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Abstract

Symmetry breaking in realistic supersymmetric theories has proven to
be difficult without the introduction of explicit supersymmetry break-
ing terms. In this thesis we investigate symmetry breaking through
the Fayet-Iliopoulos mechanism in a U(1) extended non-minimal su-
persymmetric standard model incorporating massive right-handed
neutrinos and a new scalar field. We derive the potential of the
theory and show the Fayet-Iliopoulos mechanism alone does not suf-
fice to obtain realistic symmetry breaking. We conclude that explicit
supersymmetry breaking terms are required to obtain realistic sym-
metry breaking in this model.
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Chapter

Introduction

By the middle of the 1970’s the construction of the Standard Model was
understood. With the addition of the electroweak interaction and the Brout-
Englert-Higgs mechanism [1, 2] a quantum field theory was developed based
on the gauge symmetries:

SU(?))C X SU(Q)L X U(l)y

Today, over 40 years later, the Standard Model is still widely used explaining
a vast range of experimental data to very high precision.

While highly succesful, the Standard Model suffers from a few problems.
The first is an experimental problem which started with the discovery of
neutrino oscillations, which was awarded this year’s Nobel Prize in physics.
In neutrino detection experiments electron neutrinos emitted from the sun
are sometimes found to arrive on earth as mu-neutrinos or tau-neutrinos. By
measuring the flux of the different incoming neutrino families, the probabili-
ties of detecting different neutrino species are found to oscillate with distance.

An explanation for the observation of neutrino observations was given by
Pontecorvo in [3] who proposed that the mass eigenstates of the neutri-
nos are linear combinations of the flavour eigenstates. Using Pontecorvo’s
approach, the neutrino oscillations can be linked to mass differences be-
tween the mass eigenstates, indicating that neutrinos are massive. This is
not predicted by the minimal Standard Model, where all neutrinos are left-
handed and massless. Next to massive neutrinos, this discovery also leads to
right-handed neutrinos as massive chiral fermions cannot exist.

Another problem, a purely theoretical one, has to do with the stability of the
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Figure 1.1: Two processes contributing to the quantum corrections to the Higgs
(H) mass. The left process involves a correction due to a boson (B), the right
process involves a correction due to fermions (F).

mass of the Higgs boson under quantum corrections. This problem is known
as the hierarchy problem and it can be schematically illustrated [4] with the
two Feynman diagrams shown in figure [1.1].

In the Feynman diagrams the left process involves a quantum correction to
the Higgs mass due to a boson running in a loop, the right diagram involves a
correction due to two fermions running in a loop. If one introduces a cut-off
scale A for the loop process, the left process leads roughly to a correction to

the squared Higgs mass m?%:

A
Am3; oc A* + a In(—) (1.1)
my
where m,, is the mass of the boson in the loop and « is some proportionality
factor. The right process contributes a correction equal in magnitude but
with the characteristic minus sign for fermions:

A
Am3 o< —A? + 3 ln(m—f) (1.2)

Usually the cut-off scale A is taken to be much larger than the Higgs mass
my, sometimes as high as the Planck scale. We are therefore led to the
following problem: why is my so small compared to A despite all quantum
corrections to the mass?

A solution to the hierarchy problem starts by noting the relative minus sign
between the contributions due to fermions and bosons in the loop. If one
would associate a boson to each fermion appearing in the quantum correc-
tions, the contributions proportional to A? might cancel each other, leaving
a milder contribution proportional to In(A). To this end a symmetry can be
constructed which is called supersymmetry. To implement supersymmetry in
a theory particles are given superpartners: for each boson a fermion is added,
and vice versa.




In this thesis we will look at a supersymmetric model which could solve
these problems. The model is based on the one described in [5], which in-
troduces massive and right-handed neutrinos, a new gauged U(1) symmetry
and a new scalar field used to create Majorana mass terms for the neutrinos.

While supersymmetry offers a solution to the hierarchy problem, it has some
of its own challenges. The main difficulty with supersymmetry is breaking
it. Supersymmetry demands that superpartners have equal masses, however
we know from experimental results that this is not the case.

Multiple mechanisms to break supersymmetry exist, examples are the O’
Raifearteigh mechanism [6], dynamical supersymmetry breaking [7], the Fayet-
lliopoulos mechanism [8] and explicit supersymmetry breaking with soft
breaking terms. The minimal supersymmetric Standard Model (MSSM),
which is the model obtained after making the Standard Model supersym-
metric, uses the last of these mechanisms to break supersymmetry by the
introduction of a soft breaking Lagrangian.

The soft breaking Lagrangian contains explicit mass terms for superpart-
ners of Standard Model particles along with additional interactions. These
additional terms are compatible with the internal symmetries, they do how-
ever not respect supersymmetry. With the addition of the soft breaking
Lagrangian a lot of new unknown paramters are introduced.

The Fayet-Iliopoulos mechanism could also be implemented in the Standard
Model to try to break supersymmetry. This mechanism breaks supersym-
metry in a model by introducing a so called Fayet-Iliopoulos term for each
U(1) symmetry. One Fayet-Iliopoulos term can therefore be introduced to
break supersymmetry in the MSSM. This turns out to be insufficient to get
realistic supersymmetry breaking in the MSSM.

In this thesis we are going to investigate supersymmetry breaking with the
Fayet-Iliopoulos mechanism in a supersymmetric model based on the model
described in article [5]. As this model introduces an extra U(1) symmetry,
one extra Fayet-Iliopoulos term can be introduced which could help break
supersymmetry.

This thesis is built up as follows: after a short introduction to the Standard
Model in chapter 2, we will look at the extension of the Standard Model in
chapter 3. In chapter 4 we introduce supersymmetry and explain how super-
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symmetric gauge theories are constructed. After these preparatory chapters,
we construct the supersymmetric model in chapter 5 based on the model
presented in chapter 3. After this construction, we investigate symmetry
breaking in this model and derive results from which we will draw conclu-
sions in chapter 6. Following the conclusion, an appendix [A] can be found
containing an overview of the conventions and definitions used in this thesis
along with useful Majorana spinor identities, extra information on deriving
supersymmetric actions, and the full supersymmetric action of the model
presented in chapter 5.
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Chapter 2

The Standard Model

The Standard Model of Particle Physics is a relativistic quantum field the-
ory which is constructed along the lines of Quantum Electrodynamics (QED).
Like its predecessor, the Standard Model is also a gauge theory, but unlike
the gauge theory of QED, the Standard Model has multiple gauge symme-
tries corresponding to properties similar to electric charge. Not all of these
symmetries are however directly visible in experiments, some of the sym-
metries are spontaneously broken. This symmetry breaking is connected to
another big difference between the Standard Model and QED, the generation
of masses for fields. Whereas mass terms in QED are explicitly added to the
Lagrangian, this turns out not to be possible in the Standard Model, masses
are generated through interactions with a scalar field, the Higgs field.

To get an understanding of the Standard Model we will begin with a short
introduction to the tools needed to deal with the extra symmetries of the
Standard Model. After this introduction we will take a look at the state-
ment that the Standard Model is based on the symmetries

SU(3). x SU2), x U(1)y (2.1)

and see how this leads to structures on the fields. Following this, we will
see how these symmetries are broken and masses for the fields are generated
using the Brout-Englert-Higgs mechanism. We end this chapter by seeing
how the Standard Model solves problems involving anomalies.

2.1 Generators and Representations

The Standard Model Lagrangian is invariant under transformations of the
fields induced by elements from the continuous groups mentioned in expres-

11



12 The Standard Model

sion [2.1]. The elements M of the Standard Model symmetry groups can be
obtained by exponentiating a linear combination of only a finite number of
Hermitian operators T

M = exp{ia®T}, a € R (2.2)
=1 +ia"T" + O(a?) ‘
These operators T are called the generators of the group. When determin-
ing the commutator of any two generators of a group, one obtains a linear
combination of these same generators:

[T, T = if*eT° (2.3)

The coefficients f¢ appearing in these commutation relations are called the
structure constants. There are multiple sets of operators satisfying these
commutation relations for given structure constants, these different sets of
operators lead to different representations of the group.

Different representations lead to different generators and therefore to dif-
ferent symmetry transformations of the fields. To determine how a field
transforms, one therefore has to know according to which representation it
transforms and what the generators of this representation are.

2.1.1 Representations

The first representation we will need is the fundamental representation. For
SU(N) the fundamental representation consists of the set of N x N matrices
which can operate on a N-dimensional vector space, we will denote these
matrices by t*. The generators are not yet uniquely defined, one has impose
a normalisation condition, which is done by looking at the traces of products
of generators. We choose them to be:

Tr[tt"] = %5“” (2.4)

Using these conventions the generators t' of SU(2) for example become one
half times the Pauli matrices:

;oo 1 /01 5, o2 1[0 —i\ 5 o> 1/(1 0
f—;—g(l 0>’t_7_§<z‘ 0>’t_7_§<0 —1) (2:5)

For SU(3) the matrices appearing in the generators analogous to the Pauli
matrices are known as the Gell-Mann matrices. The generators for the U(1)

12



2.1 Generators and Representations 13

symmetry on a field can be taken, as in QED, to be proportional to a charge
assigned to that field. We will use as the U(1) symmetry generator ¢ for a
field with U(1) charge ¢ the following:

t = g (2.6)

Closely linked to the fundamental representation is the conjugate represen-
tation, which has the generators:

T = —(t)* (2.7)
where t* are the generators of the fundamental representation.

Next we need the representation known as the adjoint representation of a
symmetry group. Its generators are given by the group’s structure constants:

(Ta)bc = /l:fbac (2.8)

Using the Jacobi identity one can show that determining the commutator
of two structure constants again leads to linear combination of structure
constants as in equation [2.3] .

2.1.2 Transformations, Gauge fields and Covariant deriva-
tives

Just as different representations lead to different generators, the field trans-
formations depend on which generators or representation you choose for the
symmetry transformations. We say that fields can be in different represen-
tations.

Fields which in a representation with generators (7%);; transform infinitesi-
mally as

¢i — (1 + i&aTa)ij¢j (29)

where the o' are transformation parameters. The range of the indices 4, j
depends on the dimension of the generators involved. The ¢; form a vector
whose components are mixed under symmetry transformation, the vector of
fields is called a multiplet.

To create Lagrangians which are invariant under local gauge transforma-
tion, the concepts of covariant derivatives and the gauge field of QED return

13



14 The Standard Model

in the Standard Model, but in a more general form. In the Standard Model
there are multiple gauge fields, there is one gauge field for every generator
of the different symmetry groups. Under gauge transformations the gauge
fields associated to generators of each separate symmetry group mix with
each other. The gauge fields A}, transform in the adjoint representation but
with an extra derivative term:

a a 1 a aoc (&
A% — A% 4 Ea”a + f*Aa (2.10)
where ¢ is the coupling constant for the symmetry group.

The covariant derivative for a field transforming in a representation with
generators T, each which has an associated gauge field A}, is given by:

V, = 0, — igAT" (2.11)

’

In terms of these covariant derivatives the field strength tensor Iy, is defined
as:

[Vﬂ, V., = —igF;j,,T“ (2.12)
which leads to:

F, = 0,4, —0,A, + gf“bCAZAfj (2.13)

2.2 Symmetries and Particles in the Stan-
dard Model

Now that we have learned about generators and representations, we are ready
to discuss the symmetries and particle content of the Standard Model.

2.2.1 Symmetries of the Standard Model

As briefly stated before, the Standard Model Lagrangian is invariant under
symmetry transformations of three symmetry groups. The first and simplest
symmetry is the U(1)y symmetry, which has an associated U(1)y charge
called hypercharge, denoted by Y. This hypercharge is not equal to the
electric charge of the electromagnetic U(1) gy symmetry in QED. One might
therefore be inclined to think the U(1)gy symmetry is lost in the Standard
Model, however this is not the case. The U(1)gy symmetry turns out not
to be a fundamental symmetry, but a symmetry which is obtained only after

14



2.2 Symmetries and Particles in the Standard Model 15

symmetry breaking, as we will discuss in the next section. The hypercharge
is linked to the electric charge by the Gell-Mann-Nishijima relation:

1

where I3 is a number linked to another symmetry of the Standard Model,
the SU(2), symmetry.

The third component of isospin, I3, is a conserved number in weak inter-
actions. Whether or not a fermion carries isospin is mainly linked to its
chirality or handedness. We call a fermion left-handed if it is described by a
spinor v which has eigenvalue —1 under application of vs:

Vst = —¢ (2.15)

similarly right-handed particles are those described by spinors x with eigen-
value +1:

YsX = X (2.16)

One can create left-handed and right-handed particles by applying the pro-
jection operators on spinors:

Y =Py = %(1 —75)¥, and Yp = Prtp = %(1 + v5)1 (2.17)

In the Standard Model fermions are either left-handed or right-handed, only
the left-handed fermions carry non-zero isospin, with values I3 = +% or
I3 = —%. Aside from the fermions, the Higgs field components are assigned
isospin I3 = j:% and the W-bosons are assigned isospin £1 and 0. The
SU(2), symmetry acts on left-handed fermions, the W-bosons and the Higgs
boson, right-handed fermions are left untransformed. As the fundamental
representation of SU(2), consists of 2-dimensional matrices, the SU(2), sym-
metry acts on two-vectors of particles, these two-vectors are called doublets.
Following the same terminology, we call the right-handed particles singlets
under SU(2)r, as they do not transform.

