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Abstract

The Standard Model of particle physics (SM) is a gauge field theory that provides
a very successful description of the electromagnetic, weak and strong interactions
among the elementary particles. It is in very good agreement with the precision
measurements and the list of all the fundamental particles predicted by the model
was completed with the discovery of the last missing piece, the Higgs boson, at the
LHC in 2012. However, it is believed to be valid up to a certain energy scale and
widely considered as a low-scale approximation of a more fundamental theory due to
some theoretical and phenomenological issues appearing in the model. Among many
alternatives, supersymmetry is considered as the most prominent candidate for new
physics beyond the SM.

Supersymmetry relates two different classes of the particles known as fermions and
bosons. The simplest straightforward supersymmetrization of the SM is named as
minimal supersymmetric Standard Model (MSSM) where minimal set of new super-
symmetric particles is introduced as superpartners of the Standard Model particles.
It is the most studied low-scale supersymmetric model since it has very appealing
features such as containing a dark matter candidate and providing a solution to the
naturalness problem of the SM. After the Higgs discovery, the parameter space of
the model has been investigated in great detail and it has been observed that the
measured Higgs mass can be achieved only for the parameter regions which generate
a severe fine-tuning. Such large fine-tuning can be alleviated by extending the mini-
mal field content of the model via a singlet and/or a triplet. In this thesis, we discuss
the triplet extension of the supersymmetric Standard Model where the MSSM field
content is enlarged by introducing a triplet chiral superfield with zero hypercharge.

The first part of the thesis contains an overview of the SM and the second part is
dedicated to the general features of supersymmetry. After discussing aspects of the
MSSM in the third part, we discuss the triplet extended supersymmetric Standard
Model where we investigate the implications of the triplet on the Higgs phenomenol-
ogy. We show that the measured mass of the Higgs boson can be achieved in this
model without requiring heavy third generation squarks and/or large squark mixing
parameters which reduce the amount of the required fine-tuning. Afterwards, we
study the charged Higgs sector where a triplet scalar field with non-zero vacuum ex-
pectation value leads to h±i ZW

∓ coupling at tree level. We discuss how this coupling
alters the charged Higgs decay and production channels at the LHC.
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Chapter 1

Introduction

The aim of understanding the structure of the universe by exploring the properties of
its building blocks and their interactions has been the main focus of particle physics
studies for many decades. Our current knowledge about the structure of universe
is that leptons and quarks are the fundamental constituents of the matter. They
are named as fundamental fermions in general since they are spin 1/2 particles that
obey Fermi-Dirac statistics. The known leptons and quarks are classified in three
generations separately and the first generation is the most stable one and all the
matter around us is made from the first generation. The other generations are much
heavier and they decay rapidly to the lighter generations. Besides the classification
of the elementary particles the fundamental interactions among these particles have
a vital importance in determining the fundamental laws of nature. Apart from the
gravity, electromagnetic, strong and weak forces are identified as fundamental forces
that differ in range, the relative strength and particles that they act on.

In modern physics history, there have been numerous attempts to give a com-
plete description of the nature of the elementary particles and their fundamental
interactions. In particular, the gauge theories successfully describe the dynamics of
the elementary particles where the Lagrangian of the system is invariant under gauge
transformations. The fundamental interactions among the particles are characterized
by exchange of gauge bosons that arise in the Lagrangian to ensure its invariance un-
der the local gauge transformations. The Standard Model of particle physics is a well
known gauge theory which gives a cohesive description for the elementary particles
and their strong and electroweak interactions.

1.1 The Standard Model

The Standard Model (SM) of particle physics provides very successful theoretical
framework for elementary particles incorporating three of four fundamental interac-
tions of the universe. It is constructed as a gauge theory based on the gauge group

SU(3)c × SU(2)L × U(1)Y (1.1)

which encapsulates the strong, weak and electromagnetic interactions leaving aside

1



2 1 Introduction

Fermions Symbol Generations SU(3)c × SU(2)L × U(1)Y

Quarks

Qi
(

u

d

)
L

(
c

s

)
L

(
t

b

)
L

(3, 2, 13 )

(ucR)i ucR, c
c
R, t

c
R (3̄, 1, - 4

3 )
(dcR)i dcR, s

c
R, b

c
R (3̄, 1, 2

3 )

Leptons
Li

(
νe

e

)
L

(
νµ

µ

)
L

(
ντ

τ

)
L

(1, 2, -1)

(ecR)i ecR, µ
c
R, τ

c
R (1, 1, 2)

Gauge Bosons Gauge Group Coupling SU(3)c × SU(2)L × U(1)Y

Bµ U(1)Y gY (1,1,0)
W i
µ (i=1,2,3) SU(2)L g2 (1,3,0)

Gaµ (a=1,..,8) SU(3)c gs (8,1,0)

Scalars Symbol Components SU(3)c × SU(2)L × U(1)Y

Higgs Φ

(
φ+

φ0

)
(1, 2, 1)

Table 1.1: The field content of the Standard Model with corresponding SU(3)c ×
SU(2)L × U(1)Y gauge quantum numbers.

the gravity which turns to be the first shortcoming of the SM. In the SM gauge
symmetry group SU(3)c represents the strong interactions given that c is the color
quantum number and only the colored particles, quarks and force carriers gluons, are
charged under this symmetry group. The SU(2)L× U(1)Y part of the SM gauge group
represents the electroweak interactions where Y stands for the weak hypercharge
and L denotes the left chiral weak interactions. The left-handed fermions that are
charged under SU(2)L form SU(2) doublets whereas the right-handed fermions are
represented as SU(2) singlets with zero weak isospin quantum number. In the original
Glashow-Weinberg-Salam model [4–7] the right-handed neutrinos were absent so that
neutrinos remain massless. This assumption turns to be another handicap of the SM
that is discussed broadly later in this chapter.

In Table 1.1, the field content of the SM is listed with their representations in
the SM gauge group. The fermonic particles of the SM contain quarks and leptons
that come in three generations with the same gauge quantum numbers, differing
only in mass and flavor number. The three fundamental interactions are mediated
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by the force carriers described via spin-1 gauge fields; eight colored gauge fields for
the strong, three gauge fields for weak and one for electromagnetic interactions.

Apart from the gauge bosons and fermions, the complete SM possesses one SU(2)
Higgs doublet which is essential for breaking the electroweak symmetry spontaneously
(EWSB) that generates masses for the weak gauge bosons and fermions. As a con-
sequence of the spontaneous symmetry breaking mechanism, known as the Higgs
mechanism, the existence of one scalar particle known as the Higgs boson is pre-
dicted and it was the last missing piece of the SM particle content until 2012. In
July 2012, the CMS and ATLAS [8, 9] collaborations at CERN announced the dis-
covery of a new scalar particle with a mass around 125 GeV whose experimental
signatures have turned to be very compatible with the SM Higgs boson predictions.

To understand the necessity of the Higgs mechanism the terms involving the
Higgs field can be written separately in the SM Lagrangian density which is then
constructed in three parts:

LSM = Lgauge + Lkinetic + LHiggs (1.2)

Lgauge part of the Lagrangian density contains gauge invariant kinetic terms of the
gauge fields and they can be written in terms of field strength tensor of each gauge
group:

Lgauge = −1

4
FµνF

µν − 1

4
W i
µνW

µνi − 1

4
GaµνG

µνa (1.3)

where the field strength tensors of three gauge groups are defined as

Fµν = ∂µBν − ∂νBµ
W i
µν = ∂µW

i
ν − ∂νW i

µ + g2εijkW
j
µW

k
ν

Gaµν = ∂µG
a
ν − ∂νGaµ + gsfabcG

b
µG

c
ν .

Here antisymmetric εijk tensor and fabc are the structure constants of SU(2)L and
SU(3)c respectively. It is straightforward to see that the self-interactions in non-
abelian gauge fields arise due to the last part of the strength tensors W i

µν and Gaµν .
Any mass terms written for the gauge bosons in Eq.(1.3) violates the gauge invari-
ance so that as long as SU(2)L×U(1)Y gauge symmetry is intact all gauge bosons
are massless.

Second part of the SM Lagrangian density represents the interaction terms be-
tween the fermions and the gauge bosons and it can be written as

Lkinetic =

3∑
i=1

(
Q
i
iγµD′µQ

i + uiRiγ
µD′µu

i
R + d

i

Riγ
µD′µd

i
R

)
+

3∑
i=1

(
L
i
iγµDµLi + eiRiγ

µDµe
i
R

)
(1.4)

with the covariant derivatives of the SM
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Dµ = ∂µ − i
gY
2
Y Bµ − i

g2

2
σ ·Wµ (1.5)

D′µ = ∂µ − i
gY
2
Y Bµ − i

g2

2
σ ·Wµ − i

gs
2
λ ·Gµ (1.6)

where hypercharge Y is the generator of U(1)Y whereas the Pauli matrices σi, see
Eq.(A.2), and the Gell-Mann matrices λa, see Eq.(A.6), are the generators of SU(2)L,
SU(3)c respectively. gY , g2 and gs are the corresponding gauge couplings that deter-
mine the strength of the gauge interactions. The first covariant derivative acts on the
fermions that are only charged under SU(2)L× U(1)Y whereas the second one is for
the fermions that are also charged under SU(3)c. The reason of defining the gauge
covariant derivative instead of the ordinary derivative, ∂µ, is that additional gauge
terms proportional to the generators of the gauge groups are necessary to preserve
the local gauge invariance defined in Eq.(1.1). Even though Lkinetic describes the
interactions among the fermions and the gauge bosons, notice that any mass term
written for fermions that associates the left-handed fermions with the right-handed
ones are forbidden since it breaks the local gauge symmetry explicitly. This means
that considering only the local SU(3)c× SU(2)L× U(1)Y gauge invariance is not
enough to describe the phenomenology of the fundamental particles since it results
in massless gauge bosons and fermions which do not coincide with the experimental
results.

To generate masses for fermions and the gauge bosons of the weak interaction
while keeping the photon massless, the SU(2)L× U(1)Y part of the SM gauge sym-
metry, known as electroweak symmetry, must be broken in some special way that
no explicit mass term that demolishes the renormalizability of the theory is intro-
duced. This method is known as Spontaneous Symmetry Breaking (SSB) and it is
implemented into the theory through the Higgs mechanism. The Higgs mechanism
requires a scalar field with non vanishing vacuum expectation value (VEV) that
breaks the electroweak symmetry spontaneously and the SM fermions and the gauge
bosons of the weak interaction gain masses through their interactions with the Higgs
field.

1.1.1 Spontaneous Symmetry Breaking and Higgs Mechanism

In the SM, the short range of the weak interaction is explained by the existence of
massive intermediate gauge bosons which require gauge symmetry breaking since the
gauge invariance prevents a mass term in gauge sector. In this manner, spontaneous
symmetry breaking (SSB) explains the short range of weak interactions stating that
the electroweak part of the gauge group SU(2)L× U(1)Y is not good symmetry of
nature and it must be broken spontaneously into U(1)em which possesses conserved
quantum number known as electric charge. The spontaneous symmetry breaking of
the SM group can be described schematically as

SU(3)c × SU(2)L × U(1)Y → SU(3)c × U(1)em (1.7)
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where U(1)em appears a subgroup of SU(2)L× U(1)Y . It describes the electromag-
netic interactions having the electric charge as the generator of the group and it can
be written as a linear combination of the generators of SU(2)L× U(1)Y by the famous
Gell-Mann-Nishijama formula [10,11]

Q = T3 +
Y

2
(1.8)

given that T3 is the third component of weak isospin and Y is the hypercharge. The
reason to break the symmetry spontaneously is that in spontaneously broken sym-
metry the Lagrangian (or equivalently Hamiltonian) of the system remains invariant
under the gauge symmetry transformations so that the renormalizability of the model
is preserved whereas the ground state (vacuum) does not possess these symmetries.
In the SM, this spontaneous symmetry breaking pattern is implemented into the
model by means of the Higgs Mechanism.

The Higgs mechanism, also known as Brout-Englert-Higgs mechanism or Higgs-
Kibble mechanism, was formulated independently by Higgs [12,13], Brout and Englert
[14], Guralnik, Hagen and Kibble [15] to generate the mass terms for the gauge bosons
and the SM fermions. The mechanism requires a self-interacting scalar field named
as Higgs field that can be defined as one SU(2) scalar doublet containing two scalar
complex fields as

Φ =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2

φ3 + iφ4

)
(1.9)

and they are only charged under SU(2)L×U(1)Y . The gauge invariant Higgs La-
grangian density appearing in Eq.(1.2) includes the interactions with gauge and
matter sectors apart from the self interaction terms. The form of the Higgs part
of the Lagrangian density is defined as

LHiggs = (DµΦ)†(DµΦ) + LY ukawa − V (Φ). (1.10)

Here the first expression represents the interaction term with gauge bosons where the
covariant derivative is defined in Eq.(1.5). The second term stands for the interaction
between the scalar field and the SM fermions. These two terms are responsible for
the mass generation of gauge bosons and SM fermions which are discussed later in
this section. The scalar potential of the complex scalar fields that describes the self
interactions can be written in a SU(2)L×U(1)Y symmetric and renormalizable form

V (Φ) = µ2Φ†Φ + λh(Φ†Φ)2 (1.11)

where λh and µ2 are the free parameters of the Higgs potential. λh must be taken
greater than zero in order to bound the potential below and for λh > 0, the potential
has two different minima depending on the sign of µ2 (Fig. 1.1). For µ2 > 0,
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Figure 1.1: The SM Higgs potential as a function of the sgn(µ2). For µ2 < 0, the
electroweak symmetry is spontaneously broken.

the potential stays in the symmetric phase and the minimum of the potential is
zero which means that the electroweak symmetry is intact. However µ2 < 0 case
provides more interesting features since the potential has non-trivial minimum at
v/
√

2 =
√
−µ2/2λh for which the electroweak symmetry is spontaneously broken.

The minimum energy state can be written as the VEV of neutral part of the complex
scalar field as

〈0|Φ|0〉 =

(
0

v/
√

2

)
. (1.12)

The reason to have neutral vacuum state is that the conservation of the electric
charge forbids the charged scalar field to acquire non-zero VEV. After the electroweak
symmetry breaking the Higgs field can be rewritten in terms of the VEV and a new
field h(x) that represents the fluctuations around the vacuum

φ(x) =
1√
2

(
0

v + h(x)

)
. (1.13)

While giving mass to the gauge bosons and matter particles the Higgs mechanism
respects the gauge invariance and does not spoil the good high energy behavior of the
model. Moreover, after the symmetry breaking the extra degree of freedom described
by h(x) in the doublet results in an extra scalar particle with a mass m2

h = −2µ2

which is known as the Higgs boson and its mass is one of the free parameters of the
model.

1.1.2 Mass Generation of Gauge Bosons and Fermions

The kinetic term of the Higgs Lagrangian represents the interactions between the
Higgs field and the SU(2)L×U(1)Y gauge bosons. After the electroweak symme-
try breaking the Higgs field acquires a VEV that generates the masses for special
combination of W i

µ and Bµ fields given as
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|Dµφ)|2 =
1

2

∣∣∣∣[−igY2 Bµ − i
g2

2
σ ·Wµ

]( 0
v + h(x)

)∣∣∣∣2
= m2

WW
−
µ W

µ+ +m2
ZZµZ

µ + h terms, (1.14)

where the interaction terms with the physical Higgs boson are summed in the part
named as ‘h terms’ in the formula. The physical massive gauge bosons Z,W± gain
their masses proportional to the Higgs VEV whereas the photon remains massless.
The physical charged gauge boson states can be written in terms of W 1,2

µ where
as the physical Z boson and the photon are the orthogonal and normalized linear
combinations of W 3

µ and Bµ

W±µ =
1√
2

(W 1
µ ∓W 2

µ) ; m2
W =

1

4
g2

2v
2, (1.15)

Zµ = cos θwW
3
µ − sin θwBµ , m2

Z =
1

4
(g2

2 + g2
Y )v2,

Aµ = sin θwW
3
µ + cos θwBµ , mγ = 0 . (1.16)

Here Aµ represents the massless photon and the Weinberg angle that is responsible
for the mixing is defined as

cos θw =
g2√

g2
2 + g2

Y

, sin θw =
gY√
g2

2 + g2
Y

. (1.17)

In the SM the relation between the vacuum expectation value and the Fermi constant
can be obtained as v = (

√
2GF )−1/2 ' 246.2 GeV by using the W boson mass

expression. It is important to emphasize that in the Higgs mechanism, the massless
Nambu-Goldstone bosons [16–19] arising as a consequence of spontaneous symmetry
breaking do not appear explicitly in the physical particle spectrum but instead the
massless states emerge as the longitudinal degrees of freedom of massive vector boson
fields. The number of the massless Nambu-Goldstone bosons is equal to the number
of the generators of the broken symmetry so that three massless Nambu-Goldstone
bosons are ‘absorbed’ or ‘eaten’ by three gauge bosons that acquire masses after the
symmetry breaking. The conservation of the total number of the polarizations in the
Higgs mechanism can be seen alternatively by counting the degrees of freedoms (d.o.f)
before and after the symmetry breaking. Before the electroweak symmetry breaking
(EWSB), the Lagrangian contains four massless gauge bosons of SU(2)L×U(1)Y
having two polarizations per each (in total 2 × 4 = 8 d.o.f) and 4 d.o.f for complex
Higgs field having 12 polarizations in the total. After the EWSB, we have three
massive gauge bosons with 3× 3 = 9 d.o.f, one massless photon with 2 d.o.f and one
massive Higgs boson with one d.o.f leading again 12 d.o.f in total. It is important
to realize that the three d.o.f in Higgs doublets form the three massless Nambu-
Goldstone bosons and the last d.o.f introduced to complete the complex doublet
turns into a massive scalar particle, the Higgs boson.
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Similarly the SM fermion masses can be generated by interactions with the Higgs
field. The Lagrangian density that describes these interactions can be written as

LYukawa = −
3∑

i,j=1

(
yijd Q

i

Lφd
j′
R + yiju Q

i

Lφ
c uj′R + yijl L

i
φ ejR

)
+ h.c. (1.18)

where φc ≡ iσ2φ
∗ and yij ’s are 3× 3 Yukawa couplings with family indices i,j. Even

though the Higgs mechanism introduces the fermion masses in a gauge invariant way
the Yukawa couplings are arbitrary and there is no explanation regarding the hierar-
chy among the fermion masses. After the electroweak symmetry breaking fermions
acquire masses proportional to the strength of their couplings to the Higgs boson
and the Lagrangian (1.18) takes a form −mf f̄f in terms of the mass eigenstates. It
should be noted that the absence of right-handed neutrinos leads to massless neutri-
nos which eventuates no mixing in the leptonic sector in the SM where the physical
eigenstates of leptons can be expressed directly by weak eigenstates. In the quark
sector, however, the physical eigenstates are obtained via unitary transformations
and the physical mass matrix is written in terms of the weak mass matrix, given that
Mu,d = v yij(u,d)/

√
2, and the unitary transformation matrices are defined by

Uu†L MuU
u
R = Mu

diag = diag(mu,mc,mt) ,

Ud†L MdU
d
R = Md

diag = diag(md,ms,mb) , (1.19)

where the diagonal entries are real and non-negative physical masses of up type and
down type quarks. The unitary transformation matrices relate the weak eigenstates
(QuL, Q

d
L, u

′
R, d

′
R) with the physical eigenstates and they defined as

Uu†L QuL = (uL cL tL)T Ud†L Q
d
L = (dL sL bL)T , (1.20)

Uu†R u′R = (uR cR tR)T Ud†R d
′
R = (dR sR bR)T .

