incoming lepton [; is
left-handed and the Apg is the coefficient of the amplitude when the incoming
lepton is right-handed!?. The branching ratio is then given by

1272

BR(l; — ljv) = oz (1AL1? +AR[?) . (59)
F

The process [; — [; violates chiral symmetries [y, — €'l py, i.e. the initial
and final leptons have different chiralities. We have assumed that the soft terms
are universal, so only the Yukawa couplings can be the source of this chirality
violation. The Ay must be proportional to the mass of the right-handed lepton,
ljr, involved and the Ar must be proportional to the mass of the /;z. The mass
of the initial lepton is always much larger than the final lepton, mfj << m}, so
the right-handed amplitude dominates, |Az|? << |Ag|?.

To the one loop order the process I; — ;7 is given by the two diagram types
presented in the Figures 55 and 56. In those Figures the external photon vertex
is not specified. The external photon vertex can be inserted to any propagator
of a charged particle, that is to external leptons [;; intermediate slepton [,
x = 1,...,6 or to the intermediate chargino x5, B = 1,2, in a similar way as
in our R¢ loop-calculation example in the Appendix A. The lepton-sneutrino-
chargino vertex and the lepton-slepton-neutralono vertex are responsible for the
charged lepton flavour violation.

X

l
L S l
Figure 55: Chargino-sneutrino loop Figure 56: Neutralino-slepton loop

In order to get insight of the physics involved, one can use mass insertion
approximation ([57], [58]) to find the dominant contribution to this process. In
mass insertion approximation the folloving diagram describes our process:

I2The expressions for A and Ag can be found in [90].
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Figure 57: Mass-insertion diagram, contributing to
l; = 1. The L; is slepton doublet in the basis where
the gauge interactions and the charged lepton Yukawa

couplings are flavour diagonal.

In the mass insertion approximation one treats the mass terms as interaction
terms. In this case we are interested in the charged lepton flavour violation, so
the only mass terms contributing are the off-diagonal slepton masses. Using the
mass insertion approximation one gets the folloving branching ratio [60]:

1272 a3 |m2,
BR(l; = 1iv) ~ ——|Ap|? ~ — —=2 tan® 3. 60
( J’Y) G% ‘ R‘ G% m% an” 8 ( )

The branching ratio is highly dependent of the corresponding off-diagonal slep-
ton mass term m?2; ;- The soft SUSY-breaking terms are assumed to be universal,
so that the slepton mass matrices are diagonal at the input scale. The RG run-
ning, however, generates the off-diagonal terms to the slepton mass matrices as
one evolves the parameters from the input scale down to the electroweak scale.
Using the equation (52) for the off-diagonal terms one gets:
BR(l; — ;) o _1(3 + A3)1 M, 2y(YTY) |2t 2B, (61)
; i)~ == | == (3m og —- il tan® 3,
7 ]’7 G%m% 871'2 0 0 g M vXuv)ijg
where the MSUGRA soft parameters are assumed. The branching ration is en-
hanced by tan 3: for large values of tan 8 the branching ratio can be significant.
Let us next review some results in the literature.

6.4.2 Results from numeral calculations in the literature

Let us now review numerical results the literature contains. The properties of
l; = ljy are calculated in [56]. The l; — [;~y is not numerically that interesting
since it has no rivaling contributions as opposed to three-body lepton decay and
conversion where there are contributions from photon-, Z- and Higgs penguins
and boxes. More interesting is the connection of I; — [;v and the two other
process types. Let us nonetheless review some numerical properties of I; — ;7.
The process is studied in MSSM assuming MSUGRA soft parameters. The
branching ratios for 7 — uy, 7 — ey and u — ey are plotted as functions
of different SUSY parameters: tan3, My and M;/;. It was found that the
branching ratios for all of the processes grow as the function of tan 3, which
is to be expected by the approximation (61). All of the branching ratios were
observed to decrease as the parameters mq and M, /o were raised, which again
is in line with the approximation (61).
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More interesting observations are made when the branching ratios of [; — [y
and I; — 3l; are compared to each other. Under the assumption that the photon-
contribution dominates the process [; — 3[;, one can get the following relation
between the BR(l; — l;v) and BR(l; — 3l;) [56]:

. ) m2
LR = 8L) _ o <lo b 11) . (62)

From this one gets the following approximate values: ﬁ, 9%1 and ﬁ for (I;1;) =

(tp), (te) and (pe). Therefore one expects the [; — Iy to have higher ratios
than the corresponding I; — 3[; in MSSMu.

6.5 Comparison to R-parity violating models

We have now discussed about the charged lepton flavour violating processes
l; = v, l; = l;lgl; and p-e conversion in the nuclei, in the context of MSSM
extended to have massive neutrinos via seesaw-I mechanism. We have noticed
that photon mediation nearly always utterly dominates each of these processes.
In other supersymmetric models this might not be the case. We will now briefly
study another supersymmetric model, trilinear R-parity violating model, in the
context of CLFV and compare the results to the previous.

In trilinear R-parity violating model the MSSM superpotential is extended

by the folloving lepton flavour violating trilinear terms'3:

WR = )\ZJkLZLJEg + *)\;JkLzQ]Dli (63)

The R-parity violating models only add new interactions to the MSSM. This
is crucial for our discussion.

It is common in literature to assume that the photon mediation dominates
the CLFV processes, and that the other contributions can be safely ignored,
except for the large tan 8 regime where the Higgs-contribution could become
important, as noted in the previous papers we reviewed. In MSSM extended
only with right-handed neutrinos via seesaw-I mechanism this is so. When
trilinear R-parity violation is introduced, things change: Z-boson contribution
acquires significant enhancement, so big that it can even surpass the photon-
contribution. Let us discuss why this happens.

In MSSM extended via seesaw-I mechanism the processes I; — [;l;l; and
l;-1; conversions can proceed though Z-boson exchange (Appendix I), but these
are overshadowed by the photon exchange diagrams. But this is only because
of MSSM interactions and particle content (it is okay to add right-handed neu-
trinos). If either one of them is extended, the Z-boson exchange might prevail.

In MSSM(v) the amplitudes of photon- and Z-boson penguins for I; — 3i;

130ne could also include R-parity violating term 1/2)\;;k0iﬁj Dy, but since we are studying
lepton flavour violation, this term is neglegted.
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are given in the equations (64) and (65).

Ty penguin = Wi(p1)[®7u (AL PL + Af PR) + imy, 04,6 (AS P + AS Pr)]u;(p)
Xzzﬂi(pz)’Y“Ui(P3) — (p1 ¢ p2), (64)

T70 _penguin = njgzﬁi(pl)[Wu(FLPL — FrPr)|u;(p)
X ;i (p2) [V” (ZS)PL + Zl({l)PR)} vi(p3) — (p1 <> p2). (65)

By dimensional analysis one can understand why the Z-boson exchange could
dominate. The total decay width I'(l; — 3l;) is proportional to m} [64]. One can
therefore deduce that the form factors A and F' must have dimensions of inverse
mass squared. Both photon and the Z-boson contributions have the same mass
dimension, so the question is what are the mass scales of the A and F'? The mass
scale of the F is of course determined by the Z-boson mass so F' ~ mgz. Because
the photon is massless the only mass scale in the form factors A is the mass
scale of the supersymmetry, mgysy. So A ~ mgysy. Since mz < mgygy the
Z-contribution could very well dominate the photon-contribution. In MSSM the
photon exchange dominates the processes in numerical calculations. How can
this be? The reason is that there is cancellation among Z-exchange diagrams in
MSSM, and that results in the suppression of the Z-boson penguins [65]. There
are two things that can spoil the cancellation among the Z-penguins: extended
particle content or new couplings. The latter of these happens in trilinear R-
parity violating model where new lepton flavour violating interactions (63) are
added to those of the MSSM. The new interactions lead to new loop diagrams
that don’t experience the cancellation as the MSSM ones. A new diagram
containing R-parity violating vertices is for example:

Uy

Figure 58: R-parity violating diagram

The lepton conversion near nucleus can proceed through the same kind of a
diagram, one only has to change two external leptons to quarks. The processes
l; = l;v do not get any enhancement from the Z-boson penguins at one-loop
level.

Let us now review the numerical results obtained in [64] for trilinear R-
parity violating model. As noted before the photon- and Z-contributions should
behave differently as the SUSY mass scale is changed. The photon-contributions
should be diminished with respect to Z-contribution as the SUSY mass scale is
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raised. At one-loop order the I; — 3l; decay and the [;-l; conversion acquire
boost from the Z-contribution. The decay I; — [;v does not however. Therefore
as the SUSY scale is raised the rates of [; — 3[; and [;-I; conversion should be
increased relative to I; — ;.

This was indeed noticed. The branching ratios of I; — l;v and I; — 3l; were
plotted as a function of A33; A2ge which is a combination of R-parity violating
couplings, with different benchmark points. For a smaller SUSY scale the ratio
of l; — ljv was larger. But at larger SUSY mass scale the [; — 3[; slightly
surpassed the I; — [;. This is remarkable as in the MSSM BR(l; — 1;v) >
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7 Charged lepton flavour violation at LHC

The LHC (Large Hadron Collider) can search charged lepton flavour violation
through many different decay modes. In our discussion we divide the searched
decay modes into two categories: modes including only SM particles in the final
states and modes that include supersymmetric particles in the final states.