The SU(2) doublets have two components, a “up” and a “down” component.
The left-handed up components, ., 1, of the SU(2),, components have values

I3 = —i—%, the left-handed down components, 14 1, carry values I3 = —%. We
then write the left-handed doublets out like:
U, = (%:L> (2.18)
YL

15



16 The Standard Model

Gauge boson | Name | Symmetry | Number of Gauge bosons
B, B-boson U(l)y 1
w W-boson | SU(2). 3
G, Gluon SU(3). 8

Table 2.1: A table with containing the gauge bosons of the Standard Model
before electroweak symmetry breaking. They are spin-1 particles which transform
in the adjoint representation of their corrresponding symmetry group.

Because of the different transformation properties of left-handed and right-
handed fermions, we call the Standard Model a chiral theory.

Similarly to the SU(2), symmetry, the SU(3). symmetry works on particles
ordered in triplets. Only particles with a property called colour transform
under SU(3). Particles can be either red, blue or green, the particles are
ordered in triplets W, as follows:

(o8
R S (2.19)

Yy

2.2.2 Particle content of the Standard Model

Having seen the symmetries of the Standard Model, it is time to show which
particles exist in the Standard Model and how they are affected by the sym-
metry transformations. To do this, we begin by making a distinction between
the gauge bosons and the other particles, which we shall call the matter par-
ticles. The main reason we do this, is because the two live in different rep-
resentations of the symmetries and because the vector particles are bosons,
while the far majority of matter particles are fermions.

As mentioned, the gauge bosons are linked to the symmetry groups, each
corresponding to a specific generator. The gauge bosons are all spin-1 parti-
cles and as shown in equation [2.10] they transform according to the adjoint
representation of the symmetry they belong to as listed in table [2.1] with
an extra derivative term. There are N? — 1 generators and associated for
SU(N) gauge symmetries. Next, the matter particles of the Standard Model
consist of fermions and one pair of bosons. The fermions are found to ap-
pear in three generations or families of particles, the first family consisting

16



2.3 Spontaneous Symmetry Breaking 17

Names Particle | Families | Spin | SU(3) | SU(2) | I | Y | Q
w | 3 | 3] 8 | 2 [3]3]¢
d 3 2 3 2 e I
Quarks L 2 21 3 3
Up 3 z 3 1 0| 3|2
dp 3 : 3 1 0|-2|-1
Neutrinos VL 3 : 1 2 s -110
3 2 1 2 1l -1 -
Charged leptons L 2 2
er 3 3 1 1 0 |-2|-1
_ o+ 1 0 1 p Ll
Higgs boson
H° 1 0 1 2 -1 0

Table 2.2: The matter particles in the Standard Model. The numbers 1,2,3
in the SU(2) and SU(3) column indicate whether the particles transform respec-
tively if the particle does not transform under the symmetry, transforms under the
symmetry as part of a doublet or as a triplet.

for example of the up quark, the down quark, the electron and the electron
neutrino. Under symmetry transformations, the particles in each of the three
families transform in the same way.

All matter particles carry hypercharge, and transform under the U(1)y phase
transformation depending on their Y charges as collected in table [2.2] along
with their other transformation properties. Those particles which transform
under SU(2) as singlets are shown with a 1 in the corresponding column,
the particles transforming as doublets under SU(2) are shown with a 2, their
positions in the doublets depending on their values of Is.

The only fermion particles carrying colour, transforming as triplets under
SU(3)., are the quarks. These particles transforming as triplets are listed
with a 3 in table [2.2], where the triplets have components as shown in equa-
tion [2.19].

2.3 Spontaneous Symmetry Breaking

The U(1)q symmetry of QED which depends on the electric charges @) of
the fields, is no longer considered a fundamental symmetry in the Standard

17




18 The Standard Model

Model, it is a symmetry which arises after spontaneous symmetry breaking
of the SU(2);, x U(1)y symmetry.

Spontaneous symmetry breaking in the standard model is connected to the
problem of massive fields. Gauge invariance and the chiral nature of the
theory forbids mass terms like

m? A, A" and mapnp = m (PR + PriL) (2.20)

Masses in the Standard Model are therefore generated by the Brout-Engler-
Higgs (BEH) mechanism. The scalar field responsible for the spontaneous
symmetry breaking is the Higgs doublet, denoted by H, whose behaviour is
governed by the potential for this field in the Lagrangian, which is given by:

Vo= [ dto (I = 2l HP 2.21)

The minimum of this potential is found for non-zero field values. To find
it, we first perform a SU(2); gauge transformation to eliminate one of the

doublet fields:
HT 0

The minimum value of the potential is reached for |H°|> = %, we therefore
say the field H° has acquired a vacuum expectation value. By using a U(1)y
transformation, we can choose H° to be real. Whereas the original potential
was invariant under SU(2);, and U(1)y gauge transformations, the resulting
field configuration which minimises the potential, the vacuum, is not. We say
the SU(2) x U(1) symmetry is broken, the U(1)g is however a symmetry of
the vacuum. After this symmetry breaking, known as electroweak symmetry
breaking, the electric charges for the U(1)g symmetry are determined by the
isospin and the hypercharge according to the Gell-Mann-Nishijima relation

[2.14].

To conclude this short explanation on the BEH mechanism, we can expand
H° around the minimum solution we then have:

0 1
H =\/—+h 2.23
o T (2.23)
where we have performed a U(1) gauge transformation to make H real. The
real field h, the perturbation around the vacuum, lives on in the theory as
the Higgs particle.

18



2.4 Mass Generation 19

2.4 Mass Generation

Now that we have seen that the Higgs doublet gets a vacuum expectation
value, we can look at how masses are generated in the Standard Model. For
a single scalar field, or scalar singlet, ¢, the way to generate mass terms for
a particle ¥ would be to include a term

PP (2.24)

in the Lagrangian, this leads to a mass proportional to (¢). In the Standard
Model we create these couplings, known as Yukawa couplings, keeping in
mind the doublet structure of the Higgs fields and the left-handed fermions.
To understand the mass terms in the Standard Model we first introduce the

vector notation:
i (UL i (VL i H*
QL - (dL) ) LL - (€L> ) H' = (HO> (225)

The mass terms we add have to be invariant under both SU(2)., and U(1)y
symmetry transformations and U(1)g symmetries. The U(1)g and U(1)y
charges are such that these terms are invariant under the two U(1) transfor-
mations.

The mass terms in the Standard Model are generated by Yukawa couplings
between the Higgs fields and the fermions. To give masses to the compo-
nents in the lower part of the SU(2) doublets, we introduce the following
mass terms:

) _ 7 _
EYukawa,down == QYdeRQL -+ §YeHéRLL -+ h.c. (226)

where H denotes the Hermitian conjugate of H. In the mass terms above
the objects Y are matrices which mix the different generations, meaning that
implicitly one part of the mass term is for example:

D g
§YdeRQL = 53@1}1@@@@ (2.27)

where the indices a, b indicate to which generation the fields belong. This ex-
pression is invariant under the Standard Model symmetries, in particular it is
SU(2) invariant by contraction of the left-handed spinor with the conjugated
Higgs field, the last of which transforms in the conjugate representation, the
first of which transforms in the fundamental representation. To give masses
to the upper part of the doublets with the same Higgs field, we have to create

19



20 The Standard Model

a SU(2) invariant expression in a different way, we do this by contraction
with the Levi-Civita symbol. This leads to the mass terms:

7
2
To check that this expression is invariant under SU(2) transformations one
uses that the elements of this group have a unit determinant. One important
thing to note is that only one Higgs doublet is used to generate both the mass
terms for the up-type and the down-type particles, using both H and H. We
will later see that in supersymmetric extensions of the Standard Model one
Higgs doublet does no longer suffice to generate all masses.

Ly ukawaup = =€Y "H'ug@’ + h.c. (2.28)

Now that we have seen how the fermions acquire their masses, we move
on to show how gauge bosons acquire masses. Using the covariant deriva-
tives, we can see that the mass terms for the gauge bosons come from the
covariant derivative acting on the Higgs doublet:

: ‘ o i
V. H = (au —i9pYulaxo B, — @gw(g)Wu)H (2.29)

where Yy is the Y charge of the upper and lower component of the Higgs
doublet. When the Higgs doublets now get a vacuum expectation value,
these covariant derivatives turn into mass terms for the gauge fields.

2.5 Standard Model Lagrangian

Now that we have seen the technical details contained in the Standard Model,
we can write down the Standard Model Lagrangian:

1 1 1
S VLHP - NH 42 HE Y Ly (2.30)
' fermions 2 '

—|— (%EZ]YUHZ’FLRQJL —|— %YdﬁJRQL —|— %YeHéRLL —I— hC)
This Lagrangian can be used to derive the Feynman rules for the Standard
Model.

2.6 Anomalies

Anomalies are problems linked to divergences in chiral theories which de-
stroy some important properties that quantum field theories should satisfy.

20
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bl

a. Nk cuvp=k+1

Figure 2.1: A triangle diagram representing a contribution to the three-boson
vertex. This triangle diagram leads to a divergence which cannot be regularised

properly.

We will not go into the details of anomalies here, we will just shortly state
how anomalies can be avoided. More information can be found in [9] and
[10]. The problem of anomalies can be found in the contributions to three-
boson vertices through triangle diagrams as shown in figure [2.1].

This diagram contains a divergence which has to be regularised, we will
denote the contribution of the diagram by 7. If the regularisation is done
properly, one expects the Ward identities to hold:

k?)\TAMV — luT)\MV = pVTAMV = (k: + Z)VT)\W/ = O (231)

One can however not find a regularisation procedure which maintains the
three Ward identities simultaneously when the diagram contains a term with
an odd number number of 5 matrices. In a chiral gauge theory, the boson to
fermion vertices in the Feynman diagrams contribute factors proportional to
t%y#(1+5) where the t* depends on the fermion in the loop. The projection
operators from the vertices lead to a £7v5 term, depending on the handedness
of the fermion. The contribution of the term containing this £+v5 term can
be calculated and is proportional to:

Tr[t*{tb, t°}] (2.32)

When one takes into account all fermions in the loop, the contributions to
the amplitude of all terms containing 75 is proportional to:

om0 Tef{e e} (2.33)
L-fermions R-fermions

This leads to a solution to the problem of the troublesome contribution: its
contribution can be zero if the sums of the generators cancel each other. This

21



22 The Standard Model

is what happens in the Standard Model to solve the anomalous contribution,
for this reason the Standard Model is said to be anomaly free.

To see how this cancellation works we will look at some examples. First
consider the case of three SU(2) gauge bosons interacting with each other
through a triangle diagram. The SU(2) bosons couple only to left-handed
fermions, the SU(2) generators are the Pauli matrices o¢ up to a multiplica-
tive factor, which satisfy the anti-commutation relation:

(4} = %5@‘ (2.34)

The amplitude of three SU(2) gauge bosons interacting through a triangle
diagram is therefore proportional to:

RS DS %Tr[t“]ébczo (2.35)

L-fermions L-fermions

The contribution to the triangle diagram vanishes as the Pauli matrices are
traceless. Furthermore, as the SU(2) bosons couple only to left-handed
fermions there is no contribution due to right-handed fermions.

Another way the anomaly might show up is when the U(1)y gauge boson
interacts with two SU(2) gauge bosons through the triangle diagram. Only
the left-handed fermions couple to the SU(2) gauge bosons with the U(1)y
generators given by % The contribution of the left-handed fermions becomes:

S omiEet el = Y %Tr[g]ébc (2.36)

L-fermions L-fermions

where we have taken * and ¢ to be the generators for the SU(2) symme-
try. If the two SU(2) bosons are not identical, this contribution will vanish,
otherwise it will be proportional to:

1 1
> Y=33-(3+3)+3-(-1-1)=0 (2.37)
L-fermions

where both the number of families and the colour multiplicity have been
taken into account.
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Chapter

Extending the Standard Model

Right-handed neutrinos and neutrino masses are lacking in the minimal Stan-
dard Model. Multiple solutions have been proposed solve this, we are now
going to look at one proposed model [5].

3.1 A new symmetry

Construction of the model starts by introducing right-handed neutrinos. As
there are no observed interactions between right-handed neutrinos and Stan-
dard Model particles, they are assigned zero U(1)y and U(1)gy charges and
they are taken to be singlets under SU(2) and SU(3).

With the addition of right-handed neutrinos we can add an extra U(1) sym-
metry to the Standard Model acting on right-handed particles, which we
name the R-symmetry. We begin by assigning R-charges to the right-handed
particles as shown in table [3.1].