These rotation matrices have a great importance since the product Uu†L UdL corre-
sponds to the Cabibbo-Kobayashi-Maskawa (CKM) matrix [20, 21] that appears in
the charged weak currents. The most general form of the CKM matrix can con-
tain one complex phase which is actually the only source of the CP violation in the
SM [22].

1.1.3 The Drawbacks of the Standard Model
After the implementation of the Higgs mechanism into the electroweak theory by S.
Weinberg [6] and A. Salam [7], ’t Hooft and Martinus Veltman [24] proved that the
theory is renormalizable and then the model took its known form in 1970s. The theory
has gained broadspread recognition during last couple of decades starting from the
discovery of the neutral weak current at CERN [25,26] in 1973 and the experimental
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discovery of the W and Z bosons [27,28] with a mass agreeing with the SM predictions.
Since then, the precision measurements have given a remarkable conformation of the
validity of the SM. Finally, the last missing piece of its particle content, the Higgs
boson, was discovered in 2012 and even though we don not know yet whether it is
the SM Higgs boson or a Higgs boson of a different model, the experimental data
indicates that the experimental result for its production and decay channels are in
very good agreement with the SM predictions [29–38].

Despite the fact that the SM is very consistent with the experimental data it
is generally accepted as a low energy approximation of a more fundamental theory
since there are many conceptual and phenomenological hints to believe that the SM
is incomplete. Here the drawbacks of the SM are listed in two sections focusing
on the experimental and theoretical issues that motivate to introduce new physics
models beyond the SM. Some of the important observational evidences that are not
addressed in the SM:

• Neutrino Masses: In the context of the SM, only the left-handed neutrinos
are introduced and the absence of the right-handed neutrinos lead to mass-
less neutrinos. However, this assumption turns to be a handicap of the SM
after the neutrino oscillation experiments confirmed that neutrinos have tiny
but non zero masses [39]. The straightforward proposition to overcome this
problem is to add right-handed neutrinos, probably one for each generation,
into the SM field content. Since the neutrinos are electrically neutral particles
the right-handed neutrinos are not charged under SU(2)L×U(1)Y and no gauge
interaction term can be written in the SM context. However the Yukawa type
interaction term can be written in a gauge invariant way as yν ν̄Lφ νR + h.c.
that can generate the neutrino masses. After the SSB, the neutrinos gain their
masses proportional to the Higgs VEV given that mν = yνv/

√
2. By using

the recent limits on the lightest neutrino mass (mν̄e < 2 eV) [40] the neutrino
Yukawa coupling strength can be obtained around ∼ O(10−11) which is ex-
tremely smaller than the charged lepton Yukawa couplings. Since the SM does
not provide any explanation for the hierarchy among the Yukawa couplings the
introduction of a right-handed neutrino does not explain the true nature of
the neutrinos and some model beyond the SM is still required to explain the
smallness of the neutrino masses.

• Dark Matter: The first indirect evidence of the existence of weakly interacting
non-luminous matter was proposed by F. Zwicky in 1933 [41] to explain the
radial velocities of the galaxies in the Coma cluster. Since then, the numerous
astrophysical and cosmological observations indicate that the matter content
of the universe must comprise mostly of non-luminous matter named as dark
matter (DM) rather than the visible matter. According to the recent Planck
results [42], the dark matter accounts for 26.8% of the total energy density
of the universe whereas the ordinary matter occupies only 4.9% and the rest
constitutes the unknown form of energy, so called dark energy that is considered
to be responsible for the acceleration of the expansion of the universe.
Even though many indirect evidences imply its existence, the nature of dark
matter still needs to be explicated. From the particle physics perspective, there
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must be at least one stable weakly interacting particle as a source of dark matter
for which the SM does not provide any viable candidate. Fortunately, many
models beyond the SM provide good candidates for the DM.

• Matter-Antimatter Asymmetry: The cosmological observations pointed
out that our universe is mostly made of matter rather than the antimatter. Such
an asymmetry can be created in principle by satisfying the Sakharov conditions
[43] one of which requires the CP violation during the extreme conditions just
after the Big Bang. In the SM, the only source of CP violation is one nonzero
phase defined in the CKM matrix. However, it was shown [44–46] that the
amount of CP violation predicted by the SM through the CKM mechanism is
not enough to explain the cosmic overabundance of matter over antimatter in
the universe and new sources probably coming from the new physics models
are needed to explain this abundance.

Apart from the unaddressed observations, the SM suffers from several theoretical
deficiencies. First of all, the SM does not incorporate the gravity which is one of
four fundamental forces of nature and this is one of the main reasons why the SM is
considered as a low energy manifestation of a deeper theory. Another important the-
oretical shortcoming of the SM appears in the fermion sector. Even though the model
generates the fermion masses through the Higgs mechanism the Yukawa couplings are
taken as free parameters so that the hierarchy patterns of the fermion generations are
remained unexplained. These ad-hoc features appearing in the fermion sector could
be consequences of some higher symmetries but the source of the mass hierarchy as
well as the number of the generations are not understood in the extent of the SM.

In the next Section we discuss one of the most prominent theoretical flaws of the
SM Higgs sector known as the hierarchy problem that appears when the quantum
corrections to the Higgs mass are taken into account.

1.1.4 The Hierarchy Problem
It is well known that the models with fundamental scalars suffer from the quadratic
divergences appearing in the higher order scalar mass corrections as soon as the
cut-off scale of the model is defined. Since the Higgs boson is considered as a fun-
damental scalar of the SM, its mass receives such unavoidable corrections since no
symmetry prevents such dangerous corrections [47, 48]. The divergences appearing
in the fermion and gauge bosons are not as serious as the ones in the scalar sector
since the symmetry of the system increases in the limit of massless fermions and the
gauge bosons. For instance, in the case of quantum electrodynamics (QED) electron
mass receives self energy correction at loop level that is proportional to the electron
mass itself and the logarithm of the cut-off scale Λc [49]. In the limit of me → 0, the
Lagrangian possesses a new symmetry, the chiral symmetry, that enhances the total
symmetry of the system. Thus the chiral symmetry restored at high energies pro-
tects the electron from the dangerous quantum corrections at all loop orders and the
radiative corrections are relevant only when the chiral symmetry is explicitly broken
by the presence of electron bare mass. This situation coincides with the definition
of the naturalness stated by ’t Hooft [50] and thereby the QED is considered as a
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Figure 1.2: The main 1-loop radiative corrections to the SM Higgs mass: diagrams
containing (a) top quark, (b) the electroweak gauge bosons and (c) Higgs quartic
self-interaction.

natural theory. Analogously, the gauge symmetry prevents the gauge boson masses
from receiving arbitrarily large radiative corrections. Conversely, the limit ofmh → 0
does not improve the symmetry of the system. Thus it is considered as the unnatural
mass parameter of the SM.

To understand better how the hierarchy problem arises, let us write the main
quantum corrections to the Higgs mass at one loop level. In the SM, the dominant
radiative corrections come from the diagrams with top quark, gauge boson loops and
Higgs boson self interaction as shown in Fig.1.2 (a-c). The one loop Higgs mass can
be quantified by adding these contributions to the bare mass mh0 :

m2
h = m2

h0
+ δm2

h (1.21)

where the one loop mass correction term can be found by calculating the diagrams
in Fig.1.2 [49]

δm2
h =

3Λ2
c

8π2v2

[
4m2

t − 2M2
W −M2

Z −m2
h

]
+O

(
log

Λc
µ

)
(1.22)

Here Λc is introduced to regulate the loop integrals and it represents the ultraviolet
energy scale up to which the model is valid. It is obvious that the first term in
radiative correction quadratically depends on this cut-off scale. Notice that this term
would disappear if there is a specific relation between the top mass and the gauge
boson and the Higgs boson masses. This condition is known as Veltman condition [51]
and it is an accidental cancellation rather than a consequence of a symmetry so it
does not guarantee the cancellation at higher orders. Thus it requires a Higgs with
mass around 300 GeV which does not coincide with the measured ∼125 GeV Higgs.

Since such an accidental cancellation is not possible, let us investigate the size of
the corrections in comparison with the size of the bare Higgs mass which is expected
to be O(∼ 100) GeV since it is related to the electroweak symmetry breaking scale.
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If the SM is deemed to be valid up to the Planck scale MPl = 1019 GeV, where the
gravitational effects on the particle interactions are no longer negligible, the radiative
correction δm2

h then becomes order of 1038 GeV2. Thus the Higgs boson with a
mass around electroweak scale can be achieved only if the bare mass square m2

h0

is unnaturally fine-tuned up to 1032 digits to cancel the radiative corrections. This
extreme fine-tuning required to obtain the electroweak scale is known as naturalness
or the hierarchy problem. Thus it can be overcome by assuming that the New
physics effects emerge at some scale much lower than the Planck scale to tame the
Higgs mass. In particular it was shown in Ref. [52] that the fine-tuning order of 10%
can be achievable if the cut-off scale of the SM is around Λc ∼ 4− 7 TeV so that it is
reasonable to expect the new physics around 1 TeV energy scale to avoid any serious
fine-tuning in the parameters of the Lagrangian.

In the next section we list some possible new physics scenarios beyond the SM
which aim to solve some of the above mentioned problems. We particularly con-
centrate on the models with supersymmetry and demonstrate the solution to the
hierarchy problem provided by the supersymmetry.

1.1.5 Theories Beyond Standard Model

The discussion regarding the hierarchy problem indicates that the new physics is
expected to appear around TeV energy scale in order not to have unnatural fine
tuning. During recent decades many new models beyond the SM have been proposed
to stabilize the Higgs mass along with solving some of the above mentioned problems.
The well known examples are models with extra dimensions [53–57], with technicolor
(reviews e.g. [58–60]) and with supersymmetry (reviews e.g. [61–64]).

Each model provides different approach to solve the hierarch problem along with
addressing some of the problems of the SM. In extra dimensional models the origin
of the large discrepancy between the Planck scale and the electroweak scale is ex-
plained via either the size or the geometry of the extra dimension(s). In technicolor,
the Higgs boson is a composite particle, a fermion bilinear condensate, rather than
an elementary scalar and the electroweak symmetry breaking is dynamically driven
by a new type of strong interaction. Since we concentrate on the models with super-
symmetry in this work we prefer to analyze the solution of this stabilization problem
through the technic of supersymmetry (SUSY).

SUSY Solution to the Hierarchy Problem

As long as one assumes that the Higgs boson is the fundamental scalar of the theory
the solution to the hierarchy problem can be achieved by introducing some symmetry
to kill the dangerous divergences appearing in the Higgs two-point function. In order
to understand the symmetry solution let us construct a toy model with one matter
fermion field and two complex scalar fields interacting with the Higgs field [65, 66].
The corresponding Lagrangian can be written as

Lnew = ψ̄ /∂ψ + |∂φ|2 + |∂φ1|2 + |∂φ2|2 − λf ψ̄φψ
− m2

h|φ|2 − λs|φ|2 (|φ1|2 + |φ2|2)−m2
φ1
|φ1|2 −m2

φ2
|φ2|2 + Lφ (1.23)
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Figure 1.3: The one-loop corrections to the Higgs mass from the toy model defined
in Eq. (1.23). First two diagrams result in quadratically divergent terms while the
last diagram is logarithmically divergent.

where it is assumed that two complex scalar fields φ1 and φ2 couple to the Higgs bo-
son with the same coupling strength λs that is taken greater than zero to bound the
scalar potential from below. Note that the rest of the scalar particle interactions are
summed in Lφ. After the electroweak symmetry breaking the Higgs field is rescaled
as φ = (v + h)/

√
2 and the interaction terms in Eq. (1.23) lead to quadratically and

logarithmically divergent corrections to the Higgs mass at one-loop. The related dia-
grams are shown in Fig. 1.3 and the corresponding quadratically and logarithmically
divergent terms are calculated as

δm2
h =

∫
d4k

2(2π)4

[(
λs

k2 −m2
φ1

+
λs

k2 −m2
φ2

)
+

(
λ2
sv

2

(k2 −m2
φ1

)2
+

λ2
sv

2

(k2 −m2
φ2

)2

)]

+

∫
d4k

2(2π)4

(
−2λ2

f

1

k2 −m2
f

−
4λ2

fm
2
f

(k2 −m2
f )2

)
(1.24)

=

[
−
λ2
f

8π2
Λ2
c −

λs
8π2

Λ2
c +

6λ2
fm

2
f

8π2
log

Λc
mf

+
λsm

2
φ1

8π2
log

Λc
mφ1

+
λsm

2
φ2

8π2
log

Λc
mφ2

−
m2
fλ

2
s

8π2λ2
f

(
2 log

Λc
mφ1

+ 2 log
Λc
mφ2

)
+finite terms

]
. (1.25)

Here the first line of Eq.(1.24) corresponds to the scalar corrections coming from last
two diagrams in Fig.1.3 whereas the second line represents the corrections coming
from the fermonic loop. In the Eq.(1.25), only the quadratically and logarithmically
divergent terms are written while the rest of the terms are summed as finite terms. In
Eq(1.24 and 1.25), the mass of the fermion is defined asmf = λfv/

√
2 while we assign

different masses for the scalars to consider the possibility of having different source for
the mass generation of these new scalars. Notice that the first term and the second
term in Eq.(1.25) lead to quadratic divergences while the rest are logarithmically
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divergent. Thus the quadratic divergences generated by the scalar loops are cancelled
exactly with the one from the fermonic loop if there is a symmetry to guarantee the
couplings to be λs = |λf |2. Note that this cancellation is independent of the fermion
and scalar masses and the magnitude of the couplings. Moreover the logarithmic
divergences appearing in the Higgs two-point function neatly disappear if one assumes
mφ1

= mφ2
= mf̃ = mf so that there will be no mass counter terms needed for the

renormalization of the model.
All the symmetry requirements to achieve this kind of cancellation on the quadratic

divergences in the Higgs mass are actually present in a symmetry principle known as
supersymmetry. In supersymmetry each of the SM fermions (bosons) is assigned to
the bosonic (fermionic) superpartners requiring that the particles and the superpart-
ners are identical in terms of mass and gauge quantum numbers but they only differ
in spin. Thus, the symmetry ensures that the quadratic divergences in all orders of
the perturbation theory are exactly cancelled out.

It is crucial to emphasize that the supersymmetric theory can still be considered
as a natural theory even if supersymmetry is slightly broken where the particle and
superpartners have the same Higgs coupling but they differ in masses. If the slightly
broken symmetry is parametrized by the mass difference: δm2

h ∝ m2
f̃
− m2

f then,
the radiative corrections at one loop are proportional to the small supersymmetry
breaking parameter δm2

h. The supersymmetry could still be a good solution to the
hierarchy problem so long as the mass of superpartners are not too large (. 1 TeV)
for which no unnatural cancellations would be required.



Chapter 2

Supersymmetry

Supersymmetry (SUSY) is a space-time symmetry of Nature that relates fermions
and bosons. This means that the SUSY transformations turn a fermionic field into
bosonic field and vice versa. Since bosons commute with each other while fermions
anti-commute the only possibility to change a fermion into boson or the other way
around is to have anti-commuting spinor generators. To include such a symmetry
into space-time symmetries within a viable interacting quantum field theory requires
a graded Lie algebra that includes anti-commutators in addition to the commutators
of the Lorentz algebra. In fact, Haag, Łopuszański and Sohnius [67] showed that this
supersymmetric way to extend the Poincaré algebra is the way to circumvent the
Coleman-Mandula no-go theorem [68].

Historically, SUSY was not developed to cure the hierarchy problem. The first
attempts to construct a supersymmetric string theory by adding fermions into the
bosonic string theory were done by Ramond [69], Neveu and Schwarz [70] as well as
Gervais and Sakita [71] in 1971. Around the same year, independently of the develop-
ments in the string theory, Golfand and Likhtman [72] developed the superextension
of the Poincaré algebra and constructed the first four-dimensional field theory with
supersymmetry as a version of supersymmetric quantum electrodynamics (QED). In
1972, Akulov and Volkov [73, 74] tried to associate the massless fermion appearing
due to the spontaneous supersymmetry breaking with the neutrino. Within a year,
Volkov and Soroka [75] gauged the super-Poincaré group, which led to elements of
supergravity. Starting 1973, the revolutionary papers by Wess and Zumino [76, 77]
containing the generalized version of supersymmetry in four dimensions opened a
new era for the future particle physics research.

The attempts for the supersymmetric version of the SM was firstly proposed by
Fayet et al. [78–82] where the necessity of introducing a supersymmetric partner
to each SM field was shown. The first realistic minimal supersymmetric standard
model version was introduced short after by Dimopoulos and Georgi [83] to solve the
hierarchy problem. Since then, SUSY has become probably the most favored model
beyond the SM due to its success in providing possible solutions to the various SM
problems as listed in Section 1.1.3 .

15
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2.1 SUSY Algebra

Graded Lie algebra or Poincaré superalgebra requires extension of the Poincaré alge-
bra with a spinor generator of supersymmetry transformation.1 The simplest choice
for the SUSY generator is a two-component Weyl spinor Q and its conjugate Q̄ 2. To
construct a consistent algebraic scheme, it is necessary to define the correct form of
the commutation relations between the spinorial generator Q, the four-momentum
generator Pµ and the angular momentum generators Mµν given that Pµ and Mµν

are the generators of translations and the Lorentz transformations of Poincaré group,
respectively. The possible relations were determined by the extension of the no-go
theorem by Haag, Łopuszański and Sohnius [67]:

{Qα , Qβ} = {Q̄α̇ , Q̄β̇} = 0, (2.1)

[Pµ , Qα] = [Pµ , Q̄α̇] = 0, (2.2)
{Qα , Q̄β̇} = 2(σµ)αβ̇ Pµ, (2.3)

[Qα ,Mµν ] =
1

2
(σµν)βαQβ , (2.4)[

Q̄α̇ ,Mµν

]
= −1

2
(σ̄µν)β̇α̇Q̄β̇ . (2.5)

Here α, β (α̇, β̇) are the spinor indices and σµ = (1, σi) where σi are the Pauli
matrices and the sigma matrices σµν are defined in Eq.(A.3-A.5) . The rest of the
commutation relations between Pµ and Mµν in Poincaré algebra can be found in
Eq.(A.7-A.9).

In a supersymmetric theory, all particle states fall into irreducible representations
of supersymmetry algebra known as supermultiplets. Each supermultiplet contains
both fermionic and bosonic states having the same representation of the gauge group
and they are commonly called as superpartners of each other. An important feature
of the superpartners is obtained from the commutation relation given in Eq.(2.2)
which indicates that Qα also commutes with the mass operator PµPµ = P 2. This
means that the operation of Qα does not change mass of the field and all particles in
the same multiplet must be mass degenerate if the supersymmetry is the symmetry
of nature. In other words, if supersymmetry is an exact symmetry of nature, each
fermion and boson of the SM must have a superpartner with the same mass and the
same quantum numbers except their spins. Since no superpartner has been found at
the same mass with its SM partner, it is concluded that the supersymmetry must be
broken at low energies and the superpartners are much heavier than the SM particles.

