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Abstract

Fine tuning in the Standard Model (SM) is the basis for a widespread expectation that
the minimal model for electroweak symmetry breaking, with a single Higgs boson, is
not realised in nature and that new physics, in addition to (or instead of) the Higgs,
will be discovered at the Large Hadron Collider (LHC). However constraints on new
physics indicate that many models which go beyond the SM (BSM) may also be fine
tuned (although to a much lesser extent). To test this a reliable, quantitative measure
of tuning is required. We review the measures of tuning used in the literature and
propose an alternative measure. We apply this measure to several toy models and a

constrained version of the Minimal Supersymmetric Standard Model.

The Exceptional Supersymmetric Standard Model (EgSSM) is another BSM moti-
vated by naturalness. As a supersymmetric theory it solves the SM hierarchy problem
and by breaking a new gauged U(1) symmetry it also solves the p-problem of the
MSSM. We investigate the Renormalisation Group Evolution of the model and test
for radiative electroweak symmetry breaking in two versions of the model with differ-
ent high scale constraints. First we briefly look at scenarios with non-universal Higgs
masses at the GUT scale and present a particle spectrum that could be observed at
the LHC. Secondly we study the constrained E¢SSM (CEgSSM), with universal scalar
(myg), trilinear (Ap) and gaugino (M ;) masses. We reveal a large volume of CEgSSM
parameter space where the correct breakdown of the gauge symmetry can be achieved
and all experimental constraints can be satisfied. We present benchmark points cor-
responding to different patterns of the particle spectrum. A general feature of the
benchmark spectra is a light sector of SUSY particles consisting of a light gluino, two
light neutralinos and a light chargino. Although the squarks, sleptons and Z’ boson
are typically much heavier, the exotic color triplet charge 1/3 fermions as well as the

lightest stop can be also relatively light leading to spectacular new physics signals at

the LHC.
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Chapter 1

Introduction

This thesis describes my research activities carried out during the course of my Ph.D
studies. I have a general interest in the phenomenology of both the Standard Model
(SM) and physics Beyond the Standard Model (BSM) and the construction of new

phenomenologically viable models.

My research has been focused around three related topics, electroweak symmetry
breaking, supersymmetry and naturalness. Discovering the mechanism of electroweak
symmetry breaking used in nature is essential because it will allow us to understand
the origin of the masses of fundamental particles and will either verify the SM, if the
simplest version of the Higgs Mechanism is revealed, or provide clues for how the SM

must be extended.

For example, in supersymmetric extensions of the SM there are at least two Higgs
doublets, leading to at least five physical Higgs particles. One of the major motivations
for supersymmetry is that it may solve a naturalness problem with the SM, where the
parameters require unnatural fine tuning to keep the Higgs mass light. Naturalness
also provides the motivation for most of the BSM physics that provides phenomenology

testable at the LHC.

With my supervisor Dr David Miller I carried out research into measuring fine

tuning in the Minimal Supersymmetric Standard Model (MSSM) [1-3]. This work
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is important because fine tuning is used as a motivating factor for most of the BSM
phenomenology and BSM experimental searches at current and future colliders, as well
as being the basis for the construction of new exotic physics models. There are a number
of difficulties with the tuning measures applied in the literature, including ambiguities
in how to combine tunings for individual parameters and observables. Often whether
or not a scenario is considered fine tuned depends upon the measure applied. To resolve
this we have developed a tuning measure which is directly based on our intuitive notion

of tuning and automatically combines tuning from all parameters and observables.

I have also worked on projects on the Exceptional Supersymmetric Standard Model
(EgSSM) with collaborators Prof. Steve F. King, Dr David J. Miller, Dr Stefano Moretti
and Dr Roman Nevzorov. The EgSSM model was introduced by S. F. King, S. Moretti
and R. Nevzorov in [4-5]. This is a very interesting model because it solves the p-
problem of the MSSM, in a similar way to the NMSSM, but without the accompanying
tadpole or domain wall problems. In addition it has a significantly increased upper
bound on the mass of the lightest Higgs particle (155 GeV) in comparison to the
MSSM, which may ease the Little Hierarchy Problem. It is also very exciting phe-
nomenologically as it predicts the existence of exotic colored objects which may be

seen at the LHC.

The projects I have been involved in examine the Constrained Exceptional Super-
symmetric Standard Model (CEgSSM) [6] and the non-universal Higgs mass (NUHM)
E¢SSM [7] versions of this model to see if electroweak symmetry breaking may be ra-
diatively driven in them in a similar way to the Constrained Minimal Supersymmetric
Standard Model (CMSSM). Since radiatively driven electroweak symmetry breaking
is viewed as a triumph of the CMSSM, this work provides an important test for the
CEgSSM and additionally allows us to predict mass spectra which could be seen at the
LHC from only three (or six in the case of the NUHM EgSSM) soft SUSY breaking

parameters.

Chapters 2-4 describe background information on topics which I find interesting

and provide information which is important for understanding the research carried out
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in later chapters. In chapter 2 a description of the Standard Model is provided with
particular emphasis on electroweak symmetry breaking and an introduction to the first
naturalness problem in the thesis, the Standard Model Hierarchy problem. Useful

pedagogical materials on the topics described here can be found in [8-16].

In much of chapter 2 the language used is deliberately quite basic as it is aimed at
as wide an audience as possible. The rest of this thesis is pitched at a postgraduate

level student conducting research into theoretical elementary particle physics.

In chapter 3 supersymmetry (SUSY) is introduced. The main motivations for this
class of BSM physics are described and basic descriptions of constructing SUSY models
and of breaking them are provided. Helpful pedagogical materials may be found in [17—
28].

Chapter 4 introduces the MSSM. A description of the particle content and structure
of the model are given, followed by a description of EWSB in the MSSM and finally

the tree level expressions for the masses of the MSSM particles are presented.

Chapters 5 and 6 describe research I carried out into fine tuning in collaboration
with Dr David Miller. In Chapter 5 problems with tuning measures in the literature
are identified and a new tuning measure is introduced and its relationship to the other

measures revealed.

This new tuning measure and several of the measures in the literature are then
applied to the Standard Model and various toy models in chapter 6 and the results
compared. Finally the new tuning measure is applies to the CMSSM and the results

are analysed.

Chapter 7 describes the EgSSM. As such it provides further background material,

drawn from papers written by my collaborators [4-5].