Particles | R-charge
UR 1
dr -1
VR 1
€Rr -1

Table 3.1: The R-charges assigned to the right-handed Standard Model particles.
These charges can be used to create new anomaly free U (1) symmetries.
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24 FEzxtending the Standard Model

This new U(1)g symmetry is anomaly free. However, it turns out we can
construct a more general anomaly free U(1) symmetry, which we call the
U(1)x symmetry, with the following charges for fermions:

X =aY + SR (3.1)

where o and 3 are yet unspecified constants. As the anomalous contribution
of the triangle diagrams involving U(1)x bosons vanishes independent of the
choice for a and (3, the symmetry can be gauged.

Gauging the symmetry

When the U(1)x symmetry is gauged, we have to add an extra gauge boson
to the Standard Model. We will denote this gauge boson by C),. This new
gauge boson cannot be massless, as that would lead to an extra infinite range
force which has not been observed. The solution is to make the gauge boson
very massive, leading to a short ranged force.

To give mass to the new gauge boson in this model, a new complex scalar
field ¢ is introduced. The scalar field is taken to be a singlet under SU(2)
and SU(3), it can carry hypercharge as well as X-charge. The scalar field is
assigned hypercharge n and a unit X-charge. The original Higgs doublet is
assigned X-charge €. The scalar field ¢ is given a vacuum expectation value
along with the original Higgs doublet H by the modified potential:

A Am
V= ZH(HP - o) + 20 — 8 + 220 — ) (HE - ) (32)

With the addition of the right-handed neutrinos and the scalar field ¢ the
matter content of the Standard Model and its set of U(1) charges is changed,
as shown in table [3.2]. If the U(1)x transformations are to be a symmetry
of the Standard Model, we will have to check if the original terms in the
Lagrangian are gauge invariant. To check gauge invariance we look at the
total X-charges of the Yukawa couplings as listed in table [3.3]. From this we
find that to implement the new U(1)x symmetry the X-charge of the Higgs
doublet has to be £ = a + 5.
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Particle | Y-charge | X-charge | ()-charge
7 I I
w | 4 | % |
| -3 |-%-5| -
vy, -1 — 0
VR 0 I} 0
ey, —1 - —1
€R -2 —2a— —1
HT 1 ¢ 1
H° 1 13 0
¢ n 1 5

Table 3.2: The Standard Model matter particles with their associated U(1)
charges. The X-charges connected to the new U(l)x symmetry are given by
equation [3.1].

Yukawa coupling term | Total X-charge
e Y "H'upQ), E—a-p
Y'HdrQr —§+a+p
Ye¢HerLy, —¢+a+p

Table 3.3: The Yukawa coupling terms of the Standard Model with their overal
X-charge. The overal X-charge has to be zero in order for the Yukawa coupling
to be gauge-invariant.

3.2 Giving mass to neutrinos

With the new scalar field ¢ and right-handed neutrinos we can add new
terms to the Lagrangian. First of all Yukawa couplings to the right-handed
neutrinos are introduced:

?

2ein”HiDRLJL + h.c. (3.3)
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Particle | Y-charge | X-charge | -charge
o | |y [
w | 3 | %+ | 3
| -1 [-%-3] -
vy, -1 —a 0
VR 0 i 0
ey, —1 —Q —1
eRr -2 —20— % -1
H* 1 o+ 1
HY 1 o+ % 0
) 0 1 0

Table 3.4: Matter content of the Standard Model with their U (1) charges, if the
Majorana mass terms of equation [3.4] are to be included.

The only other possible gauge-invariant term is the Majorana mass term:
i Vo= =T —v T

where C'is the charge conjugation matrix on which more information can be

found in appendix [A.1] along with other information on Majorana spinors.

The object k¥ is a matrix mixing the right-handed neutrinos of different

families. After spontaneous symmetry breaking of the U(1)x symmetry, this

term will lead to a Majorana mass for neutrinos.

The total X-charge of this Majorana mass term is 25 — 1, to allow this
combination in the Lagrangian we therefore have to pick f = % The total
Y-charge of this term is 7, we are therefore lead to n = 0. With g and 7
fixed, there is still some freedom in determining the X-charges by choosing
a, as listed in table [3.4].

3.3 (Gauge boson masses

If we want to introduce the Majorana mass terms for right-handed neutrinos,
we are led to the choice of n = 0. This choice slightly alters the calculation
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3.3 Gauge boson masses 27

of the gauge boson masses as presented in [5]. The potential [3.2] leads
to the vacuum expectation values for H and ¢. Using the SU(2) gauge
transformation and the two U(1) symmetries we can choose the vacuum
expectation values to be:

() = () (0 = vo (35)

where v and v, can simultaneously be chosen real as ¢ carries zero Y-charge.
The gauge boson masses are found by writing out the terms:

IVH” + |[V¢|?
1 ) 1 1
= ZQIQ/V’U2’WLM — ZWZMP + —v2(gBBu — gWW&u + go(;CN)Q + ZU;Q%(C#)Q
1 1 1
= 593VU2W+ W~ + 3 my,Z + 3 my(Z),)?
(3.6)
where we have defined:
1
d=a+ 5 (3.7)
This leads to the charged bosons:
W. o /Z.WZ
Wk = T2 7 . (3.8)
with masses
1
Miys = §9x2zvv2 (3.9)
and the neutral bosons:
7 _ g1 B, — gw A\ W3 + gcd AsC, (3.10)
8 V(95 + g3 ) AT + 9202 A3
and
Zl: _ gBABBu - gWASWB,,u + gCaA4Cu (311)

V(g% + g3) A3 + g20% A3
Where we have defined the coefficients
(

Ay = (0* — ggvl — \/ (yv? +v3ge)?* — 49002%
= (yv* + ggv; — \/(7v2 +v398)% — 4ggvvy
= (yv* — ggv; + \/(702 +vig2)% — dggvvyg
= (yv* + g¢v; + \/(vvz +v392)% — dggviv

)
)

3.12
) (3.12)
)
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28 Ezxtending the Standard Model

with
V= gy + 95 + 960° (3.13)

The masses for the neutral bosons are given by:

my = (v + g¢v} — \/ (V0? +v398)* — 492003 (9% + giv) (3.14)
my = £ (0 + g2l + /(7% + v3g2)? — 492003 (3 + g3 |
The massless photon is given by the combination:
A~ IwBut+95Wsu (3.15)

g Vi + 9%

3.4 Seesaw mechanism

Let us now look at the mass eigenstates of the neutrinos when the Majorana
mass terms are included. The neutrino mass eigenstates are determined by
the following part of the Lagrangian:

?

Seu Y H'onLi + %(K”WRCDE — R ¢vpCrg) + (%Ein”H ‘pLy)’ (3.16)

We will make the calculation of the mass eigenstates easier by assuming the
matrices Y” and k¥ appearing are real and diagonal. Suppose that for one
neutrino family the diagonal components of these matrices are y” and k.
After spontaneous symmetry breaking the fields H and ¢ obtain vacuum
expectation values, the terms contributing to the neutrino masses are then:

—%y”vﬁRVL + %k”v¢(ﬂRC’D£ — vECuR) — %y”vﬂLVR (3.17)
Next we define
m=—y"v, M =k"v,4 (3.18)
and we introduce the Majorana spinors:
a=vp+ (1) B=(vg) + g (3.19)

Using these definitions we can rewrite equation [3.17] to:

"8 + Ba) + 2 Bp (3.20)
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3.4 Seesaw mechanism 29

If we take M >> m the mass eigenstates are approximated by « and g with
masses:

2
m
PR 3.21
ma o (3:21)
mg ~ M (3.22)

One can see that the masses depend on M in the opposite ways, one increases
with M whereas the other decreases with M. This mechanism is known as
the Seesaw mechanism. If M is indeed taken to be very large, this mechanism
explains why right-handed neutrinos are hardly seen due to their high masses,
and simultaneously it explains why left-handed neutrinos appear to be almost
massless.
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Chapter

Supersymmetry

In this chapter we start by deriving some properties of supersymmetry using
Hilbert space language after which we will see how supersymmetry is imple-
mented in gauge field theories. We end this chapter with a short discussion
of the Minimal Supersymmetric Standard Model. Even though we will look
at several aspects of supersymmetry, many other aspects are left out. Two
good starting points for learning more about supersymmetry are [4] and [11].

4.1 Supersymmetry in Hilbert space

Supersymmetry is generated in Hilbert space by the fermionic generators @),
and Q1. The operators respectively turn bosonic states, denoted by |B), into
fermionic states, denoted by |F'), and vice versa:

Qa|B> = |F>

OLIF) = |B) @)

The set of bosons and fermions which transform into each other under super-
symmetry transformations is called a multiplet. The anti-commutation and
commutation relations the fermionic operators @ and Q' satisfy are limited
by the Haag—Lopuszanski-Sohnius theorem [12]. The operators satisfy the
anti-commutation relations:

{Qa, Qs} = {QL, Q5 =0 (4.2)
{Qa, QLY = %(Wyo)aﬁP“ (4.3)
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32 Supersymmetry

The commutation relations with the generators of Lorentz transformation
M;,,) and four-momentum P* are given by:

[M[/w]u Qa] = _%i('Yuu)aﬁQﬁ (44)
[P", Qo] =0 (4.5)

where 7., = (7,7 —%7,)- These (anti-)commutation relations can be used
to derive some important properties of supersymmetric models.

As the supersymmetry generators do not commute with the Lorentz trans-
formation generators and the anti-commutator of @ and Q7 is the translation
operator P, supersymmetry is said to be a spacetime symmetry and there-
fore commutes with internal symmetries. Particles in the same multiplet
therefore have the same transformation properties under internal symme-
tries. From equation [4.5] follows that particles in the same multiplets have
equal masses. Realistic supersymmetric theories therefore need broken su-
persymmetry, as no bosons and fermions with equal masses are known.

Next, taking the trace of equation [4.3] over all spinor indices leads to [13]:

PO = STHQQ!+ Q1) (1.6

If we define a supersymmetric ground state |0) as one that is annihilated by
all Q, and Q! , the energy in the supersymmetric ground state is zero:

(0P*I0) = £ (0/THQQ! + @' Ql[0) = 0 (7)

As PY is proportional to the trace of a squared operator we have for general
ground states:

SOITQQ! +Q'QI0) = JO(@Q+ @0y >0 (49

from which follows that when supersymmetry is broken the ground state en-
ergy is positive.

Another useful result we will not derive here (see for example reference [4]),
is that the number of fermionic degrees of freedom in a multiplet has to be
equal to the number of bosonic degrees of freedom.
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4.2 A simple supersymmetric field theory 33

4.2 A simple supersymmetric field theory

To implement supersymmetry on fields we will first look at the basic example
of a supersymmetric action for the chiral multiplet. The chiral multiplet
contains three fields: a left-handed projection of a Majorana spinor field vy,
a complex scalar field ¢ and an auziliary field F. The action for the chiral
multiplet is given by:

S = /d%[ —0¢ - 0¢ + inbry - Op, + FF) (4.9)

This action is invariant up to boundary terms under the following supersym-
metry transformations:

8¢ = —iv/2eRir,
0 = V2(y - ¢er + Fey) (4.10)
oF = —i\/§€L’y : 8¢L

In these transformation € is a constant Majorana spinor, which acts as a pa-
rameter of the transformation. The supersymmetry transformations satisfy
the following commutator algebra:

[5(61>, 6(62)]X - 2i€1’yH628MX (411)

where X represents any of the fields in the chiral multiplet. We therefore
see that the commutator of two supersymmetry transformations leads to a
translation on the fields. This is linked to the statement that supersymmetry
is a spacetime symmetry, as was concluded from equation [4.3]. The auxil-
iary field has been included to close the commutator algebra when the fields
are off-shell. The degrees of freedom of the auxiliary field are furthermore
needed to make sure the number of fermionic degrees of freedom equals the
number of bosonic degrees of freedom when the fields are off-shell.

The action contains no kinetic terms for the auxiliary fields ' and F, they
can therefore be eliminated from the action using their equations of motion.
These are given by:

F=F=0 (4.12)

leading to the action:

S = /d%:[ —0¢ - ¢ + iy - O] (4.13)
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To create supersymmetric field theories with interactions, we can add to the
action given by equation [4.9] another action:

OW(g)  _OW(H) i W
S = / d*alF a;¢) +F 8;@ +5 82;@

i O*W ()

Imbs+ 5 Ol

(4.14)

where the term W (¢) appearing in the action is called the superpotential.
For this action to be invariant under the supersymmetry transformations the
superpotential must be a holomorphic function of the scalar field ¢, that is
to say, it can only depend on ¢ and not on ¢. This action is separately
invariant under supersymmetry transformations, a more generalised version
of this action can be used to create interactions between different chiral mul-
tiplets by making the superpotential a holomorphic function of the scalar
fields appearing in the different chiral multiplets.

If we add the two separately supersymmetry invariant actions [4.9] and [4.14],
the equations of motions of the auxiliary fields become:

P 0@;@
L oW (4.15)
06

This leads to the action:

W@, oW e
oo 2 026 LT T ey VEVR
From this we can see the potential is given by:
Vp = |avg;¢) ? (4.17)

This potential is either zero or positive, as shown in the previous section.
Moreover we can see from this potential that to create a renormalizable the-
ory, the superpotential must contain terms consisting of products of up to
three fields.