7.1 CLFV with only SM particles

The LHC can search for charged lepton flavour violating tau lepton decays,
lepton flavour and baryon number violating B- meson decays and charged lepton
flavour violating Z-boson decays. Tau is the only charged lepton whose CLFV
decay can be detected in LHC. The LHC will produce W- and Z-bosons and
B-mesons. Their decays will produce tau-leptons which would yield muons as
final state particles. The tau decays with electrons in the final state are also
possible of course (e.g. 7 — 3e), but they are experimentally almost impossible
to detect:

The LHC produces a large number of B- and D-mesons and W- and Z-bosons
in its proton-proton collisions [67]. The taus in the LHC are predominantly
produced in the decay of these particles. The tau mass is close to the masses on
B- and D-mesons. Therefore the decays of taus from heavy mesons are difficult
to trigger due to small transverse momenta of resulting muons.

Tau is so heavy it can decay into hadrons. At LHCb the decays 7= — putu~
and 77 — pu~p~ are searched [70]. Also the charged lepton flavour violating
B-meson decays, BT — 7~ uTpt and BT — K~ utput are searched at the LHC
[71].

The search for CLFV at the LHC is just beginning, but there are already
first results obtained from the LHC run at /s = 7TeV. The LHCb has reported
(2012) of the upper limits obtained for the processes 7~ — utp~p=, 77 —
pptu~ and 77 — pu~p”, using data obtained during 2011 at /s = 7 TeV by
LHCD [70]:

BR(t™ = ptp~p) < 7.8(6.3)x 1078
BR(t~ — putp™) < 4.5(3.4)x 1077
BR(t™ = ppu~p~) < 6.0(4.6) x 1077,
at 97% (90%) confidence level. LHCb has also reported (2012) of limits for

B-meson decays BT — K~ u"ut and BT — 7~ uTut, that were obtained from
the data collected during 2010 at the LHCb [71]:

BR(BY - K ptp™) < 54x107%
BR(B* » n putpt) < 5.8x1078,

at 95% confidence level.
The ATLAS and CMS should be able to search for 7 — uvy and 7 — puu,
and LHCb will continue the search for CLFV decays involving hadrons.

7.2 CLFV with supersymmetric particles

The LHC should be able to produce supersymmetric particles when it starts its
operation again in early 2015 with higher centre-of-mass energy /s = 14TeV.
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So LHC can also search for charged lepton flavour violating decays that involve
supersymmetric particles in the initial and final states. The possible way to
produce the CLFV process with SUSY particles in the LHC is through the
following decay chain [69]:

PP = Galb> 9Gas 99 (66)
0.9 — X%(9), (67)
X9 = g, (68)
lo — Vs, (69)

where a and b run over all squark mass eigenstates and a and (§ are lep-
ton/slepton mass(flavour) eigenstates. So first squarks (¢,) and gluinos (g)
are produced in the proton collision (66). Then the squarks and gluinos decay
into quarks and gluons with second lightest neutralino 3 (67). The searched
charged lepton flavour violation can occur when the X3 decays into a slepton-
lepton pair with possibly different flavours (68) or when the slepton decays into
the lightest neutralino X and a lepton with possibly a different flavour.

Also one can detect flavoured slepton mass splittings, defined as [73]:

In many SUSY models the slepton masses are assumed to be universal at the
input scale, i.e. the sleptons have equal masses. The renormalization group evo-
lution however changes those masses as one runs the energy scale from the input
scale down to the electroweak scale. The slepton masses of different generations
evolve differently due to different Yukawa couplings between generations. When
one assumes that the neutrino masses are generated by the seesaw-1 mechanism
the RG equations of the slepton masses get additional contribution from the
neutrino Yukawa couplings. The LHC can detect the mass splittings and it can
be used to probe whether the seesaw-I is the source of neutrino masses, even if
CLFV is not detected [97].
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8 Conclusions

The charged lepton flavour violating processes have never been observed, de-
spite numerous experimental searches. The present upper bounds (Table 2) for
the CLFV processes are already quite stringent. There are several ongoing and
future experiments trying to improve the sensitivity. For yu — eee decay, the
sensitivity of 10716 is expected [101], which is four orders of magnitude more
sensitive than the present bound. The next phase of MEG experiment is ex-
pected to reach BR(j1 — ey) < 6 x 10714 [91], [102]. Also for the p-e conversion
in the nuclei improvements are expected [103]-[107]. Also the LHC should start
its next run in early 2015, with higher centre-of-mass energy /s = 14TeV.

In this thesis we have studied the CLFV, in effective theories, and as an ex-
plicit example, in the context of MSSM extended with the seesaw-I mechanism.
This model assumes two unconfirmed things: the existence of supersymmetry
and neutrino mass generation via seesaw-I mechanism. The LHC can search for
superpartners, and if it finds charged sleptons, it can deduce from their mass
splittings whether or not the seesaw-I mechanism is the source of the neutrino
masses. But maybe in this case the more important thing would be the confir-
mation of supersymmetry. Also it would be nice if the existence of CLFV itself
could be confirmed in the LHC or in the low energy experiments after over 70
years of search.

The charged lepton flavour violating processes are extremely important due
to the restrictions they impose on the BSM theories. Many BSM models like su-
persymmetric models, contain sources of charged lepton flavour violation. The
strict bounds for the CLFV processes give severe restrictions on the parameters
of the new physics models. The thing is that charged lepton flavour violation
becomes more important if it is not found. The more stringent the bounds on
CLFV rates become, the more the parameters of new physics models are con-
strained. The restrictions the CLFV gives, helps to find the true BSM model.
So actually when one studies the charged lepton flavour violation, one actually
studies the theories beyond the Standard Model. Charged lepton flavour viola-
tion is just a point of view which one has taken. The true explanation of the
charged lepton flavour violation (or its absence) is the true theory beyond the
Standard Model.
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A An example of R¢-gauge calculation
I now give an explicit example of a calculation in R¢-gauge. I follow the proce-

dure of Chengé&Li [1]. I will calculate the ” scalar diagram” , involving Goldstone
bosons, which contributes to the process pn — ey in R¢-gauge.

’V

1% . e

Figure 59: I; — l;7y

We shall assume that the neutrinos are not massless so that process y — ey
is mediated by neutrino oscillations

Va:ZUaiVi a=e,pu,T1;t=1,23,
A

where v, denote weak eigenstates and v; denote mass eigenstates. The lowest
order diagrams contributing to the process u — ey in R¢-gauge are:

Figure 64: (e1) Figure 65: (e2)
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Figure 66: (e3) Figure 67: (e4)

The Feynman amplitude of the general process yu — e7y, presented in the
figure (59), can be written in a form

M(p — ) = te(p—q) [ig" o (A + Bys) + 7 (C + Dvs) + qu(E + Fys)] uu(p)e?,

where A, B,C, D, E and F are some constants or ”form factors”. The object
inside the square brackets is the electromagnetic current J/ . This most general
form can be simplified however. First we can use the gauge invariance of the
quantum electrodynamics:

BNJ(‘r)gm = 07

or rather it’s momentum space counterpart:

4uJ(q)5, = 0.

By using that we deduce that C = D = 0.
We also notice that because

qu'u =0,

for a on-shell photon, the ” ' — F”-term in the amplitude vanishes. So we are
only left with magnetic transition term:

M(p— e7) = Te(p — @)[ig" oan (A + Bys)]uu(p)e™. (70)

We also make the approximation m. = 0. This means that the outgoing
electron must be left-handed. This is only possible if A = B. Then the Feynman
amplitude for the process is [1]

M(p — ey) = Atie(p — ¢)(1 +75)(2p - € — myy - €)Uu(p), (71)

where we have used Gordon decomposition. We know that the final amplitude
must have the form of a magnetic transition (70) so we only have to concentrate
on p -~ term when calculating the invariant amplitude A. The v - & term is
canceled by the diagrams (e1), (e2), (e3) and (eq).

We want to find out the contribution to the invariant amplitude A coming
from the ” scalar diagram” (d). We use the following momentum assignment.

67



k k+q
p+k
p p—q

Figure 68: Momentum assignments
in diagram (d)

We proceed as follows. First we write down the corresponding Feynman
amplitude using generalized Feynman rules in R¢-gauge which allow neutrino
mixing. Then we extract terms that are proportional to p - v only and discard
terms proportional to € - «. Finally we just compare the result with (71) and
recognize the coefficient in front as invariant amplitude A.