An other important consequence of SUSY algebra is that each supermultiplet
possesses an equal number of fermonic and bosonic degrees of freedom. To prove
this statement, one can consider a subspace of states |i〉 in a given supermultiplet
with the same eigenvalue pµ of the operator Pµ. Additionally, one can introduce an

1In principle there could be N ≤ 8 number of supersymmetric generators for the theories includ-
ing particles with spin ≤ 2 but only N=1 SUSY gives rise to the chiral multiplets in the formulation.
To serve the purpose of the thesis only N=1 supersymmetry is considered here.

2For the definitions of the Dirac, Majorana and Weyl spinors check Appendix A.A.1.1
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operator Ps = (−1)2s where s is spin-angular momentum [62]. The operator Ps has
+1 eigenvalue for bosonic state and -1 for fermonic state and it must anticommute
with the SUSY operators Q and Q̄. By using the relation in Eq.(2.3) the trace over all
states of the operator (−1)2sPµ can be calculated including each spin state separately
as

∑
i

〈i|(−1)2sPµ|i〉 ∼
∑
i

〈i|(−1)2sQQ̄|i〉+
∑
i

〈i|(−1)2sQ̄Q|i〉

=
∑
i

〈i|(−1)2sQQ̄|i〉+
∑
i

∑
j

〈i|(−1)2sQ̄|j〉〈j|Q|i〉

=
∑
i

〈i|(−1)2sQQ̄|i〉+
∑
j

〈j|Q(−1)2sQ̄|j〉 = 0 (2.6)

where the sigma matrix is suppressed in the anticommutation relation. The result is
obtained by using the completeness relation

∑
j |j〉〈j| = 1 and the anticommutation

relation between Ps and the SUSY operator Q. On the other hand, left hand side of
the equation gives

0 =
∑
i

〈i|(−1)2sPµ|i〉 = pµ
∑
i

〈i|(−1)2s|i〉 = pµ(nB − nf ). (2.7)

The result indicates that the bosonic degrees of freedom must equal to fermonic
degrees of freedom for a given pµ 6= 0 in a supermultiplet. The anticommutation
relation in Eq.(2.3) also results in an significant property of Hamiltonian of the
supersymmetric theory:

H ≡ P0 =
1

4

[
Q1Q̄1̇ + Q̄1̇Q1 +Q2Q̄2̇ + Q̄2̇Q2

]
(2.8)

which is the summation of square Hermitian operators implying that the energy spec-
trum contains only non-negative eigenvalues. Thus, if supersymmetry is a symmetry
of the lowest energy state (vacuum state) then, Q|0〉 = Q̄|0〉 = 0 and the vacuum
energy is necessarily zero by Eq.(2.8). This indicates that a positive vacuum energy,
the potential with a positive minimum, breaks global supersymmetry spontaneously
since the vacuum is no longer invariant under supersymmetric transformations.

2.1.1 Superspace and Superfields

An elegant formalism of supersymmetric transformations can be achieved by intro-
ducing the concept of superspace where the standard space-time coordinates are
enlarged by four anticommuting (fermionic) coordinates [84, 85]. In superspace for-
mulation, the components of a supermultiplet are united into a single superfield which
depend on the spinorial degrees of freedom as well as on xµ.

In the direct analogy of representing the translation operator Pµ in terms of
Minkowski space-time coordinates xµ, the supersymmetry transformations are man-
ifested by new coordinates represented by the Grassmann variables that transform
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as two component Weyl spinors θα, θ̄α̇. The superspace translation acting on a
superfield S(xµ, θ, θ̄) can be defined in terms of SUSY generators along with Pµ as

S(xµ, θ, θ̄) → ei(y
µPµ+ηQ+η̄Q̄)S(xµ, θ, θ̄)e−i(y

µPµ+ηQ+η̄Q̄)

= ei(y
µPµ+ηQ+η̄Q̄)ei(x

µPµ+θQ+θ̄Q̄)S0e
−i(xµPµ+θQ+θ̄Q̄)e−i(y

µPµ+ηQ+η̄Q̄)

= S(xµ + yµ + iησµθ̄ − iθσµη̄, θ + η, θ̄ + η̄) (2.9)

where the superfield S0 is defined at the origin S0 ≡ S(0, 0, 0). For infinitesimal
superspace translation we can rewrite Eq.(2.9) as

S(xµ + yµ + iησµθ̄ − iθσµη̄, θ + η, θ̄ + η̄) = S(xµ, θ, θ̄) + δsS(xµ, θ, θ̄) (2.10)

with

δsS(xµ, θ, θ̄) =

[
(yµ + iησµθ̄ + iη̄σ̄µθ)∂µ + ηα

∂

∂θα
+ η̄α̇

∂

∂θ̄α̇

]
S(xµ, θ, θ̄) (2.11)

from which the superspace translation operators Pµ, Qα and Q̄α̇ can be extracted as

Pµ = i∂µ, Qα = i

(
∂

∂θα
+ iσµ

αβ̇
θ̄β̇∂µ

)
, Q̄α̇ = −i

(
∂

∂θ̄α̇
+ iθβσµβα̇∂µ

)
. (2.12)

Eq.(2.12) gives a differential operator representation of the SUSY algebra and they
satisfy the relations defined in Eq.(2.1-2.3).
A general complex scalar superfield S(xµ, θ, θ̄) in superspace can be defined as a
Taylor expansion in Grassmann variables and the finite expansion is terminated after
the term containing square of θ and θ̄’s due to the properties of the Grassmann
variables.3 The form of the general superfield S(xµ, θ, θ̄) is then

S(xµ, θ, θ̄) = φ(x) + θρ(x) + θ̄χ̄(x) + θθm(x) + θ̄θ̄n(x) + (θσµθ̄)Vµ(x)

+ θθθ̄λ̄(x) + θ̄θ̄θψ(x) + θθθ̄θ̄d(x) (2.13)

where the repeated spinor indices are suppressed. In the superfield φ,m, n, d are
complex scalar fields; ρα, χ̄α̇, λ̄α̇, ψα are the spinor fields and Vµ is a complex vector
field. The general superfield S(xµ, θ, θ̄) is a reducible representation of SUSY algebra
and some constraints must be imposed to find an irreducible representation. The
desired constraints can be obtained via introducing covariant spinor derivatives in
superspace:

Dα =
∂

∂θα
− iσµαα̇θ̄

α̇∂µ, D̄α̇ =
∂

∂θ̄α̇
− iθασµαα̇∂µ, (2.14)

3Grassmann variables satisfy the anti commutation relations {θα, θβ} = {θ̄α̇, θ̄β̇} = 0 and θ2α =

θ̄2α̇ = 0. For further details regarding SUSY algebra see e.g. [62, 66,86–88]
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which satisfy that {Dα, D̄α̇} = −2iσµαα̇∂µ and {Dα, Dβ} = {D̄α̇, D̄α̇} = 0. They also
anticommute with Q and Q̄ while they commute with supersymmetry transforma-
tions.4

Chiral Superfields

One possibility to obtain an irreducible representation of a superfield is to use the
covariant derivative and impose the constraint as

D̄α̇Φ(xµ, θ, θ̄) = 0. (2.15)

A superfield Φ satisfying the constraint above is called left-handed chiral superfield.5
Any left-handed chiral superfield Φ and the covariant derivatives can be re-expressed
by new coordinates yµ = xµ − iθσθ̄, θ and θ̄. The covariant derivatives in terms of
new coordinates are

D̄α̇ =
∂

∂θ̄α̇
, Dα =

∂

∂θα
− 2iσµαα̇θ̄

α̇∂µ, (2.16)

By using the covariant derivative D̄α̇ it is easy to show that any left-handed chiral
superfield is independent of θ̄. Thus the left-handed chiral superfield is written as an
expansion around θ

Φ(yµ, θ) = φ(y) +
√

2θαψα(y) + θθF (y) (2.17)

where
√

2 is used only for convention. Assigning mass dimension +1 to the scalar
superfield Φ and keeping in mind that θ has mass dimension -1/2, we obtain usual
mass dimension 3/2 for Weyl spinor but unusual mass dimension 2 for scalar field F.
The mass dimension of the fields suggests that the scalar field F is an auxiliary field
needed to close the SUSY algebra off-shell and it can be eliminated with the help
of equation of motion. On the other hand, φ(y) and ψ(y) have physical degrees of
freedom and they are superpartners of each other. The left-handed chiral superfield
can also be expressed in terms of the original coordinates:

Φ(xµ, θ, θ̄) = φ(x)− iθσµθ̄∂µφ(x)− 1

4
θθθ̄θ̄∂µ∂µφ(x)

+
√

2θαψα(x) +
i√
2
θθ∂µψ(x)σµθ̄ + θθF (x). (2.18)

The supersymmetry generators Q, Q̄ can also be redefined in terms of the coordinates
(yµ, θ, θ̄) as

Qα = i
∂

∂θα
, Q̄α̇ = −i

(
∂

∂θ̄α̇
+ 2iθασµαα̇∂µ

)
. (2.19)

4{Dα, Qβ} = {D̄α̇, Qβ} = 0 whereas Dα
[
δsS(xµ, θ, θ̄)

]
= δs

[
DαS(xµ, θ, θ̄)

]
(for details see

e.g [49]).
5Here the left-handedness actually refers to the fact that the chiral superfield contains only

left-handed Weyl spinor.
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Under the infinitesimal supersymmetry transformation δSΦ = −i(ηQ + η̄Q̄)Φ the
component fields transform as

δsφ =
√

2ηψ

δsψα =
√

2ηαF − i
√

2∂µφσ
µ
αα̇η̄

α̇

δsF = i
√

2∂µψσ
µη̄ (2.20)

all of which show that every component in the superfield transform into each other
and hence scalar fields φ and F together with left-handed Weyl spinor ψ form the
irreducible representation of the left-handed chiral superfield. Notice that F(x) trans-
forms as a total derivative so that the variation of F-component vanishes when inte-
grated over the space-time i.e.

∫
d4yδsF = 0.

Similarly the right-handed chiral superfield (or antichiral superfield) can be ob-
tained via imposing DαΦ† = 0 and it depends on φ∗, F ∗ and right-handed Weyl
spinor ψ̄ :

Φ† = φ∗(y) +
√

2θ̄ψ̄(y) + θ̄θ̄F ∗(y). (2.21)

It is important to note that a product of two left-handed (right-handed) chiral su-
perfields is again left-handed (right-handed) superfield whereas a product of a left-
handed and right-handed chiral superfield is not a chiral superfield and behaves as a
vector superfield6.

Vector Superfields

Another possibility to construct an irreducible representation of SUSY is to define a
superfield by the reality condition

V (xµ, θ, θ̄) = V †(xµ, θ, θ̄), (2.22)

and the superfields that satisfy this condition are known as vector superfields [85,89].
By applying this constraint on the general superfield in Eq.(2.13) one can construct
a vector superfield as 7

V (xµ, θ, θ̄) = C + iθχ− iθ̄χ̄+ θσµθ̄Vµ +
i

2
θθ(M + iN)

− i

2
θ̄θ̄(M − iN) + θθθ̄(λ̄+

1

2
σ̄µ∂µχ) + θ̄θ̄θ(λ− 1

2
σµ∂µχ̄)

+
1

2
θθθ̄θ̄(D − 1

2
∂2C). (2.23)

The number of unphysical degrees of freedom in V (xµ, θ, θ̄) can be reduced by defining
a supersymmetric gauge transformation

V (xµ, θ, θ̄)→ V (xµ, θ, θ̄) + (Λ(xµ, θ, θ̄) + Λ†(xµ, θ, θ̄)), (2.24)
6For detailed expressions see Appendix A.1.3
7For the sake of later convenience, we make some replacements in the general superfield as

φ(x)→ C, ρ→ iχ, m→ i/2(M + iN), λ→ λ− 1/2σµ∂µχ̄ and d→ 1/2(D − 1/2∂µ∂µC).
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where Λ(xµ, θ, θ̄) is a chiral superfield. This gauge transformation implies an abelian
gauge transformation in the vector component Vµ → Vµ + i(∂µΛ− ∂µΛ∗) so that the
abelian field strength i.e. Fµν = ∂µVν − ∂νVµ remains invariant along with λ and D
components. Furthermore, we can choose a particular gauge, so-called Wess-Zumino
gauge [76,77,90], such that C,χ,M and N fields are gauged away. The corresponding
vector superfield is

VWZ(xµ, θ, θ̄) = θσµθ̄Vµ(x) + θθθ̄λ̄(x) + θ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x). (2.25)

Unlike the chiral superfield, the vector superfield is dimensionless. The mass dimen-
sions of the component fields λ and λ̄ can be deduced as 3/2 and they are identified
as spin 1/2 superpartners of the gauge boson Vµ known as gauginos. The coeffi-
cient of θθθ̄θ̄ is known as D-term and it is an auxiliary field having mass dimension
two and transforms as total derivative like the F-component of the chiral superfield.
The important consequences of using Wess-Zumino gauge are that the higher powers
greater than quadratic in the vector field in Eq.(2.25) are zero and V 2 term is not
gauge invariant since it leads to a mass term for the vector field.

2.2 Construction of SUSY Lagrangian

To construct a realistic SUSY Lagrangian that describes the interactions of the par-
ticles with different spins, both the products of chiral and vector superfields must
be taken into account. The viable Lagrangian terms are restricted by the require-
ment that the action must be invariant under supersymmetry transformations. As
discussed above, the F-term (the term proportional to θθ) in the chiral superfield
and the D-term (θθθ̄θ̄ term) in the vector field transform as a total derivative under
supersymmetry transformations so that they provide good candidates for the super-
symmetric action. Thus, a general renormalizable Lagrangian density that is written
in terms of the chiral superfields must have a form:

Lchiral =
[
Φ†ie

gtaV
a

Φi

]
|θθθ̄θ̄

+ [W (Φi) + h.c.]|θθ . (2.26)

Here the first term contains the kinetic terms of the component fields in the chiral
multiplets and their gauge interactions along with the FF † term.8 The first term
also known as Kähler potential which is a real function of Φ and Φ† and it is invariant
under nonabelian supergauge transformations defined as9

Φ→ e−gtaΛaΦ, Φ† → Φ†e−gtaΛ†a , egtaV
a

→ egtaΛ†aegtaV
a

egtaΛa (2.27)

where Λ is a chiral superfield. The W (Φi) term in the Lagrangian Eq.(2.26) is the
superpotential which includes the products of three chiral superfields at most to

8It turns out that the scalar field F has no kinetic term hence it is indeed an auxiliary field.
9For the abelian case, the infinitesimal gauge transformation of the vector field is previously

given in Eq.(2.24).
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construct a renormalizable Lagrangian.10 The general form of the superpotential is
constructed as

W (Φi) = fiΦi +
1

2
mijΦiΦj +

1

3
yijkΦiΦjΦk. (2.28)

wheremij and yink are symmetric in indices. The supersymmetry invariance ofW (Φ)
dictates that it is an holomorphic function of Φi, in other words, it can not involve
any term of Φ†i . Thus,W (Φ) is again a left-handed chiral superfield since all elements
of superpotential W (Φ) are chiral superfields as explicitly shown in Appendix A.1.3.
Furthermore, the gauge invariance guarantees that fi must be zero unless the theory
contains a gauge singlet. In particular, this linear term can be useful especially when
the possible ways of the supersymmetry breaking are introduced. The Lagrangian
terms that are generated from the superpotential can be written as:

W (Φ)|θθ =
∑
i

∂W (φ)

∂φi
Fi −

1

2

∑
i

∑
j

∂2W (φ)

∂φiφj
ψiψj (2.29)

where the chiral superfield Φi is replaced by its scalar component φi. The latter term
generates the mass term for the matter fermions and the Yukawa type interactions.
Notice that in addition to the FiF

†
i term from the Kähler potential, W (Φ)|θθ expres-

sion contains a term proportional to the scalar field F and the Lagrangian part that
contains all F-dependence takes the form

LF = FiF
†
i +

∂W (φ)

∂φi
F †i +

∂W (φ)

∂φ†i
F †i (2.30)

where the repeated indices are summed over. Since F is an auxiliary field it can be
eliminated by solving the field equations which results in

F †i = −∂W (φ)

∂φi
. (2.31)

This result implies that the Lagrangian given in Eq.(2.30) corresponds to the scalar
potential given as

VF (φi) =

∣∣∣∣∂W (φi)

∂φi

∣∣∣∣2 . (2.32)

Apart from the matter fields we need to define kinetic terms for the gauge fields
and gauginos which require introducing the supersymmetric field strength tensor.
A supersymmetric generalization of field strength can be achieved by introducing a
field strength superfield constructed by using the covariant derivatives and vector
superfield:

Wα = − 1

4g
D̄β̇D̄

β̇e−gVDαe
gV (2.33)

10For a renormalizable theory, the Lagrangian terms must have a mass dimension not more than
four. Since auxiliary field F in the left-handed chiral superfield has mass dimension two, the terms
in the superpotential can have maximum three powers of the chiral superfields.
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where the vector superfield has a matrix form with the generators of the gauge group
V ≡ taV

a and g is gauge coupling. For an Abelian gauge symmetry, expression
in Eq.(2.33) is reduced to W = − 1

4D̄β̇D̄
β̇DαV by using Wess-Zumino gauge. The

superfield strength Wα is a left-handed chiral superfield11 and invariant under the
super gauge transformation defined in Eq.(2.24). Thus it can be written in terms of
field components in Wess-Zumino gauge with previously defined yµ coordinates:

Wa
α(yµ, θ) = λaα(y) + θαD

a(y)− i

2
(σµσ̄ν)βαθβF

a
µν(y) + iθθσµαα̇Dµλ̄

aα̇ (2.34)

where F aµ is the nonabelian field strength given as F aµ = ∂µV
a
ν − ∂νV aµ − gfabcV bµV cν

and Dµ is the gauge covariant derivative. Notice that Wa
α has only gauge invariant

degrees of freedom so that gauge kinetic terms can be constructed from the terms
quadratic in Wa

α. Thus the general gauge invariant supersymmetric Lagrangian that
contains the kinetic terms for gauge fields and gauginos can be written as

Lg =
1

4

∫
d2θWaαWa

α + h.c. ≡ 1

4

[
WaαWa

α|θθ + h.c.
]

= −1

8
FµνaF aµν −

i

8
FµνaF̃ aµν +

i

2
λaσµDµλ̄

a +
1

4
DaDa. (2.35)

The D field is again an auxiliary field and analogously to the F field, D field can be
eliminated by the field equations. The Lagrangian term that contains the scalar field
Da has the form:

LD =
1

2
Daφ∗i t

aφi +
1

4
DaDa − 1

2
ξaDa. (2.36)

Here the first term is obtained from the Kähler potential. The last term is known
as the Fayet-Iliopoulos term [91] and it can appear in the Lagrangian for the abelian
U(1) gauge theories as LFI = −ξaV a|θθθ̄θ̄ where ξ is a constant with dimension
mass square. For a nonabelian gauge theory this term is forbidden since it is not
invariant under the gauge transformations defined in Eq.(2.27). The solution of the
field equations for the scalar D is

Da = −gtaφ∗iφi + ξa. (2.37)

In addition to the scalar potential in Eq.(2.32), the Lagrangian term in Eq.(2.36) also
contributes to the scalar potential. The total scalar potential of the supersymmetry
theory can be written as

V =
∑
i

∣∣∣∣∂W∂φi
∣∣∣∣2 +

1

2

∑
a

(∑
i

gaφ
∗
i t
aφi − ξa

)2

(2.38)

where the ξ term disappears for the nonabelian gauge theories. Then the SUSY
invariant Lagrangian containing the chiral superfields and gauge superfields can be
expressed in one Lagrangian as summation of all the terms discussed below:

LSUSY = Lchiral + Lg + LFI. (2.39)

11D̄α̇Wα = 0 since D̄α̇D̄β̇D̄
β̇ = 0 for α̇ = β̇ = 1, 2.
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2.3 Supersymmetry Breaking

As previously discussed in Section 2.1, supersymmetry requires the same masses for
the particles in the same supermultiplet representation. Since there is no experimen-
tal evidence of supersymmetric partners having the same mass with the SM fermions
it is concluded that if supersymmetry exists it must be broken at low energies. The
possible supersymmetry breaking occurs spontaneously by requiring a vacuum state
that is not invariant under SUSY transformations.12 The non-supersymmetric vacua
corresponds to the positive minima of a scalar potential that can be obtained via
non-zero vacuum expectation value of some component fields of a superfield. Due to
the Lorentz invariance only the auxiliary scalar fields Fi and Da can acquire non-zero
VEV’s.13 This can also be seen by the scalar potential expression in terms of the
auxiliary fields as

V = FiF
†
i +

1

2
DaDa. (2.40)

If at least either of the scalar fields acquires non-zero VEV i.e. 〈F 〉 6= 0 or 〈D〉 6= 0
then SUSY is spontaneously broken. The method of the spontaneous supersymmetry
breaking by requiring non-zero VEV for the scalar field F is called F-term breaking or
O’Raifeartaigh breaking [92]. In the O’Raifeartaigh breaking mechanism, the super-
potential must contain three scalar superfields and a term linear in Φi (a gauge singlet
term: fiΦi) and so that the equations Fi = 0 can not be satisfied simultaneously and
SUSY is broken spontaneously.