The actions we have seen above are not yet suitable for gauge theories. There-
fore, to be able to discuss more realistic quantum field theories we will have
to introduce some more machinery. In appendix [A.3.2] the construction of
supersymmetry multiplets and supersymmetric actions is briefly explained.

34



4.8 Supersymmetric gauge theories 35

4.3 Supersymmetric gauge theories

To be able to create supersymmetric gauge theories we introduce the vector
multiplet. The vector multiplet contains a gauge field A, a Majorana spinor
field A* and an auxiliary field D®. We denote the vector multiplet by (Af,, A%, D).
The indices a indicate the different gauge bosons involved for the specific
gauge theory. The action for the supersymmetric vector multiplet is given

by:

1 7~ 1
S= [ dx(—=F*"F® + )\ .V + -D*D" 4.18
[ ErE, v ey v 0 )

As we have seen before with the chiral multiplet, the auxiliary field D® is
non-propagating and can be eliminated using its equation of motion. This
leads to an extra contribution to the potential.

The action is invariant under the supersymmetry transformations:

SAY = —iEy,\°
(5)\(1 = — HV’}/MVE + iDa’Y5€ (419)
0D = éysy - VA°

Under gauge transformations fields A* and D* transform in the adjoint rep-
resentation without the additional derivative term involved in gauge field
transformations. The field A* for example transforms as:

A \* o fabepbqe (4.20)
where o' is a transformation parameter.

Next we can look at the supersymmetric action for a set of chiral multiplets
with fields (¢;, 91, F;) coupled to gauge fields through covariant derivatives.
The 1, ; are left-handed projections of Majorana spinor fields ;. If the fields
transform under gauge transformations with generators t*, the supersymmet-
ric action is given by:

S = /d4$[—v¢i N+ itp iy - Vo + FiF)]
) o ) (4.21)
+ /d%[\/ﬁg(%@(ta%g‘%)\% — Ap@i(t")ijj,L) + gD Gi(t")i;9,]
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An additional action for the superpotential can be added which is also su-
persymmetry invariant:

SW:/d4 [GW i O*W oW i OP°W

T 8¢2F+§@¢13¢]¢lew 3$¢E+§8¢18¢J¢LZ¢RJ]
(4.22)

where the superpotential W is a holomorphic function of the scalar fields
in the chiral multiplets. The action is invariant under the simultaneous
supersymmetry transformations given by equations [4.19] and:

8¢ = —iV2erir;
0ri = V2(y - Vier + Fep) (4.23)
0F; = —iN2ery - Vb, — 20€L NGt 0

where the indices 7, j indicate the components of different chiral multiplets.

To construct the supersymmetric gauge theories which contain matter par-
ticles interacting with gauge bosons, one has to use both actions [4.18] and
[4.21]. There will then be two types of contributions to the potential after
elimination of the auxiliary fields. The first part is obtained by eliminat-
ing all F-terms using their equations of motion. The contribution of these
auxiliary fields is a generalisation of [4.17} it is:

Vi = Z | 6‘@ (4.24)

Next, there is a contribution of the D-terms, their equations of motion are
given by:

D" = —got®s (4.25)
They lead to a contribution to the potential:

Vo= 3 S(06170)? (1.26)

a

The two terms [4.24],[4.26] together form the scalar potential.

4.4 Symmetry breaking and Fayet-Iliopoulos
terms

Internal symmetry breaking and supersymmetry breaking can be obtained
in supersymmetric gauge theories if the complete scalar potential admits a

36



4.4 Symmetry breaking and Fayet-Iliopoulos terms 37

vacuum which is not invariant under the internal symmetries which are to
be broken, and if the potential in the ground-state is non-zero.

Looking at the contributions [4.24],[4.26] obtained after eliminating the aux-
iliary fields F; and D® shows that the contribution to the potential due to the
D-fields can always be set to zero by choosing all scalar fields expectation
values to be zero. The non-zero contribution to the potential needed to break
supersymmetry could be obtained by adding a term linear in the fields ¢; in
the superpotential. This would lead to a Vi of the form:

Ve = e+ f(¢:)|* (4.27)

where f(¢;) is a function of the scalar fields ¢; with no constant term. The
scalar potential might not allow a zero energy ground state if these linear
terms are included. However, in a gauge theory without fields which are
singlets under all gauge symmetries these linear terms break gauge invariance
due to for example the part of the action:

/ d%[?Z F) (4.28)

where one has keep in mind that F; transforms in the same way as ¢;.

This shows the inability to break supersymmetry without gauge singlets us-
ing the contribution through the superpotential and F-terms, known as the
O’Raifeartaigh mechanism [6] or F-term breaking. We therefore turn to D-
term symmetry breaking, also known as the Fayet-Iliopoulos mechanism [8].
We begin by looking more closely at the supersymmetry transformation of
the auxiliary field D*:

0D = éysy - VA (4.29)

If D* is part of a U(1) vector multiplet, both the field D* and A* are in
the adjoint representation and do not transform under internal symmetry
transformations, as can be seen from equation [4.20] using that the structure
constants of Abelian groups disappear. In this case the covariant derivative
appearing in the supersymmetry transformation [4.29] reduces to a normal
derivative. Therefore a U(1) auxiliary D-field transforms as a total derivative
under supersymmetry transformations. We can therefore add the following
supersymmetric and gauge invariant part to the action if D is part of a U(1)
vector multiplet:

Spp = / d'z(g¢ D] (4.30)
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where ¢ is the coupling constant for the U(1) symmetry and £ is a new
constant parameter. This term is known as the Fayet-Iliopoulos term. We
can add a Fayet-Iliopoulos term for each U(1) symmetry of the theory. The
result of including the Fayet-Iliopoulos term will be to modify the equation
of motion for the U(1) auxiliary field D:

D = _gqgiQijgbj -9 (4.31)

where ();; is the matrix of U(1) charges. The contribution of the D-term to
the scalar potential is then modified to:

1 -
Vb = 5(9@'@1’;’@' + g€)? (4.32)

The Fayet-Iliopoulos term could induce symmetry breaking if g& # 0 as this
contribution does not equal zero when the fields obtain no vacuum expecta-
tion values. Supersymmetry is broken if the contributions to the potential
given by equations [4.24], [4.26] for non-Abelian multiplets, and [4.32] for
U(1) vector multiplets if Fayet-Iliopoulos terms are added, cannot simulta-
neously equal zero.

4.5 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the model which
is obtained by constructing a supersymmetric gauge theory containing all
Standard Model particles and interactions. The construction of the MSSM
starts by creating chiral multiplets to contain the Standard Model scalar fields
and fermions. As mentioned before, the particles in multiplets have the same
transformation properties. Looking at the transformation properties of the
Standard Model [2.2], we see it is not possible to group Standard Model
scalar particles with Standard Model fermions in chiral multiplets. We will
therefore have to add new superpartners for all existing scalar particles and
fermions.

4.5.1 A second Higgs doublet

Constructing the MSSM forces us to make a modification to the Standard
Model. The reason for this modification, is due to the Standard Model
Yukawa couplings:

‘CYukawa = %Ez]YquaRQJL + %YdeRQL + %YeHéRLL + h.c. (433)
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We have noted in section [2.4] that both the Higgs doublet H and its Her-
mitian conjugate H are involved in generating the fermion mass terms. In
creating the MSSM we have to construct a superpotential W such that it
will reproduce these Standard Model Yukawa couplings. In the MSSM these
are given by:

oPW

M¢R’i¢L’j + h.C‘ (434)

Comparing this with equation [4.33], we would have to include both H and
H in the superpotential. This is however not allowed in a supersymmetric
model, as the superpotential has to be a holomorphic function of the fields.

To solve this problem, we therefore introduce a second Higgs doublet. We
denote the Higgs doublet giving mass to particles in the upper parts of the
SU(2) doublets by Hj, and the one giving mass to lower parts we denote
by Hs. In terms of these two Higgs doublets, we write the Standard Model
Yukawa couplings:

i i — u g i i3 j = erJ
L= geHiugy Q) — Eez-jHQ(dRYdQ; +erYeL)) +he. (4.35)

where we have used the doublet notation:

i) = (i)
Ho= (71, Hy= (12 4.36
1 (H? 2 H2 ( )

To keep the terms gauge invariant, we have to assign hypercharge 1 to H;
and hypercharge —1 to H,. To the upper component of Hs zero electric
charge is assigned, to the lower component electric charge —1 is assigned.

With the introduction of the extra Higgs doublet, the chiral multiplets in
the MSSM can be constructed. The scalar components are listed in the first
column of table [4.1], the fermion part is listed in the second column. The
auxiliary fields have been left out of the table, but are part of the chiral
multiplets. We use the convention that only left-handed chiral multiplets are
used in the construction of the supersymmetric theory. We therefore include
right-handed fermions in chiral multiplets by using their charge conjugated
spinors. The right-handed electron for example is contained in a left-handed
chiral multiplet as (eg)¢, which is a left-handed fermion. Superpartners are
denoted by placing a tilde over their Standard Model partner symbol. For
example, e is the scalar partner of the right-handed electron. The subscript
R is used to identify the particle with its superpartner, as the scalar particle
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Scalar Fermion | SU(3) | SU(2) | U(l)y | U(1)genm
(iin,di) | (urydi) |3 2 T Y
iin (ur)® | 3 1| s 2
dr (dr)° 3 1 2 1
(7p,er) | (vi,er) 1 2 ~1 | (0,-1)
€R (er)® 1 1 2 —
(Hy', HY) | (Hf, HY) | 1 2 1| (1,0
(H3, Hy) | (A, Hy) | 1 2 | 1 | (0,-1)

Table 4.1: The scalar particles and left-handed fermions contained in the chiral
multiplets of the MSSM listed with their transformation properties. The auxiliary
fields F' have been left out.

Gauge boson | Gaugino | Symmetry
B, AB U(l)y
Wy Ay SU(2),
G A SU(3).

Table 4.2: The particle content of the vector multiplets of the MSSM. The auxil-
iary fields D® have been left out. The fields transform in the adjoint representation
of their corresponding group.

has zero spin it could not be left-handed or right-handed.

Looking at the assignment of hypercharges reveals another reason to include
two Higgs doublets in the MSSM. As extra left-handed fermions are intro-
duced, there will be extra terms contributing to the anomaly shown in figure
[2.1]. By introducing two Higgs doublets with opposite ¥ charges these con-
tributions cancel.

The vector multiplets contained in the MSSM are listed in table [4.2]. In
the first column the gauge bosons are listed, in the second column their
fermion superpartners are listed. All fields in the vector multiplet transform
in the adjoint representation of their associated symmetry group according
to equation [2.10] for the gauge bosons and according to [4.20] for the other
fields.

40



4.5 Minimal Supersymmetric Standard Model 41

As for the nomenclature, the scalar partners of the Standard Model fermions
are often given the names of their corresponding fermions with an s- prefixed.
Examples are selectrons and squarks. The names of the fermion superpart-
ners of Standard Model scalar particles end with -ino. We have the Higgsino
as fermion superpartner to the Higgs boson, and gauginos as the superpart-
ners to the gauge bosons.

4.5.2 Deriving the potential

Now that we have determined the particle content of the MSSM, we can de-
termine the action which consists of the terms introduced in section [4.3]. To
begin, we construct the superpotential of the MSSM, using the the Standard
Model Yukawa couplings given by equation [4.35]. It is found to be:

W = e,; Y HiugQ’ — e; Hy (Y@’ + YErL?) + pei;H H) (4.37)

where we have used the notation Q% and L’ for the doublets:

O — (ZL) = (”L) (4.38)

The superpotential can contain terms of mass dimension up to three. Other
gauge-invariant terms could have been added to the superpotential, but the
MSSM does not include them. This is due to the concept of R-parity which
is used in the MSSM. To each particle R-parity is assigned with value:

Pp = (—1p3B-1(_1) (4.39)

In the MSSM only terms with a multiplicative R-parity of +1 are included.
The introduction of R-parity excludes terms violating baryon number and
lepton number from the superpotential, ensuring for example that proton
decay does not occur.

Conservation of R-parity has some other important consequences. All Stan-
dard Model particles have R-parity +1, supersymmetric partners have R-
parity -1. Therefore Standard Model particles can only produce supersym-
metric particles in pairs, and processes involving supersymmetric particles
can only result in an odd number of supersymmetric particles. Moreover,
the lightest supersymmetric particle is stable, and is therefore a candidate
for dark matter.
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With the superpotential, the scalar potential of the MSSM can be deter-
mined. It is given by:

1 - ow
V=23 gt + Y 5P
2 a ¢i#H1,Ha 8¢Z (44())
+ P (H P+ [HY P + [HPP + | Hy )

As this potential is a sum of squares containing only terms proportional to
fields and the superpotential does not have any terms linear in fields, min-
imising this potential leads to a zero vacuum expectation value for the Higgs
fields: there is no internal symmetry breaking or supersymmetry breaking.