By using Feynman rules we can write the Feynman amplitude for mass
eigenstate ¢ as:

rd) =i | éf (5.0 -0 (575 ) vabm(i+20) — a1 o)

i () il =)~ ma(t 4 22)uo)

1 )
—EM? (k+ q)? — eM?
To simplify this we set m. = 0, commute p’s to u,(p) and use Dirac equation
for a spinor:

ie(2k - £) (72)

(p —m)ulp) =0
In order to get the contribution from all of the intermediate mass eigenstates
we sum them over:

2 k1 1
ZT (8M2> 21t k2 — EM? (k;+q)2—§M2e(2k'5)

<3 Uit - 2R ). (73)

By using the approximation:

U U, UU,m?2
€1 ~ 4
DDy AP D peun )
we get that:
ZT c /d4k 1 1 1
214 k2 — EM? (k4 q)? — EM2 (p + k)2
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X (2k - €)te(p — q) (1 + v5)Fup(p), (75)

E , ,“m

Next we must calculate the integral over k. We do this by employing Feyn-
man parametrization:

where c is:

1 1 1—2z1 1
(p+ k)2(k% — EM?)((k + q)2 — EM?) = 2!/0 dzl/o dz?’ﬁ’ (76)

where denominator D is:

D= (p+k)z+ (K —EM*)(1 =210 — z3) + ((k+ q)* — EM?)z3

= (k+z1p+239)° — (z1ip + 239)* + 21p> — EMP(1 — z1) =12 — . (77)

We take [ = k + z1 + 23¢ as the new integration variable in (75) and it becomes:

1—2z1
ZTi( 410/ dzl/ dzste(p — q)(1 4+ 75) x I x u,(p), (78)

where [ is:

_ df (] = (21 + z3)mu) (e, l” — 212 - p)
=/ ( '

o) (12 — a2)3
B df (Ve z1(z1 + z3)mpue - p
- [ (2 ) )

We are interested only in terms proportional to € - p so we discard the first
integral in the second line of (79) since it is proportional to e~y '*. The remaining
integral in (79) is well known'®. Then (78) becomes:

Zﬂ(d)

cm, (e - 1= zl (z1+ 2
u(ep) Te(p — q)(1 +75) / dzl/ 12 3)%(19)-

€ - p only 82 M2

In order to calculate the remaining integral over Feynman parameters, we
need to approximate a®. We have defined a? in (77). Since M = My > m,, we
can make the approximation:

1 1 1
a2 EM2(1—z1) 4 (z1ip+ 239)% — z21p>  EM2(1—z,)’
By using this approximation the integral over Feynman parameters becomes
trivial and we get:

Mgymmetry allows one to replace [2]: IH]Y — %ngV‘”
. 2
15(3]: fd4l(l2 57 = -z
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2 Td) = g5, (e p)Te(p — )1+ 7)o P

When we compare this to (71), we finally get the invariant amplitude A:
L () 2
3672 \ M1/ 6¢

B Supersymmetry

Supersymmetry is a space-time symmetry which relates bosons and fermions
to each other. The particles of supersymmetric theory reside in irreducible
representations of supersymmetry algebra, called supermultiplets. A supermul-
tiplet contains both boson and fermion states which are said to be superpartners
of each other. A supersymmetry transformation transforms fermions to their
bosonic superpartners and vice versa. Standard Model particles and their sup-
posed superpartners (they have never been observed) fit in two kinds of super-
multiplets: chiral supermultiplets and vector supermultiplets. Chiral supermul-
tiplets contain the SM spin-1/2 fermions, quarks and leptons, and their spin-0
superpartners. Also Higgs boson resides in chiral supermultiplet along with it’s
spin-1/2 superpartner. Vector supermultiplet contains the gauge bosons and
their spin-1/2 superpartners.

In supersymmetry it is convenient to use so called Weyl spinors instead of
the usual Dirac spinors. The Weyl representation of gamma matrices are

0 ot -1 0
“w _ —
Y ( gt 0 ) ) V5 ( 0 1 ) ) M 0717273

ot = (I, 0)
ot =(Iy,—0o) =0,.

where

In this representation Dirac spinor ¥ can be written in terms of it’s left- and
right-handed parts as follows:

‘IJDZ‘I’L-F\I’R:(ga)-F(?(d)-

The two component objects 1, (o = 1,2) and x* (& = 1,2) are called left-
and right-handed Weyl spinors respectively. We have two sets of spinor indices:
dotted and undotted. They represent the fact that first two components (un-
dotted) transform inder a different representation of the Lorentz group than the
last three components (dotted). The four-component Dirac representation of the
Lorentz group is not irreducible, but the two component chiral representation
is. One can define:

da =) X =Y
Weyl spinors anticommute:

{v,x} = {, x} = {v, x}-

Simple supersymmetry algebra is:
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[Qa, P!] = [Qa, P*] =0

{Qa: @3} = 20", P,

{QaaQﬁ} = {QOHQB} =0.
Operator @, is Weyl spinor generator. This algebra holds for so called N =1
supersymmetry, where the theory contains only one supersymmetry, i.e. there
is only one supersymmetry generator Q.. In general one could add more su-
persymmetries in the theory in which case there would be more supersymmetry
generators: Qaq, A =1,2,..., N. This theory would contain N different super-
symmetries. Even though one could add arbitrarily many supersymmetries in
the theory, it is not usually wise if one wants to avoid complications. If the
N exceeds 8, the theory must contain particles whose spin is greater than two,
which is unpleasant.

B.1 Weyl spinor notation
B.1.1 Chiral supermultiplets

Chiral supermultiplets contain all scalar fields of the theory and their spin-
1/2 fermionic superpartners (also the vector supermultiplet contains spin-1/2
fermions which are superpartners of the vector bosons). The degrees of free-
dom of the bosons and the fermions must always match in the supermultiplets,
whether they are on-shell or off-shell. In chiral supermultiplet one has to add a
non-propagating auxiliary field F' in order the bosonic and fermionic degrees of
freedom to match.

The free non-interacting part of the Lagrangian for the chiral supermultiplet
is:

Lchiral,free = _8H¢*i u¢i + 7;¢Tia”uau¢i + F*iFiv

where the index ¢ is summed over and it represents the different chiral super-
multiplets of the theory.

There are also interactions between the particles of the chiral superfields
(and these don’t include gauge interactions). The interactions of the supermul-
tiplets are derived from the function called the superpotential W, which is a
holomorphic function of the scalar fields ¢;:

) 1. 1.
=L"¢; + §M”¢i¢j + éy”k@d)j(bm

where the L is a parameter with dimension [mass]?, M¥ is a symmetric mass
matrix for the fermion fields and y** is a Yukawa coupling of scalar ¢, and the
fermions 1); and ;. The interaction Lagrangian for chiral superfields is:

1 W 1 0?°W* 6W 8W*
£chiral,int '(/)z'@[]j 2 3(25*8(;5* 1/}11/]]

20¢:0¢; .

d) 3¢* ’

The complete Lagrangian for chiral supermultiplets is Lcpiral = Lchiral free +
Lchiralint- The auxiliary field F' is non-propagating field that was introduced
just to get right match of degrees of freedom. Since auxiliary field doesn’t have
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derivative term in the Lagrangian it’s classical equation of motion is just an
algebraic equation:

ow* ow
‘ elon ‘ 0¢;

The Lagrangian for the chiral supermultiplets therefore is:

£chira1 = _8H¢*i u¢i + Zw“&”apﬂ/)z‘
1 0*°W 1 0°W* - . OW OW*
“20006,"" " 20005, " 0 0 )
Supersymmetry transformation is
0chi = &Yi, g™’ = &y o
0c(Yi)a = —i(0"€)a0udi + &aly, Oc(P')a = i(§0")a0ud™ + Ea ™
0eFy = —i&a*0u1;, 0 F* =0y ptate,

where £ is an infinitesimal anticommuting Weyl spinor that characterizes the
supersymmetry transformation and ¢ is a complex scalar field, ¢ is a left-handed
Weyl spinor field and F' is a non-propagating complex auxiliary field that ensures
that supersymmetry algebra closes off-shell.

B.1.2 Vector supermultiplets

Vector supermultiplets contain all the gauge bosons of the theory and their
spin-1/2 superpartners called the gauginos. As in the case of chiral supermulti-
plets, also here the degrees of freedom between fermions and bosons must match
both on- and off-shell. One has to add one real pseudoscalar auxiliary field D*
to vector supermultiplet, in order the degrees of freedom to match [11]. The
Lagrangian for the vector or gauge multiplet is:

1 . 1
Lonnge = =3 Pl P +iX6" VX + 5 DD, (81)

where
FY, = 0,A% — 0,A% + gf** AL A
is the Yang-Mills field strength. The A®’s are the two-component Weyl spinors

describing the gauginos, and the a runs over the adjoint representation of the

gauge group in question'S.

The covariant derivative of the gaugino field is:
VA" = 90" 4 g f*e AL,

The Lagrangian (81) is invariant in the following gauge transformation:

16For gluons and gluinos the gauge group is SU(3)¢ and a = 1,2,...8. For SU(2);, gauge
bosons and their superpartners a = 1,2,3. For U(1)y a = 1.
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Af = AL+ 9,A 4 g AL AC (82)
AT = AT g fUAPAC (83)

It is also invariant under supersymmetry transformation (up to a total deriva-
tive) which we don’t state here.