The other possibility for the spontaneous SUSY breaking mechanism is D-term
breaking or Fayet-Iliopoulos breaking mechanism [91] which requires a ξaDa term
in the scalar potential along with the mass term in the superpotential defined as
mijΦiΦj with Φi and Φj having opposite U(1) charges. This configuration leads to
no solution with Fi = Di = 0 and breaks SUSY spontaneously. It is important to
emphasize that the ξaDa term is essential for this breaking mechanism and this is
feasible only for theories with U(1) gauge symmetries.

The common feature of the spontaneously broken global supersymmetry is that a
massless particle, called goldstino, arises analogously to the Goldstone boson which
appeares in case of spontaneous gauge symmetry breaking. Goldstino is a spin-1/2
particle since the supersymmetric generators are fermonic. A massless fermionic
particle is problematic only for global supersymmetry since for local supersymmetric
theory that incorporates gravity, the massless Goldstino is absorbed by massless
gravitino to form a massive gravitino.14

The other important feature of spontaneously broken SUSY is that the masses
for the fermions and bosons at tree level are still tightly correlated by the supertrace

12i.e. Q|0〉 6= 0 which implies that 〈0|H|0〉 > 0
13For example, if one of the variations of the component fields given in Eq.(2.20) is non-zero then

SUSY is broken. For those variations, the only SUSY breaking condition allowed by the Lorentz
invariance is 〈F 〉 6= 0.

14The local supersymmetric models are beyond the reach of this thesis but for details see e.g.
[94–97].
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mass sum rule [93]:

STr(M2) =
∑
J

(−1)2J(2J + 1)m2
J =

∑
a

gaTr(ta)Da = 0 (2.41)

where mJ is the mass of the particle with spin J and STr(M2) is a spin-weighted
sum taken over the squared mass matrix of the real fields. The second part of
the formula is zero as long as the non-anomalous U(1) groups such as U(1)Y are
present in the theory. This formula holds for each SUSY representations and it
implies that some superpartners are actually lighter than the matter particles which
leads to very serious phenomenological problems on generating experimentally viable
particle spectrum. Apart from this problem, the above mentioned spontaneous SUSY
breaking mechanisms are not feasible in particular for the minimal supersymmetric
extension of the SM (MSSM). The gauge singlet that is necessary for the F-term
breaking is absent in the MSSM and thus the generation of masses for gauginos is
problematic since there is no scalar-gaugino-gaugino interaction term in the SUSY
invariant Lagrangian. The D-term breaking mechanism does not work in the MSSM
either because when U(1)Y gauge group is used as the source of the FI term no mass
term in the superpotential for squarks and sleptons can be written without requiring
a charge/color breaking minima [62,98].

Due to the lack of a successful description of supersymmetry breaking for the
minimal supersymmetric extension of the SM, it is commonly assumed that at high
energies, the spontaneous supersymmetry breaking occurs in a hidden sector that
contains fields which are singlets under the SM gauge group. Since they do not couple
directly to the visible sector, the supersymmetry breaking effects are transmitted to
the visible sector by loop-level or non-renormalizable messenger interactions [66].15

Even though the exact mechanism to break supersymmetry is unknown, the min-
imal supersymmetric standard model (MSSM) can be treated as an effective theory
and the supersymmetry breaking can be parametrized by introducing SUSY-breaking
terms. These effective breaking terms are incorporated with the Lagrangian in such
a way that they must not introduce any quadratic divergences in the quantum cor-
rections to the scalar masses. It means that we need to break supersymmetry softly
by adding dimension full parameters with energy scale not too far from the TeV scale
so that they can still provide solution to the hierarchy problem as it is discussed in
Section 1.1.5. The part of the Lagrangian containing all scale dependent soft break-
ing terms are generically denoted as LSoft and the most general form is given by
Girardello and Grisaru [105]:

LSoft = −
(

1

2
Maλaλa +

1

2
Bijφiφj +

1

6
Aijkφiφjφk + tiφi + h.c.

)
−m2

ijφiφ
∗
j −

(
1

2
cijkφ

∗
iφjφk +MiaλaΨi + h.c.

)
(2.42)

where Ma represents the gaugino masses for each gauge group, bij and mij are the
scalar mass terms and Aijk and cijk are the trilinear scalar couplings. Notice that

15The most popular ones are the gravity-mediated [99], gauge-mediated [100–102] and the anomaly
mediated [103,104] supersymmetry breaking models.
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there is no mass term for the fermions of the chiral superfields. The reason behind
is that these terms are generally considered as hard breaking terms since they can
lead to quadratic divergences if the theory comprises any gauge singlet [88, 106].
Thus, for the theories without a gauge singlet, this term can be eliminated by the
redefinition of the fields and the superpotential [62, 107]. The tadpole term in the
Lagrangian has the coefficient ti and this term only exists for the theories with gauge
singlets. Conversely, the non-holomorphic term proportional to cijk must be absent
for the theories possessing any gauge singlet chiral superfields since they may lead to
quadratic divergences [108]. Thus, if a theory contains any chiral supermultiplets in
the adjoint representation of the gauge group then possible Dirac mass terms between
the fermions and gauginos are also present (the last term in Eq.(2.42)). Since there
is no gauge singlet or any chiral superfield in adjoint representation in the MSSM,
the tadpole term and the Dirac mass term are irrelevant for the model.



Chapter 3

The Minimal Supersymmetric Standard
Model

The minimal supersymmetric standard model, MSSM in short, is the simplest straight-
forward supersymmetrization of the Standard Model by requiring the minimal set of
new particles and their interactions consistent with phenomenology. In order to de-
scribe all the SM fermions and gauge bosons, the MSSM must consist of both the
chiral and vector superfields because the SM fermions have different gauge group
representations than the SM gauge bosons so that the SM fermions can not be as-
sociated with the gauge bosons as superpartners. The list of the required chiral and
vector supermultiplets in the MSSM are given in Table 3.1 and 3.2 with correspond-
ing gauge quantum numbers. The first ingredient to supersymmetrize the SM is the
vector superfields that consist of the SM gauge boson and their fermonic superpart-
ners, called gauginos. As expected, one vector superfield for each generator of the
gauge group is introduced to have SU(3)c, SU(2)L, U(1)Y gauge bosons. The sec-
ond ingredient is the chiral supermultiplets that contain the SM fermions and their
scalar superpartners, generally known as sfermions (squarks and sleptons). Since
the left-handed and right-handed fermions transform differently under the SM gauge
group they belong to the different chiral supermultiplets possessing different scalar
superpartners e.g. left-handed selectron ẽL being the superpartner of eL and the
right-handed selectron ẽR as the superpartner of eR1.

Notice that an important feature of the MSSM resides in the gauge symmetry
breaking sector. Instead of having only one Higgs doublet like in the SM, a second
Higgs doublet must be supplemented mainly due to the form of the superpotential
and the cancellations of the chiral anomalies. In the SM, one Higgs doublet with
hypercarge Y=1 is enough to generate masses for both up and down type quarks since
the conjugate of the Higgs field can also be used while writing the Yukawa interaction
terms (Eq.(1.18)). In the supersymmetric theories, Yukawa type interactions are
obtained from the superpotential (see Eq.(2.29)) which is an analytic function of only

1Here the handedness of the superparticles refer to the chirality of the corresponding SM fermions.
2In order to be consistent with the literature, the hat notation is used for superfields whereas

the tilde notation represents the superpartners of the known SM particles.
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Super spin 0 spin 1/2 SU(3)c SU(2)L U(1)Y
Multiplet

Q̂i (ũL, d̃L)i (uL, dL)i 3 2 1
3

Ûi ũ∗Ri u†Ri 3̄ 1 - 4
3

D̂i d̃∗Ri d†Ri 3̄ 1 2
3

L̂i (ν̃l, l̃)i (νl, l)i 1 2 -1

Êi ẽ∗Ri e†Ri 1 1 2

Ĥu (H+
u , H

0
u) (H̃+

u , H̃
0
u) 1 2 1

Ĥd (H0
d , H

−
d ) (H̃0

d , H̃
−
d ) 1 2 -1

Table 3.1: Chiral supermultiplets of the MSSM2

Super spin 1 spin 1/2 SU(3)c SU(2)L U(1)Y
Multiplet

Ĝaµ Gaµ G̃aµ 8 1 0
Ŵµ W±µ , W 0

µ W̃±µ , W̃ 0
µ 1 3 0

B̂µ B0
µ B̃0

µ 1 1 0

Table 3.2: Vector supermultiplets of the MSSM

the left-handed chiral superfields so that the scalar component of the same Higgs
chiral superfield can not be used to generate the Yukawa interactions both for up
and down type quarks. The second Higgs scalar superfield Ĥd with hypercharge Y=
-1 is introduced to generate masses for down type quarks as well as for the leptons.
Instead of introducing the Higgs chiral superfield Ĥd, one can naively think to use the
left-handed chiral superfield L̂i since they have the same gauge quantum numbers.
This scenario implies that the neutral Higgs corresponds to the scalar superpartner
of the neutrino. Even though this assumption is not forbidden by the theory [78], it
leads to many problems such as large lepton number violation, the chiral anomalies
and so on. Specially, the requirement of avoiding chiral anomalies in the model
actually is the second important reason why to introduce two Higgs doublets with
opposite hypercharge. As an example of the chiral anomalies, we can consider a
triangle loop diagram connecting three U(1)Y gauge bosons with a fermionic loop
that devastates the local U(1)Y gauge symmetry at quantum level. The diagram in
question is proportional to Tr[Y 3

i ] where the Yi is the hypercharge of the fermions
in the model. In the SM the fermionic field content ensures that U(1)Y symmetry is
intact at loop level since this trace is exactly zero so the model is U(1) anomaly free.
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In the MSSM, the fermonic partners of Higgs doublets, Higgsinos, can also contribute
to the same diagram. The fact that only one Higgsino with non-zero hypercharge
leads to non-zero loop contribution, two Higgsinos with opposite hypercharge must
be introduced to guarantee the cancellation of the chiral anomalies at loop level.3

Apparently, all superfields given in Table 3.1 and 3.2 are necessary for the min-
imal extension of the SM and they result in many supersymmetric particles to be
discovered. The renormalizable superpotential can be construted by using the chiral
superfields of the model as

ŴMSSM = YuQ̂ · ĤuÛ + YdĤd · Q̂D̂ + YeĤd · L̂Ê + µĤu · Ĥd, (3.1)

where the gauge and family indices are suppressed and the Yukawa couplings are given
by the 3x3 Yu,d,e matrices. The dot notation is defined as e.g. Q̂ ·Ĥu ≡ εijQ̂iĤj

u with
ε12 = −ε21 = 1 and the SM fermion masses and their Yukawa-type interactions are
generated by the first three terms in the superpotential. The strength of the mixing
between two Higgs scalar superfields is parametrized by µ term which is actually
the only dimensionful coupling of the superpotential. Notice that in all the gauge
invariant terms written in Eq.(3.1) the baryon and lepton numbers are conserved.
However, some other renormalizable terms of the superpotential can be written such
a way that they are allowed by the gauge and SUSY invariance but they violate
either the lepton or baryon number conservation. These terms are given as

W
�RP

= µ′iL̂iĤu + λabcL̂aL̂bÊc + λ′abcL̂aQ̂bDc + λ′′abcÛaD̂bD̂c, (3.2)

where a, b, c are the generation indices whereas all the color and SU(2)L indices
are suppressed. Notice that the first three terms violate the lepton-number while
the last term violates baryon-number by one unit. Since neither baryon nor lepton
number violating effects have been seen experimentally, the coupling of these terms
must be strongly suppressed otherwise they could lead to unacceptable results such
as rapid proton decay [62]. In the MSSM, these terms can be eliminated from the
renormalizable superpotential by imposing a discrete symmetry called R-parity [81].
R-parity is a multiplicative symmetry defined as

R = (−1)3(B−L)+2S , (3.3)

where L and B stand for the lepton and baryon number while S represents the spin of
the particle. It can be easily checked that all the SM particles have positive R-parity
while the supersymmetric partners have negative R-parity. The conservation of the
R-parity in the MSSM Lagrangian prohibits the superpotential terms in Eq.(3.2)
and leads to very significant phenomenological consequences: the supersymmetric
particles are produced only in pairs at colliders since the initial states are ordinary
SM particles with positive R-parity, Thus, all supersymmetric particles eventually

3For further discussion regarding the cancellation of the chiral anomalies in the MSSM one can
check e.g. [49, 109]
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decay to the lightest supersymmetric particle (LSP) which must be absolutely stable.
This is very crucial since if the LSP is neutral it can be a good candidate for the
non-baryonic dark matter [110–112].

3.1 Soft SUSY breaking in the MSSM

The construction of the MSSM Lagrangian part that respects supersymmetry requires
the definition of the superfield content consistent with the SM gauge group and the
superpotential which is already determined in the previous section. However as we
discussed in the previous chapter the realistic MSSM Lagrangian also requires soft
supersymmetry breaking terms. To serve this purpose, the general recipe for the soft
SUSY breaking terms (Eq.(2.42)) can be used and the soft SUSY breaking terms of
the MSSM are obtained as

−Lsoft =
1

2

[
M3g̃

ag̃a +M2W̃
iW̃ i +M1B̃B̃ + h.c.

]
+
[
Q̃ ·HuAuŨ +Hd · Q̃AdD̃ +Hd · L̃AeẼ + h.c.

]
+Q̃†m2

Q̃
Q̃+ Ũ†m2

Ũ
Ũ + D̃†m2

D̃
D̃ + L̃†m2

L̃
L̃+ Ẽ†m2

Ẽ
Ẽ

+m2
HuH

†
uHu +m2

Hd
H†dHd + [ bHu ·Hd + h.c. ] . (3.4)

Here the first line contains the soft masses M3,2,1 of SU(3)c, SU(2)L and U(1)Y
gauginos which are known as gluinos, winos and bino, respectively. The terms in
the second line are generated analogously to the superpotential Yukawa terms and
they have dimensionful holomorphic trilinear couplings Au,d,e which are in general
complex 3x3 matrices in flavor space.4 The latter line consists of the soft mass terms
m2

Q̃,··· ,Ẽ
of the scalar fermions each of which is a 3x3 Hermitian matrix with some

complex entries. Finally, the last line contains the Higgs soft masses and the bi-
linear SUSY breaking term that contribute to the Higgs potential.5 All the above
mentioned soft breaking parameters are independent from each other as long as the
origin of the SUSY breaking remains unknown. However, depending on the SUSY
breaking scenario, the soft breaking parameters can be unified at high energies so
that the number of the independent parameters is drastically reduced. The min-
imal supergravity model (mSUGRA) [88, 97] is the most studied example of such
supersymmetric models where the universal soft scalar masses and a common overall
trilinear coupling are generated at high energies by the special form of the Kähler
potential that generates canonical kinetic terms for the components of the MSSM chi-
ral superfields [118]. Thus, the common gaugino masses can arise due to the grand
unification of the gauge interactions so that the soft SUSY breaking parameters at

4In this thesis, we consider only the holomorphic trilinear terms in Lsoft. In addition to these
terms, the possible non-holomorphic trilinear terms and their phenomenological impacts have been
widely discussed in the literature [113–117].

5 In the literature, the widely used convention for the bilinear coupling is b = Bµ.
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high scale take the form [99,119],

m2
Q̃

= m2
Ũ

= m2
D̃

= m2
L̃

= m2
Ẽ

= m2
01, m2

Hu = m2
Hd

= m2
0

Au = A0Yu, Ad = A0Yd, Ae = A0Ye, M1 = M2 = M3 = m1/2. (3.5)

The low energy values of the soft SUSY breaking parameters then can be computed by
the renormalization group equations with these boundary conditions. Additionally, if
one applies the electroweak symmetry requirement to the low energy MSSM model,
the MSSM spectrum can be expressed via only five parameters:

m0, m1/2, A0, tanβ, sgn(µ) (3.6)

where tanβ is the ratio of the vacuum expectation values of the Higgs fields i.e.
tanβ = vu/vd. This low-energy framework is also known as constrained MSSM
(CMSSM) [120]. Due to its small parameter space, it has been comprehensively
studied as a benchmark scenario in search of the supersymmetric particles at colliders.

Without considering any particular high scale SUSY theory, it was explicitly
showed in Ref. [121, 122] that the MSSM with general soft SUSY breaking terms
contains totally 105 new parameters compared to the SM: 104 of them come from the
soft SUSY breaking sector and µ is the only new parameter coming from the SUSY
conserving part of the MSSM Lagrangian. It is important to emphasize that 105 new
parameters are obtained without imposing any constraints to the Lagrangian even
though some regions of the parameter space may give rise to severe phenomenological
problems such as flavor changing neutral currents (FCNC) [123], overproduction
of the CP violation [124], color/charge breaking minima etc. Phenomenologically,
one can reduce the number of independent parameters by assuming some general
grounds for the soft SUSY breaking parameters to increase the predictive power
of the model. For instance, if one assumes that the model has the minimal flavor
violation (MFV) where the SM Yukawa couplings are the only source of the flavor
violation, then many parameters in Lsoft become flavor diagonal so that the number
of the independent parameters is significantly reduced. One of the well-known MSSM
model with minimal flavor violation is the phenomenological MSSM (pMSSM) [125]
for which it is additionally assumed that there is no new source for the CP violation
and the soft-SUSY breaking sfermion masses for the first and the second generations
are universal. These assumptions result in 22 dimensional parameter space which
is phenomenologically easier to test in experiments compared to the unconstrained
MSSM parameter space.