4.5.3 Soft supersymmetry breaking

To break the internal symmetries and supersymmetry, an extra piece is added
to the Lagrangian of the MSSM. It is called the soft supersymmetry breaking
term, denoted Lg,f:, and it breaks the symmetries explicitly. It is given by:

Lsope = —Mp |Hi|> — M7 |Ho|* — (bei; HLH) + h.c.)

?

+ = (MpBB + My WW* + McGG®)

[\]

= ~ = ~ _ = ~ _ (44]‘>
— QM%Q — LMZL — upMZig — dgM2dg — epMZég

— (?:LRCLUGinééj -+ C?RadGin{Qj — éRaeeinffﬁ -+ hc)

where the objects MIZ{17 Mflz, b, Mg, My, and Mg are scalars and the other
M)Q( and ax terms are matrices acting on the different families. Supersym-
metry is explicitly broken by adding mass terms and interaction terms for
the scalar fields, along with mass terms for the gauginos. The soft-breaking
Lagrangian leads to a potential which has a ground state in which the two
Higgs fields get vacuum expectation values.

The name soft-breaking is given as the term is constructed such that the
quadratic dependence on the cut-off of scalar mass corrections which super-
symmetry was meant to fix, does not reappear. The addition of the soft-
breaking terms leads to the introduction of more than 100 free parameters.
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Chapter

The supersymmetric model

We now construct the supersymmetric version of the extended Standard
Model as introduced in chapter [3]. In doing this we use concepts which
have been used in constructing the MSSM. We begin by determining the
particle content of the model, after which we construct its supersymmetric
action. As we have seen in the previous section, the MSSM is not capable
of breaking either internal symmetry realistically or supersymmetry with-
out the introduction of explicit soft supersymmetry breaking terms. In this
model we introduce the Fayet-Iliopoulos terms to the action and derive the
scalar potential to see if realistic symmetry breaking can be obtained with-
out soft supersymmetry breaking terms. The minima of the potential are
hard to find, and it is hard to determine which ground state occurs for which
choice of parameters in the Lagrangian. We will therefore focus on the ground
states which could be interesting phenomenologically and calculate the Higgs
masses around these ground states.

5.1 The Particle content

To construct the model, we begin by introducing a second Higgs doublet.
Just as we have seen in the construction of the MSSM in subsection [4.5.1],
reproducing the Standard Model Yukawa couplings with one Higgs doublet
in the supersymmetric theory requires the introduction of the complex conju-
gate of the Higgs doublet to the superpotential. This is however not possible
as the superpotential has to be a holomorphic function of the fields.

The matter particles of the model are all ordered in chiral multiplets, re-
quiring the addition of superpartners for all Standard Model particles. With
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44 The supersymmetric model

the introduction of the new scalar field ¢ in the extended model a new chiral
multiplet has to be added to the supersymmetric theory leading to a new left-
handed fermion. As the scalar field ¢ carries U(1) charges, the new fermion
will also carry these U(1) charges. This fermion will therefore contribute to
the anomaly discussed in section [2.6], rending the supersymmetric theory
anomalous.

To make the theory anomaly free, we introduce one new chiral multiplet as
the simplest solution. We will rename the original scalar field of the model
presented in chapter [3] from ¢ to ¢;. The new chiral multiplet then contains
a scalar field which we will denote by ¢9 and a left-handed fermion denoted

by ¢5. To these new fields we assign U (1) charges opposite to those of the
¢, field.

In this supersymmetric extension we also introduce chiral multiplets con-
taining the right-handed neutrinos and a vector multiplet containing the
new gauge boson. We do not have to worry about the contributions to the
anomaly of the right-handed neutrinos as the X-charge it carries was con-
structed such that the theory was anomaly free. This continues to hold in
the supersymmetric version. The new gaugino which is introduced does not
bring any new contributions to the anomaly either, as it has no chiral in-
teractions. Remembering that we only use left-handed scalar multiplets, the
chiral multiplet content of the supersymmetric version of the extended model
is shown in table [5.1]. Pairing the gauge bosons with gauginos leads to the
vector multiplet content shown in table [5.2].

5.2 The supersymmetric action

With the particle content of the supersymmetric extension given in tables
[5.1] and [5.2], we can start constructing the action for the theory. For this
we use the formulas [4.18],[4.21], [4.22] and [4.30] as given in chapter [4] for
the supersymmetric actions of vector multiplets and gauged chiral multiplets.

The expression for the full supersymmetric action is built up of only a few
basic pieces, the full expression is found in the appendix [A.4]. Tt is con-
structed by first adding the separate actions for all gauged chiral multiplets
and vector multiplets. The SU(2) vector multiplet for example contributes:

1 ) — 1
S = / Aol FOV) S FOV)L, + TNy - VX + 5 DR DR (51)
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5.2 The supersymmetric action

Scalar Fermion 1 SUB). | SU2)L |UD)y | U)x | UN)pm
Q = (iig,dyr) Q= (ur,dp) 3 2 3 5 (3,-3)
UR (ugr)© 3 1 -3 | -3a-13 -2
dr (dr)° 3 1 2 2o+ 3 :
L= (vp,eér) L= (vp,er) 1 2 -1 -« (0,-1)
ér (er)© 1 1 2 200+ 1
UR (vr)© 1 1 0 -1 0
Hy = (Hif,HY) | H, = (H{,HY) 1 2 1 a+3 (1,0)
Hy = (HY,Hy) | Hy = (HY, Hy) 1 2 -1 | —a—3 | (0,-1)
o1 é1 1 1 0 1 0
b2 bo 1 1 0 ~1 0

Table 5.1: The scalar and fermion components of the chiral multiplets in this
supersymmetric version of the model as presented in chapter [3]. A new chiral
multiplet containing the scalar field ¢o and fermion field ¢ is introduced to make
sure the theory is anomaly free. The auxiliary F' fields have been left out but are
part of the chiral multiplets.

As an example of the contribution of a gauged chiral multiplet, the action
for the multiplet containing @) is given by:

S = /d%[—vc} VQ +iQy-VQ + FoFy

A _ — a
+v2g5(Q (7)62)\ ( ) ) + QSDGQ(?)
+ ﬁgW@(%)@A R@<§>Q> rowh@50 62
F V25D~ M aQ(H)Q) + 95 D6Q(H)Q
+V2e(Q(5)@en — Aer@(5)Q) + 90 DeQ(3)Q)
Gauge boson | Gaugino | Gauge Symmetry
a xS SU(3).
Wi Ay SU(2)L
B“ AB U(l)Y
Cy Ac U(l)x

Table 5.2: The gauge bosons and corresponding gauginos contained in the vector
multiplets. Both transform in the adjoint representation of the symmetry group
they are associated to. Each multiplet also contains an auxiliary field D which has
been left out.
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46 The supersymmetric model

Aside from these terms, we add the following part containing the contribution
of the superpotential:

LW i o ;W W
sw—/dx[a¢iF+28M¢]wa 5 +§a¢za¢]wLwR]

where the ¢' indicate all scalar fields contained in the chiral multiplets and
the 1% indicate the fermions. Finally we add the two Fayet-Tliopoulos terms:

Sp1. = /d4$[gB§DB + 9c¢Dc]
where ¢ and ( are unspecified constants.

We now need to determine the superpotential to have the full supersym-
metric action for the extended Standard Model. To do so, we add to the
superpotential of the MSSM all possible terms involving gauge invariant com-
binations of the new scalar fields ¢ and ¢, respecting R-parity leading to a
renormalizable quantum field theory. As there is still some freedom left in
choosing the U(1) charges, we have collected all SU(3) and SU(2) invariant
combinations respecting R-parity in table [5.3] together with the constraints
on the parameters in the U(1) charges.

If we want to reproduce the Majorana mass terms for the right-handed neu-
trinos we have to include the ¢,7g;Vp; term in the superpotential. To see
why, let us look at a technical detail in creating supersymmetric models
which we have skimped so far. The chiral fields ¥ ; = Pr; appearing in
the chiral multiplets [4.3] are left-handed projections of Majorana fields ;.
Therefore in creating supersymmetric actions using expressions [4.21] and
[4.22] we have to keep in mind that the v; are Majorana spinors. Note that
any chiral field x;, can be written as the left-handed projection of a Majorana
spinor as follows:

xr = Prxr = Pr(xe + (xz)°) (5.3)

where (xz + (xz)°) is a Majorana spinor. We have included right-handed
Standard Model particles 1r in left-handed chiral multiplets by using their
charge conjugate (¢¥g)¢. We can also write these as left-handed projections
of Majorana spinors:

(Vr) = Pr(¥r)" = Pr(¥r + (Vr)") (5.4)

We can now understand how the Majorana mass terms result from the
O1VRVR,; term in the superpotential. The chiral multiplet containing g ;
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5.2 The supersymmetric action

47

Term Overal Y-charge | Overal X-charge Conditions

P12 0 0 None
P1€R,iCR,j n+4 do+28+1 | n=—-440+28=—1
P1ER,VR,j n+2 1+ 20 n=-2a=-1
P1URiVR,j n 1-28 n=08=1
$rei H{ L 7 1+ n=0,0=-1
brei; HSLI n—2 1-2a—7 n=22a+p=1
P2€R,iCR,j —n+4 da+28-1 n=4,4a+28=1
$2€R VR, —n+2 2a— 1 n=2a=1
$2VR,iVR,j - -1-23 n=0p3=-1
€ij¢oHiLI -1 p—1 n=08=1
€ij b2 HYLI —n—2 ~1-2a-8 | n=-2,2a+8=-1

Table 5.3: Collection of all possible SU(3) and SU(2) invariant terms in the
superpotential involving the scalar fields ¢1 and ¢o leading to a renormalizable
theory. The constraints on the parameters appearing in the U(1) charges to obtain
U(1) invariance are also listed. Adding the term ¢1Ug ;U j leads to the Majorana
mass terms for right-handed neutrinos.

contains also the left-handed spinor (vg)¢, which can be written as the left-
handed projection of the Majorana spinor x, = vg + (vg)¢. The Majorana
mass terms will then come from the superpotential action, more specifically
from the part:

i OPW N i OPW P
28;}{,1‘851%73‘ Xv,il RXv,j
) 1 -

= —KijO1Xv,iPLXvj + zRij01Xv,i PRX v,
2 J J 2 J J (55)

) B e b oo

= §/‘€z‘j¢1VR,i(VR,j) + 5’%;‘@51(7/3,1‘)”1%,]‘

) B B A

= §Hij¢1VR,iC(VR7j)T - 5“1’]’@517/;71‘0”}%4

which is the Majorana mass term as we have seen in section [3.2].

From table [5.3] we can see that including the term k;j¢10p Vg ; requires
n=0and = % If this term is included, the only other possible term in the
superpotential involving the new scalar fields is ¢;¢s. So, the superpotential
leading to the action with Majorana mass terms for right-handed neutrinos
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48 The supersymmetric model

is given by:
W = e, Hi(Y upQ’ + Y'igpL?) — e, Hy(YdrQ’ + YeegrL?) (56)
+ Ky 1R iR + pe H{HS + A1 '

where r;; is an unspecified matrix acting on the different families of right-
handed sneutrinos and A is a new parameter. The family indices on the
Y-matrices have been left out.

5.3 Deriving the scalar potential

Knowing the superpotential, we can derive the scalar potential of the model.
For this purpose the relevant terms of the supersymmetric action are the
terms of the form:

ow .
06,"

These are the terms that will contribute to the scalar potential after elimina-

tion of the auxiliary fields. We start by determining the equations of motion
for the Dy, fields:

1
DD FIF gDt Fiand €D (5.7)

a a (1

Dy = ~gw(Q(5)Q + I L+ A5 iy + Hx(

Next the equation of motion for the Dpg, where we have to take into account
the contribution of its Fayet-Iliopoulos term:

1=~ 22 1= 1=~

D = —gB( QQ — —URUR+ 3deR —LL+€RéR
+ Hi Hy — H2H2 +£)

)H>) (5.8)

(\V]

(5.9)

And the equation of motion for Ds which also involves a piece due to the
other Fayet-Iliopoulos term:

o=~ 1: . a 1.3 - o=
Dcz—gc( QQ — ( —)ugtr + (= + =)drdgr — =LL
T 3 4 2
+ ( +1)~ ¢ 1: % +1( +1)EIH 1( +1)FIH (5.10)
« + —)egrer — —VRV —(a+ = ——(a+ - .
4 RCR 4RR 2 2 1 2 2 21419

¥ 5B~ 3dabr 1)

From the SU(3) vector multiplet we have the Dg term with equation of
motion:

(

3]

Df = ~g5(Q(3)Q + (% )i+ Ay ) (.11)
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5.8 Deriving the scalar potential 49

where the A\ are the Gell-Mann matrices.