B.1.3 Supersymmetric gauge interactions

We have now reviewed the properties of the chiral and vector multiplets sepa-
rately. It is now time to put these together. The fermions in the chiral super-
multiplet are the SM fermions: quarks and leptons. The quarks know all the
interactions and the leptons know the electroweak interactions. The scalar su-
perpartners of the SM fermions have the same quantum numbers as the original
particles, with the exception of spin, which differs by 1/2. The scalar super-
partners therefore have the same gauge couplings as their SM counterparts and
know exactly the same interactions. The gauge interactions of the particles in
the chiral supermultiplets must be incorporated to the theory somehow. It can
be done by changing the normal derivatives in the chiral Lagrangian (80) into
the following covariant derivatives:

Vudi = 0u¢i —igAy(T"d); (84)
Vugi = 0ud; +igAp(e"T?); (85)
Vi = O —igAy(TY);. (86)

There are also other interactions however. The gauge fields Aj, couple to scalars
¢; and fermions 1;, but so do gaugino fields \* and auxiliary fields D®. So we get
the most general supersymmetric Lagrangian when we combine the gauge field
Lagrangian (81) , the chiral Lagrangian (80) in which the derivatives are replaced
with the covariant derivatives (84), (85), (86), and the possible renormalizable
interaction terms involving scalars, their fermionic partners, gauginos and the
auxiliary fields D%:

L = »Cgauge + »Cchiral
—V29(¢* T )N — V2gA* (PT¢) + g(¢*T*¢) D*. (87)

The auxiliary field D® can be expressed algebraically in terms of the scalar fields
of the theory as D* = —g(¢*T¢).

Finally we discuss about the scalar potential of the general supersymmetric
Lagrangian (87). The scalar potential in the Lagrangian of the chiral multiplet is
determined by the auxiliary fields F and F* as F*'F?. Also the scalar potential
coming from the ”extra” interaction terms in (87) and (81) is determined by the
auxiliary field D* as %D‘ZD“. So the complete scalar potential of supersymmetry
is:

1 1
V6.0) = R g S0 = [ g S TR (o
The first term is called the ”F”-term and the second term is called the ”D”-term.
These terms are important when one studies the spontaneous supersymmetry
breaking.
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B.1.4 Supersymmetry-breaking

Theory can have spontaneously broken symmetry only if scalar potential of
the theory has a non-zero VEV. The potential (88) is the most general scalar
potential of the supersymmetric theory so if the supersymmetry were to break
spontaneously, one of the auxiliary fields must get a non-zero VEV. Model in
which the SUSY-breaking happens by the D-term VEV is called Fayet-Iliopoulos
supersymmetry breaking model. Model in which the SUSY-breaking is due to
F-term VEV is called the O’Raifeartaigh supersymmetry breaking model. At
tree-level the following relation holds for supertrace STr(m?):

STr(m?) =Y (=1)%(2j + 1)Tr(m3) = 0. (89)
(]

The supertrace sums over all the particles in the theory. This relation restricts
the mass spectrum of the theory. If one applies the F- and D-term breakings
to MSSM one notices that the relation (89) requires implausible masses of the
superpartners [49]. The supersymmetry therefore can not be spontaneously
broken by F- and D-terms of the MSSM fields. The way around this is to
assume new field that interact very weakly with the MSSM particles. This new
sector is called the hidden sector. In hidden sector models the supersymmetry
is spontaneously broken by the scalar fields of the hidden sector. The breaking
is then communicated to the wisible sector (MSSM or its extension) by the
messenger fields. There are many supersymmetry-breaking models involving a
separate SUSY-breaking sector. They have different ways of communicating the
SUSY-breaking to the visible sector. The most popular models are the gravity-
and gauge-mediated models. These are discussed in the section 5.1.

Whatever the supersymmetry-breaking mechanism is, the result of the break-
ing can be parametrized in the so called soft supersymmetry-breaking terms. The
soft SUSY-breaking terms have couplings whose mass dimensions are positive.
This maintains the hierarchy between the electroweak scale and the Planck scale
[48]. The soft terms for general supersymmetric theory are:

1 1 1 , -
Loott = — <2Ma>\2)\2 + éa”k@(ﬁjéﬁk + ib”fﬁiéf’j + tl¢i) +cc — (mQ);"ZSJ ®;.
(90)

The parameters are gaugino masses M,, scalar squared masses (m?)’ and b, tri-
linear scalar couplings a*/* and CZ k, and the ”tadpole” coupling ¢*. Softly broken
supersymmetric theory that has this kind of soft terms, has no quadratic diver-
gences in correction to the scalar squared masses to all orders of perturbation
theory, as was shown in [51]. This is why they are called "soft” supersymmetry
breaking terms.

When the supersymmetry is spontaneously broken potentially all the scalars
and gauginos acquire masses (the mass parameters can in principle be zero).
These mass parameters can be quite large, which is in a agreement with the
experiments: superpartners have never been observed (at time of writing, early
2015). LHC starts its experimets again in early 2015 with higher 13 TeV collision
energy and it should be more than capable of producing superpartners.

In general these soft terms involve sources of lepton flavour violation. The
scalar masses and trilinear couplings can in principle contain non-diagonal terms
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and they are of the same order of magnitude as the diagonal ones if there is no
principle to tell otherwise. This is a serious problem since from the experiments
we know that the lepton flavour violating processes are extremely suppressed.
Large off-diagonal soft terms could give too large transition rates for CLF'V pro-
cesses. To explain the phenomenologically wanted small off-diagonal terms, one
can use some explicit supersymmetry breaking model which generates the small
off-diagonal soft terms. These kind of models are minimal supergravity mod-
els and gauge mediated SUSY-breaking models for example (but to be honest
the gravity-mediation does not really produce small off-diagonal terms without
radical assumptions).

B.2 Superfield notation

Supersymmetry can also be formulated using more sophisticated superfield-
notation. In superspace we have linear representation of supersymmetry algebra
[48]:

{ Qo = iga= — ok 040,

& ;0 _ Zpda
Q% = iz9- — 549%0,9),.

An ordinary field is a function of the space-time coordinate z* only, but a
superfield S(z,,0) is also a function of anticommuting Grassmann variables
0, and f4. A general superfield can therefore be expanded in a power series in
Grassmann variables:

S(x,0,0) = f(x) + 0p(x) + Ox + 00m(x) + 00n(x)
050V, (x) + 9OA(z) + 000 (x) + 0909d(x),

where f, m,n,d are scalar fields, V), is a vector field and ¢, 9, X, X are Weyl spinor
fields. This superfield contains more degrees of freedom than chiral and vector
supermultiplets. This is therefore a reducible representation of supersymmetry.
In order to construct chiral and vector superfields we have to impose constraints
on the general superfield.
We define chiral covariant derivative as:
D, = 8% — z’a“dé‘iau

D% = % — G0,
This is used to define left- and right-handed chiral superfields ® and ®T:
Ds® =0
D,®" =0

A general left-handed chiral superfield can be written as:

(x+,0,0) = ¢ + V204 + 00F + 05100, ¢ — %999’5#8@ + 100000,,0" ¢,

where ¢ and F are complex scalar fields and 1 is a left-handed Weyl spinor
field. Product of any left-handed chiral superfields is also a left-handed chiral
superfield. The coefficient of 060 is referred as the F-term and the coefficient of
0600 is referred as the D-term. These are important when studying spontaneous
breaking of supersymmetry.
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A vector superfield V is a superfield that satisfies the condition:
V=V
which implies
f=r. ¢é=& m=n, V,=V;, A=¢, d=d.
A general vector superfield therefore is:

V(2,0,0) = f(z) + ¢(2)0 + ¢(x)0 + m(x)00 + m* (z)06
050V, () + M(x)000 + \(z)000 + d(2)0060.

B.3 Charginos and neutralinos

After the electroweak SU(2);, x U(1)y symmetry breaks spontaneously, the
gauge eigenstates no longer are the mass eigenstates. This imposes mixing
among the particles with same quantum numbers. This happens in SM with
U(1)y gauge boson B and the SU(2);, gauge bosons W', W?2 and W3. The B
and W3 mix together and the mass eigenstates are the neutral photon and the
Z° boson. Also the W' and W2 mix and the resulting mass eigenstates are the
charged W-bosons, W~ and W+.

The superpartners of B, W', W2 and W3, namely the Bino B Winos 17[/'17 171/2

~3
and W, experience the similar mixing. However in case of gauge boson super-

partners the mixing involves more particles. The certain spin-1/2 superpartners
of Higgs bosons ¢po, ¢h37 Yy, + and wh; share quantum numbers with certain

gauginos. The neutral gauginos E and I}; mix with the neutral Higgsinos ¢p0
and whg to form four mass eigenstates called neutralinos, Qﬁ, A=1,2,3,4. The
negatively charged Higgsino wh; mixes with the super partner of W™, I/?/' -, to
form negatively charged charginos, X ;, A = 1,2. The positively charged Hig-

gsino in turn mixes with the I/?/ T to form positively charged charginos, I;IV/ j,
A=1,2.

At low energies the calculations are conducted using the mass eigenstates,
the neutralinos and charginos. In supersymmetric theories with exactly con-
served R-parity quantum number, like MSSM, there can be no mixing between
the Standard Model particles and the Higgs bosons (R-parity +1), and their
superpartners (R-parity-1), because the mixing particles must have the exactly
the same quantum numbers.