Chapters 8 and 9 describe the results of investigations into the radiative electroweak
symmetry breaking in the CEgSSM and NUHM EgSSM. Exclusion plots showing re-

gions of parameter space where no EWSB solutions can be found are presented. The
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restrictions from EWSB breaking solutions imply that the gluino is lighter than the
squarks, which is unusual and interesting phenomenologically. In addition it is shown
that low mass exotic particles are consistent with the model and may be detected at

the LHC. Finally detailed particle spectra are presented and discussed



Chapter 2

The Standard Model

The Standard Model (SM) of particle physics is a theoretical construct (called a Quan-
tum Field Theory) which is consistent with all current datal, describing all observed
fundamental particles? and their interactions due to the strong, electromagnetic and

weak forces.

The particle content of the SM is shown in Fig. 2.1, grouped into matter particles
and force mediating particles. The first generation of matter particles are the building
blocks of atoms and molecules. The second and third generations are heavier analogues
of the first generation, but they do not form stable bound states as they decay too

quickly.

Matter particles can also be split up into quarks and leptons. The quarks interact
via the strong, weak and electromagnetic forces. Each generation of quarks contains
one particle with positive electric charge, referred to as up type quarks, and one particle
with negative electric charge referred to as down type quarks. The first generation of

quarks form the bound states, protons and neutrons which make up the nucleus of an

IExcept for the case of neutrino masses as experiments have recently shown that neutrinos have
mass [29-31]. The SM has not yet been adapted to include neutrino masses though this could be
readily done.

2and one unobserved particle, the Higgs boson.



Particle content of the Standard Model
Quarks:

00 00
-00 00

Lepions:

Force carriers

gluon

€D )

00

Three Generations of Matter

Figure 2.1: The particle content of the Standard Model. Taken from [32]

atom.

The leptons do not interact via the strong force. Instead each lepton generation
consists of a lepton which interacts via both the weak force and the electromagnetic
force, with negative electric charge and a second type of lepton, termed neutrino, which
only interacts via the weak force and as such has an electric charge of zero. The first
generation charged leptons is the electron. This combines with the positively charged

nucleus to form electrically neutral bound states called atoms.

The force mediating particles can be categorised by the force they mediate: the
electromagnetic force is mediated by the photon, 7; the Strong force, by particles called
gluons, g, and the weak force by weak particles W= and Z°. Gravitational interactions
are presumably mediated by a graviton but this particle is, so far, undetected due to
the relative weakness of gravitation in comparison the other fundamental forces. For

this reason gravity (and gravitons) are not included in the SM.

Also shown in Fig. 2.1, and completing the Standard Model is the Higgs particle.
The Higgs particle is yet to be observed, but plays a crucial role in the Standard
Model as it is responsible for generating masses for the fundamental particles. How

fundamental particles obtain mass is currently unknown, but a theoretically consistent



7

model of the fundamental particles and their interactions cannot be constructed unless
it includes a mechanism which generates these masses. In the SM the simplest version
of the Higgs mechanism (described in Sec. 2.3) plays this role, and this predicts the
presence of the Higgs particle.

The construction of the Standard Model is based upon elegant ideas about symme-
tries of nature. The fundamental forces, which induce the interactions of fundamental
particles, are described by groups of symmetry transformations, called gauge® groups,
under which the physics is invariant. For example one important family of symme-
try groups can be introduced by considering transformations of complex N-component

vectors.

The transformations can be represented by N x N matrices. If these matrices are
unitary (i. e. UTU = I) the transformations they perform on the vectors will preserve
the inner product between them. Such matrices form a unitary group U(N). If the
matrices also have a determinant equal to 1 then they form the group of special unitary

matrices, SU(N).

Strong interactions are described by Quantum Chromdynamics (QCD), which is an
SU(3) gauge theory. The electromagnetic and weak forces are described by a unified
electroweak theory with gauge group SU(2) @ U(1). This electroweak symmetry is bro-
ken by the Higgs mechanism to generate masses for the fundamental particles, leaving
a different U(1) symmetry associated with the gauge theory Quantum FElectrodynamics
(QED) which describes how light interacts with matter. The full gauge group of the
SM, before symmetry breaking, is SU(3) ® SU(2) ® U(1).

The physics is also invariant when particles in the Standard Model undergo space-
time transformations of the Poincaré group. This is a group of translations, rotations
and Lorentz boosts. Rotations and boosts make up the Lorentz group of Special

Relativity, which is a subgroup of the Poincaré group.

3Gauge transformations are discussed in more detail in 2.2.
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2.1 Particles in the Standard Model

In this section the fundamental particles of the Standard Model and their properties
are described in more detail. These properties are presented in the Particle Data Book
[33] and this has been heavily relied upon as a reference guide here. This information

and some updates can be found at the live website [34].

Particles can be classified according to their spin, which is an internal quantum
number, analogous to angular momentum, though it cannot be described in terms
of individual constituents rotating about some fixed axis and is instead an intrinsic
property of the particle. Particles with spin values which are odd integer multiples of*

1/2 are called fermions. Particles with integer spin are called bosons.

In the Standard model all the fundamental matter particles are fermions and have

spin = 1/2.

2.1.1 Fermions

The behaviour of fermions can be conveniently described in the Lagrangian formalism.
Just as in classical field theory, the equations of motion (Euler-Lagrange equations)
are obtained from the Lagrangian density by finding the path of least action. However

unlike classical field theory the fields in the Lagrangian must be quantised.

Free fermions are governed by the Dirac equation,
(iv*0, —m)y = 0. (2.1)

which is an Fuler-Lagrange equation of the Dirac Lagrangian,

EDirac - ¢(W“au - m)¢7 (22)

where 1 the fermion field is a 4-component object, and the adjoint field is given by

1 = 0. runs over the set {0,1,2,3} and repeated indices are summed over, m is

4Here and throughout this thesis natural units are used in which the reduced Planck constant, h

and the speed of light are set equal to 1.
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the mass of the fermion and v* are the 4 x 4 Dirac matrices which satisfy the Clifford
algebra, {y"v" +v"y*} = 2¢g"” and g"” = Diag(1, —1, —1, —1) is the Minkowski space-
time metric. This can be written in 2x2 block form. Choosing the Weyl representation

of the Dirac matrices,

0 01 ; 0 o
i = ) Y= ) ; (2 3)
10 —c* 0
01 0 —2 1 0
ol = , o? = , o = . (2.4)
1 0 1 0 0 —1
—m 10 - 0 ¢L
= Lpirac = (wIT% ij:) ] ) (2'5)

w-0 —m VR

where 17, and g are two component Weyl spinors and
ot = (1,0, 0% %) 7 = (1,—0', —0? —c?). (2.6)

If m = 0 ¢ and ¥ decouple and obey independent equations of motion therefore
they can be interpreted as separate objects which are coupled by the mass. Fields
which obey the v equation of motion are called left-handed chiral fields and those
obeying the 1 equation, right-handed chiral fields. If the fermion is massless there is

no requirement for both the left-handed and right-handed fields to exist.