3.2 Electroweak Symmetry Breaking in the MSSM

After formulating the MSSM Lagrangian that respects the SM gauge symmetry, we
need to investigate the requirements for the electroweak symmetry breaking driven
by the MSSM scalar potential. In general, we know that the spontaneous electroweak
symmetry breaking is induced by the minimum of the scalar potential obtained at the
non-zero VEVs of the scalar fields. In the MSSM, the scalar potential contains squarks
and sleptons in addition to the Higgs fields. To avoid any charge or color breaking
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minima, the positive squared masses for sfermions are taken to be large [62, 126]
so that the SU(3)c×U(1)em ground state obtained by non-zero Higgs VEVs is the
global minimum.6 For the sake of unbroken SU(3)c×U(1)em symmetry now on we
concentrate on only the scalar Higgs potential to discuss the details of the electroweak
symmetry breaking.

Realistic Higgs potential of the MSSM must have terms from both the super-
symmetric scalar potential defined in Eq.(2.38) and the SUSY breaking sector. The
relative contributions are explicitly given as

VF = |µ|2(|Hd|2) + |µ|2(|Hu|2),

VD =
1

2
g2
Y

(
H†u

Y

2
Hu +H†d

Y

2
Hd

)2

+
1

2
g2

2

∑
a

(
H†u

σa

2
Hu +H†d

σa

2
Hd

)2

,

Vsoft = m2
Hu |Hu|2 +m2

Hd
|Hd|2 + b (Hu ·Hd + h.c.) (3.7)

where VF refers to the F-term contributions whereas VD represents the D-term con-
tributions calculated by using Eq.(2.38). Thus one can rewrite the total tree-level
Higgs potential with the components of the Higgs doublets as

Vtree = (|µ|2 +m2
Hd

)(|H0
d |2 + |H−d |

2) + (|µ|2 +m2
Hu)(|H0

u|2 + |H+
u |2)

+
1

8
(g2

2 + g2
Y )
(
|H+

u |2 + |H0
u|2 − |H0

d |2 − |H−d |
2
)2

+
1

2
g2

2 |H+
u H

0∗
d +H0

uH
−∗
d |

2

+ [b
(
H+
u H

−
d −H

0
uH

0
d

)
+ h.c.]. (3.8)

When checking the minimum of the potential, here we can rotate away one of the
VEVs of the components of the Higgs doublets by the SU(2)L transformations. With-
out loss of generality, we can take H+

u = 0 at the minimum of the potential which
results in H−d = 0 as well.7 This is a very welcome result since we would like to
avoid any charge breaking minima. The part of the Higgs potential that leads to
electroweak symmetry breaking then can be written by setting H+

u = H−d = 0 as

V = (|µ|2 +m2
Hd

)|H0
d |2 + (|µ|2 +m2

Hu)|H0
u|2 − b

(
H0
uH

0
d + h.c.

)
+

1

8
(g2

2 + g2
Y )
(
|H0

u|2 − |H0
d |2
)2
. (3.9)

Here we would like to point out that the soft breaking terms are responsible for
the electroweak symmetry breaking in the MSSM since the Higgs potential without
these terms has a minimum at 〈H0

u〉 = 〈H0
d〉 = 0 resulting to unbroken electroweak

symmetry. In general, the only term in the Higgs potential that depends on the phases
of the Higgs fields is the bilinear term whose coupling b can also have a complex phase.
However, the phase of b can always be absorbed by the redefinition of phases of Hu

6Along with requirement of the large soft sfermion masses, the trilinear couplings are constrained
by requiring the SU(3)c×U(1)em global minimum [127,128].

7This statement can be checked by calculating the minimization condition ∂Vtree/∂H
+
u = 0.
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and Hd so that b can be taken real and positive. Thus, the H0
uH

0
d must be real

and positive so that the b-term gives negative contribution to the minimum. This
means that 〈H0

u〉 and 〈H0
d〉 must have opposite phases. We know that H0

u and H0
d

have opposite hypercharges and hence, U(1) gauge transformation can be used to
remove their phases so that 〈H0

u〉 and 〈H0
d〉 are positive and real. As a consequence

of having real VEVs, the CP symmetry can not be broken spontaneously at tree level
by the Higgs potential and thus, the Higgs mass eigenstates are assigned to the mass
eigenvalues with well-defined CP properties at tree level.

As we discussed in the Section 2.2 the supersymmetric scalar potentials are pos-
itive definite and automatically bounded from below. However, we need to be sure
that the Higgs scalar potential has a stable minimum and is still bounded from be-
low after including the soft SUSY breaking terms. In the MSSM, the presence of the
positive definite quartic term (last term in Eq.(3.9)) generally guarantees that the
potential is bounded from below for the large field values. However, in the special
direction of the space, so-called D-flat direction, the D term vanishes for |H0

u| = |H0
d |

and the negative bilinear term can dominate over the positive quadratic terms. To
avoid this we need to require that

2b < 2|µ|2 +m2
Hu +m2

Hd
(3.10)

to have a potential which is positive and bounded from below potential. We also need
to check that the origin of the potential is not a stable minimum where 〈H0

u〉 = 〈H0
d〉 =

0. To have negative determinant of the matrix of second derivatives ∂2V/∂H02
i at

origin can fulfill this requirement so that one of the eigenvalues is negative and the
origin is not a stable minimum. This leads to another inequality given as

b2 > (|µ|2 +m2
Hu)(|µ|2 +m2

Hd
). (3.11)

When these two inequalities are satisfied simultaneously the potential has a stable
minimum for non-zero VEV so that the electroweak symmetry is spontaneously bro-
ken. Here it is interesting to note that if m2

Hu
= m2

Hd
there is no solution that

satisfies both the constraints at the same time. This is why, typically they are chosen
to have different values and opposite signs. Now we can assign 〈H0

u〉 ≡ vu/
√

2 and
〈H0

d〉 ≡ vd/
√

2 and write the W and Z boson masses by using the gauge kinetic terms
of the Higgs fields

m2
W =

1

4
g2

2(v2
u + v2

d), m2
Z =

1

4
(g2
Y + g2

2)(v2
u + v2

d) (3.12)

given that v2
u + v2

d = v2 ' 246GeV2. Thus the ratio of the VEVs are traditionally
written as

tanβ ≡ vu
vd
. (3.13)

The value of tanβ is not fixed by any experiments and since vu and vd are positive, β
value is defined by convention 0 ≤ β ≤ π/2. The minimum of the scalar potential can
be found by taking its first derivative with respect to the neutral fields and setting
the fields and their conjugates to zero. The obtained minimization conditions are
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m2
Hd

+ |µ|2 − 1

8
(g2

2 + g2
Y )(v2

u − v2
d)− b tanβ = 0, (3.14)

m2
Hu + |µ|2 +

1

8
(g2

2 + g2
Y )(v2

u − v2
d)− b cotβ = 0 . (3.15)

We can obtain b and |µ|2 in terms of the other parameters in the equations and the
Z boson mass as

b =
1

2
(m2

Hu +m2
Hd

+ 2|µ|2) sin 2β,

(3.16)

|µ|2 =
m2
Hd
−m2

Hu
tan2 β

tan2 β − 1
− 1

2
m2
Z .

Here the first equation implies that we can actually eliminate the b parameter from the
parameter space by using the other parameters of the model and tanβ. For the second
equation, we want to stress that the µ parameter and the soft SUSY parameters are
expected to be around the electroweak scale to ensure that the electroweak symmetry
is broken by the non-zero VEVs of H0

u and H0
d . However, we know that the µ

parameter comes from the supersymmetry conserving sector of the model and in
principle, it can be of the order of very high scale e.g. MPl or the GUT scale. The
model fails to explain why the parameters belonging to the SUSY conserving and
breaking sectors must be correlated and this issue leads to another hierarchy problem
known as the µ problem. In the literature, there are many solutions addressing this
problem including the ones with the singlet extended MSSM field content [129–134].

3.3 Particle Spectrum of the MSSM

3.3.1 Neutralinos and Charginos

After the electroweak symmetry breaking, the scalars with the same electric charge
and R-parity can mix to form physical states. Since there is no other color octet
in the MSSM to mix with SU(3)c gaugino, the gluinos, are mass eigenstates whose
mass is determined only by the soft SUSY breaking mass term M3 at tree level. On
the other hand, the SU(2)L and U(1)Y gauginos can mix with the Higgsinos to form
mass eigenstates called neutralinos χ0

i (i = 1, .., 4) and charginos χ±1,2. In addition
to their soft SUSY breaking mass terms defined in Eq.(3.4) and the Higgsino mass
term µH̃uH̃d + h.c., the gaugino-Higgsino mixing terms arise from [61,135]

Lint = −
√

2 g
[
(φ†i t

a ψi)λ
a + h.c.

]
, (3.17)

when the neutral Higgs fields H0
u and H0

d acquire their VEVs after the spontaneous
electroweak symmetry breaking.
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In particular, the neutralinos are mixtures of neutral gauginos B̃0, W̃ 0 and the
neutral Higgsinos H̃0

u, H̃0
d . In the gauge eigenstate basis ψ0 = (B̃0, W̃ 0, H̃0

d , H̃
0
u), the

part of the Lagrangian representing the neutralino mass term is

Lneutralino = −1

2
(ψ0)TMÑ ψ

0, (3.18)

where the neutralino mass matrix MÑ is given as,

MÑ =


M1 0 −mZ cβ sW mZsβ sW
0 M2 mZ cβ cW −mZ sβ cW

−mZ cβ sW mZ cβ cW 0 −µ
mZ sβ sW −mZ sβ cW −µ 0

 . (3.19)

Here, the VEVs are written in terms of mZ and Weinberg angle θW where the short
notations are defined as sW = sin θW and cW = cos θW and sβ = sinβ and cβ = cosβ.
In general, M1,M2 and µ can have arbitrary complex phases. However, M1 and M2

can be taken real and positive by using the redefinition of the phases of bino B̃0

and wino W̃ 0 states. To avoid large CP-violating effects, µ is commonly taken to be
real but its sign is undetermined. The mass matrix can be diagonalized by a unitary
matrix N to obtain the mass eigenstates as

N∗MÑN
−1 =


mχ0

1
0 0 0

0 mχ0
2

0 0

0 0 mχ0
3

0

0 0 0 mχ0
4

 . (3.20)

The neutralino masses and mixing angles mostly depend onM1,M2 and µ. If |µ| >>
|M2| > |M1|,mZ the electroweak symmetry breaking effects are small and the two
lightest neutralino eigenstates are a bino-like χ0

1 ' B̃0 and a wino-like χ0
1 ' W̃ 0

and the other two eigenstates are Higgsino-like χ0
3,4 ' (H̃0

u ± H̃0
d)/
√

2 with masses
∼ (|M1|, |M2|, |µ|, |µ|). In this scenario the lightest state actually corresponds to
bino-like neutralino LSP as a candidate for dark matter.

Analogously, the charged mass eigenstates, charginos, are obtained from the mix-
tures of the charged Higgsinos (H̃+

u and H̃−d ) and the charged SU(2)L gauginos (W̃−

and W̃+). In order to construct the mass matrix of the charginos, the mixing terms
coming from Eq.(3.17), the mixing between two charged Higgsinos and the soft break-
ing mass terms must be taken into account. The corresponding Lagrangian part can
be written as

Lchargino = −1

2
(ψ±)T Mχ̃±1,2

ψ± + h.c.

(3.21)
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where the gauge eigenstates basis is defined as ψ± =
(
W̃+, H̃+

u , W̃
−, H̃−d

)
while

Mχ̃±1,2
is given as

Mχ̃±1,2
=

(
0 XT

X 0

)
, X =

(
M2

√
2mW sβ√

2mW cβ µ

)
. (3.22)

Since X 6= XT (unless tanβ = 1), two different 2 × 2 unitary matrices are needed
for the diagonalization. The relation between the mass eigenstates and the gauge
eigenstates are characterized by these mixing matrices as

(
χ̃+

1

χ̃+
2

)
= V

(
W̃+

H̃+
u

)
,

(
χ̃−1
χ̃−2

)
= U

(
W̃−

H̃−d

)
(3.23)

The V and U matrices are chosen such a way that they satisfy the relation:

U∗XV−1 =

(
mχ̃±1

0

0 mχ̃±2

)
(3.24)

Then, the chargino mass squares m2
χ̃±1,2

are the eigenvalues of XX† (or X†X) and
they can be found as

m2
χ̃±1,2

=
1

2

[
|M2|2 + µ2 + 2m2

W

∓
√

(|M2|2 + µ2 + 2m2
W )2 − 4|µM2 −m2

W sin 2β|2
]
. (3.25)

By convention, mχ̃1
≤ mχ̃2

. If M2 and µ are taken to be real, for |µ| >> M2,mW

the wino-like chargino mass is mχ̃±1
≈ M2 whereas the Higgsino like chargino mass

is mχ̃±2
≈ |µ|.

3.3.2 Squarks and Sleptons
Similar to the Higgsino-gaugino mixing, the sfermions with the same SU(3)c× U(1)em
quantum number can mix with each other. The inclusion of the possible mixings
between SU(2)L doublets and singlets leads to the mass eigenstates that are obtained
by the diagonalization of 6× 6 squared-mass matrices: one for the charged sleptons,
one for the up and one for the down type squarks. Since the original MSSM does not
contain any right-handed sneutrinos, the sneutrino mass eigenvalues are found by
the diagonalization of a 3× 3 matrix. Such general mixings between the generations
suffer from many phenomenological problems and hence most of the mixings are
commonly taken to be very small to particularly avoid very large FCNC effects. In
this sense, the 6× 6 squared-mass matrices of the charged sleptons and squarks can
be decomposed into 2×2 matrices each of which describes sfermions of a given flavor.
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The sfermion mass matrices have three main sources: the explicit mass terms as
well as the trilinear terms coming from soft SUSY breaking sector, the contributions
coming from the F-term scalar potential (Eq.(2.32)) and the contributions from the
D-term scalar potential. As an example, we can construct the stop mass matrix by
identifying these contributions explicitly:

• The F-term scalar potential contribution:

|F |2 =

∣∣∣∣∂W∂φi
∣∣∣∣2 3 m2

t t̃
∗
Lt̃L +m2

t t̃
∗
Rt̃R − ytvd/

√
2(µ∗t̃Lt̃

∗
R + µt̃∗Lt̃R) (3.26)

with the top mass: mt = ytvu/
√

2.

• The D-term scalar potential VD = 1
2

∑
a

(∑
i

gaφ
∗
i t
aφi

)2

leads to the contribu-

tion given as

∆D = m2
Z cos 2β(

1

2
− 2

3
sin2 θW )t̃∗Lt̃L +

2

3
m2
Z cos 2β sin2 θW t̃

∗
Rt̃R (3.27)

• The soft SUSY breaking terms:

L 3 −m2
Q̃3
t̃∗Lt̃L −m2

ũ3
t̃∗Rt̃R − ytAt

vu√
2
t̃Lt̃
∗
R − ytAt

vu√
2
t̃∗Lt̃R (3.28)

After defining all the elements of the stop mass matrix we can write the corresponding
Lagrangian mass term in the gauge eigenstate basis as

L 3 −
(
t̃∗L t̃∗R

)
M2

t̃

(
t̃L
t̃R

)
, (3.29)

where the stop mass matrix is explicitly given by

M2
t̃

=

(
m2
Q̃3

+m2
t + (∆D)t̃∗L t̃L mt(A

∗
t − µ cotβ)

mt(At − µ∗ cotβ) m2
ũ3

+m2
t + (∆D)t̃∗R t̃R

)
. (3.30)

Here we defined Au3
≡ ytAt so that the off-diagonal terms are written in terms of

top mass. After the diagonalization of the Hermitian top squark mass matrix, the
masses of two physical stops can be found as

m2
t̃1,2

=
1

2

[
m2
Q̃3

+m2
ũ3

+ 2m2
t +

1

2
cos 2βm2

Z

±

√(
m2
Q̃3
−m2

ũ3
+

(
1

2
− 4

3
sin2 θW

)
cos 2βm2

Z

)2

+ 4m2
t |A∗t − µ cotβ|2

]
.
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By convention, mt̃1
< mt̃2

. Due to the large top mass (or equivalently large top
Yukawa coupling) t̃L − t̃R mixing terms are non-negligible.8 Similarly, the mass
matrices can be constructed for other squarks and sleptons. For the future discussions
we give also the bottom mass matrix explicitly in the gauge eigenstate basis (b̃L, b̃R)

M2
b̃

=

(
m2
Q̃3

+m2
b + (∆D)b̃∗Lb̃L

mb(A
∗
b − µ tanβ)

mb(Ab − µ∗ tanβ) m2
ũ3

+m2
t + (∆D)b̃∗Rb̃R

)
, (3.31)

where the bottom mass ismb = ybvd/
√

2 and the off-diagonal ∆D terms are (∆D)b̃∗Lb̃L
=

−m2
Z cos 2β( 1

2 −
1
3 sin2 θW ) and (∆D)b̃∗Rb̃R

= − 1
3m

2
Z cos 2β sin2 θW . The magnitude

of the mixing between b̃L − b̃R strongly depends on the value of tanβ. For small
tanβ, the off diagonal terms are negligible so that the sbottom mass eigenstates are
nearly the same with the gauge eigenstates.