The fermion-sfermion-gaugino vertices are possibly responsible for flavour
violations. After the electroweak symmetry breaking the gauginos however
mix with the Higgsinos and the possibly flavour violating fermion-sfermion-
gaugino vertices become fermion-sfermion-neutralino and fermion-sfermion-
chargino vertices. The Lagrangian for fermion-sfermion-neutralino interaction
is [54]:

Eneutralino = fZ(NzIZ()]z)PR + NZ'IA(;()PL)%AfX + h.c. (91)
The f; is the fermion in mass eigenstate with the generation index ¢ = 1,2, 3 and
fx is the sfermion in the mass eigenstate. The X = 1,2, 3 for sneutrinos 7 (these
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are partners of the light neurinos; the heavy neutrino states are effectively de-
coupled at the electroweak scale and don’t therefore affect to fermion-sfermion-
neutralino vertices). The X = 1,...,6 for other fermions. The neutralino index
A runs from 1 to 4. The coeflicients Nﬁ()@ and Nﬁ‘(ﬁ) depend on the mixing
among the neutralinos and among the sfermions. Their explicit form (in the con-
text of right-handed neutrinos) is given in the reference [54]. The Lagrangian
for the fermion-sfermion-chargino interaction can be written as [54]:

Lehargino = i (Cﬁ&PR + C,LA(é(PL)f,Zﬂx + ﬂi(OzA(XPR + C PL)XZZX (92)

+d;(CP P+ CHY P )Y ux + s (CR P+ CHY PO dx + hee.,  (93)

where the neutralino index a runs from 1 to 2. The explicit form of the co-
efficients (in the context of right-handed neutrinos) is given in the reference
[54].
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C Seesaw mechanism

As we have said many times in the main text, the Standard Model treats the
neutrinos as massless Dirac particles that is they have distinct antiparticles.
Experimentally the neutrinos are known to have masses and the Dirac nature of
neutrinos is not proven. These should be clear in the extension of the Standard
Model. We will now concentrate on the seesaw-I mechanism, which is one of
the most popular methods of introducing the neutrino masses in to the simple
extensions of the Standard Model. The seesaw-I can also be generalized to the
supersymmetric theories to generate the neutrino masses in them (as discussed
in the section 5.2.2). Before we can review the seesaw-I, we need to state some
notation.

There are two types of mass terms that can be written for a fermion that
are renormalizable and gauge invariant: Dirac and Majorana mass terms. Dirac
mass term can be written as:

Lp =—mppp = —mp (Y + r) (YL + ¥r) = —mp(Yrr + VrYL).

To define Majorana mass terms we have to define charge conjugation:
Y = CyPv* = (—in "y 0y = iy*y*
c — T . (94)
o=y C
The charge conjugation matrix C has the following properties:
cT=ct=-c=c

There are left- and right-handed Majorana mass terms defined as:

£y = —% [(fﬂL)ch + wL(wL)C}

LY = *% [WR)%/JR + I/J_R(wR)C]

It is possible that Dirac and Majorana mass terms exist simultaneously.
This combined mass term can be written using identity:'7

P$Y5 = oty

Using this we can write Dirac mass term as

Lo = 3 (e + rbr + WL (Wn)° + (DR (L)),

The combined mass term can now be written as a product of matrices:

_ m — m —
Lo = Lo+ LY + LY = —mpipyr — i — 5 drdh + he.

Tproof: using (94): Pps = —(¢1)Tv%9% = —(P2v1)T. The spinor components anticom-
mute [3]: {¢(x),¥(y)} =iS(z —y) (when z = y). Now the minus cancels when the left- and
right-handed spinors are switched and the transpose is canceled when the spinors are switched
again.
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Majorana mass terms are only possible for neutral fermions, whereas Dirac
mass terms are allowed to all. In the SM there are only three neutral fermions:
the neutrinos. In the Standard Model the neutrinos are assumed to be massless
and Dirac particles (i.e. have distinct antiparticles). It is however experimen-
tally known that neutrinos have tiny masses. The upper limit of electron neu-
trino is experimentally known to be < 1eV. The explanation of such a small
mass is a huge problem. If one tries to suggest that the neutrinos gain their
masses in ordinary Higgs mechanism like the other fermions, one stumbles to
the so called hierarchy problem, as explained bellow. When the electroweak
symmetry breaks spontaneously the Yukawa interaction terms become fermion
mass terms as in equation (17):

m, = —f; 1 =u,d,e. (95)

Now if neutrinos were given their masses in similar fashion the electron neutrino
mass would be

v
m’/e = = lve
Vo'
where the neutrino Yukawa matrix is assumed diagonal. If one assumes v =
246GeV and that m,, < 1leV, one gets for the electron neutrino Yukawa cou-
pling:

fo. $10712 « fo.

This seems unnatural. The neutrino Yukawa coupling would have to be fine-
tuned to a precise value by multiple orders of magnitude. The Yukawa coupling
should be ~ 1 to be natural. To explain the tiny value of neutrino mass, the
Seesaw mechanism was created [7].

In seesaw mechanism one introduces a right-handed neutrino through com-
bined mass term:

Lseesaw = LD + ‘CQ/I + ‘C%I =

—%( (ve)® 7 ) ( WSD i ) ( ) )+h.c.

- —%WMN the

The right-handed neutrino has right-handed Majorana mass term, and is a
gauge singlet, i.e. it does not know gauge interactions. It is also called sterile
neutrino, since it does not interact with the Standard Model particles. The left-
handed neutrino is not given a left-handed Majorana mass, because it would
lead to inconsistencies and one would be required to add new particles to the
theory just to get rid of them.

The masses of the physical neutrinos are the eigenvalues of the mass matrix

M:
det( —Amp )0
mp mR—)\



1 4m?
:>)\:2mR<1i 1+ m;’)

In seesaw-I mechanism it is assumed that the Majorana mass of the right-
handed neutrino, mpg, is much larger than the neutrino Dirac mass, mp, which
is common to both left- and right-handed neutrino: mp < mpg. In this case

one can approximate the eigenvalues'®:

m2

A1 &~ Mg, and Ay R ——=,
mpr
One notices that as the Majorana mass is raised the other eigenvalue grows,
whereas the other grows smaller. Hence the name Seesaw mechanism.

It is usually assumed that the Majorana mass mpg is close to the Grand
Unification energy scale Agyr ~ 10'6. Then if one assumes that the Dirac
mass of the neutrino is at the order of electroweak scale v, the mass of the
left-handed neutrino would be:

2

~ 0.01eV.

m,,L = —>\2 ~
GUT
This removes the necessity of the fine-tuning of the neutrino Yukawa coupling,
it is now allowed to be ~ 1 since the Dirac mass is around the electroweak scale
.

Even though the seesaw mechanism ensures the naturalness of the neutrino
Yukawa coupling, it does not solve the hierarchy problem. The Dirac mass of the
neutrino is of the order of the electroweak scale, v = 174 GeV, and the Majorana
mass mp is the order of 10'6GeV. There is an enormous gap between the EW
scale and the mp scale leads to the hierarchy problem: tree level Higgs boson
has the mass of the order of v, but the radiative corrections drive it to extremely
high values, since the physical cut-off must be at least the scale of the Majorana
mass mpg. Luckily the supersymmetry will solve this hierarchy problem by
introducing superpartners, which will cancel the quadratic corrections to the
Higgs mass.

The Standard Model can be extended to include effective operators with
mass dimensions greater than four, as we have discussed in section 3. In that
section we only considered dimension six operators, discarding the only existing
dimension five operator, the Weinberg-operator:

QWeinberg = eabecdd)ad)c(l?)TCl?a

since it only contributed to the neutrino masses. But now it is all about neutrino
masses. The Weinberg operator is an effective operator which is a left over of
some higher theory diagram whose heavy new physics fields have been integrated
out. There is only three possible models that produce the Weinberg operator
as the heavy fields are integrated out at the tree-level [98]. Those models are
called seesaw-I, IT and III. In the seesaw-I the SM is extended to have three
heavy scalar fields, right-handed neutrinos, to generate small neutrino masses.
In seesaw-1I the SM is extended to have a heavy scalar triplet (¢++, ¢+, ¢0) [99],
[100] and in the seesaw-III the SM is extended with a heavy fermion triplet
(X+, %9, %7) [100].

BT+or1+%
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D Renormalization group evolution

As we know from standard quantum field theory, masses and coupling constants
acquire corrections from the higher orders of perturbation theory. Therefore the
masses and the couplings change as the energy varies. One must always use the
correct values for the masses and the couplings, i.e. one must use the values at
the energy the physics under consideration happens. One can encapsulate the
energy dependence of parameters in renormalization group equations.