In addition left-handed and right-handed fields have different interactions. Only
left-handed fields interact via the weak force. This means that left-handed fields are
placed into electroweak doublets, while the right-handed chiral fields are electroweak
singlets. For a review of the evidence for this see [35-36]. This further suggests that
Yy, and g really are fundamentally different objects which get coupled by a mass

Interaction term.

The chiral fields of the Standard Model and their properties are summarised in
Table 2.1. These are then mixed by mass couplings into mass eigenstates. The mass

eigenstates and properties are shown in Table 2.2.

All of the leptons shown have now been discovered [37-42]. With quarks there
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Names SUB)c | SU2) | U(1)y
U;
quarks | Q; = 3 2 %
d;
L
UR; g 1 %
dpi 3 1 —3
Li
leptons | L = 1 2 —%
Vi
L
lRri 1 1 —1

Table 2.1: The properties of the chiral fields of the Standard Model which apply to all
three families, i = {1, 2, 3}.

is an important subtlety because at low energies the quarks are confined to color
neutral bound states called hadrons. There are two types of hadron known as baryons,
made up of three quarks each carrying a different color and collectively forming a
‘white’, or color neutral state, and mesons made up of a quark and an anti-quark
with the color charges cancelling. The up, down and strange quarks were originally
postulated by Gell-Mann and Zweig [43-47] to explain the hadronic spectra. Crucial
evidence that quarks really were the substructure of hadrons was obtained when deep
inelastic scattering experiments [48-49] verified Bjorken-scaling [50]. Since then the
heavier quarks have also been discovered [51-54]. So the existence of all fermions in

the Standard Model is well established.

The masses shown in Fig. 2.2 have been extracted from experimental data, and are
presented in [33]. In the SM the mass of each fermion is set by its interaction strength
with the Higgs (see Sec. 2.3.2) which is a parameter of the model. This means the
interaction strength with the Higgs can be fixed by experimentally measured masses,

despite no observation of the Higgs to date.

The electric charge shown for the electron is that measured in experiment to be,
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Names charge mass Names charge mass
quarks | u +§e 1.5 —3 MeV | leptons | e™ —e 0.511 MeV
d —%e 3—T7MeV Ve 0 < 225 eV
c +§e 1.27 GeV W —e 105.7 MeV
s —%e 2.5 —5.5 MeV v, 0 < 0.19 MeV
t +§e 172.5 GeV T~ —e 1.78 GeV
b —%e 4.2 GeV v, 0 < 18.2 MeV

Table 2.2: Fermions of the Standard Model in their mass eigenstates.. The charges are

given in terms of the charge of the electron, —e = (—1.602176487 x 10~ +4 x 107%7) C.

—e = (—1.602176487 x 107 £ 4 x 10727) C [33]. The muon and tauon charges shown
are equal to that of the electron as the SM assumes a family symmetry of charges. The
neutrinos have strong experimental limits on non-zero charges (see e.g. [55] and more
recently [56]). From measurement of the charges of the proton [57] and neutron [58]
and the quark model of these baryons one can infer that the charges of the up and
down quarks should be +2/3e and —1/3e respectively. Then an assumption of a family
symmetry again yields the charges for the second and third generations. There is no
experimental evidence of any deviations from this family symmetry of electric charges
and in some cases there is very precise experimental confirmation, see e.g. [59] for the

muon.

In addition the electric charges of the SM particles are derived from the gauge
transformation properties of the left-handed and right-handed chiral fields they are
composed of, as will be demonstrated in Sec.2.3.2. In practise this means that exper-
imentally measured electric charges can be used to fix the hypercharge (charge of the
U(1) gauge in the SM group SU(3) ® SU(2) ® U(1)) of these fields and conversely any

constraints on the hypercharges leads to constraints on the electric charges.

This is important because the charges of the SM particles are also constrained by
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anomaly cancellation. The gauge symmetries of the Standard Model are imposed as
classical symmetries of the Lagrangian. However it is the possible that they could be
violated by quantum corrections. In chiral theories there are certain dangerous pertur-
bative quantum corrections, referred to as anomalies, which can violate the classical
symmetry in an undesired way. Particular arrangements of the hypercharges can lead
to cancellation of these effects preserving the gauge symmetry at the quantum level.

The arrangement of electric charges described above does precisely this.

2.1.2 Gauge Bosons

The photon is a spin 0 massless gauge boson, which mediates the electromagnetic force.
The mass of the photon is experimentally consistent with zero, the upper limit on its
mass being 6 x 107'7 ¢V [33] and its charge has an upper limit of 5 x 107%¢ [33]. The

photon is its own anti-particle.

The W are the charged spin 1 gauge bosons which mediate the weak force, having
electromagnetic charge +1e. The two different signs represent the particle and the
anti-particle. However which sign is associated with the particles and which with the
anti-particles is purely a matter of convention. The mass is my, = 80.403 4 0.029 GeV

[33]. The W was discovered in 1983 at Cern [60].

The Z° is a neutral spin 1 gauge boson which mediates the weak force. It has mass

mz = 91.1876+0.0021 GeV [33]. It was discovered in 1983 [61] just after the W boson.

The gluon is a massless spin 1 gauge boson with zero electric charge which mediates
the strong force. From experiment [62] the upper limit on a mass for the gluon is
several MeV. There are eight types of gluons commonly labelled by color, with each

gluon carrying a color-anticolor charge.

The Higgs particle is a spin 0 boson. Uniquely amongst the particles of the Standard
model it is a Lorentz scalar. From searches for the Higgs at LEP the lower bound on
the SM Higgs is my > 114.4 GeV [63]. Recently additional constraints have come
from the Tevatron at Fermilab, through search channels g9 — h — WTW ™~ and
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q@ — hW* — WEW*+W~. The combination of CDF and DO results now rules out
a Higgs mass of 170 GeV [64]. In addition to direct search constraints there are also
indirect constraints that can also be used to place bounds on the mass of the Higgs.
From electroweak precision test (EWPT) data fitted to the SM an upper bound on the

Higgs mass is found, my < 154 GeV [65].

2.2 SM Interactions and the Local Gauge Invari-

ance Principle

Gauge theories are fundamental to particle physics. As will be shown below the gauge
structure of the Standard Model is remarkably successful in describing the interac-
tions of the fundamental particles. For example Quantum Electrodynamics (QED) is
a quantum gauge theory which describes how light interacts with matter with remark-
ably well tested predictions. Integral to the development of QED is the local gauge

tmvariance principle.