3.3.3 The Higgs Bosons of the MSSM
Two Higgs doublets of the model are defined in terms of complex scalar fields which
in total have eight degrees of freedom. After the spontaneous electroweak symmetry
breaking, three degrees of freedom become the longitudinal component of massive
W and Z bosons. The rest of the degrees of freedom constitutes five physical Higgs
eigenstates which are two CP- even (h, H), one CP-odd (A) and one charged Higgs
pair (H±). This distinct spectrum results from the fact that the conservation of
the electric charge prohibits any mixing between the charged and the neutral fields.
Thus, If the CP symmetry is assumed to be conserved in the Higgs sector then the
neutral fields with different CP do not mix with each other. Then the mass matrices
of the neutral Higgs bosons are given by two different 2× 2 matrices.9 To determine
the masses of these Higgs bosons, the neutral fields of Higgs doublets can be written
in terms of the real and imaginary component fields as

H0
u =

(
H+
u

1√
2
(vu + φu + iϕu)

)
, H0

d =

( 1√
2
(vd + φd + iϕd)

H−d

)
(3.32)

Then the scalar Higgs potential Eq.(3.8) can be rewritten in terms of the component
fields. Let us first construct mass matrices for the sectors where the would-be Nambu-
Goldstone bosons arise. For this purpose, we start with the CP-odd sector of the
Higgs potential. The part of the Lagrangian that represents the mass term for the
CP-odd components ϕu and ϕd has the form

L 3 1

2
(ϕu ϕd) M2

CP−

(
ϕu
ϕd

)
(3.33)

8For the first and second generations, since mu,mc << mQ1,2
,mu1,2 the off-diagonal terms are

usually neglected.
9For the CP violating Higgs sector the neutral fields mix with each other and form three physical

Higgs eigenstates. The corresponding mass matrix is then a 3× 3 matrix.
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where the mass matrixM2
CP− is calculated as

M2
CP− =

 ∂2Vtree
∂ϕu∂ϕu

∂2Vtree
∂ϕu∂ϕd

∂2Vtree
∂ϕd∂ϕu

∂2Vtree
∂ϕd∂ϕd


∣∣∣∣∣∣∣
0

=

(
b cotβ b
b b tanβ

)
(3.34)

where after taking the partial derivatives we set all fields to zero and during the
calculation, the minimization conditions given in Eq.(3.16) are used. The eigenvalues
of the matrix M2

CP− correspond to the masses of the CP odd Higgs boson A0 and
the would-be Nambu-Goldstone bosons. The results are

m2
A =

2b

sin 2β
= m2

Hu +m2
Hd

+ 2|µ|2, mG0 = 0. (3.35)

As expected the would-be Nambu-Goldstone boson is massless. After switching to the
unitary gauge, G0 disappears from the Lagrangian and emerges as the longitudinal
component of the Z boson. Here the relation between the mass eigenstates and the
gauge eigenstates is defined in terms of a mixing matrix:(

G0

A

)
=

(
sinβ − cosβ
cosβ sinβ

)(
ϕu
ϕd

)
. (3.36)

Similarly we can find the mass expression for the charged Higgs bosons. The related
part of the Lagrangian is defined as

L 3
(
H+∗
u H−d

)
M2

H±

(
H+
u

H−∗d

)
(3.37)

where the squared mass matrixM2
H±i

is

M2
H±i

=


∂2Vtree

∂H+∗
u ∂H+

u

∂2Vtree
∂H+∗

u ∂H−∗d

∂2Vtree
∂H+

u ∂H
−
d

∂2Vtree
∂H−∗d ∂H−d


∣∣∣∣∣∣∣∣
0

=

(
b cotβ +m2

W c
2
β b+m2

W cβsβ
b+m2

W cβsβ b tanβ +m2
W s

2
β

)

with cβ = cosβ and sβ = sinβ. Again the minimization conditions are used to
eliminate m2

Hu
+ |µ|2 and m2

Hd
+ |µ|2 from the diagonal entries. After completing

the diagonalization process one can easily find that the masses of the charged Higgs
boson and charged Nambu-Goldstone boson are:

m2
H± =

2b

sin 2β
+m2

W = m2
A +m2

W , mG± = 0. (3.38)

As in the case of the neutral Nambu-Goldstone boson, G± does not appear in the
unitary gauge and it is ‘absorbed’ by the massive W bosons. The charged mass
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eigenstates are obtained via rotating the gauge eigenstates by a mixing angle that is
actually equal to β:

(
G+

H+

)
=

(
sinβ − cosβ
cosβ sinβ

)(
H+
u

H−∗d

)
. (3.39)

Since the charged Higgs mass and the CP-even Higgs boson masses (as the expressions
come up shortly) can be expressed in terms ofmA, it is conveniently taken as an input
parameter of the Higgs sector so that along with tanβ it is used to fix the Higgs boson
mass spectrum and the Higgs couplings at tree level.

Finally, we can construct the CP-even Higgs boson mass matrix in a similar way
to determine the tree level masses of h and H. The part of the Lagrangian that
contains mass terms for the CP-even Higgs bosons is

L 3 1

2
(φu φd) M2

CP+

(
φu
φd

)
(3.40)

with the mass matrix

M2
CP+ =

 ∂2Vtree
∂φu∂φu

∂2Vtree
∂φu∂φd

∂2Vtree
∂φd∂φu

∂2Vtree
∂φd∂φd


∣∣∣∣∣∣∣
0

=

(
b cotβ +M2

Zs
2
β −b−M2

Zcβ sβ
−b−M2

Zcβ sβ b tanβ +M2
Zc

2
β

)
.

The corresponding mass eigenvalues of the CP-even Higgs bosons can be found readily
after the diagonalization of the CP-evenM2

CP+ matrix. The mass eigenvalues written
in terms of mA are given by,

m2
h,H =

1

2
{m2

A0 +M2
Z ∓

[
(m2

A +M2
Z)2 − 4m2

A0 M2
Z cos2 2β

]1/2} (3.41)

By convention, mh < mH . The mixing between two CP even states is given by an
angle α and the relation between the physical states and the gauge eigenstates is
defined as (

h
H

)
=

(
cosα sinα
− sinα cosα

)(
φu
φd

)
(3.42)

where the mixing angle α is determined in terms of tanβ at tree level

tan 2α =
m2
A +m2

Z

m2
A −m2

Z

tan 2β. (3.43)

The mixing angle α is traditionally chosen to be negative and for 0 ≤ β ≤ π/2 it is
taken as −π/2 ≤ α ≤ 0 [62, 136,137].
From the above equations, the mass terms fulfill the following relations at tree level:
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mH± ≥ mW , (3.44)
mh ≤ min(mA,mz)| cos 2β| ≤ mH , (3.45)

m2
h +m2

H = m2
A +m2

Z . (3.46)

The most important consequence of the above equations is that the lightest Higgs
boson of the model can not be heavier than the Z boson at tree level. Conversely,
the mass of the SM Higgs boson does not have such a constraint at tree level. This
important difference between two models results from the fact that the Higgs self-
couplings in the MSSM are just the electroweak couplings so that the masses of the
Higgs bosons are related to the gauge boson masses [138, 139]. On the other hand,
the Higgs self-coupling λ is a free parameter of the SM.10

Fortunately, such an upper bound can be substantially modified when the radia-
tive corrections are incorporated [140–143]. Such drastic radiative corrections to the
lightest Higgs boson are vitally important since if the only tree level contributions
were decisive in determining the lightest Higgs mass, LEP2 would have already ruled
out the MSSM a long time ago [144].

The one of the well known procedures to include the radiative corrections to
the Higgs masses is called the effective potential technique where the one-loop order
effective corrections are added to the tree level potential

Veff = Vtree + ∆V (1). (3.47)

In this method, the form of the one loop corrections is given by the Coleman-Weinberg
potential [145]:

∆V (1) =
1

64π2

∑
i

(−1)2si(2si + 1)M4
i

[
log
M2

i

Q2
− 3

2

]
(3.48)

where the sum is taken over all particles in the loop given thatMi are field-dependent
mass squared matrices of the particles with spin si and Q is the renormalization scale.
It is important to note that the minimization conditions given in Eq.(3.16) must
be recalculated including the radiative corrections. Then, the radiatively corrected
Higgs masses can be found by taking the second derivative of Veff with respect to
the Higgs fields. Due to the large top Yukawa coupling, the most dominant one loop
corrections to the lightest Higgs mass arise from the loops involving top quark and
stops [141–143]. For large tanβ values, bottom-sbottom loops can contribute non-
negligibly [146,147]. These corrections can push the mass of the lightest Higgs mass
into the value of the discovered Higgs boson mass so that the MSSM lightest Higgs
boson can be a candidate for the discovered Higgs boson. After including the one

10Even though the SM Higgs mass is a free parameter of the model, the constraints coming from
the triviality, vacuum stability and the electroweak measurements restrict the parameter space of
the SM Higgs boson. For details see Ref. [52].
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loop top-stop corrections, the upper limit for the lightest Higgs boson mass can be
obtained approximately for mA >> mZ

11 and for large tanβ [137,151,152]:

m2
h . m2

Z +
3g2

2m
4
t

8π2m2
W

(
ln
M2
S

m2
t

+
X2
t

M2
S

(
1− X2

t

12M2
S

))
(3.49)

where MS is the average of the scalar top quark masses and Xt is given by

Xt = At − µ cotβ, (3.50)

the off-diagonal entry of the stop mass matrix representing the stop mixings. Clearly,
the upper limit of the lightest Higgs mass is maximized for Xt =

√
6MS . The

corresponding phenomenological scenario is called the maximal mixing scenario. The
result in Eq.(3.49) can be improved by adding the two loop corrections [153–156]. By
including the present loop corrections, the upper limit for the lightest Higgs boson
is obtained as [157,158]

mh . 135GeV. (3.51)

This means that the MSSM possesses the lightest CP-even Higgs boson which can
coincide with the experimentally observed Higgs. Since the recent experimental re-
sults for the Higgs production and decay channels imply that the discovered Higgs
boson has the SM-like Higgs couplings [29–38] the allowed parameter space of the
MSSM accommodating a 125 GeV Higgs is expected to be strongly constrained. In
this spirit, numerous analyses have been performed to investigate the situation of the
low and the GUT scale MSSM scenarios (see e.g. [159–165]).

Here we choose to discuss the consequences of a 125 GeV Higgs boson on the
pMSSM and CMSSM/mSUGRA parameter spaces to demonstrate the situations of
the weak-scale MSSM scenarios and the high-scale SUSY models, respectively. Let us
first discuss the impact of the observed Higgs mass in the context of the phenomeno-
logical MSSM. The allowed parameter regions of the pMSSM has been investigated
in detail [160,163,166]. In Ref. [160], a large scan of the pMSSM parameter space12
was performed for 1 ≤ tanβ ≤ 60 to investigate the possible parameter regions that
can accommodate a 125 GeV Higgs. The obtained results are given in Fig. 3.1. It can
be seen from Fig. 3.1(a) that a ∼125 GeV Higgs mass can be achieved for the Xt/MS

values close to the maximal mixing scenario (Xt/MS ≈
√

6) while the Xt = 0 case
(no mixing scenario) is ruled out for MS . 3 TeV. As Fig. 3.1(b) shows, for MS . 1
TeV the values of tanβ < 3 are disfavored and the viable Higgs solutions are obtained
only for the scenarios close to the maximal mixing. For small values of tanβ, one
needs to reach MS & 1.5 TeV which corresponds to quite heavy stop masses. These
results lead us to a general conclusion: in the pMSSM the desired Higgs mass can
be achieved for heavy stop masses and/or large mixing between stops for moderate
tanβ values. Thus, this observation aggravates the naturalness discussions since the

11FormA >> mZ , H, A andH± are mass degenerate and they are decoupled from the lightest CP
-even Higgs boson. This limit is generally known as the decoupling limit. In this limit, the lightest
Higgs boson couplings of the SM particles are very close to those of the SM Higgs boson [148–150].

12For the scanned regions of the model parameters check [160].
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(a) (b)

Figure 3.1: (a) The lightest Higgs boson mass as a function of Xt/MS where MS =√
mt̃1

mt̃2
. The black contour shows 123 < mh < 127 GeV. (b) Xt versus MS for the

ranges of tanβ. The figures are taken from Ref. [160].

experimentally viable parameter regions require fine-tuning typically less than 1%
depending on the definition of the fine-tuning [152, 167, 168]. This situation is con-
sidered as an unwelcome result when one recalls that the low-scale supersymmetry
was proposed to solve the naturalness problem.

Similarly, the impact of the Higgs boson discovery on the parameter space of the
cMSSM/mSUGRA model was investigated in e.g. Ref. [159, 169]. Since cMSSM/
mSUGRA is a highly constrained model, its parameter space consistent with the
Higgs data is expected to be more severely restricted than the parameter space of
the unconstrained MSSM scenarios. The authors of Ref. [159] showed that for A0 = 0,
one can obtain a 125 GeV Higgs boson only for m1/2 ∼ m0 ∼ 10 TeV which implies
that the corresponding gluino and sfermion masses are expected to be around 20
TeV. Thus, they pointed out that the common soft breaking trilinear parameter
|A0| . 1.8m0 is excluded for m0 < 5 TeV. It is important to emphasize that the
requirement of such large values of m0 and A0 result in a sfermion spectrum in multi-
TeV range. Such a heavy spectrum generates excessive fine-tuning < 0.1% [170].



44 3 The Minimal Supersymmetric Standard Model



Chapter 4

Y= 0 Triplet Extended Supersymmetric SM

As discussed in the previous chapter, when the observed SM-like Higgs boson near
125 GeV is interpreted as the lightest Higgs boson of the MSSM the parameter space
of the model is highly constrained allowing only the regions with multi-TeV third
generation squarks and/or large scalar stop mixing parameters. Thus, the viable
parameter regions consistent with the current Higgs data generate severe fine-tuning
. 1% which raises a question regarding the naturalness of the electroweak-scale
supersymmetry with minimal field content.

This severe fine-tuning can be alleviated by having additional contributions to
the lightest Higgs boson from the field extension and/or the gauge group exten-
sion of the MSSM. The enlargement of the gauge symmetry of the MSSM by an
asymptotically free gauge group introduces new quartic contributions (D-terms) to
the scalar potential which can increase the tree level upper bound of the lightest
Higgs boson [171–173]. Alternatively, the MSSM gauge group remains intact and
the minimal field requirement can be abandoned via introducing a new singlet or
a triplet chiral superfield which can generate additional tree-level corrections to the
lightest Higgs mass. Since the tree level contributions to the lightest Higgs boson
mass are larger no sizable radiative corrections are needed to shift the mass value to
125 GeV so that the required fine-tuning can be softened drastically. The most stud-
ied example of such extended MSSM models is the singlet extension of the MSSM
(NMSSM) and the implications of 125 GeV Higgs boson on its parameter space have
been studied comprehensively in the literature [174–177].

As an alternative way to extend the MSSM field content, an SU(2)L triplet chiral
superfield that couples to the Higgs sector of the superpotential can be introduced.
Additional triplet contributions can push the lightest Higgs mass into the 125 GeV
region without requiring large radiative corrections. Thus, the triplet extended Higgs
sector can lead to some hallmark signatures which are absent in the MSSM or any
doublet models in general such that the observation of such signatures at the LHC
or future colliders can help us to understand true nature of the electroweak symme-
try breaking. Besides, the problem of the overproduction of the CP violation in the
MSSM (discussed in Section 3.1) can be evaded naturally via enlarging the model
with singlet or triplet superfield(s) whose neutral component breaks the CP sym-

45
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metry spontaneously [178–180]. Spontaneous CP violation (SCPV) is an attractive
technique since the CP phases are introduced only in the VEVs of neutral Higgs fields
so that the number of free CP phases is reduced significantly. It is known that the
MSSM with SCPV does not lead to phenomenologically viable Higgs spectrum even
if the higher order corrections are taken into account [181] and thereby, the extended
MSSM Higgs sector is indispensable for spontaneously broken CP symmetry. To this
end, in the works included in this thesis we study the Y=0 triplet extension of the
MSSM, known as TESSM, particularly focusing on the Higgs sector of the model.

Before discussing TESSM Higgs sector in great detail, let us stress a crucial
feature of the models with the triplet extended Higgs sectors. In general, the models
containing a hypercharge Y = 0,±2 triplet consist of new neutral Higgs field(s) in
addition to the ones from the Higgs doublets. Introduction of new neutral element
with non-zero VEV breaks the custodial SU(2)c symmetry of the Higgs sector when
the gauge symmetry is broken. The impact of non-zero triplet VEV can be seen when
the general formula of the tree-level electroweak ρ parameter is written in terms of
VEVs of the neutral scalar fields [136]:

ρ =

∑
T,Y

[4T(T + 1)−Y2]|vT,Y|2cT,Y∑
T,Y

2Y2|vT,Y|2
. (4.1)

Here vT,Y are the VEVs of the scalar fields with the third component of the isospin
T and hypercharge Y whereas cT,Y = 1 (1/2) is for the complex (real) representation
of the scalar fields. For the models with only Higgs doublets and singlets the ρ
parameter is automatically equal to one at tree level whereas for models with Higgs
triplets the tree level ρ parameter can alter drastically by non-zero triplet VEV.
In order to avoid large tree-level deviations from unity two different paths can be
followed: (i) the VEV of the neutral triplet field is taken to be much smaller than
those of the neutral doublet fields; or (ii) for the models with more than one triplet
fields, the triplet VEVs can be arranged in such a way that the custodial SU(2)c
symmetry is preserved (e.g. see [182, 183]). In the papers included in this thesis we
follow the former path where the neutral triplet field has a non-zero VEV which is
taken as 3

√
2 GeV respecting the strong constraint coming from the global fit on ρ

parameter measurements [184] .
Keeping this constraint in mind let us now construct the TESSM. The renormaliz-

able superpotential of TESSM can be written by enlarging the MSSM superpotential
via two extra terms [185,186]:

WTESSM = Yu ÛĤu ·Q̂− Yd D̂Ĥd ·Q̂− Ye ÊĤd ·L̂+ µD Ĥd ·Ĥu

+µT Tr(T̂ T̂ ) + λ Ĥd ·T̂ Ĥu (4.2)

where T̂ represents the triplet chiral superfield and its coupling to the Higgs doublets
is given by dimensionless λ.1 The usual Higgs doublet mixing parameter µD and the
triplet mass parameter µT are the only dimensionful parameters of the superpotential.

1The dot notation is defined as e.g. Ĥu · Q̂ ≡ εijĤi
uQ̂

j with ε12 = −ε21 = −1.
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Simliarly, the soft SUSY breaking sector of the model can be written by using the
convention of the superpotential as

−Lsoft = −LMSSM
soft + [µTBTTr(TT ) + λATHd ·THu + h.c.] +m2

TTr(T †T ) (4.3)

where in addition to the LMSSM
soft terms introduced in Eq.(3.4) the possible soft terms

containing the triplet field are added into the sector. Here, BT is the soft bilinear
triplet coupling and mT is the soft SUSY breaking mass for the triplet.2 Now we
have all ingredients to construct the scalar potential and discuss the Higgs spectrum
and implications of 125 GeV Higgs on the parameter space of the model.

4.1 The Higgs Sector of the TESSM

The TESSM Higgs sector comprises usual two Higgs doublets of the MSSM and the
scalar component of Y=0 SU(2) triplet chiral superfield which can be represented by
a 2× 2 matrix

T =

(
1√
2
T 0 T+

2

T−1 − 1√
2
T 0

)
. (4.4)

Here T0 is a complex neutral field, while T−1 and T+
2 are the charged Higgs fields and

(T−1 )∗ 6= T+
2 . Due to the fact that Tr(T3) ≡ 0 there is no triplet cubic term intro-

duced in the superpotential Eq.(4.2). Analogously to the MSSM case, the TESSM
scalar potential can be constructed as

VTESSM = VF + VD + Vsoft (4.5)

where the F-term and D-term scalar potential are obtained via Eq.(2.38). In the
analysis we simply assume that there is no CP violation in the Higgs sector so that
all the parameters including the VEVs of the neutral Higgs fields are chosen to be
real. The VEVs of the neutral Higgs fields are denoted by

〈H0
u〉 =

vu√
2
, 〈H0

d〉 =
vd√

2
, 〈T 0〉 =

vT√
2

(4.6)

with tanβ = vu/vd and generate the electroweak gauge boson masses after the
SU(2)L×U(1)Y breaking as

m2
W =

g2
2

4

(
v2 + 4v2

T

)
, m2

Z =

(
g2

2 + g2
Y

4

)
v2 (4.7)

where v2 = v2
u + v2

d. As is previously discussed the existence of the triplet VEV
leads to a deviation in the tree-level ρ parameter since it alters the W boson mass

2Note that for the MSSM bilinear coupling we choose the convention b ≡ BDµD in the analysis.
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expression whereas the Z boson mass expression remains unaffected. Thus the tree-
level ρ parameter becomes:

ρ = 1 +
4v2
T

v2
. (4.8)

The experimental value of the ρ parameter ρ = 1.0004
+0.0003
−0.0004

[184] imposes an

important constraint on the triplet VEV, vT . 5 GeV. Here we note that such a
stringent constraint on the triplet VEV evidently does not allow the triplet extension
to solve the MSSM µ problem. This is exactly why the µD term and the doublet-
triplet interaction term are defined separately in the superpotential Eq. (4.2). On
the other hand, the triplet VEV can still lead to some deviations in the Higgs boson
masses and couplings and hence throughout our analysis we fix the value of triplet
VEV as 3

√
2 GeV.