D.1 Renormalization group equations in MSSM extended
with massive neutrinos

The MSSM renormalization group equations are as follows [49]. These will in-
clude the right-handed neutrinos, so these equations actually describe extended
MSSM. Renormalization group equations for the gauge couplings to two-loop
order are:

%: gg b + g¢31 iB(Q)QQ_ 1 Z Cg ’]"(YTY)
dt — 16m2% " (1672)2 ab 7b 162 1672 S

b=1 r=u,d,e,v

where t = In(Q/Qo) (Q is the renormalization scale in the M.S scheme and Qg
is the high energy input scale), b, = (‘35—37 1,-3), and

199 27 88

@ % 5 05
By = 5 25 24 |,
= 9 14
and
26 14 18 6
4 4 0 O

The Yukawa matrix Y, for neutrinos is of course zero in the MSSM.
The renormalization group equations for the gaugino masses to two-loop
order in DR scheme!? are:

dMa 292 g 2) 2
= Y p, M, + P § B® g2 (M, + M,
it~ T6m? (T6r2)2 2 B 9 (Mo + M)

12795 S° o (TrYa.) - Mo Tr[Y]Y))

r=u,d,e,v

9Tn SM the most popular regularization method is dimensional regularization (DREG).
One can not use DREG in supersymmetry however, since when the space-time dimensions are
continued from 4 to 4 — 2¢, the SUSY will be violated because the numbers of gauge boson
decrees of freedom and the gaugino degrees of freedom do not match off-shell anymore. The
reqularization by dimensional reduction (DRED) preserves the supersymmetry. In DRED
the momentum integrals are performed in d — 2¢ dimensions, but the gauge boson field Aj,
Lorentz, p, index is still 4-dimensional, not 4 — 2¢. The modified minimal subtraction in
DREG is called MS and in DRED it is called DR.
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where the a, = AgY, is the trilinear scalar coupling.
The Yukawa coupling RG equations to one-loop order are:

where

% - #[Nq Y4 Ya- Nut (Ni,) - Yal (96)
O Ny Yat Yae Nyt (Ni,) Y (97)
Do LN Y4V Nt (Va) Y (98)
Do LN Yo Yo Net (N ) (99)
L= VY- Gadt g+ e (100)
o= W G et (101)
Ny = 2V]Yy— (293 + %g%)l (102)
Neo= YNV Cat gt (103)
N. = 2v]Y. - ggfl (104)
N, = 2Y]Y, (105)
Nu, = 3Tr(YiY) + Tr(¥[Y,) ~ (G +500) (106)
Nuy = STr([Ya) + Tr(YIY) = (Gab + 300 (107)

The one-loop RG equation for u-parameter is
W= N+ Nl (108)

The RG equations for soft trilinear couplings a, are:

day
dt

daq
dt
da,

dt
da.

dt

where

Ny ay+ay - N+ (N, )au + 2P - Yy 4+ 2Yy - Py + 2(Pp,, )Y
Ng-aq+aq-Na+ (Nuy)aa + 2P - Ya +2Yq - Pa+ 2(Pu,)Yd]
Ni-ay+ay - N, + (Nu,)a, + 2P, - Y, +2Y, - P, 4+ 2(Py, )Y, ]

N;-ae+ae-Ne+ (Np,)ae + 2P, - Y, +2Y, - P. + 2(Pp,)Ye],
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P, = (§g§M3+gg§M2+31091M1)1+auY +agY) (109)
P, = (§g§M3+§ngl)1+2Yjau (110)
P, = (3 g2 M3 + 2glMl)1+2Y*ad (111)
b = (592M2+1091M1)1+aey +a,Y) (112)
P, = gng11+2Y;ae (113)
P, = 2Y]a, (114)
Py, = (gg§M2+13OglMl)+3Tr(Y a,) +Tr(Ya,) (115)
Py, = (593M>+ 13091M1)+3Tr(yfad)+:rr(y o). (116)

The b term RG equation is:

db 1
7% = Tgn2 Ve + Nu)b+2(Pr, + Pr, ). (117)

The renormalization group equations for soft scalar squared-masses are:

dm? 1 8 3
Q 2 2 2 2 2

— = —|=2(=9g5|M3|*+ =g5|M —g7 | M1|* — — 11
It S 2[ (393| 3| 292| 2" + 91‘ 1 915) (118)

1 1
+(§YUYJm2Q + 5nguYJ + YumUYJ + (mHu)YuYJ + ayal)

1 1
+(§YdeTmé + ngQYdYJ +Yamp Y, + (miy, ) YaV] + aqal)

dm, 1 8 8
—[=2(=g2|M3|* + — ¢?| M, |? 26)1 119
7 87T2[ (393\ 3 +1591| 1"+ 91 )1 (119)

1 1
+2(§Yqum%, + §m?]YJYu + Y mg Y, + (my )Y, Y, + alay)

dm?, 1 8 2
—'D Loz + 22— g2 S)1 120
7 SWQ[ (393\ 3] +1591| 1 £9 )1 (120)

1 1
+2(§YdeTm% + 5m%YdTYd + Y mB Yy + (m3y,)Y]Ya + alag)
dm% 1

3
Do = LA+ SGIME + s (121)
1

1
HGYYImE + omiY Y]+ YemY ] + (mfy, ) VoY + acal)

1 1
+(§Yijm% + 5miyyyj +Y,mAY,) + (m} )Y +ava))
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dm? 1 6 3
E o= 2@ - Seis) (122)

dt 872
1 1
+2(§1;T1@m2,;3 + §m2EYeTYe + Y miY. + (m3, )YV, + alac)]

dm2 11 1
N~ Y mE + omd YY, + YVimiY, + (m2 Y)Y, +ala)]
dt 8722 2 “
(123)
dm%{ 1 3 3 3
u = _— [—9(=Z 2 M. 2 2 2 M. 2 22 124
i 87r2[ (292| 2|” + 1091| 1] 10915) (124)

+3(Tr(YumgY,) + Tr(YumY,)) + (m3y )Tr(YuY,) + Tr(ayal))
+H(Tr(Y,miY,) + Tr(Y,m}{Y,)) + (m3, ) Tr(Y,Y,)) + Tr(asal))]

dm3, 1 3 3 3
o THg _ Sl ) Y 2 M- 2 22 2 22 12
o~ Lo gne« Eanne 2 (125)
+3(Tr(Ydm2QYdT) + Tr(Yym3Y)) + (m?{d)TT(YdeT) + Tr(agal))

H(Tr(YemiY]) + Tr(YomzY]) + (m3 )Tr(Y.Y]) + Tr(acal))]
where

S=m} —qud —i—Tr(m?Q —m? —2m¥ +m? +m%).

D.2 Simple RG equations for MSSM

Let us now look more closely to the physical significance of the renormalization
group equations. In order to do this, we well make some simplifications. The RG
equations of the previous section can be greatly simplified when one takes into
account only one-loop corrections and assumes that only the Yukawa couplings
of the third family quarks and leptons are important:

0 0 O 0 0 O 00 O
Yu~| 0 0 0 |, Ya=| 0 0 0 |, Ye=| 0 0 O
0 0 wy 0 0 w 0 0 yr

(126)
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D.2.1 RG equations for supersymmetry respecting parameters

The supersymmetry respecting MSSM Lagrangian contains SM Yukawa cou-
plings; SM gauge couplings, g1, g2, g3 and the Higgs mass parameter p as
parameters. The one-loop RG equations for Standard Model gauge couplings
g1, g2 and g3 are?® [48]:

i1 s _ [ (41/10,-19/6,—-7) SM
Z0a = @baga7 (b1,b2,b3) = { (33/5,1,-3) MSSM

Both in SM and MSSM the U(1) coupling g; has positive S-function so the
coupling g1 grows as the energy scale grows. Also in both SM and MSSM the
SU(3) gauge coupling g3 has negative S-function so the coupling g3 becomes
smaller as the energy scale grows. The SU(2) gauge coupling behaves differently
in SM and MSSM. In SM it has negative S-function so it shrinks as the energy
scale grows but in MSSM gy has positive S-function so it grows as the energy
grows.
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Figure 69: Renormalization group evolution of the inverse gauge couplings
a;1(Q) in the SM (dashed lines) and in the MSSM (solid lines). [48]

a

The MSSM coefficients are larger because the MSSM contains more particles
and therefore there are more possible loops. The MSSM particle content is such
that the three different couplings can unify at a scale My ~ 2 x 10'6 GeV. Since
the couplings seem to unify nicely at high energy one might be motivated to
believe that there are no new physics between TeV scale and My-scale and that
the MSSM will be valid up to My . This gap with no new physics between TeV
scale and gauge coupling unification scale is called the desert. When one uses

20The gauge couplings g1 and g2 are related to the conventional electroweak couplings g
and g’ with e = gsinfy = g’ cosOy as: g2 = g and g1 = 1/5/3g’.
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RG equations in MSSM one evolves the parameters from the input scale down to
electroweak scale assuming that there are no new physics contributions between
the input scale and the electroweak scale. Otherwise the evolution would be
different (for example in supersymmetric seesaw mechanism massive neutrinos
appear between the input scale and the electroweak scale, thus changing the
evolution of parameters).