Classical Electromagnetism is described by Maxwell’s Equations. These equations
exhibit a gauge freedom meaning that a transformation can be made on the scalar
or vector fields (electric and magnetic potentials respectively) that leaves the physics
invariant. These are termed gauge transformations. A, = (V,A) is the electromag-
netic 4-vector potential which combines the scalar, V', and vector, A, potentials of

electromagnetism. Using this Maxwell’s equations can be derived from,

1
Lo = —5EuF", (2.7)
where ~ FM = 9rAY — ¥ A", (2.8)

is the Maxwell (or electromagnetic field strength) tensor. This Lagrangian is invariant

under gauge transformations, A, — A, — J,a(x)

However if we try to combine this with the Dirac equation (Eq. 2.1) and add an elec-
tromagnetic interaction term, then applying only the gauge transformation of classical

electromagnetism changes the physics. To leave the physics unaltered the wavefunc-
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tion, ¥ must be transformed simultaneously with the electromagnetic potentials. Local

gauge invariance of the wavefunction is required.

It is more elegant to reverse this argument. The wavefunction v describing the field
of a particle is not observed, it is |¢| which has physical meaning. One can adjust the
field by phase factors ¢ — exp (i) and observables which are of the form [ Y*OYdV,

where O is an operator, are unchanged.

This is known as ‘global gauge invariance’. The word global is used because the
phase factor is the same for all points in space-time. It is also possible to apply a
position dependant phase factor ¢» — exp (ia(z))y). However, since derivatives are
involved in the Dirac equation, applying this transformation will result in a new term
which alters the physics. Demanding local gauge invariance requires modification of

the Dirac equation.

To create local gauge invariant terms the derivative d,, is replaced with the covariant

derivative. For electromagnetism this is written as,
D, =0, +iqA,, (2.9)

where ¢ is the electric charge. Now whenever 1) undergoes an (electromagnetic) gauge
transformation, so does the 4-vector potential A,. So the formal definition of a local

(electromagnetic) gauge transformation is now,
Y — exp (iqa(z))y (2.10)

A, — A, —O.a(x). (2.11)

Combining the free Dirac and electromagnetic Lagrangians and imposing local gauge

invariance, leads to the QED Lagrangian,

_ 1 3}
Lopp = (V" Dy —m)p — 2 F* (2.12)

= P(iy"9, —m)h — iFWF’“’ — gy A,. (2.13)

where the 4#* are the Dirac matrices, defined in Sec. 2.1.1.
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Modifying the Dirac equation so that it is locally gauge invariant has led to the
inclusion of a new term, —quy”zﬁAH. This term describes interaction between electro-
magnetic fields and matter, and we now have the Lagrangian of Quantum Electrody-

namics!

QED is an extremely well tested theory and has survived since its original inception
in the late 1940s [66-72]. Experimental tests of QED are in agreement with theory to
a staggering level of precision. For example the anomalous magnetic moment of the

electron is:

ac(Experiment) = 11596521810+ 7 x 10713 (2.14)

ac(Standard Model) = 11596521827.8(0.772)(0.011)(0.026) x 107**  (2.15)

Although this compares experiment with the Standard Model theory prediction [73],
a. is not very sensitive to the strong and weak forces and so this is predominately a test
of QED. The number quoted has been calculated by using a value for the fine-structure

constant, a determined by experiments using the Rubidium [74] atom.”

Since the local gauge invariance principle has led to the remarkably successful gauge
theory QED it is reasonable to apply it to interactions involving the weak and strong
forces too. The electromagnetic gauge (phase rotations) we have made reference to so
far is the abelian group U(1)qy. The subscript @ refers to the charges of the group,

which in this case are those of electromagnetism.

To extend this idea we impose local gauge invariance for weak interactions, SU(2)w,
where W labels this gauge symmetry as one associated with weak interactions. Then
all weakly interacting quarks and leptons are placed into SU(2)y, doublets, to provide a
theory of weak interactions. For the strong force we place strongly interacting quarks
into SU(3)¢ triplets® such that under these SU(3)¢ transformations the physics is
invariant. This leads to the gauge theory Quantum Chromodynamics (QCD).

5An alternative number quoted in [73] can also be obtained by using o measured from experiments

using the Caesium [75] atom.

SWhere C refers to the color charge.
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For the standard model we have the gauge group SU(3)c® SU(2)w @ U(1)y. From
the above discussion one might have expected U(1)g to appear in the gauge group
instead of the U(1)y symmetry describing hypercharge (Y) interactions. However as
we shall see the unified electroweak theory with gauge group SU(2)w ® U(1)y is in
fact broken to the gauge group of electromagnetism, SU(2)w ® U(1)y — U(1).

The gauge group of the Standard Model leads to predictions of how all the fun-
damental particles of the SM interact. There is an enormous body of experimental

evidence which supports the interactions predicted by the SM.

The SU(2)w ® U(1)y theory of electroweak interactions correctly predicts inter-
actions involving neutral and charged Weak currents as well as decays of the Weak

bosons. For example see [76] and references therein.

The strength of the QCD interaction increases as the energy scale of the physical
process is decreased. This means, as mentioned earlier, that colored objects are confined
to bound colorless states, hadrons and mesons, at low energies. Due to this confinement
direct probes of QCD are more difficult. Nonetheless perturbative QCD combined with
models of hadronisation make predictions which can be testable. These predictions are

now well confirmed by experiments.

For example at LEP the processes ete™ — Four jets, and, ete™ — Two jets were
used to directly probe the gauge structure of QCD [77]. The results are consistent with
the SU(3)¢ structure of QCD.

Despite the accuracy of these predictions we also have irrefutable experimental
evidence for a violation of the SU(2)y ® U(1)y symmetry. For example in experi-
ments we observe vector bosons for weak interactions with masses [60-61]. It is not
possible to write a mass term for gauge bosons which is invariant under local gauge

transformations.

Mass terms are of the form M?B,B*, where B, is the gauge field and M the mass.

So for example if B, transforms as B, — B, + 0, x(x) under the gauge transformation
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then,
M?B,B" — M?*(B,B" + 2B,,0"x(z) + 0" x(2)d,x(x)). (2.16)

The SU(2)w ® U(1)y prediction of massless vector bosons is not seen experimentally.

Therefore some mechanism of electroweak symmetry breaking should be introduced.

2.3 Electroweak Symmetry Breaking

Electroweak symmetry must be broken to give mass to fundamental particles. However
this should be done in a such a way that the predictions for the particle interactions
made by the gauge theory are preserved. This can be achieved if the electroweak

symmetry is broken spontaneously.

To do this in general one takes a continuous symmetry group G of the Lagrangian
and adds a potential V which is also invariant under the action of G. Minimising V'
will determine the minimum energy configuration, or vacuum. If the minimum of V
does not respect the full symmetry of Lagrangian, then the symmetry is spontaneously

broken in the physical vacuum.