After including the scalar triplet the stability conditions for the Higgs potential
must be checked to ensure that the model has a correct description for the EW
symmetry breaking. The condition that is obtained by requiring the trivial vacuum
at the origin to be unstable is given by

B2
D > µ2

D

(
m2
Hd

µ2
D

+ 1

)(
m2
Hu

µ2
D

+ 1

)
(4.9)

which is the same as the one obtained in the case of the MSSM. The noticeable differ-
ence with the MSSM rises from the condition coming from the D-flat direction (where
|H0

u| = |H0
d |) since the quadratic term λ2|H0

u|2|H0
d |2 generated by the triplet-doublet

coupling guarantees that the potential is bounded from below even along the D-flat
direction [187, 188]. When the condition above is satisfied, then the potential has a
stable minimum for non-zero VEV which breaks the electroweak symmetry sponta-
neously. The required minimization conditions of the scalar potential are calculated
for non-zero VEVs as

m2
Hu

= −µ2
D −

g2Y +g22
8

(
v2
u − v2

d

)
+BDµD

vd
vu
− λ2

4

(
v2
d + v2

T

)
+ λ vT

(
µD −

(
AT
2 + µT

)
vd
vu

)
,

m2
Hd

= −µ2
D +

g2Y +g22
8

(
v2
u − v2

d

)
+BDµD

vu
vd
− λ2

4

(
v2
u + v2

T

)
+ λ vT

(
µD −

(
AT
2 + µT

)
vu
vd

)
,

m2
T = −λ

2

4

(
v2
d + v2

u

)
− 2µT (BT + 2µT ) + λ

(
µD

v2d+v2u
2vT

−
(
AT
2 + µT

)
vdvu
vT

)
(4.10)

After the electroweak symmetry breaking the physical particle spectrum of the TESSM
Higgs sector comprises three CP-even (h1,2,3), two CP-odd (A1,2) bosons and three
charged Higgs pairs (h±1,2,3) given that h1 corresponds to the lightest Higgs boson of
the model whereas the others are expected to be much heavier. The components of
the neutral Higgs fields are defined as H0

u = 1/
√

2 (φu + iϕu), H0
d = 1/

√
2 (φd + iϕd)

and T 0 = 1/
√

2 (φT + iϕT ) The 3× 3 tree level mass matrix for the CP even Higgses
can be calculated in the basis 1√

2
(φu, φd, φT ) by using the minimization conditions
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as

M2
h0 =

( )(
M2

h

)
2×2

M2
13

M2
23

M2
13 M2

23 M2
33

(4.11)

where

(M2
h)2×2 =

(
m2
Zs

2
β + ∆ctβ −BDµD + λvT

2 (AT + 2µT ) + ∆′

−BDµD + λvT
2 (AT + 2µT ) + ∆′ m2

Zc
2
β + ∆tβ

)
and

M2
13 =

1

2
λ (vu (λvT − 2µD) + vd (AT + 2µT )) ,

M2
23 =

1

2
λ (vd (λvT − 2µD) + vu (AT + 2µT )) ,

M2
33 =

λ

2vT

(
µD(v2

u + v2
d)− (AT + 2µT )vuvd

)
.

with ∆ = (BDµD − λ vT (AT /2 + µT )), ∆′ = −m
2
Z

2 s2β − λ2

2 vdvu, ctβ ≡ cotβ, sβ ≡
sinβ and tβ ≡ tanβ. Thus, the upper bound of the lightest neutral Higgs can
be obtained in the limit of large BD given that the smallest eigenvalue of a 3 × 3
Hermitian positive definite matrix, in this case the CP even mass matrixM2

h0 , cannot
be greater than the smaller eigenvalue of either of the 2 × 2 submatrices on the
diagonal [185,186]:

m2
h0
1
≤ m2

Z

(
cos2 2β +

λ2

g2
Y + g2

2

sin2 2β

)
. (4.12)

The result in Eq.(4.12) shows that the upper bound is relaxed by the presence of
the triplet contribution and in principle one can reach the experimentally measured
light Higgs mass already at tree-level for tanβ close to one and large λ values [187].
However, for the large values of λ the model becomes non-perturbative at the high
energy scales. The excessively large tree level triplet contribution to the lightest
Higgs mass are avoided by taking into account the one-loop radiative corrections. As
in the case of the MSSM we use the effective Coleman-Weinberg potential defined
in Eq.(3.48) to calculate the one-loop corrections to the CP even Higgs mass matrix
which is given explicitly by the effective formula [187,189]:

(∆M2
h0)ij =

∂2∆V (φ)

∂φi∂φj

∣∣∣∣
VEV

− δij
〈ai〉

∂∆V (φ)

∂φi

∣∣∣∣
VEV

=
∑
k

1

32π2

∂m2
k

∂φi

∂m2
k

∂φj
ln
m2
k

µ2
r

∣∣∣∣
VEV

+
∑
k

1

32π2
m2
k

∂2m2
k

∂φi∂φj

(
ln
m2
k

µ2
r

− 1

)∣∣∣∣
VEV

−
∑
k

1

32π2
m2
k

δij
〈φi〉

∂m2
k

∂φi

(
ln
m2
k

µ2
r

− 1

)∣∣∣∣
VEV

, i, j = u, d, T ; (4.13)
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Here µr is the renormalization scale, φi are the real components of the neutral Higgs
fields and m2

k is the set of eigenvalues of the field dependent mass matrices which
are given explicitly in the Appendix of Paper II [2]. For simplicity we drop the
supertrace expressions in Eq. (4.13) but for each particle, the proper supertrace
coefficient should be taken into account in the calculation.

During the numerical analyses of Paper I [1], we have taken into account the one-
loop quantum corrections to the neutral Higgs boson mass from the strong sector as
well as the electroweak sector of the model. For the strong sector contributions, in
addition to the top-stop loop corrections we have considered the contributions coming
from the bottom-sbottom loops since these contributions to the lightest Higgs mass
become non-negligible for large values of tanβ. We have showed that even though the
dominant radiative corrections are obtained from the strong sector, the electroweak
sector still has an important impact on Higgs masses emerging both in the mini-
mization conditions and the mass matrix entries. To demonstrate the impact, we
selected four different scenarios for which we have checked the radiative corrections
coming from the strong and the electroweak sectors individually. We have observed
that it is possible to reach 125 GeV Higgs mass only with the electroweak contri-
butions when the triplet is highly coupled to the Higgs doublets i.e. λ coupling is
large. When both electroweak and strong sector contributions are taken into account
we have showed that the model possesses a 125 GeV Higgs boson without requiring
multi-TeV stops or large mixing between the scalar top quarks. In particular, for min-
imal stop mixing scenario, where the stop mixing term has only the triplet term i.e.
Xt = mtλvT cotβ/2, the lightest Higgs boson with ∼ 125 GeV Higgs provides a limit
on the lightest stop mass mt̃1

& 700 GeV for λ = 0.9 and tanβ = 5.3 Thus, when the
off-diagonal stop mass matrix term is taken as Xt = mt(At−cotβ(µD−λvT cotβ/2)
(the maximal mixing scenario) for large λ, the required stop mass could be as low
as 200 GeV even for small tanβ. This means that unlike in the MSSM, the lightest
Higgs boson mass does not introduce severe constraints on the stop masses and the
mixing parameters in the TESSM so that direct search bounds are needed to restrict
these parameter regions.

In Paper II [2], in order to evaluate the phenomenological viability of TESSM
we have deepened our analyses by performing a general scan of the parameter space
and collected the points that give the measured lightest Higgs mass while satisfying
the constraints from the direct searches of non-SM particles. The region of the scan
parameter space is defined by

1 ≤ tβ ≤ 10 , 5GeV ≤ |µD, µT | ≤ 2TeV , 50GeV ≤ |M1,M2| ≤ 1TeV ,

|At, AT , BD, BT | ≤ 2TeV , 500GeV ≤ mQ3 ,mt̃,mb̃ ≤ 2TeV , (4.14)

where mQ3 ,mt̃,mb̃ are the left- and right-handed squark squared soft masses, respec-
tively. Here we scan the squark soft SUSY parameters up to 2 TeV since in TESSM
a 125 GeV Higgs mass can be achieved without requiring heavy sfermion spectrum.
Thus, in TESSM the required fine-tuning for the chosen parameter regions can dras-
tically reduced in comparison with the MSSM. During the scan, the value of λ at
each random point in the parameter space is determined by an iterative process that

3The stop mass limit for the no mixing scenario is & 3 TeV in the case of the MSSM.
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starts assigning an initial random value |λ| ≤ 2 to calculate the tree level Higgs boson
mass. In order to calculate the one loop contribution to the lightest Higgs mass, the
value of λ that is needed to match the measured light Higgs mass at 125.5 GeV is
found and this value of λ is replaced by the initial random value in the next itera-
tion to calculate the one-loop Higgs mass. The process is repeated until λ remains
constant after the next iteration. Then we have collected the data points that satisfy
the constraints

mh0
1

= 125.5± 0.1 GeV ; mA1,2 , mχ0
1,2,3,4,5

≥ 65 GeV ;

mh0
1,2
,mh±1,2,3

,mχ±1,2,3
≥ 100 GeV ; mt̃1,2

,mb̃1,2
≥ 650 GeV . (4.15)

Here our bound for neutralinos is stronger than the experimental one in order to
avoid the constraints from the invisible decays of the lightest Higgs boson which are
relevant for the dark matter studies [190]. Among the data points we have collected,
some of them have the λ absolute values larger than 1 for which 125 GeV Higgs
mass can be generated already at tree level. However, such large values of the di-
mensionless couplings can diverge at high energy scales where the model becomes
non-perturbative. To preserve the perturbativity of the model at high scales we cal-
culate the two-loop β functions for the dimensionless couplings of the superpotential
and the gauge couplings of the model and run each coupling from the renormalization
scale µr = mZ to the GUT scale ΛGUT = 2 × 1016 GeV. We have considered the
parameter points non-perturbative if any of the dimensionless coupling exceeds 2π
at the GUT scale. We have observed that half of the data points obtained from the
general scan remain perturbative and the requirement of the perturbativity up to
GUT scale puts an upper bound on λ as |λ| ≤ 0.85.

Therefore, even though large λ values are favored by the naturalness they are
constrained by the perturbativity requirement. For the data points with low λ the
radiative corrections are crucial to lift the Higgs mass up to 125 GeV. For those
parameter points one needs to assess the amount of fine tuning to see whether the
model requires less fine-tuning than the MSSM. In order to estimate the amount of
fine-tuning in the model one can use a quantitative measure of fine-tuning ∆ which
is defined to be the maximum logarithmic derivative of the electroweak VEV vw with
respect to the fundamental parameters [191,192]4:

∆µp ≡
∂ log v2

w

∂ logµ2
p (Λ)

, ∆ ≡ max∆µp , (4.16)

where µp is the chosen model parameter whose renormalization group evolution is
given by

µ2
p (Λ) = µ2

p (MZ) +
βµ2

p

16π2
log

(
Λ

MZ

)
, βµ2

p
= 16π2

dµ2
p

dlogQ
. (4.17)

Thus, the corresponding fine-tuning in the model can be quantify in terms of ∆ in
percentage as FT = 102 × ∆−1. This simply means that with larger ∆ the model
is more severely fine-tuned. In the case of the MSSM, the minimization condition

4For the measure of the fine-tuning ∆µp , the notation f−1
µp was used in Paper II.
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D

Figure 4.1: ∆ as a function of the triplet coupling λ. Blue points represent the
perturbative data points whereas red points are the non-perturbative ones. The
yellow points stand for the points which are perturbative for the two loop but not
for the one loop beta functions.

given in Eq.(3.16) shows that the soft squared masses m2
Hu
,m2

Hd
and |µ|2 should

be roughly of the order of m2
Z to avoid the fine-tuning of the parameters. When

the renormalization group evolutions of m2
Hu
,m2

Hd
are taken into account one can

calculate the corresponding fine-tuning for each parameter to be around the EW
scale and it is observed that m2

Hu
requires the strongest fine-tuning among the model

parameters due to the contributions with the large top Yukawa coupling. In case of
the TESSM, the situation does not change drastically and the fine-tuning required
in m2

Hu
, which is calculated by deriving the one loop beta function of m2

Hu
, indeed

turns out to be the most dominant one, thereby the measure of the required fine
tuning in TESSM can be approximately given by ∆ ≈ ∆mHu

where

∆mHu
=

log (Λ/MZ)

16π∂v2wm
2
Hu

(
6y2
tA

2
t + 3λ2A2

T + 3λ2m2
Hd

+ 3λ2m2
T + 3λ2m2

Hu

− 2g2
YM

2
1 − 6g2

2M
2
2 + 6m2

Qy
2
t + 6m2

t̃y
2
t + 6m2

Huy
2
t

+ g2
Y

(
3m2

b̃
−m2

Hd
− 3m2

L + 3m2
Q − 6m2

t̃ +m2
Hu + 3m2

τ̃

))
. (4.18)

Here the derivative in the denominator acts on the expression of m2
Hu

given in
Eq.(4.10). In Fig.4.1 we present ∆ evaluated at GUT scale ΛGUT as a function of λ
where the blue points represent the perturbative data points for which no dimension-
less coupling exceeds 2π in absolute value. The red points are the non-perturbative
points whereas the yellow points represent the data points which are non-perturbative
at one loop but become perturbative after the two loop corrections are taken into
account. As can be seen from Fig.4.1, for λ . 0.2 it is possible to produce less fine-
tuning as long as tanβ is large. Notice that the fine-tuning increases rapidly for very
large values of λ & 1.5. The reason behind is that the triplet tree level contribution
to the lightest Higgs mass is so large that it exceeds 125.5 GeV at tree level and large
negative radiative corrections are needed to cancel the excess in mass. For λ ∼ 1 the
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model produces less fine-tuning but the model is driven into non-perturbative regime
if one assumes that TESSM is valid up to ΛGUT. Here we stress that choosing the
cut-off scale as GUT scale is less justifiable for TESSM than for the MSSM since the
triplet contribution to the gauge coupling β functions spoils the unification of the
gauge couplings at GUT scale [193]. This is why we also consider a less restrictive
cut-off scale, ΛUV = 104 TeV, which is approximately the highest scale tested exper-
imentally through flavor observables. We perform the above analysis again for the

D

Figure 4.2: ∆ as a function of tanβ and At, respectively. The amount of fine-tuning
is reduced significantly for small tanβ and large λ values.

cuf-off scale ΛUV and see that the requirement of the perturbativity up to ΛUV scale
provides an upper limit on |λ| ≤ 1.34. In Fig.4.2 we plot the measure of the fine-
tuning as a function tanβ and At, respectively. We observe that 125.5 GeV Higgs
mass value is attained for the values of tanβ close to 1 as long as λ is large (λ & 0.8)
where the corresponding fine-tuning is considerably smaller in the regions with small
λ values. As we pointed out previously, the same λ region can also generate severe
fine-tuning simply because the tree level contributions to the lightest Higgs mass
are much larger than the observed mass value so that large radiative corrections,
which result in strong fine-tuning, are necessary to tame the tree-level corrections.
We also observe that large |λ| region favored by the fine-tuning discussions allows
|At| to be less than 1 TeV opening up some parameter regions which are mostly
excluded for MSSM-like scenarios. Conversely, for small values of |λ|, a 125.5 GeV
Higgs mass is achievable only for large values of |At| (|At| & 1 TeV) which generate
severe fine-tuning in most of the parameter space.

Constraints from the B → Xsγ decay

Besides the constraints obtained from the Higgs searches, it is well known that the
low energy observables provide stringent constraints on the parameter space of new
physics beyond the SM. In particular, the parameter space of MSSM-like models with
minimal or general flavour mixings in the sfermion sector has been investigated in
great detail with the help of B-physics observables (see e.g. [194–197]). Recently, it
has been pointed out that the branching ratio of the flavour changing decay B → Xsγ
plays a crucial role in constraining the viable parameter space of the MSSM especially
for low tanβ region whereas the flavour bounds obtained from the branching ratio of
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Figure 4.3: Values of Br(B → Xsγ) associated to each viable data point as a function
of tanβ, where the NLO SUSY effects are taken into account. The yellow band shows
the viable region at the 2σ CL around the experimental value of Br(B → Xsγ).

Bs → µµ become relevant only for large values of tanβ [198]. Since, we observe that
small values of tanβ are favored by the small fine-tuning we consider the limitations
on the parameter space coming only from B → Xsγ.

It is known that B → Xsγ is a flavor changing process and it is possible only at
loop order in the SM where the most important lowest order contribution comes
from the loop involving a top quark and W boson.. The Standard Model prediction
of the branching ratio of this decay at next-to-next to leading order (NNLO) is given
by [199]

Br(B → Xsγ)SM = (3.15± 0.23)× 10−4. (4.19)

Since the experimental value is given by Heavy Flavor Averaging Group [200]

Br(B → Xsγ)exp = 3.55± 0.24± 0.09× 10−4, (4.20)

there is a small room for the new physics contributions so that the parameter spaces
of those models are highly constrained by this decay. In the case of the MSSM,
additional dominant contributions to B → Xsγ arise from the charged Higgs boson-
top and the stop-chargino loops. The situation is similar in TESSM, except that
in general there are two more charged Higgses and one more chargino than in the
MSSM. It is important to emphasize that even though there are more particles to
contribute to the process, it is still possible to get some suppression in the corre-
sponding branching ratio, compared with the MSSM one, due to the absence of
triplet coupling to the SM fermions. In other words, the physical charged Higgses
and charginos with triplet components give a suppressed contribution, as compared
to their MSSM counterparts.

In Paper I, we have calculated Br(B → Xsγ) by implementing the doublet-triplet
mixing effects into MicrOMEGAs version 2.4.5 [201] which has only the leading order
SUSY corrections. In the numerical analysis, we have considered a scenario where
along with the lightest charged Higgs, only the Higgsino-like charginos contribute
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to the process since the gauginos are decoupled and the Higgsino-gaugino mixing is
ignored. We have showed that it is possible to obtain many allowed data points having
both signs of µD and various tanβ values that are consistent with the constraints
coming from the observed Higgs mass as well as the constraints from Br(B → Xsγ).