We will not explicitly give all equations of motion for the auxiliary F-fields.
We restrict ourselves as an example to the equation of motion for the auxil-
iary fields ' which is part of the multiplet (@, ur,, F,, ) where the i is the
family index. Its equation of motion is:

oW
D, (5.12)
—(HYip;Y} + Hy dr;Y)*

i
F,,

The other equations of motion are determined similarly. With all equations
of motions determined, the scalar potential is obtained by adding all contri-
butions of the D and F auxiliary fields and is found to be:

V= Z D2+Z|F\2

_12 N e A
1, = 0% ~ = 0% -
+ 59w ;(Q(;)Q +L(7)L+H1( 5 )H1 +H2( 5 )Hz)
1 1=~ 2 15 ~ 1=~ - _ 1 - 1 -
+ 59129(6@@ — 3URUR + ngdR — §LL + €regp + §H1H1 — §H2H2 +€)?
1 5 oz~ 2000 1 - _ 1.5 ~ =~ 1. .
-+ 5920(862@ - (? + 4_1>URUR + (g + L_L>deR — §LL + (Oé + Z—l)eReR
1- 1 1. - 1 1. - 1- 1_
~ qVRiVRi Tt 5(04 + §)H1H1 - 5(04 + §)H2H2 + —¢1¢1 - —¢2¢2 +¢)?

+ Y | -Hlig Vi 4 Hy dpg Y + [Hi g Yy — Hydg Vi)
+ Y | -HYop Y+ Hy epg Y5 + [HY g Y — Heg, Y|
+ Z \H{Y4dy; — HYY ) + [HYY e, — HY oy 4|
+22|H0 dy,; — Hy Yiag,|* + [HYY ér; — Hy Y |°

+|uRi dL]—FVRlY €LJ +/JJH ’ _'_‘U’RZ ULJ+VRZY Z/Lj—i-,u]¥0‘2
+ |dR7, dL] + eRzY eL] +,UHO|2 + |dRzY uLz + eRzY VLJ +MH+|
+ ki URilR, + Adal” + | An|” (5.13)
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50 The supersymmetric model

5.4 Finding the ground state

We are now going to determine the ground state of the theory and see if it
leads to the spontaneous breaking of internal symmetry and supersymmetry.
Before we embark on this calculation, we make some remarks.

5.4.1 Preventing electromagnetic symmetry breaking

First of all we cannot allow the scalar fields carrying electric charge to get
vacuum expectation values as this would lead to the breaking of the elec-
tromagnetic symmetry. To see how this has consequences for our model let
us take a look at the full potential given in expression [5.13]. The minimum
value of the potential is either equal to zero or positive, a zero potential
would therefore be the minimum value. In case the Fayet-Iliopoulos param-
eters are both positive, £ > 0 and ¢ > 0, the potential could for example
be zero by giving vacuum expectation values only to the fields i and vg;
in such a way that the following two squares containing the Fayet-Iliopoulos
parameters are set to zero:

1=- _

—gB< QQ —uRuR + 3deR — —LL €RER + H1H1 — —H2H2 + 5)
1 1.- _ o 1 1 -

+ gc( QQ ( Z)URUR—F(g Z)deR_ELL+(a+4)€R6R
; +1<+1)HH—1< oty + 56161 — o+ )
4VR1VRZ 204 B 1411 204 9 2419 211 202

(5.14)

In this way the value of the potential would be zero in the ground state,
and a charged scalar field would obtain a vacuum expectation value. Similar
reasoning applies to other values of the parameters £ and (.

As the potential [5.13] does not exclude vacua where charged scalar fields
obtain vacuum expectation values, we can conclude that the Fayet-Iliopoulos
mechanism by itself is not sufficient to obtain realistic symmetry breaking in
this model. We will therefore explore the option of adding explicit mass terms
for the electrically charged scalar fields to see if these are sufficient together
with the Fayet-Iliopoulos mechanism to lead to realistic symmetry breaking.
The explicit mass terms are given by:

Lot = ~QM2Q — LM2L — M2ty — dpM2dg — EpM2en  (5.15)

By giving the charged scalar fields high masses they will be excluded from
obtaining non-zero vacuum expectation values. These mass terms break su-
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5.4 Finding the ground state 51

persymmetry explicitly. We will however not have to introduce mass terms
for the charged Higgs fields H;” and H, , as we will see they will not obtain
vacuum expectation values if the neutral Higgs fields HY and HY get vacuum
expectation values.

As the charged scalar fields, except for H;" and H, , will not get vacuum
expectation values due to their high masses, we set these massive charged
scalar fields to zero in the potential leading to:

1
Vo= Sow (IH |+ [HY o+ [Hy [+ [Hy |+ 21 HY P Y| + 2| H P )P
— 2HYP| Hy|* — 2|Hyf [P | Hy [* + 2| Hy || Hy |* + 2| Hy|* | H,y |?

L o 1
+4HYHy HYHS + AH Hy HYHY) + gg;g(yﬂly2 — | Hy|? + 2¢)?

1 1. 1
+ ggé(—élm,wm + (a+ 5)(|H1|2 — |Hal*) + |n]* — || + 2¢)?

+ | (|Hy | + [HY P+ |HY PP + [H ) + |5ijoRivr + Ado]? + | A1 [
+(HY? + [HY )Y |or, Y (5.16)

5.4.2 Minimisation constraints

To find the ground state of this potential we must minimise the potential.
To start, we can use the SU(2) symmetry to remove one of the charged
components of the Higgs doublets to zero in the minimum configuration.

(Hy) = @1;) SUQ). < }??) (5.17)

This leads to the two following minimisation conditions:

ov

8_H?|H1+:° =0 (5.18)
_ - 1 -

= H) (g3, (|HY|* — |HJ)” + |Hy ) + ZQZ(’HW — |HJP? — |Hy | +2¢)
1 1 1- 1

+ Z(Oé - 5)9?}(—§VR,WR,i + (o + 5)(|H1|2 — |Hal?) + |o1|* — |da]” + 20)

P+ PR,V
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52 The supersymmetric model

and

o (5.19)

8H3|H1+:0 =0
_ B 1 _

= Hy (=g ([H)]* = [H2|* = |Hy ") = 295(1HYF — [Ha]” — |Hy [* + 2€)
1 1 1

- 1
- Z(Oé - 5)9%(—§VR,WR,¢ + (o + 5)(|H1|2 — | Ha|?) + 1] — |2 + 2¢) + |1]?)

We are interested in extrema where both neutral Higgs components get vac-
uum expectation values, allowing us to generate masses. If we exclude the
possibilities HY = 0 and HY = 0, we can combine the two equations above
to get the minimisation constraint:

2ul* + > |17r, Y} + 295 | Hy |* = 0 (5.20)

As this is a sum of squares, a ground state where HY and HY get vacuum
expectation values therefore requires p = 0, Hy = 0, and vg ;Y = 0. The
field H; gets no vacuum expectation value leaving the U(1)gy, symmetry
unbroken. We do however lose our explicit Higgs mass terms if we choose
1 =0 as the term

piesy HL ] (5.21)
leads roughly to the following mass terms in the scalar potential:
(| Hy|? + [ Hol) (5.22)

We can get more constraints on the vacuum expectation values by looking
at two more minimisation conditions:

ov - 1 1. 1
96 1A+ 298 (—5PriVRi + (4 5) ([ HL|? = [Hal?) + |1 [ = |¢af* + 20))
¢1 4 2 2
=0 (5.23)
and
ov. 1, 1o 1
Doy 19%@(_5’/1%,1'1/&1' + (o + 5)(|H1|2 — |Hs|?) + 1] — |¢a]* + 20)

-+ A(’fijﬁR,iﬁR,j + )\gbg)*
=0 (5.24)

In case ¢ gets a vacuum expectation, we can combine the equations above
to get:

j\ﬁijDR,iﬁR,j =0 (525)
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5.4 Finding the ground state 53

5.4.3 Minimising the potential

We are now interested in finding the minima of the potential. Instead of
finding all minima of the potential and discussing which is the minimum
under which choice of parameters, we adopt a different strategy. We focus
on finding only the minima which could be phenomenologically interesting
ground states and determine whether they lead to a realistic theory. We will
do this in the next section by calculating the Higgs masses for these ground
states. To be phenomenologically interesting the minima need to lead to
non-zero vacuum expectation values for the fields HY, HY and ¢;. With this
constraint in mind we will find one set of potentially interesting ground states.

To get started, the extrema with non-zero values for the fields H? and
HY require as we have seen in the previous subsection: y = H, = 0 and
vr;Yj = 0. We will first characterise the minima with heuristic reasoning
instead of finding them by direct minimisation, which is tedious due to the
large amount of unknown parameters. We begin by making a distinction
between the case where the matrix Y can satisfy the constraint v ;Y}; = 0
for non-zero v ; and the case where it cannot. We will assume A\ # 0 in both
cases.

Case 1. Y” does allow non-zero vy, in the ground state

In this case the potential [5.16] evaluated in the ground state is given by the
following expression, where the fields should all be evaluated in their ground
state values:

1 1
Vo= gow (1" + [Hy|* = 21 HYPIHG) + 2o (HYP — [H [ + 2€)°

8
1 1. 1
+ (g Pratri+ (o ) (HYP = [HSP) + [0 = [6af +20)?

+ ’Kuijﬁmiﬁ]{,j + )\¢2’2 + ‘)\¢1‘2
1 1 1 1. 1
= 0w’ + 205w + 260" + 208 (—5TRaTRi + (0 + 5)a + 6] — |oaf* +20)°
+ |KijPRiVRj + Ad2|* + [ A1 |?
(5.26)

where x = |H?|? — |[HY]?. We start by noting that the first three squares in
the potential contain factors of x, the last two squares do not. When looking
for the minimum of the potential, the value of x therefore depends only on
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54 The supersymmetric model

®1, ¢2 and vp; in the combination

1=
2= o1 — |l — §VR,iVR,i (5.27)

through the cross term of x with z coming from the third square. In the
analysis which follows we will keep the value of z and with it also x constant.
This allows us to see how we can lower the potential by varying the fields
®1, ¢2 or Up,. Supposing the value of x in the minimum has been found as
a function of z, we can distinguish in the minima of the potential between
the three cases z > 0, z = 0 and z < 0. Knowing that either of these is the
case, we will show that apart from HY and HY either ¢; or ¢, and Ug, will
get non-zero vacuum expectation values, or none of the fields ¢, ¢2 or vg;.

Subcase 1. z >0

Suppose ¢9 and Upg; are not equal to zero in expression [5.26]. By lowering
|p2| and |7 ;| continuously to zero while keeping z fixed, the contribution:

|HijDR,iDR,j + )\¢2|2 (528)
vanishes. To keep z fixed, |¢;| also has to be continuously lowered. The term
Ap1|? (5.29)

is then lowered as well. So in the case that z > 0 in the minimum, the
potential is minimised when the fields 7z ; and ¢, vanish. Only ¢; will get
a non-zero vacuum expectation value in which case the constraint given by
[5.25] is satisfied.

Subcase 2. 2z =0
If z =0 in the minimum, the contributions
|KijPRVRj + Ada|” + A1 |? (5.30)

to the potential can be minimised by taking ¢; = ¢2 = vr; = 0.

Subcase 3. z <0

In this case ¢; will not get a vacuum expectation value. To see why, suppose
¢1 # 0, by continuously reducing |¢;| to zero while keeping z fixed, the value
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5.4 Finding the ground state 55

of the contribution |A¢;|? is lowered. To keep z fixed we can perform the
transformations:

VR — QR
VR VR, (5.31)
P2 = "o
with |a| < 1. In doing so, we have:
|\KijTRiVR; + A2|® + [A1|? = |a|!|kijTRiTR; + Aol (5.32)

which lowers the contribution to the potential. This tells us that in this case
the value of expression [5.26] can be lowered by reducing ¢, to zero, therefore
the field ¢; gets no non-zero vacuum expectation value.

Case 2. Y” does not allow non-zero vp; in the ground state

In this case the right-handed sneutrino fields g ; do not get vacuum expec-
tation values if the fields HY and HY get vacuum expectation values through
the constraint given by equation [5.20]. Setting the right-handed sneutrino
fields to zero in the potential leads to:
1 1
V= Sow (1" + [Ho|" = 21 HYPIHS ) + 2op(|HYP — [Ha | + 2¢)°

+SaB((+ )HIP — [B3P) + |61l — |62 +20)?

+ [Adal? + [N [ (5.3
= S S+ 26 + <gb((a+ )a+ [ = [gaf? +20)°
+ [Ada|* + | A [

The same reasoning as before can be applied. Keeping z = |¢;|? — |¢o|* fixed,
we can minimise |Ag»|? + |Ag1|? by setting either ¢; equal to zero if z < 0
or ¢y equal to zero if z > 0. In case z = 0 we can minimise the potential by
making both fields vanish.