In this case the physical vacuum will not be invariant under all generators of the
group. The generators under which the physical vacuum is not invariant are said to
have been ‘broken’. A perturbative expansion of the Lagrangian about the physical
vacuum is then written. This gives us the Lagrangian of small oscillations (L, ) about

the physical vacuum from which the mass spectrum is obtained.

2.3.1 The Higgs Mechanism

Now we need a continuous symmetry of the Lagrangian and a vacuum, V, which meets
the requirements for spontaneous symmetry breaking. It is then possible to determine
what happens to the bosons associated with the broken generators, by looking at the

mass spectrum of L, .
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When this is carried out however one does not, in general, obtain mass terms for
gauge bosons. Instead massless particles known as Goldstone bosons appear. This
phenomenon is known as Goldstone’s theorem [78-80]. This theorem is commonly
stated (see e. g. [16]) as follows. For every broken global continuous symmetry of the
Lagrangian, there is a massless spin zero Goldstone boson which has the same quantum
numbers and parity as the Oth component of the symmetry current, j#. However when
Goldstone’s theorem was first formulated it was not clear that local gauge symmetries
could evade the basic assumptions it uses. It appeared to be a serious obstacle for

developing spontaneously broken gauge theories which describe nature.

As will be shown shortly, a local gauge transformation can remove the Goldstone
bosons and therefore, in a local gauge symmetry, the Goldstone bosons cannot be
independent physical particles in any gauge. Indeed it is choosing a particular local

gauge which leads to a violation of the axioms of Goldstone’s theorem.

Peter Higgs first showed this and developed the Higgs Mechanism [81-86] to gener-
ate masses for gauge bosons. In simple terms this works by postulating a Higgs Field
which in the minimum energy configuration of the universe (or vacuum) is expected to
have a non-zero value. This means that the associated Higgs particle is expected to be
present in this vacuum. In contrast the fields of fundamental particles are expected to

be zero, and the associated particles are not expected to be present in the vacuum.

However, when we move from a vacuum state to an excited one with non-zero values
for the field of some fundamental particle, the fundamental particles will appear into
space which already contains many Higgs particles. These particles will interact with
the Higgs and it will affect their motion according to the strength of this interaction.

This effect on the motion of the fundamental particle is what we perceive as mass.

2.3.2 Higgs Mechanism in the Standard Model

In the SM the simplest realisation of the Higgs Mechanism which is consistent with

data is employed. As was stated in Sec. 2.1.2 the Standard Model has one ingredient
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yet to be detected, the Higgs boson. This particle is associated with a Higgs field
postulated in the SM to allow the breakdown of electroweak symmetry into the gauge

symmetry of QED, SU2)w @ U(1)y — U(1)qg.

The electroweak sector of the SM and its breaking was developed by Glashow,
Weinberg and Salam [87.,88,89]. The SU(3) symmetry of strong interactions is not
broken, as is indicated by the fact that gluons are massless. While the photon is also

massless, its physical state is associated with the U(1)q symmetry, not the U(1)y.

The Higgs field in this model is a complex scalar SU(2) doublet,

¢+
¢ = (2.17)
¢0

This appears in Lagrangian for electroweak interactions along with all the matter and

gauge fields of the SM,

Low = (D"0)(Du0) ~ V(9) — (Ufuf™ + FLuF ™ 4 Loir,  (218)

where B, and f,, = 0,8, — 0,8, are the vector field and field strength tensor,
respectively, associated with the U(1)y gauge symmetry. WZL, with [ = {1,2,3},
are the three vector fields associated with the SU(2)y gauge symmetry and F,, =
0,,Wﬁ — 0MW£ + gejklwg Wk are the corresponding field strength tensors. L,,aser is the
part of the Lagrangian from which matter particles derive their mass and interactions
and will be discussed later in this section. V(¢), is the most general renormalisable

scalar potential permitted by the SM gauge structure,

Vo) = wlo'ol+ N (16's) (219)
and D, is the covariant derivative

D, = 0,+ %‘Q/AMY + %alwi, (2.20)

where ¢! are the Pauli matrices defined in Sec. 2.1.1. Y is the hypercharge and ¢’ and

g are dimensionless gauge couplings.
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If 42 < 0, then the minimum of the potential, is not invariant under SU(2)y @ U(1)y,
leading to spontaneous symmetry breaking. The minimisation condition (or elec-

troweak symmetry breaking condition) for V implies that,

2 2
¢ = 2 = % (2.21)

2[A|
This defines a continuous spectrum of minima which could be the physical vacuum,

but making the arbitrary choice that one of them is the true physical vacuum,

(9o = 7 (2.22)

v

breaks electroweak symmetry and we have broken generators,

(0o # 0, Y () # 0. (2.23)

So all original generators of SU(2)y ® U(1)y are broken, but a linear combination,

Qi) = 30 +Y){gho =0, (2.24)

corresponding to the electric charge, is invariant implying a massless boson (the photon)

is contained in the model, as required by observation.

Now to find the mass spectrum we need to look at field oscillations about the
physical vacuum. Rewriting, ¢° = (h + v)/v/2, expanding the electroweak Lagrangian
about the physical vacuum and choosing a specific gauge known as the unitary gauge

one obtains,

1 2 20,32
Lyo = 58%(9”}1 — 1*h? + %Z“ +2 (g) )[\WJF + W, %]
1
- Z[ful/fwj + F;inZMV] + Ls.o—matter' (225)

where we have defined the fields of the physical gauge bosons,

W3 —¢'B
I Z 920 nd W* =
/g2 +g’2 K

along with the combination

1

Z, =

(Wi F iWs,) (2.26)

gBM + g,W?w

A, = (2.27)
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which defines the field of a massless photon.

So we have an SU(2) ® U(1) gauge invariant Lagrangian which after symmetry
breaking leads to a particle spectrum containing massive Z,,, Wj , W, and Higgs bosons
and one massless photon. However to provide a model for nature we also need to include

fermions, described by the last term in Eqn. 2.25.

So far the Higgs mechanism has been presented as a method for generating gauge
boson masses. However as discussed in Sec. 2.1.1 fermionic fields, i are composed of left
and right-handed chiral fields, ¥, g = (1 F75)1/2, where 4° = i%y'v243. These fields
are coupled together to form a massive fermion by the mass term in the Lagrangian,
Lopass = —maipy = —m(Ypg + Yripr). Since ¢ and ¢ have a different gauge
structure, transforming differently under SU(2)w, L,.4ss Violates gauge invariance. So

explicit mass terms for the fermions are forbidden.