The one-loop renormalization group equations for the relevant third gener-
ation Yukawa couplings are [48]:

d Yt 16 , o 13 5

L = 6y “up — —g2 —3g2 — 2 127
s 6,2 0% e + Yy — 595 — 392 — 191l (127)
d Yb 16 , 2 7o,

el — 6 * * * ;= — _ 3 _ , 128
7Y T6,2 0% Y + Yiye +yryr — =95 — 392 — -9 (128)
d Yr 2 9,

L, = Ay*ys + 3yl — 392 — 2 g2]. 12
7Y T2 (Yryr + 3Y5ys — 392 — i (129)

The Higgs mass parameter obeys the following renormalization group equa-
tion:

%u = mf;g By ve + 3ysye + yiyr — 395 — ggf]- (130)
One notices that the 8 functions of all the supersymmetry respecting param-
eters is proportional to the parameter itself. This is because of supersymmetric
non-renormalization theorem [50]. It states that all the quadratic divergences
cancel and that the worst divergence is logarithmic. The parameter u for ex-
ample will get only small corrections in MSSM in contrast to unacceptably
large corrections in SM. The RG equations for the supersymmetry respecting
parameters are not affected by the presence of soft supersymmetry-breaking.

D.2.2 RG equations for supersymmetry-breaking parameters

Let us now deal with the RG evolution of the soft supersymmetry-breaking
parameters: gaugino masses, trilinear scalar couplings and scalar masses. The
one-loop RG equations for gaugino masses are [48]:

d 1

— M, = —=bag>M,, by = 33/5,1,-3),

SMy = bagi Mo, (by = 33/5,1,-3)
where a = 1,2,3. The coefficient b, is the same that appears in the RG equa-
tion for gauge coupling g, in MSSM. The rations of gaugino masses and the

associated gauge couplings squares

M,
g2
turn out to be constants up to a two-loop corrections [48]. The gauge couplings
unify at My = 2 x 106 GeV, so it is frequently assumed that also the gaugino
masses unify at the scale near the gauge coupling unification. So then at any

RG scale

a=1,2,3

My _ My Mz _ e
9 9 9 g’
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up to two-loop corrections.

One usually assumes that the supersymmetry-breaking is universal i.e. that
the soft scalar masses and trilinear couplings obey the following equations at
the input scale:

2 _ 2 2 _ 2 2 _ 2 2 _ 2 2 _ 2
au = Auwoyu, A =AwYd, 2 = AcoYe; (131)

The trilinear terms are initially proportional to the Yukawa couplings and the
RG evolution does not change that [48]. So using (126) and (131) the trilinear
couplings can be written as:

0 0 O 0 0 O 0 0 O
a,~| 0 0 O , ag~| 0 0 O , ac~| 0 0 O ,
0 0 ay 0 0 ap 0 0 a,

at any RG scale. The couplings a;, ap and a,, and the parameter b will obey
the following RG equations [48]:

d . .16 13 .
167T2£(lt = w[18yyyt + Yy — ggi — 3¢5 — 1*59%} + 2apy, Yt
32 2%
'H/t[ggng + 695 M> + EQ%Ml] (132)
d * * * 16 7 *
167° —ap = ap[18y5y, + Y ve + ¥7y- 393 — 395 — ﬁgﬂ + 2a0y; v
. 39 14
+2a:y Y + yb[§g§M3 + 693 M; + Bg?Mﬂ (133)
d * * 9 *
167° —ar = a-[12y7y- + 3y;yp — 395 — 59?] + 6ayy;y-
18
+yr[695 M> + EQ%Ml] (134)
2 d * * * 2 3 2
167" b = b3y v + 3Ypys + Yryr — 395 — 591]
6
+ulbasy; + 6apy; + 2a-ys 4+ 695 Mo + gngl]- (135)

We see that the S-functions of the trilinear couplings and parameter b are
not proportional to the coupling itself. For supersymmetry respecting param-
eters the S-function is always proportional to parameter itself, but since the
trilinear scalar couplings and the parameter b violate the supersymmetry they
are not protected by non-renormalization theorem, and can have sizable quan-
tum corrections. Even if the scalar couplings a;, a; and a, are zero at the input
scale (as is the case in gauge mediated SUSY-breaking), the RG evolution makes
sure that they are not zero at the electroweak scale. The terms proportional to
gaugino masses in equations (132), (133), (134) and (135) do not vanish when
the parameters them selves are zero.

Let us finally consider the RG evolution of the soft scalar masses. We will use
the approximation (126), which means that the first and second generation only
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know the gauge interactions and the third generation knows also the Yukawa
interactions. So the RG evolution of the first two generations differs from that of
the third one. We assume that the supersymmetry-breaking is flavour diagonal
so that (131) holds. So the scalar masses are initially the same among gener-
ations. Initially at the input scale the scalar mass matrices are proportional
to unit matrix, but the RG evolution deviates the masses of first and second
families from the third generation. In MSSM there are no flavour violating ef-
fects between the input scale and the electroweak scale so the RG evolution will
maintain the diagonality of the scalar mass matrices (Yukawa couplings contain
non-diagonal elements but they are negligible. Actually the Yukawa matrices
can be diagonalized simultaneously. In case of majorana masses of neutrinos
that is not the case however.). So the scalar mass matrices for sleptons at any
RG scale can be written approximately in the form

m%l 0 0 mfjl 0 0
m? ~ 0 mz, 0 , m2 ~ 0 m%l 0
0 0 mi, 0 0 m

The scalar mass matrices for quarks are of a same form. The first two
generations of sfermions obey the following RG equations.

d 6
167° mg, =— > 8Ca(i)ga| Mal* + =YiglS,
a=1,2,3

where ¢;’s are the first and second generation squarks and sleptons, C, (i) is the
Casimir invariant?! and

S = Tr[ijij] = m%,u — qud + Tr[sz —mf — 2mZ + m2 + m2].

In most realistic models the S-term is small [48]. The terms proportional to the
gaugino masses M, will then dominate. The S-function will then be negative,
because the terms proportional to the gaugino masses are negative. This means
that the masses of the first two generations of sfermions will grow as the RG-
scale is lowered from the input scale sown to the electroweak scale.

The third family sfermions and the Higgs scalars get contribution from the
gauge interactions, but from the Yukawa couplings as well. The RG equations
for the third family sfermion squared masses are:

21Quadratic Casimir invariants Cq (i) of the group are defined in terms of the corresponding
Lie algebra generators T%: (T%T%)i J = C,(i)5,”. The MSSM Casimirs are: C3(i) = 4/3 for
Q,u,d; C3(i) = 0 for L,e, Hy,Hyg; C2(i) = 3/4 for Q,L,Hy,Hg; C2(i) = 0 for @,d,é and
C1 (i) = 3Y;2/5 for each field with hypercharge Y;.
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d 32
Lom* Zmg, = Xt+Xb—§g§|Ms\2—6g§|M2\2 LI
d 32 32
16772%771%3 = 2X; - §g§|Mg|2 g1|M1|2 — fg 28,
162£2——2X—g2M2 My|? 28,
™o s = b 393| 3] 91| "+ 9
d
167° 2mi, = X, —6g3[Mof” — *9?\M1|2 - 59?&
d 24
16772%”723 = QXT—EgﬂMl\Q‘f‘ 915
where
Xe = 20yl (miy, +md, +may) + |af, (136)
Xy = 2y|*(miy, +md, +mg,) + |as|?, (137)
X, = 2y [A(mEy, +mi, +mey) + ar|*. (138)

The terms (136), (137) and (138) describe the contribution from the Yukawa
couplings and the soft trilinear couplings.

The terms containing the gaugino masses are negative in the beta functions
of the sfermion RGEs, whereas the terms involving the Yukawa couplings are
positive. The negative terms drive the sfermion masses up and the positive
drive them down as one runs the energy scale from the input scale down to
the electroweak scale. The sleptons do not know the strong interaction as the
squarks do. Therefore the squarks have more more negative beta functions
compared to that of sleptons and the squark masses will be larger than the
slepton masses at the electroweak scale. The left-handed first generation squark
will be the heaviest, since it knows all the gauge interactions and has smallest
Yukawa coupling among the squarks. The lightest charged sfermion is probably
a right-handed stau, since it couples only to U(1) and has the largest Yukawa
coupling among the sleptons.

The Higgs scalar squared masses satisfy the following RG equations.

5 d 6

16m°—miy, = 3X; = 6g3|Maf* — SgT| M| + 2 225 (139)
d 6

167r2£m%[d = 3Xb+XT—6g§|le2—gg%IMllz—*915 (140)
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Figure 70: The RGE running in MSSM [48]

The terms X;, X and X, are positive, so they effectively decrease the Higgs
scalar masses as the RG scale is run down from the input scale to the electroweak
scale. The top quark mass is the largest of the SM fermions. This suggests that
the top Yukawa coupling is the largest Yukawa coupling. This means that X; is
much larger than X} and X,. The m%Iu will therefore become much smaller than
the m7  as the RG scale is evolved down from the input scale to the electroweak
scale. It is even possible that m,%u becomes negative near the electroweak scale,
which would help the linear combination of H, and Hy to acquire VEV and
thus explain the electroweak symmetry breaking.