In Paper II, we have improved our analysis by writing a Mathematica code where
all contributions are calculated at next-to leading order (NLO). We find the Br(B →
Xsγ) value of each data point obtained from the general scan defined in Eq.(4.14)
without imposing any limitation on the gaugino-Higgsino mixing. From the obtained
Br(B → Xsγ) values we observe that for values of |µD| & 1 TeV, a majority of data
points fall within ±2σ of the experimental value with |λ| being generally small. We
also see that there is a clear preference for the positive sign of µD when the NLO
SUSY corrections are included. Additionally, the tanβ dependence of Br(B → Xsγ)
is displayed in Fig.4.3 where the yellow band represents the experimentally viable
region at 2σ. For the tanβ values close to 10, corresponding to small values of |λ|,
about half of the data points feature a Br(B → Xsγ) prediction within ±2σ of the
experimental value. On the other hand, the Br(B → Xsγ) values of most of the
data points in the low tanβ region sit below the lower 2σ bound given that no point
actually has a prediction that matches with the experimental central value. This
observation is quite crucial since the TESSM parameter regions with small tanβ
values or equivalently very large λ values, which are favored by small fine-tuning, are
severely constrained by Br(B → Xsγ).

4.1.1 Phenomenology of Charged Higgs bosons in TESSM

An important distinctive feature of the models with more than one Higgs doublet
is to possess at least one charged Higgs pair along with the neutral Higgses. Even
though the discovery of a charged Higgs boson would be an indisputable evidence
of a non-standard Higgs model the subsequent analysis of the properties of charged
Higgs is needed to reveal the structure as well as the symmetries of the Higgs sector.
To serve this purpose, Paper III is devoted to investigation of the charged Higgses in
the TESSM to distinguish the model from the multi Higgs doublet models.

In the MSSM or in general two Higgs doublet models the charged Higgs can
couple to the SM fermions and main decays channels of the charged Higgs are to
tb and/or to τντ depending on its mass [150, 202]. The light charged Higgs boson
(mh± ≤ mt−mb) is mainly produced by the top decay through pp→ tt̄, t→ h±b [203]
whereas gg → tbh± and gb→ th± channels become the dominant production modes
for the heavy charged Higgs at the LHC [204–206]. On the other hand in the models
containing higher representation of the Higgs fields, different decay and production
channels of the charged Higgs can exist in addition to the aforementioned chan-
nels. In particular, the triplet models with non-zero triplet VEV contain a tree level
h±i ZW

∓ coupling as a consequence of the custodial SU(2)c symmetry breaking. The
existence of this tree level coupling is crucial in identifying the triplet’s impact on
the charged Higgs since h±i ZW

∓ coupling is induced at loop-level in the models with
only Higgs doublets [207–209]. This coupling furthermore opens up a new decay
channel h±i → ZW± and production channels through the vector boson fusion and
associated production with vector boson. In the light of this information, we have in-
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vestigated the phenomenology of triplet-like charged Higgs in the context of TESSM
by distinguishing its collider signatures from the ones originated from the models
with Higgs doublets.5
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Figure 4.4: The mass hierarchy between the lightest charged Higgs and the heavier
CP even Higgs (h2) and the CP odd Higgs boson (A1), respectively. Taken from
Paper III.

In Paper III [3] we have first examined the mass hierarchy among the charged Higgs
and the heavier CP even and the CP odd Higgses to enlighten the features of the
model. For this purpose we perform a scan for which the ranges of the parameters
are defined as

1 ≤ tanβ ≤ 30, |λ| ≤ 1, 0 ≤ |µD, µT | ≤ 2TeV, 100GeV ≤ |M1,M2| ≤ 1TeV,
0 ≤ |At, Ab, Aλ, BD, BT | ≤ 2TeV, 500GeV ≤ mQ,mt̃,mb̃ ≤ 2TeV (4.21)

and we have collected the random data points that respect the following constraints

124 ≤ mh0
1
≤ 127 GeV ; mA1,2 , mχ0

1−5
≥ 65 GeV ;

mχ±1−3
≥ 104 GeV ; mt̃1,2

,mb̃1,2
> 600 GeV . (4.22)

The viable points obtained from the parameters scan are plotted in Fig. 4.4 where
we display the mass hierarchy between the lightest charged Higgs and the heavier
CP even Higgs (h2) and the CP odd Higgs boson (A1), respectively. We know that
in the MSSM the charged Higgs is degenerate in mass with the CP odd and the
heavier CP even Higgs boson in the decoupling limit. On the contrary, in TESSM it
is possible to obtain many non-degenerate data points which can affect the collider
phenomenology significantly. In particular, the on-shell decays like h2(A1)→ h±1 W

∓,
which can alter the charged Higgs production cross section, are kinematically possible
for non-degenerate data points.

After pointing out the non-degeneracy, let us thoroughly investigate the impact of
non-zero tree level h±i ZW

∓ coupling on the charged Higgs phenomenology. To serve

5The impact of h±ZW± coupling have also been investigated in other triplet extended Higgs
model see e.g. [210]
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Figure 4.5: The branching ratios of the lightest charged Higgs for (a) Scenario I (b)
Scenario III given in Paper III.

this purpose, we study the decays of the lightest charged Higgs in the low mass region
150 < mh±1

≤ 200 GeV. During the numerical analysis we construct various scenarios
differing in the doublet/triplet components of the lightest charged Higgs. Among
these scenarios here we consider two scenarios which are named as Scenario I and
III in Paper III. In Scenario I, the triplet component in the lightest charged Higgs
is chosen as 90% whereas it is 99.9% in Scenario III. To determine the branching
ratios of the lightest charged Higgs in TESSM we employ SARAH [211, 212] program
to generate the model files for Calchep [213,214] and display the results for Scenario
I and III with in Fig. 4.5. It is observed that when the charged Higgs contains 10%
doublet component (10%D) it mainly decays to the SM fermions and the branching
ratio of the ZW± decay channel is non-negligible for tanβ = 5 but insignificant for
tanβ = 30. This behavior changes completely in the case of Scenario III where the
lightest charged Higgs comprises 99.9% triplet. When the lightest charged Higgs is
almost triplet, its coupling to fermions diminishes since triplet does not couple to
the SM fermions directly and thus the fermionic branching ratios drop drastically.
The ZW± decay channel dominates as soon as it is kinematically possible and it
remains the most dominant one even tb channel is open. These results indicate that
the collider phenomenology for the triplet-like charged Higgs remarkably differs from
the standard doublet-like charged Higgs phenomenology. Thus, the mass exclusion
limits for the light and heavy charged Higgs are expected to be relaxed due to this
non-standard decay of the charged Higgs.

In Paper III, we have also studied the possible multi-lepton signatures of triplet-
like charged Higgs at the LHC. For this purpose we have considered four benchmark
points (given in Table 4.1) which are consistent with the Higgs data. The light-
est charged Higgs in all benchmark points comprises substantial triplet component
(& 99%) which enlarges the branching ratio of the ZW± decay channel. For each
benchmark point we have determined the significant decay channels of the lightest
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Benchmark tanβ mh2
mA1

mh±1
Doublet Doublet Triplet

Points (GeV) (GeV) (GeV) % in h2 % in A1 % in h±1
BP1 8.63 182.898 610.91 182.942 1.34 99.967 98.88
BP2 4.89 216.94 451.453 216.41 0.2 < 10−5 99.88
BP3 6.32 441.507 198.438 197.854 0.12 < 10−5 99.99
BP4 7.23 362.843 184.706 183.637 0.78 0.006 99.98

Table 4.1: Benchmark points for a collider study consistent with 125 GeV Higgs
mass. Taken from Paper III.

charged Higgs, the heavier CP even (h2) and the CP odd Higgs boson (A1). Thus, we
have calculated the cross-sections of the lightest charged Higgs production processes
at the LHC with 14 TeV. We have observed that due to the lack of triplet-SM cou-
pling the production channel through the gg/gb fusions are no longer the dominant
ones for the triplet-like charged Higgs with mass around 200 GeV. This is why we
have investigated alternative production channels among which the pair production
h±1 h

±
1 channel always gives substantial production cross section for all the benchmark

points.
Furthermore, we performed PYTHIA level simulation using FastJet jet algorithm
at the LHC with 14 TeV for all four benchmark points. We analysed the signal in
3l, 4l, 5l final states with τ and b-jets where we consider the possibility of at least
one of the lightest charged Higgs decaying to ZW±. During the analysis we use the
different selection cuts for the multi-leptons and jets to reduce the SM background
significantly. We have observed that among all the multi-leptonic final states, the
earliest discovery hints can be obtained with & 72 fb−1 integrated luminosity. We
have also presented the invariant mass distribution Mlljj for (≥ 3`) + (6pT ≥ 30 GeV)
and (≥ 3`)+(≥ 2j)+( 6pT ≥ 30 GeV) and shown that in addition to the charged Higgs
mass peak, an edge that carries information about heavy intermediate neutral Higgs
bosons, which contribute to the s-channel charged Higgs production, emerges at the
end of the mass distribution. In other words, the multi-leptonic final states along
with the mass reconstruction can probe h±1 ZW

∓ coupling and hence give important
hints on the masses of the lightest charged Higgs as well as the neutral heavier Higgs
bosons.
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Conclusion

The breakthrough discovery of the Higgs boson at the LHC opens a very exciting
era in particle physics since it is a remarkable step toward understanding the true
nature of the electroweak symmetry breaking and its underlying model. Though the
results from the Higgs data collected during the first run of the LHC show a very good
agreement with the SM predictions there still exists the possibility that the discovered
Higgs boson is originated from new physics theories with non-standard Higgs sector
among which supersymmetric models remain the most prominent candidates.

The minimal supersymmetric Standard Model is the most studied example of
low-scale supersymmetric models due to its compelling features such as solving the
naturalness problem of the SM, providing a dark matter candidate and so on. After
the Higgs discovery, the parameter space of the MSSM has been investigated ex-
tensively and it was observed that only the parameter regions containing multi-TeV
scalar top quarks and/or large stop mixings are consistent with the Higgs data. Thus,
the discussions regarding the naturalness of the model have been intensified since the
experimentally viable parameter regions generate fine-tuning smaller than 1%.

One possible way to reduce the amount of fine-tuning is to extend the MSSM field
content by a singlet and/or a triplet chiral superfield. In this thesis we considered the
latter alternative where a Y=0 triplet chiral superfield, which couples to the Higgs
sector of the superpotential, is introduced into the field content. The presence of the
triplet generates additional contributions to the lightest Higgs mass both at the tree
and loop level so that sizable radiative corrections are no longer needed, as shown in
Paper I and II. In Paper II, we further investigated the viable parameter regions of
the model by performing a general scan and showed that for large values of triplet-
doublet coupling λ, or equivalently for small values of tanβ, the required fine-tuning
in TESSM is much smaller than the one in the MSSM. In addition to the current
Higgs data, the low energy observable B → Xsγ was used to constrain the model
further. As presented in Paper II, the large λ region favored by less fine-tuning is
highly constrained by the experimental value of Br(B → Xsγ), yet it is still possible
to have many data points close to the lower 2σ bound which generate much less
fine-tuning than in the MSSM.

In addition to the neutral Higgs boson(s), all the new physics scenarios with
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extended Higgs sector also predict a least one charged Higgs boson in the particle
spectrum. The evidence of a fundamental charged scalar would be unquestionable
indication of new physics but in order to understand the underlying theory the prop-
erties of the charged Higgs have to be investigated in detail. To this end we have
analysed the charged Higgs sector of TESSM focusing on the features of the lightest
charged Higgs. We observed that unlike in the MSSM, the lightest charged Higgs
is not always degenerate in mass with the heavier CP even and the CP odd Higgs
bosons in the decoupling limit. Thus, the existence of the tree level h±i ZW

∓ coupling
in TESSM can affect the charged Higgs phenomenology remarkably since it alters the
charged Higgs branching ratios drastically especially when the lightest charged Higgs
is mostly composed of the triplet Higgs field, as shown in Paper III. In order to re-
veal implications of this coupling on the charged Higgs phenomenology, the collider
simulations must be performed to point out to promising discovery channels as we
did in Paper III.

While writing of this thesis was in progress the second three year run of the
LHC was about to begin at the center-of-mass energy of 13 TeV. With the increased
collision energy it is expected to find supersymmetric particles around the TeV mass
range as well as new Higgs bosons originated from the supersymmetric model if
supersymmetry takes a part in the TeV scale physics. The discovery of a new Higgs
boson, in particular, would open the door to the extended Higgs sector and the
determination of its properties could enlighten the path of the electroweak symmetry
breaking. Along with the discovery of any supersymmetric particle, the detection
of a new Higgs boson can also reveal the nature of the supersymmetric symmetry
breaking. Motivated by all above reasons, the exciting times testing the viability of
low-scale supersymmetry are ahead and we hope that new discoveries are around the
corner.
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Appendix

A.1 General Definitions

• The metric convention:

ηµν = diag(1,−1,−1,−1) (A.1)

• Pauli matrices:

σ1 =

(
0 1
1 0

)
σ2 =

(
0 −i
i 0

)
σ3 =

(
1 0
0 −1

)
(A.2)

• Sigma Matrices:

σ̄α̇βµ = σβα̇µ = εβαεα̇β̇σµ α̇β , (A.3)

(σµν)
β
α =

i

2
[σµσ̄ν − σν σ̄µ]

β
α , (A.4)

(σ̄µν)
α̇
β̇ =

i

2
[σ̄µσν − σ̄νσµ]

α̇
β̇ (A.5)

where σµ = (σ0, σi) and σ̄µ = (σ̄0, σ̄i) are defined in terms of Pauli matrices
and σ0 = 12×2 given that
σ̄0 = σ0, σ̄i = −σi = σi, σ0i = −σ̄0i = −iσi, σij = σ̄ij = εijkσk,
(i, j, k = 1, 2, 3).
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• Gell-Mann matrices:

λ1 =

 0 1 0
1 0 0
0 0 0

 λ2 =

 0 −i 0
i 0 0
0 0 0

 λ3 =

 1 0 0
0 −1 0
0 0 0


λ4 =

 0 0 1
0 0 0
1 0 0

 λ5 =

 0 0 −i
0 0 0
i 0 0

 λ6 =

 0 0 0
0 0 1
0 1 0


λ7 =

 0 0 0
0 0 −i
0 i 0

 λ8 =
1√
3

 1 0 0
0 1 0
0 0 −2

 (A.6)

• The commutation relations in Poincaré algebra:

[Pµ, Pν ] = 0 (A.7)
[Pµ,Mσρ] = i (ηµσ Pρ − ηµρ Pσ) (A.8)

[Mµν ,Mσρ] = −i (ηµσMνρ + ηνρMµσ − ηµρMνσ − ηνσMµρ) (A.9)

A.1.1 Spinors in 4-Dimensions
Here we list the most common 4-component spinor notations and their representa-
tions in terms of two-component spinors. Two-component spinor notation is com-
monly used in the formulation of supersymmetry and they are known as Weyl spinors.
A four-component Dirac spinor can be described by two Weyl spinors ξ and χ as

Ψ =

(
ξα
χ̄α̇

)
(A.10)

In this two-spinor formalism the definitions of the gamma matrices and the chirality
eigenstates are

γµ =

(
0 σµ

σ̄µ 0

)
, γ5 =

(
−1 0
0 1

)
(A.11)

ΨL = PLΨ =
1− γ5

2
Ψ =

(
ξα
0

)
, ΨR = PRΨ =

1 + γ5

2
Ψ =

(
0
χ̄α̇

)
(A.12)

To raise or lower the spinor indices anti-symmetric tensors εαβ , εαβ are defined as

εαβ = εα̇β̇ = iσ2 =

(
0 −1
1 0

)
,

εαβ = εα̇β̇ = −iσ2 =

(
0 1
−1 0

)
.

(A.13)
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The Majorana spinors can be defined by using the charge conjugation condition

ΨM = Ψc
M = CΨ̄T

M (A.14)

where is the charge conjugation matrix is defined as

C = −iγ0γ2 =

(
iσ2 0
0 −iσ2

)
, (A.15)

satisfying that CγTµC−1 = −γµ. The Eq.(A.14) implies that Majorana particles are
their own anti-particles having ξ = χ. Thus a Majorana spinor ΨM can be expressed
in terms of a single two-component spinor as

ΨM =

(
ξα
ξ̄α̇

)
. (A.16)

A.1.2 Grassmann Variables
In the formulation of superspace the ordinary space-time coordinates are enlarged by
introducing the anti-commuting coordinates described by the Grassmann variables θ
and θ̄. The main anti commutation relation are

{θα, θβ} = {θα, θ̄α̇} = {θ̄α̇, θ̄β̇} = 0 (A.17)

for spinor index α, α̇ = 1, 2. The integration measures and rules in (θ, θ̄) subspace
are defined by using Berezin integral [215]:

d2θ ≡ −1

4
dθαdθα, d2θ̄ ≡ −1

4
dθ̄α̇dθ̄

α̇, (A.18)∫
d2θ =

∫
d2θ̄ = 0,

∫
d2θ θθ =

∫
d2θ̄ θ̄θ̄ = 1. (A.19)

A.1.3 Products of Chiral Superfields
Here some of the important products of left-handed chiral superfields are explicitly
shown to help understanding the construction of SUSY lagrangian.

• The product of two left-handed chiral superfields:

ΦiΦj = φi(y)φj(y) +
√

2θ [ψi(y)φj(y) + φi(y)ψj(y)]

+ θθ [φi(y)Fj(y) + φj(y)Fi(y)− ψi(y)ψj(y)] , (A.20)

which is a left-handed chiral superfield since it satisfies the condition in Eq(2.15).
In the calculation we used the relation θαθβ = − 1

2ε
αβθθ.

• The product of three left-handed chiral superfields:

ΦiΦjΦk = φiφjφk +
√

2θ [ψiφjφk + φiψjφk + ψkφiφj ]

+ θθ [φiFjφk + φjFiφk + φiFkφj

− ψiψjφk − ψiψkφj − ψjψkφi] , (A.21)

that is again a left-handed chiral superfield.
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• The product of a left-handed and right-handed chiral superfield:

Φ†i (x, θ, θ̄)Φj(x, θ, θ̄) = φ∗iφj +
√

2θΨjφ
∗
i +
√

2θ̄ψ̄iφj

+ θθFiφ
∗
j + θ̄θ̄F ∗i φj

+ θαθ̄α̇
[
iσµαα̇(φj∂µφ

∗
i − φ∗i ∂µφj)− 2ψjαψ̄iα̇

]
+ θθθ̄θ̄

[
F ∗i Fj −

1

4
φj∂

µ∂µφ
∗
i −

1

4
φ∗i ∂

µ∂µφj +
1

2
∂µφ∗i ∂µφj

+
i

2
ψjσ

µ∂µψ̄i −
i

2
∂µψ̄jσ

µψ̄i

]
+ θαθ̄α̇

[
iσµαα̇(∂µφ

∗
iφj − ∂µφjφ∗i )− 2ψjαψ̄iα̇

]
+ θ̄θ̄θα

[√
2ψjαF

∗
i +

i√
2
σµαα̇(ψ̄α̇∂µφj − φj∂µψ̄α̇i )

]
+ θθθ̄α̇

[
−
√

2ψ̄iα̇Fj +
i√
2
σµα̇α(φ∗i ∂µψ

α
j − ψαj ∂µφ∗i )

]
(A.22)

which is not a chiral superfield and behaves as a vector superfield. Note that
the term proportional to θθθ̄θ̄ transforms under supersymmetry into a total
derivative like the D term in the vector field.
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