In the SM the Higgs Mechanism generates mass terms for fermions as well as gauge
bosons. A simplified description of this, neglecting generational mixing, can be under-

stood from the following Lagrangian,

3
Lmatter = [I_in’yMDuLj + ZRjiquule + jS’yuDqu
=1
+  Ugry"Dyur; + driiv" D,drj — (Yi; L dlr;

— Y€ (Qry)a(dNouri — yayQriddr; + h. c.)], (2.28)

<.
Il

where h.c. stands for hermitian conjugate, j is a generational index, y; is the trilinear
Yukawa coupling between the Higgs field and the right and left-handed chiral fields of

the fermion, f. The left-handed electroweak doublets are,

U c t
Q= Q2 = Q3 = (2.29)
d s b
L L L
Ve Vy, V’T
L, = Ly = Ly = , (2.30)
e wo T
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and lr;, ugj, and dg; are the right-handed chiral fields of the jth generation charged
lepton, up-type quark and down-type quark respectively. The covariant derivative is
defined in Eqn. 2.20, though when acting on quark fields it should include terms with
the strong coupling and the SU(3)c generators, neglected here as they do not take

part in the Higgs mechanism.

When we expand about the physical vacuum the last three terms (and their hermi-

tian conjugates) lead to fermion mass terms,

j=3
1 - 1 1 -
= V2 V2 V2

To summarise the full particle spectrum described here is two charged gauge bosons
WJ and W, sharing a common mass, gv /2; two neutral gauge bosons, one A, ,which
is massless, and the other Z{ having mass /(g2 + g”?)v/2 ; fermions with mass y;v/v/2
and finally a neutral, scalar boson, h, with mass /—2u? = v4/2|A| which is known as
the Higgs boson.

(9 +97)2v

m, = 0, My = =, My = =g, (2.32)

(%
my = yfﬁ, my = \/—2p% = v\/2[]| (2.33)

2.4 Renormalisation and Renormalisation Group

Equations

In the previous sections we have shown how the Standard Model elegantly describes
all fundamental particles and their interactions to incredible precision, such as the
calculation of the anomalous magnetic moment of the electron in Eq. 2.15. However
in some sense we have hidden from view significant complications. Thus far most of
the description of the SM has been at the level of classical field theory. While many
interesting features of the SM can be explained in this way, the SM is a quantum

theory.



2.4: Renormalisation and Renormalisation Group Equations 23

The fields are defined through canonical commutation relations. Fourier expansions
of the free fields reveal creation and annihilation operators. The creation of a particle
at space-time point x and the destruction at space-time point z’ is then described by a
propagator, for instance the Higgs propagator is written i/(p? —m?). The mass appears
as the pole in the particles propagator, and for a non interacting theory this matches
the mass which appears as a coefficient of quadratic fields. This relationship breaks

down when we try to solve an interacting theory.

The coupled non-linear equations which are obtained from the Lagrangians of in-
teracting quantum field theories like QED or the SM cannot be solved analytically.
Instead SM observables are usually calculated using perturbation theory. Observables
are written as series expansion in, e. g. « = ¢?/(47?) &~ 1/137 < 1, the coupling between
photons and fermions. This expansion is commonly done pictorially with Feynman di-
agrams [71]. The lowest order terms appear as ‘tree level” diagrams, and higher order
terms are drawn as ‘loop’ diagrams, interpreted as being unobserved internal interac-

tions where particles are radiated then reabsorbed.

For example shown below is a diagram representing the propagator of the Higgs
particle. On the right hand side of the equality we have explicitly drawn the diagrams
for the tree level contribution and two additional diagrams representing one loop cor-

rections due to two different types of particles.

+ _ é\f/_% + higher order

Figure 2.2: Perturbative expansion of the Higgs particles’ propagator

While at tree level the pole in the propagator corresponds to the mass appearing as a
quadratic field coupling in the Lagrangian, these corrections disrupt that relationship.
We define a pole mass, m, as the energy in the particle’s rest frame for which the

propagator becomes maximal.

m? =mi+ %, (2.34)

p:
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where the bare mass, my, is the one appearing in the SM Lagrangian and provides the
tree level contribution to the propagator. ¥ is the real part of the self energy of the

particle which results from all the radiative corrections

These loops represent integrals which are often formally divergent. However the
divergences in the higher order terms can be cancelled by divergences in the bare
masses and couplings, in a procedure called renormalisation [90-91]. First the diver-
gent integral is rendered finite by some form of regularisation and then removed by
the renormalisation procedure where the divergence is absorbed into the unobservable

parameters of the theory.

The most popular regularisation procedure for the Standard Model is Dimensional
Regularisation (DREG) [92]. In this regularisation scheme the integral is first rendered
finite by changing the number of dimensions from 4 where the integral is divergent,
to 4 — 2¢ where the integral is finite. The divergence now appears as a pole when
e — 0. While this scheme preserves the gauge invariance of the SM it does violence to
supersymmetry, which as will be described in chapter 3 requires the number of bosons
(np) to be equal to the number of fermions (ns). Changing the dimension of the integral

introduces new degrees of freedom spoiling n, = ny.

Dimensional Reduction (DRED) [93] is a similar scheme to DREG except that only
the momenta are of dimension 4 — 2e. The gauge fields and v matrices representing the
Clifford algebra remain ordinary 4 dimensional vectors. DRED is frequently used for
supersymmetric loop calculations and it has now been shown that it can be formulated

in a mathematically consistent way [94-95].

Once the integral has been regularised, renormalisation is carried out. Here certain
renormalisation conditions are applied, where some physical processes are defined to
take some finite value at a particular momentum, p? = —Q? say. Q is then referred to

as the renormalisation scale.

The divergent quantity which has been regularised (i.e. 1/¢ in DREG and DRED)

appears in unobservable shifts relating the finite physical process to “bare” parameters
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which appear in the Lagrangian. Since the physical processes are finite this divergence

should be cancelled by a divergence in the bare parameters.

If all the divergences arising from higher order corrections can be cancelled by the
divergences in the set of bare parameters the theory is then termed renormalisable. In
such a theory, once it has been renormalised, the higher order corrections can be treated
as small perturbations in a well behaved perturbation series and physical processes can
be calculated to the desired order. It has been shown that spontaneously broken gauge
theories are renormalisable [92,96] and physical processes in the Standard Model can

be calculated using renormalised perturbation theory.

However the removal of the divergences is not enough to guarantee that a process
can be calculated using perturbation theory. It must also be possible to express the
process as a power series in some quantity < 1. Feynman diagrams represent a pertur-
bative expansion about the interaction couplings (like «) so it is important that the
coupling for a process is small, but it is also important that there is no other large

quantity accompanying it in the power series.