There is a dangerous possibility with the squared masses of the third family
sfermions: what if they run negative as the RG scale is evolved down to the
electroweak scale and acquire VEV’s? (If the scalar fermions would get VEV’s
there would then be vertices where the electric charge would not be conserved,
which would be disturbing.) The positive terms X;, X, and X have the effect of
making the sfermion mass squares smaller at smaller energies. Luckily the terms
proportional to gaugino masses are negative, and they affect to the evolution of
sfermion mass squares so that they don’t become negative at the electroweak
scale.
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E Explicit effective operators

The effective operators represented in Tables 4 and 5 give the effective vertices
for the effective theory of the New Physics. In order to obtain the vertices
we have to expand the effective operators in terms of the fields. We will use
relations (4), (3) and notations

> — o I —
oti D, ¢ =igf (DM— DH> o and ¢'i D, ¢=ipl (TIDH— D, TI) o,

with ¢f Bu ¢ = (D,¢)'¢p, where D,, is the covariant derivative of the Higgs
field as in (12).

We will consider the charged lepton flavour violation after spontaneous sym-
metry breaking so we assume that the Higgs field has acquired it’s vacuum ex-
pectation value. The effective operators written explicitly in terms of the fields
are given in the Tables 7, 8 and 9.

Table 7: Effective dimension-six operators with leptons only

m |
Qu = (Livuly) L™ l)

= (Ziyuvs) Oy vn) + (Biyuvs) (€ory*ert)

+(erivuer;) ey v) + (Erivuer;) (€™ ert)

Qee = (Eivuej) (et er) = (Erivuer;s)(ErkY" eR1)

Qe = (livuly) (@ er) = (Tiyuv;) (€ry'ert) + (ELivuer;) (Erky'ert) |

Table 8: Effective dimension-six operators with photons

UXo

Qew = (Lio"ej)T oW,

= (vio"eg;) (0, W,F — igW,F (cosbw Z, + sinfw A,))

—v (70" eRy) (O,W,F —igW,f (cosbw Z,, + sinfw A,,))

— = (erio"er;)|[0,(cosbw Z, + sinbw A,) — 0, (cosbw Z,, + sinbw A,,)

V2
+gW W, —igW W]

QGB = (l_iauyej)QSB,uu

= = (er,0"er;)|0u(—sinbw Z, + cosbw A,) — 0, (—sinbw Z,, + cosbw A,,)

S
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Table 9: Effective dimension-six operators without photons

| LD |

M) _ (4t 7 Tkl) = 22 L 7 (b, 4 Eravter s
Q¢l = (¢ Dy &)(Iiv*1;) = 2 92050y, W (Uivtv; + erinter;y)

(3) _ T-HI 7.1 _ v? ) —
Qgr = (9" D, o) (lim'A"l;) = —Z92(Wivinter; + W eLivv;)

2
v 1 = >
— 592 soag Zu(ViY'vj — erinter;)

. <_> — 1]2 —
‘ Qoe = (00 D, ¢)(€ivie;) = TQQmZ;L(eRi’YlLeRj) ‘

We notice that [lX ¢-operators are the only ones to contain photon field. In
llpp D-operators the photon field is canceled away, which cannot be seen directly
from the compact form.
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F Effective form factors for [; — [,

Involving Z boson:

fi
+ i )mf<1+sav> Climi(3 - 53,)

3(4m)?

3)fi i
+ C;Q > mi(1+ s%) — C;femf(g —5%)

[ f
4e (C’(g)
FI%LfZ =
[ fi
~ de (Cd(j)
F%Rfl =

Involving W boson:

3(4m)?

3
wihi _10emeél)
L 3(4m)?

3)fi
wli 1OemiC'4()l)
TR 3(47)2

From four-fermion contact interaction:

af fi
TL

af fi
TR

3 2
16e ) fittx m?.
)2 Z leclu uj (A — log qu] )

166

(3) flff
2 lequ

m2.
A —log —
!

From four-lepton contact interaction:

4 Ji_
Frr

F4l fi

_ Clitin,
,ZI

3
ﬂfj
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G Wilson coefficient combinations for [; — [;i;[;

The coefficients Cx in the branching ratio expression (27) are linear combina-
tions of the Wilson coefficients.

G.1 (A)
Cvrn = 2(@sh —1) (CHP 4 Q) + )
Cvrr = 2(25%/1/03:5 —|—Cg:jj)
1 ji ji jigj
Cvir = _§CSRL = 257y (C’;%)J + Céj)J ) + Y
1 i i3
Cvrr = _§CSLR = (257 — 1)CY%, + G}
Csrr = Csrr=Crp=Crr=0

Cy = \/ﬁCff*

Cyr = \/ECij
(A) 16w 1 ) .
X7 = —ﬁRe 2CvrrL +Cvig — QCSLR Cigp+ (2CvRR + CvrL — §CSRL CL
6402 M2 11
AVl (k’g e 4) (ICL” +1Cyr1%)
G2 (B)
Cvir = ((25%,[, -1 (C’é})ji + Cg;’)ji> + Cl]lzkk>
Cvrr = 23%[/03:6 + Cg;‘kk
Cyrr = 2si (Cé%)ji + Cﬁ)ﬁ) i Cljeikk
Cyvrr = (283 — 1)0532 + Cjim
Csin = —200
Cspp = —207"*
Csrr = Csrr=Crp=Crr=0
Cyp = \/50;7*
ij 16v . .
Cyr = \/§C’Y - ﬁRe[(CVLL + CVLR)C'yR + (Cvrr + CVRL)O,YL]
3202 M2
i (lon 5 =3) (0ol + 0ol
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G.3

(C)

0k
205K

1 o
—5CsrL = cit

1 o
—5C0srL = (o

Csrr=Cr =Crr=0
Cor=0
0
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H Diagrams contributing to e-y conversion in
MSSM

Here are the diagrams contributing to the e-u conversion in MSSM. The l~X
(X = 1,..,6) represents the charged sleptons, 7, (x = 1,2,3) the sneutrinos,
X1 (A = 1,2) the charginos, X (4 = 1,..,4) the neutralinos and H, (p =
RO, HO, A%) the Higgses.

H.1 Photon-penguins contributing to e-u conversion

v << 5& ¢ e 1% - -?m- -- €
ooy T N
v Y
q q q q
Figure 71: Photon 1 Figure 72: Photon 2
X Xa
p—— )—>—>—e € p—— ,’—’—’—e ¢
i v P Y
q q q q
Figure 73: Photon 3 Figure 74: Photon 4
X Xa
gl e Y 179@
q q q q
Figure 75: Photon 5 Figure 76: Photon 6
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H.2 Z-penguins contributing to e-; conversion

X4 Xa

Figure 79: 7Z 3 Figure 80: Z 4

X Xa

Figure 81: Z 5 Figure 82: Z 6
X Xa

NN VR W PNVl W
2 z 5

q q q q
Figure 83: Z 7 Figure 84: 7 8
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X4

Figure 87: Z 3

X

Figure 89: Z 5

~0
XA
" /)\
1 \ 7
| .~
He oy

Figure 91: Z 7

H.3 Higgs-penguins contributing to e-u conversion

XA
l/'/ AY /,
l/x\\Y', Vg
Hy
q .
Figure 86: Z 2
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XAV X
VH,
q .
Figure 88: Z 4
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H.4 Box diagrams contributing to

I Ix e
+ ________ +
XA X%
+ ________ +
qi ay qi

1% Vg (&
+ ________ +
Xa X5
+ ________ +
d; Uy d;

Figure 95: Box 3
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I Diagrams contributing to [; — 3/; in MSSM

Here are the diagrams contributing to the process I; — 3l; in MSSM. The TX
(X = 1,..,6) represents the charged sleptons, v, (x = 1,2,3) the sneutrinos,
Xa (A = 1,2) the charginos, Y% (4 = 1,..,4) the neutralinos and H, (p =

RO, HO A%) the Higgses.

I.1 Photon-penguins contributing to [; — 3[;

Figure 97: Photon 1
X
lj
ll /I»I-\/
li —s Ty
v <lj

lj
Figure 99: Photon 3

X l; /lj

li —>—m—>]— lj

\;’/ ’y < i

lx l]‘

Figure 101: Photon 5

Figure 100: Photon 4

)?Z Lj / v
hbSs v < _
Uy I

Figure 102: Photon 6



1.2 Z-penguins contributing to [, — 3;

Figure 105: Z 3 Figure 106: Z 4

Xa

Figure 107: Z 5 Figure 108: Z 6

Figure 109: Z 7 Figure 110: Z 8
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1.3 Higgs-penguins contributing to [; — 3i;

Figure 113: Higgs 3

Xa

Figure 115: Higgs 5

X Lj
L
li . ) .. l]
= H ‘< _
Ix P l

Figure 117: Higgs 7

Figure 116: Higgs 6

le
l; ) J o <1j
A N

Figure 118: Higgs 8



I.4 Box diagrams contributing to [; — 3[;

Li %?4 Lj Iy Xa L
Ixi 'y D | Dy

L X% l L X5 L

Figure 119: Box 1 Figure 120: Box 2

Figure 121: Box 3
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