Having examined these two cases, we are led to the conclusion that either ¢,
or ¢o and vr get vacuum expectation values. In what follows we will focus
on the case where the field ¢; gets a vacuum expectation, or equivalently
assuming that z > 0 in the minimum as described above. The reason we do
this is because the cases where z < 0 and z = 0 are not compatible with
phenomenology, as the field ¢; will not obtain a vacuum expectation value
in these cases. The model requires ¢, to get a non-zero vacuum expectation
value in order to create the Majorana mass terms as shown in equation [3.4].
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56 The supersymmetric model

5.4.4 Vacuum expectation values

We now determine the vacuum expectation values in the case where the Higgs
doublets and scalar field ¢; get non-zero vacuum expectation values. To do
so, we set the sneutrino fields v ; and the extra scalar field ¢, to zero. This
leads to the potential:

1 1
V = S (HIP — [P + Sob(HEP - |HSJ? + 26)°
(5.34)

1 1
+ 398 ((a+ ) (H = [H3P) + 60”4+ 20 + [AP[n

8

Notice that the potential only depends on the variable |HY|* — |H?|?. Using
this as a new variable, finding the vacuum expectation values amounts to
solving:

oV %
O(IHYP — [H3|?)  Ol¢n]

=0 (5.35)

which leads to the ground state following phenomenologically interesting vac-
uum expectation values

6 = —4¢ — 4N | A0¢gn — B 4 P | HOP? — 45N — 2893,
' 9 Giv + 9B ! 2 9% + 9%
(5.36)

where § = a + % These are only possible vacuum expectation values if the
right hand side of the squared vacuum expectation value of ¢; is positive.
The value of the potential in the minimum is positive for these vacuum ex-
pectation values, which is another indication that supersymmetry is broken.

As we have discussed before, the potential has other minima as well. Numer-
ical analysis shows that for certain parameter choices this is the minimum of
the potential. We have reasoned that the minima other than this one lead
to ground states which are not phenomenologically interesting as not all the
fields HY, HY and ¢; get non-zero vacuum expectation values. For general
parameter choices we can conclude that either the ground state is one of
these other minima of the theory, making the model incompatible with phe-
nomenology, or this minimum is the ground state. We will now analyse this
minimum as the ground state of the model to see if it is compatible with
phenomenology.
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5.5 Tree level Higgs masses

We will now calculate the Higgs masses of the perturbations of Hy, Hs and ¢,
around the ground state with vacuum expectation values given by equation
[5.36]. We will use the following notation for the vacuum expectation values:

<H?,2> =19, (01) = vy (5.37)

We have not yet used the full gauge freedom in choosing the vacuum expecta-
tion values, so far only the SU(2);, gauge freedom has been used in equation
[5.17]. We can use the gauge freedom of the two U(1) symmetries to make
the vacuum expectation values of H; and ¢; real. This can be done as ¢;
does not transform under U(1)y gauge transformations as can be seen from
table [5.1], while H; and Hs do transform. The three fields do however all
transform under the U(1)x symmetry. With these choices the relative phase
between H, and H, is still undetermined as only their absolute values matter
in the ground state as seen in equation [5.36].

To begin the calculation of the masses we expand the fields around the ground

states:
. Hf . (%) + hQ —+ igg .
H1 = (Ul + hl) s H2 = ( H2_ s ¢1 = 'qu + h¢ (538)

5.5.1 Charged Higgs masses

Collecting the quadratic terms containing the charged scalar fields, we find
the following terms in the expansion of the scalar potential [5.13] around the
ground state:

1,2 2 1,2 +
o) (a9wlvel® qgivive (_H;
HY) Hy) (2 2 ) ( L 5.39
(ED 29wuite gl ) \(Hy) (5.5
From this we extract the massless eigenstates
1 R
St = —(—vH +v.Hy) (5.40)

[l

where v = \/v? +v3. The eigenstate S and its conjugate S; = S are
Goldstone modes corresponding the massive charged bosons W*. To see
they are Goldstone modes, note that these modes vanish if we switch to the
unitarity gauge with H;" = 0. Next, we also find the massive eigenstates:

1 N
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and its complex conjugate S; which is another massive eigenstate. Both
carry masses:

1
mg, = 593‘,1}2 (5.42)

5.5.2 Neutral Higgs masses

The mass eigenstates of the uncharged perturbations are determined by col-
lecting the terms from the expansion of the potential given by equation [5.13]
around the ground state as shown in equation [5.38]:

(hl h2 g h¢)M2(h1 h2 gs h¢)T (543)
where M? is the matrix
27(v1)? —Lyv; Re(vy) —%'yvl Im(vs) 29051)11)4,
M2 —Lyv1 Re(v) 37 Re(vs)? 17 Re(vg) Im(vs) %90(5% Re(vq)
—51'7111 Im(vq) Q'y Re(vy) Im(vg) 12'y(1'm(1)2))2 —59%5% Im(vg)
396001vs  —5980Vs Re(v)  —592:0vs Im(v2) 396 (vg)?
(5.44)
where we have defined
1
and
V=g + 95+ 0°g¢ (5.46)

The eigenvalues of the matrix M? are found to be:

mS?) — 0
m?% =0
m, = 50 + g (80) — /(00 + g0d)? — dg2 gk + g3)v30)
|3, = 10007 + g2 + ) (v0? + g203)? — 493 (g + 9B )ve?)
(5.47)
with eigenstates:
(G — — 1
S8 = rrtmuy M2t vig2)
54 = —(Re( )hl + Ulhg)

\/v? +(Re(v2

Sy =
\/(g 5v¢A1)2+v2A2

S =
\ 6= \/(g 6’U¢A3)2+’U2A4

(’UlAth (U2>A2h2 - Im(UQ)Aggg -+ g%5U¢A1h¢)
(’U1A4h1 (UQ)A4h2 — Im(vg)A4gg + 9%5U¢A3h¢>
(5.48)
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Where the following abbreviations have been used:

(1= 0% + gt = \Jon? + @l )? — dgk oty + ap)ed?

Ay = 70 — vg2v3 + 2966°0] — 7\/ (702 + g&v3)? — 492 (giy + 9B viv?

Ay = 0? + gl [ + g2ad)? = Agklah + gB)E”

[ As = 7707 = 9020} +2080%05 = 7\ (70 + g2 3)? + 402 giy + g )ude?
(5.49)

5.5.3 Analysis Higgs masses

Comparison with gauge boson masses

The Higgs masses can be compared with the gauge boson masses of the su-
persymmetric theory whose calculation is similar to the one found in section
[3.3]. The only change is the replacement of the factor v? in equations [3.9]
and [3.14] by v} 4+ v2. Using our definition v? = v} + v3 we have the following
charged gauge boson masses:

1
My = §g§Vv2 (5.50)

The masses for the neutral bosons are:

my = How? + gl — \f(n? + 0302)? — Aghv3(gh + o)

(5.51)
m%, = 1(y0? + g2v? + \/ (vv? +v3g2)? — 4gzv*vi(9h + giv)

The masses of the charged bosons are equal to the masses of the states Sff 25
the masses of the states S5 4 are equal to the masses of the neutral bosons.

The appearance of scalar particles with masses equal to those of a mas-
sive gauge bosons is a property of spontaneous internal symmetry breaking
in supersymmetric models, sometimes known as the super Higgs mechanism.
After spontaneous internal symmetry breaking the chiral multiplets whose
fields get a vacuum expectation merge with the vector multiplets whose vector
bosons become massive to form massive vector multiplets. The chiral multi-
plets contain Goldstone modes whose degrees of freedom are transferred to
the vector bosons. After the merging the new multiplets contain a massive
real scalar field and a massive vector boson with a total of 4 bosonic degrees
of freedom along with a Dirac fermion which has 4 fermionic degrees of free-
dom. The Dirac fermion is obtained after spontaneous symmetry breaking
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by the mixing of the Majorana spinor fields from the chiral multiplets and
the vector multiplets. Despite the breaking of supersymmetry in this model,

this effect still persists. More information on massive vector multiplets can
be found in [14] and [15].

The massless eigenstates

The massless eigenstates are Goldstone bosons which arise due to the break-
ing of a global symmetry of the potential [5.34] which we will now show. Let
us denote by ¢ the set of scalar fields with (¢) = 0. After gauge transfor-
mations [5.17] the potential is a function of ¢ and the fields HY, Re(HY),
Im(HY) and ¢;:

V =V(¢, HY, Re(Hy), Im(Hy), $1) (5.52)

where we have split HY into its real and imaginary part for the argument
to come. We can see from equation [5.34] that when the fields which obtain
no vacuum expectation values are removed from the potential, the resulting
potential is only dependent on the quantity:

(H7)* — | Hy? (5.53)

This quantity is invariant under the two transformations:

(nl) = ()= (6 0) () o0

<1m711(;8)) — (Iml—(j}(i]g)) + (2 g) ( Imf(ljlilg)) (5.55)

where § << 1 is a transformation parameter. The general potential given by
equation [5.13] does not only depend on the fields HY and HY in this com-
bination shown in [5.53], and is therefore not invariant under these transfor-
mations. The potential given by equation [5.34] with the set of scalar fields ¢
evaluated in their ground state, V ((¢) = 0, HY, HY, ¢, ), is however invariant
under these transformations. This means that:

V(QS =0, H?v RG(H20>a ]m(Hg)a le)
= V(¢ =0, H) + 0Re(Hy), Re(Hy) + 0 HY, Im(Hy), ¢1)

and

oV ov
= V(¢ = 07 Hga RG(HS)7 Im<Hg)7 (bl) + eRe(HS>W|¢=0 + eHgaRe—(I_—fO)Lf):O
1 2
(5.56)
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From which we find:

ov ov
a—fl?bzo + HO—‘qs:o =0 (5.57)

fee(Hy) ORe(H))
2

Next we can take the derivative of this term with respect to any of the
fields HY, Re(HY), Im(HY) and ¢; which we denote by X and evaluate these
derivatives in the ground state (G.S) values for all fields. Using that the first
derivatives of the potential disappear in the ground state, we find:

% . O

RS(HQ)WlG.S. + H; W|G.S. =0 (5.58)

Denoting with Z the fields contained in the set ¢, all second derivatives:

0*V

X7 lG.s. (5.59)

are also found to vanish when evaluated in the ground state. Denoting any of
the scalar fields in the theory by S;, the mass matrix of perturbations around
the ground state is given by:

0*V

mb.s (5.60)

with the basis S; — (S;)|¢.s. We have therefore found the massless perturba-
tion:

<R€(Hg)>h1 + <H?>h2 = R@(Ug)hl + 'U1h2 (561)

where hy 5 are the perturbations around the ground state as defined by equa-
tion [5.38]. The massless eigenstate associated to transformation [5.55] are
similarly found to be:

]m(vz>h1 + V192 (562)
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Chapter

Conclusion

In this thesis we have researched whether we could break internal symmetry
and supersymmetry using Fayet-Iliopoulos terms in a supersymmetric ver-
sion of an extension of the Standard Model. We started by making the model
described in article [5] compatible with supersymmetry. To do so we had to
introduce a second Higgs doublet, and we had to make sure the theory was
anomaly free. As the newly introduced scalar field ¢; made a contribution
to the triangle diagram anomaly, we chose to add a single chiral multiplet
to the theory containing a new scalar field ¢o. We chose this as the simplest
solution to the anomaly, though other interesting solutions might exist in-
volving multiple new multiplets.

The approach we have taken in breaking symmetries is different from the
one taken in the MSSM where symmetry breaking requires the introduction
of many soft breaking terms which explicitly break supersymmetry. When
starting with minimising the potential [5.13] we found that this model also
requires the introduction of supersymmetry breaking mass terms for electri-
cally charged scalar fields to avoid vacuum expectation values for charged
scalar fields and thereby violation of the electromagnetic U(1) symmetry.

With the introduction of these heavy mass terms, we derived the poten-
tial [5.16] along with minimisation conditions. These conditions lead us to
consider the two potentials [5.26] and [5.33]. The minima of these potentials
could be distinguished by the value of the combination:

1.
2= o> — |gaf* — SVRiVR (6.1)

in the minimum. The cases z < 0 lead to minima without a vacuum expecta-
tion value for the field ¢, which makes them incompatible with phenomenol-
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ogy. We therefore focused on finding the minima in the only phenomenolog-
ically interesting case z > 0 and found the vacuum expectation values [5.36].

To see if the model with these vacuum expectation values is compatible
with phenomenology we look at the results of the particle masses obtained
in section [5.5]. The tree level masses for the charged perturbations, given
by equation [5.42], are equal to those of the charged gauge bosons, given by
equation [5.50]. Next to these masses, we also found two massless and two
massive neutral eigenstates with masses given by equation [5.47]. The mas-
sive eigenstates have masses equal to those of the two neutral gauge bosons
given by equation [5.51]. The appearance of massive vector multiplets with
gauge bosons and scalar particles with equal masses due to the super Higgs
mechanism shows supersymmetry has not been broken properly.