An important effect of renormalisation is that different choices of renormalisation
scale, @), lead to different values of the parameters. This variation can be described by
a Renormalisation Group Equation (RGE) [97-98],

dM

d
—g—ﬂ(g) a0

= M). 2.35
2 5(M) (23)
The equation on the left and right describe the evolution of a dimensionless coupling
g and a massive coupling M respectively, with respect to the renormalisation scale.

The right hand side of the equations is called the (8 function of the coupling and may

depend on other couplings as well, leading to coupled equations.

When calculating loop corrections to physical processes, power series of, for ex-
ample, «|In £/Q| appear rather than just «, where E is the energy associated with
physical process being calculated. These logarithms can be dangerously large, spoiling
the perturbation theory even if « is small. To maintain the validity of perturbation

theory, () can be chosen to be of the same order as F, rendering the logarithms small.
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So it is usually best to choose a renormalisation scale which is of the same order as the

energy which is relevant for the physical process being calculated.

A modern interpretation of these divergences is that the momentum integral is
only valid up to the Planck Energy, where new physics should appear. So in carrying
out the renormalisation we are not cancelling infinite contributions, but instead terms
dependent on the energy scale of new physics. One way of seeing the effect of this
is to cut off the momentum in these loops by mimicking the effect of fictitious heavy

particles, as happens in Pauli- Villars regularisation [99].

In the next section we will simply introduce an arbitrary, ultra-violet cutoff, A,
for all loop momenta. This is similar to Pauli- Villars regularisation but it violates
gauge invariance. Nonetheless it has the advantage of being simple and is useful for

illustrating the Hierarchy Problem.

2.5 Hierarchy Problem

The fact that gauge theories can absorb the divergences which occur in all the physical
processes and at every order is a remarkable result. This makes it possible for the SM
to make predictions of the precision described in Sec. 2.2. Despite the beauty and the
very precise agreement between experiment and theory of the SM, we know the SM is

not a complete description of nature.

The SM does not include the gravitational interaction. While gravity is so weak
that it has negligible effect on energies testable in collider physics, at the Planck scale,
O(10' GeV), gravitational interactions are significant. Therefore one expects new

physics to appear at the Planck scale, if not before.

We also expect new physics beyond the Standard Model to appear at low energies
O(1TeV). A major reason for this belief is the Hierarchy Problem. The Higgs mass
can be written as,

m3 = ma + Xg, (2.36)
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where Yy is the real part of the self energy of the Higgs particle.

To calculate the value of such loop diagrams we integrate over all possible momenta
for the virtual particles, with a naive cutoff on the Euclidean momentum, A, introduced

for renormalisation.

For example consider the third diagram shown in Fig. 2.2. It represents the Higgs
particle decaying to a fermion—anti-fermion pair which recombine into the Higgs. This

can then be evaluated to give,

)\2 1 A2 + A
—i%p = —ito ([ da2Al —A?), 2.37
P2 I3 (/0 2248 In —¢ ) (2.37)
where A = —x(1—xz)mj+m3, my is the mass of the fermion and z is an extra parameter

introduced for ease of evaluation. X, contains terms quadratic and logarithmic in the
cutoff A. If the SM really is valid up to the Planck scale, with no new physics entering
at lower energies, then A ~ Mp;. Unfortunately this means that the quadratic terms
are huge. The one loop corrections, to the Higgs mass, from gauge bosons will also

give similar contributions. The total one loop contribution can be expressed as,
m% =md — CA* + ..., (2.38)

where the logarithmic terms have been dropped since they are much smaller than the

quadratic terms and C' is a combination of gauge and Yukawa couplings.

So in order to get weak scale masses ~ O(100GeV) the bare mass must be very
precisely ‘fine tuned’ to be very close to the momentum cutoff. This required tuning
seems very unnatural and we feel there needs to be a more natural mechanism for
obtaining this hierarchal structure of scales. This is known as the Hierarchy Problem

[100-104].

One may believe that A is an artifice of the renormalisation prescription and not
be concerned about such tunings. However the Higgs will be sensitive to the masses of
any new particles which couple to it. Even if the new particles do not couple directly
to the Higgs it will be sensitive to them through higher order loop corrections so long

as there are common interactions.” So it is expected that if there is new physics at

"These arguments are discussed in more detail in e.g. [17]
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the Planck scale the Higgs mass will be quadratically sensitive to that scale, and this

implies fine tuning.

To remove the problem of fine tuning one could try to lower the cutoff scale and
say that new physics comes in much sooner. To do this one should then attempt to
construct a realistic model of physics which cuts off the divergent parts of the integral
at energies just above the weak scale. Another solution is to postulate new physics to
cancel only the quadratic divergences. Supersymmetry does precisely this, as will be

discussed in chapter 3.

2.6 Other Motivations to go beyond the Standard
Model

Another deficiency of the SM is that it is inconsistent with the observations of dark
matter, which appears to make up about 85% of the matter content of the universe.
Dark matter cannot be seen and is only detected by observing that the motion of
the visible matter deviates from the predictions of General Relativity. A dark matter
candidate should be a stable particle which only interacts via the weak force and
gravity. A review of all the evidence for dark matter is given in [105]. In the SM the
only candidate particles for dark matter are the neutrinos. Current upper limits on
neutrino masses mean that they cannot account for all the dark matter in the universe

(see e. g. [106]).

The anomalous magnetic moment of the muon, a, appears to show a > 30 deviation

with the SM. At the recent E821 experiment at Brookhaven it has been measured, [107]
as™® =11659208.0(6.3) x 107", (2.39)

The SM theory calculation for a, has involved many groups working on the various

QED, electroweak and hadronic contributions. A recent review [108] obtains

aM =11659178.5(6.1) x 107" (2.40)
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giving a 3.40 deviation. The results obtained in [109-111] are slightly different but all

obtain a deviation > 30.

It is still possible that this 3o deviation could simply be a statistical fluctuation.
However it is certainly interesting enough to make theorists wonder what types of new

physics could explain it.

Neutrinos in the SM are defined as massless. However it has now been established
in neutrino experiments [29,30,31,112] that neutrinos have mass, and the SM must be
adapted. This can be easily achieved but there is currently insufficient data to restrict

theorists to one particular description of the masses.



Chapter 3

Supersymmetry

Supersymmetry (SUSY) was first introduced as the only way to extend the Poincaré
algebra, which describes invariant transformations in relativistic space-time [113]. Con-
served operators which transform trivially as scalars under the Lorentz group form an
internal symmetry group, such as the gauge structure of the SM. Any further ex-
tension is highly restricted. The Haag-Lopuszanski-Sohnius [113] extension of the
Coleman-Mandula theorem [114] states that SUSY is the only non-trivial extension

of the Poincaré group.