Massless scalar particles and scalar particles with masses equal to gauge
bosons have not been found in experiments. The ground state we have fo-
cussed on is therefore incompatible with phenomenology, all other ground
states have already been found to be incompatible with phenomenology. By
these results we are therefore led to the conclusion that the Fayet-Iliopoulos
mechanism and the inclusion of soft supersymmetry breaking mass terms for
the charged scalar fields as given by equation [5.15] do not lead to a realistic
model. Additional explicit mass terms have to be added to equation [5.15]
for the electrically neutral scalar fields as well as the charged Higgs fields to
make this model compatible with phenomenology.
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Appendix A

Appendix

A.1 Conventions and Definitions

In this thesis, the conventions of [16] are followed. We begin by choosing the
Minkowski metric to be:

N = diag(—, +, +, +) (A1)
The Dirac matrices v, satisfy the following algebra:

{v W} = 20 (A.2)

under Hermitian conjugation we have:
7= 0770 (A.3)
Aside from these four Dirac matrices, the fifth gamma matrix is defined as:

V5 = 170717273 (A.4)

We define the following matrix:

(VuY — Yo Vu) (A.5)

DN | —

Y =

One set of Dirac matrices satisfying equation [A.2] is:

0 i 0 —io, (10
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where o; are the Pauli matrices

S I () R (R B

Using the Dirac matrices, we define the Feynman Slash notation:

A=~"A, (A.8)
and the usual bar notation for the Dirac adjoint:
¥ =Yy (A.9)

With these conventions, the Dirac equation for a spinor 1, coupled to gauge
fields through the covariant derivative V,, becomes:

(Y +m)y =0 (A.10)

The Dirac equation can be obtained from the Lagrangian:

L =ip(V +m) (A.11)

To discus Majorana spinors, we introduce the charge conjugation matrix C
with the properties:

CT = —Cand C7'y,0 = —75 (A.12)
With this matrix, we define the charge conjugate spinor:
Y = Cyt (A.13)
We call a spinor a Majorana spinor if it satisfies:

g = (A.14)

A.2 DMajorana Spinor identities

When working with Majorana spinors, it is often necessary to rewrite ex-
pressions involving spinors into more useful forms. We will discuss a way of
finding these identities here. In this thesis, we use the 4-component notation
for Majorana spinors. In the literature the 2-component van der Waerden
notation, also known as dotted/undotted notation, is also frequently used.
More information on relating the two is found in [17].
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A useful tool in rewriting spinorial expressions involves the Fierz decomposi-
tion. Using the inner product (M, My) = Tr(M; M) for two 4 x 4 matrices
M, and M, one can show that the set of matrices (1,7, Yuw: V574, 75) forms
a basis for the 4 x 4 matrices. This allows the following decomposition of a
4 x 4 matrix M:

1 1 1
M = ZLTr(M)]l4X4 + ZTr(Mv“)% — §Tr(Mv“”)ny (A.15)
1 1
— ZTI'(M’Y{,’)/#)’}/{,’}/N —+ ZTI'(M")/g))")/g) (A16)

An important thing to remember is the anticommutation of spinor compo-
nents. Using the two spinors ¥, x and a matrix M this leads to:

waXb = _waa
ALY = "M A

With these things in mind one can derive the following collection of identities
for Majorana spinors v and f3:

af = Bo
d’V/LB = _6'7%05
avsB = Bysa
Y. Y50 = B s
= 1
O‘ﬂ - 664 = §d7#ﬁ7# - O_"Ylwﬁ’)//w (A18)

(arBr — Brar)r = —%5%@7’“&

(arBr — Brap)r = %54%57”1/)12

arBr — Brag = apy" BrYuw

A.3 Constructing multiplets and supersym-
metric actions.

The multiplets appearing in supersymmetry can be constructed using what is
known as multiplet calculus. We will follow an approach described in chapter
14 of [13]. Alternative methods based on superspace formalism exist, on
which more information can be found in references [4] and [18].
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A.3.1 Constructing supersymmetry multiplets

Construction of the multiplets begins with the choice of a first component
with a specific supersymmetry transformation. The supersymmetry trans-
formations contain as a transformation parameter a Majorana spinor €. Su-
persymmetry transformations for specific field types must be of the same
field type: the transformation of a scalar field for example has to be a scalar
as well. One then chooses the most general transformation rule compatible
with this requirement, thereby introducing unknown fields in the transforma-
tions. The unknown fields are constrained by demanding two supersymmetry
transformation d(e;), d(e2) satisfy the relation:

[(5(61), (5(62)]X == 2€1’}/#628HX (A19>

for all fields X in the multiplet. Fields in the supersymmetry transformations
which remain unconstrained in this process are added to the multiplet.

To clarify the procedure we explain the construction of the chiral multiplet
introduced in section [4.2]. We begin its construction by demanding the first
component is a complex scalar field ¢ whose supersymmetry transformation
contains the right-handed projection of the Majorana spinor transformation
parameter €g. As the variation has to be a scalar, we introduce an unknown
Majorana spinor field ¥ along with a normalisation factor to get the super-
symmetry transformation:

8¢ = —in/2epty
= —iV2epyy,

We then add the new field ¢ to the chiral multiplet. To get its super-
symmetry transformation we start with the most general supersymmetry
transformation:

(A.20)

0, = V2PL(Ar 4+ 7, AL + 7, ALY e (A.21)

where A;, AY and ALY are unspecified fields. Demanding that equation [A.19]
holds, determines A4 and AL”. The scalar field A; is however left uncon-
strained. We add this unconstrained field to the chiral multiplet, and re-
peat the above procedure to find all fields are then constrained. Renaming
Ay = F, we have then obtained the chiral scalar multiplet (¢, F) with its
supersymmetry transformations:

¢ = —iv2epiy
(S’QDL = \/5(")/ . ¢€R + FEL) (A22)
(SF = —Z'\/igL’)/ . 8¢L

70



A.8 Constructing multiplets and supersymmetric actions. 71

Other chiral multiplets can be constructed by starting with a different scalar
field with this transformation rule. In general, by starting from different first
components and different associated supersymmetry transformations other
supersymmetry multiplets can be created.

A.3.2 Construction supersymmetric actions

To create supersymmetric actions by start by noting that the variation of the
auxiliary field F' of a chiral scalar multiplet is a total derivative. We could
therefore create a supersymmetric action by taking:

S = /d‘lx F (A.23)

We can obtain more interesting actions by multiplying multiplets. To obtain
the action for the chiral scalar multiplet for example, we first create a second
chiral multiplet which has as its first component the Hermitian conjugate
of the auxiliary field of a chiral multiplet F. Starting with this field, we
can create the multiplet (F,~y - 9¢g, O¢) whose third component can also be
checked to transform as a total derivative.

We definine the multiplication of two chiral multiplets to be (¢1, %1, F1)
and (¢27¢L,2>F2)3

(D1, Y01, F1) X (92,912, F)
=(¢1¢2, P12+ Go¥r1, G1Fs + G2 Fy + ithy Prabs)

The third component of this multiplet can again be checked to transform as
a total derivative. Performing this multiplication on the multiplets (¢, ¢r,, F')
and (F,v - 0vg,0¢) leads to the a multiplet whose third component is:

¢0¢ + FF + ihpy - Or (A.25)

(A.24)

which according to the multiplication of multiplets transforms as a total
derivative under supersymmetry transformations. This third component
therefore leads to the supersymmetric action for the chiral multiplet:

Soy = /d4I[§Z§DQ_§ + FF + M/_}R'Y . 81/1}3]
(A.26)

~ /d4x[—5¢ - 0¢ + FF + ity - O]

where the two actions are equal up to boundary terms.
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The same procedure of creating multiplets and actions can be performed
for a chiral multiplet whose first component is the superpotential W (¢) with
¢ part of a chiral multiplet. This leads to the action for the superpoten-
tial as shown in equation [4.22]. The procedure can also be used to create
real multiplets starting with a real scalar field C' as a first component with
transformation:

Repeating the process leads to a multiplet with six components, three of
which can be eliminated using a supergauge transformation leading to the
vector multiplet which can be used to derive the vector multiplet action given
by equation [4.18]. More information on the creation of vector multiplets with
this method can be found in [13].

A.4 The full supersymmetric action

In this section the full action of the extended supersymmetric model is given.
The action consists of the separate actions for all vector multiplets and chiral
multiplets coupled to the vector multiplets, along with the contributions of
the superpotential and Fayet-Iliopoulos terms. The terms are constructed
using formulas [4.18], [4.21],[4.22] and [4.30] along with tables [5.1] and [5.2].
As the full action would be rather long, it is split up into different parts.

The first term is the action for the vector multiplets:
)~ 1
S = /d4 ——F(G)""™ F(G)y, + %Xm.wg+ 5 DeDG
— —F

i 1
(W) F(W)%, + =Xy - VA + =D Dy
111 2 X 2 (A.28)
7 —
— ZF(B)MVF(B)#V + 5)\3’}/ . V)\B + §DBDB
1 '_ 1
— ZF(CY"F(C)y + %)\m V¢ + 5DeDcl

The part containing the action for the quarks is given by:

SQuarks = /d4I[—VQ . VQ + i@L'Y . VQL + FQFQ

FV2g5(Qu( o YO — N n QU )Q1) + 95 DEQ( )G
+\/_9W(QL(U )Q)\ )‘%/Ré(aa)QL)+gWD Q(%a) )
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| =

+ \/égB(QL<é)Q)\B,R - S\B,Ré(1>QL) + gBDBQ( )Q

+ \/igC(QL(%)Q)\C,R - /_\C,Ré( )QL) + chcQ( )Q

— Vg - Vig + i(ug)oy - V(uR)C VP, F,, (A.29)
N N e
+ \/595((“1%)0(5)“12)\‘&,3 Ae,riR(5 5 )(ur) +9sDgur(= )ir
2 N o
+ ﬂgB((“R)C(—g)UR)\B,R - )\B,RUR(_g)(u rR)+ gBDBuR(_E)uR
— 2« 1 2a 1 2a 1.
+v2gc((ug)® (—? — Z)UR)\CR — A RUR(_? — Z_L)( Rr)S) + Q(JDCUR(_? - Z_L)UR
- VdR : VdR + Z(dR)C’)/ : V(dR)c + FdRFdR

CNQ

IS}

a

a a

V25 (R )i — e adn( ) () + 95 Dida(3)dn

+ V295 ((dr)*(

>~

. - -1 .
JdrAB.R — /\B,RdR(g)(dR>C + QBDBdR(g)dR

1. - - = o 1 = a 1 -
+ Z)dRAC,R - )\C,RdR(g + Z)(dR>C) + gcDedpg( -

+v2gc((dr)<(

w| o QO|H[\D

The action for the leptons is given by:
SLepton = /d%[—V[:/ . VI/ + Z[_/}/ -VL + FLFL
o’ a a o a T
+ \/_QW( (7)L)‘W,R AWRL(?)L) + QWDWL( )L

)L

[\:)Ir—tl\')|q

- 1
-+ \/EgB(L(_ﬁ)L)\B,R — AB,RL(_ﬁ)L) —+ gBDBL(
— o, ~ - = (07
+ \/igc(L(—g)LAc,R - )\C,RL(_E)L) + chCL(
- vgR : Vé/R + i(eR)07 ’ v(eR)c + F@RFeR (A30>
+V295((er)°€rAB.r — A\p.rER(¢R)® + g DpeRéR

¥

l\DIQ

1 N i 1 c - 1 _
+V2gc((er) (o + 4)63/\C,R — Ac,rér(o + Z)(eR) )+ gcDceér(a+ Z)GR
- VIjR . VﬁR + i(UR)C’Y . V(VR)C + FVRFVR

+V2ge(R (=3 — Ao ) R(=5) (vn)°) + g Don(—5)7)

The part of the action containing the terms for the Higgs doublets H; and
H, along with the additional scalar fields ¢; and ¢, is found to be:

SHiggs = /d4$[—VH1 : VHl + Z[:{f}/ . Vﬁ[l + FHlFHl
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Cl

0'
+ \/_QW(Hl(g)Hl)\%VR A?/VRHl( 5 )Hl) + gw Dy Hl( 5 VH,
_ _ 1 _ 1
+\/_9B(H1( )H, /\B,R—AB,RHl(Q) )+QBDBH1(§)H1
1 _ o 1= a1

+\/§90(H1(2 )Hl)\CR—)\CRH1(§ Z)H1)+QCDCH1(§+Z_1)H1
— VH, VHy+ilyy - VHy + Fy, Fr, (A.31)

= g B _ 0% . _ g°
+ \/EgW(HQ(T)HQ/\%V,R - XVLV,RH2(7)H2) + QWD%/H2(7)H2

= 1 - _ 1.~ _ 1
+ \/§gB(H2(_§)H2)\B,R — /\B,RH2(—§)H2) + gBDBH2<_§)H2

= a 1 - _ a 1. ~ _ a 1
+ \/igc(HE(—E - Z)H2)\C,R — )\C,RHZ(_§ - Z)HQ) + chon(—§ - Z)HQ]

— V61 Vér +idry - Vor + Fy, Fy,

FV2e(Br(5)0Ac.n — A rbi(5)01) + g Dodi(3)6n

— Voo Vo +idyy - Vs + Fy, Fy,
+V2ge(Ba(—5)6aAc — Acrndal—)d) + ge Dl —3 o

Along with the action for the particles contained in the vector and chiral
multiplets, there is the term of the action involving the superpotential:

oW i W W i *W
S — d4 Fa R R b
where the superpotential is given by equation [5.6]. In this formula the ¢“
indicate all scalar fields contained in the chiral multiplets and the ¢¢ indicate
the fermions.

To the full action two Fayet-Iliopoulos terms are added, one for each U(1)
Symmetry:

&mz/fﬂ%a@+%aﬁ

With all parts of the action written out, the scalar potential given by equa-
tion [5.13] can be derived after elimination of the auxiliary fields with their
equations of motion.
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