Supersymmetry is a special class of graded Lie algebra (or superalgebra) which is
consistent with relativistic quantum field theory [113,115]. Graded Lie algebras in-
clude group generators S® which obey anti-commutation relations (like fermion fields),
{5%, S} = if®cS¢ rather just the usual commutation relations, [T, T°] = i f2%%T* for

generators defining a Lie algebra.

The SUSY generators (or charges) change the spin of a state by a 1/2 integer. So

they transform a fermion into a boson and vice-versa,
Q|boson) = |fermion) Qlfermion) = |boson). (3.1)

The supersymmetry charges have half integer spin and are referred to as fermionic
operators, while the generators with integer spin, like those of the Poincaré group are

bosonic operators. The charges @ (alongwith a conjugate charge @) should also carry
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Weyl spinor indices (o, 5 and ¢, ﬂ) which all run over the set {1.2}. There can be more
than one copy of the SUSY generators, so supersymmetries are classified according to
the number of copies, N, of the generators'. Due to the requirement that we have
chiral fields at low energies N = 1 supersymmetry is the only one relevant to low

energy phenomenology [25].

The supersymmetry algebra (with vanishing central charges 2.) is,

{QaAa QﬁB} - 2UZBPM6AB (32)
{Qa",Qs"} = {Qaa,Qpp} =0 (3.3)
[P;u QaA] = [P;u QdA] =0 (34)

where P, are the generators of space-time translations in the Poincaré group, with p =
0...3 being the index of a Lorentz four-vector. o* is a 4-component object with, 0% = I,

2,3

the identity matrix and o!?3 are the three Pauli matrices. Finally the capitalised

Roman indices A, B run from 1...V, labelling the different copies of the generators.

Irreducible representations of the supersymmetry algebra are called supermultiplets
and describe the one particle states of the supersymmetry. In each supermultiplet the
number of bosonic degrees of freedom is equal to the number of fermionic degrees of
freedom?® (n, = ny) so they contain both, fermionic and bosonic states, which are the
dubbed superpartners. Since the generators of gauge transformations commute with
SUSY generators, the superpartners must also have the same gauge transformation
properties and consequentially share the quantum numbers, of electric charge, weak
isospin and color. SUSY also requires that the superpartners are of equal mass. This
is in conflict with experiment since no superpartners of the SM particles have been
observed. So if SUSY exists it must be broken. Nonetheless there are many strong

motivations to believe that some form of broken supersymmetry exists in nature. In

'From this it should be understood that N is an integer > 1. There are however theories termed
N = 1/2 supersymmetry which are defined on a “non-anti-commutative” superspace, see e. g. [116—
118].

2Central charges are excluded for N=1 supersymmetry

3This is shown in a relatively simple way in e.g. [17].
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the following sections, we describe how many of the problems of the SM outlined in
Sec. 2.5 and Sec. 2.6 can be solved if supersymmetry is broken in such a way that
the equality of couplings is maintained while the masses of the superpartners to the
observed particles are raised high enough to evade current experimental limits. As will
be described in Sec. 3.4 supersymmetry can be broken in exactly this way, so all of the

motivations below are valid.

3.1 Solution to the Hierarchy Problem

Supersymmetric theories have the correct properties to cancel the quadratic divergences
in scalar masses which were discussed in Sec. 2.5. To see how this works consider the
one loop correction to the Higgs propagator, shown in Fig. 3.1 due to a single scalar,

s, which is the superpartner of one one of the SM fermions.

Figure 3.1: Correction to the Higgs propagator from a scalar particle

With a cutoff, A, imposed on the Euclidean momentum this gives,

—i, = —idgs7 (A* —miln ———=2), (3.5)
where m, is the mass of the scalar particle, s and A\, is a quartic coupling between
the Higgs, h, and s. Again both quadratic and logarithmic divergences have appeared.
However the quadratic terms have opposite sign and this is a hint for a possible solution.
If the coefficients of these terms were equal (A}/(2°7%) = A,/(2'7%) = A} = X,/2) then
the quadratic divergences cancel. Since Supersymmetry requires n, = ny in each
supermultiplet there are two scalar superpartners for each SM fermion. Furthermore
supersymmetry also implies that A;, = Ag, = Afc, cancelling the quadratic divergences

exactly.
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Notice also that the quadratic divergences are independent of the masses of the
fermion and the scalar superpartners. So if supersymmetry is broken in such a way
that the masses m,, > m; the terms with quadratic dependence on the cutoft scale,
A, do not reappear. However the mass splitting between the superpartners cannot
be too large because the terms with logarithmic dependence on A, vary quadratically
with these masses. Too large a splitting would reintroduce fine-tuning. How tuned a
supersymmetric model must be in order to evade current limit on superpartner masses
is model dependent. How tuning can be quantified is the subject of Chapter 5 and
in Chapter 6 tuning in a particular supersymmetric model, the Constrained Minimal

Supersymmetric Standard Model (CMSSM) is examined.

3.2 Further Motivations

Low energy supersymmetry can also explain the deviation between the experimentally
measured anomalous magnetic moment and the SM theory prediction. This is a chal-
lenge for generic BSM physics as the contributions are suppressed by the mass scale of
the new physics and typically masses which are low enough have been ruled out [119—
122]. However in supersymmetric models there is a Higgs sector parameter, tan 3 (see
Sec. 4.3 for a definition) which is O(10) and appears as multiplicative enhancement to
the SUSY contribution [123],[119-122]. Since the contribution decreases with the mass

scale of the new particles this still requires sparticles which are light.

Another very attractive idea which goes beyond the Standard Model is that of Grand
Unified Theories (GUT), which provide a unified description of the electromagnetic,
weak and strong forces, combining all gauge groups into one, with gauge interaction of
strength go. As was described in Sec. 2.4 renormalisation introduces a scale dependence
to the couplings and they can be described as evolving according to Renormalisation

Group Equations (RGE).

Since GUT have a single unified gy it would be nice if the gauge couplings (with
appropriate GUT normalisation) evolved to a single point. In the SM when RGE
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Figure 3.2: Inverse gauge 60 —
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and 0.123. Taken from [17].

evolution is plotted the gauge couplings, g; (or equivalently «; = ¢g2?/(47?)) do not meet
at a single point, as shown by the dotted lines in Fig. 3.2 taken from [17]. Threshold
corrections to the RGE from new particles associated with the GUT are not known to

fix this.

Supersymmetry at or below the TeV scale can improve this, adjusting the running
such that gauge couplings unify at a single point. This is shown for the Minimal
Supersymmetric Standard Model (MSSM) (which will be described in the next chapter)
in Fig. 3.2. However it should be pointed out that recent developments spoil this
unification in the MSSM a little, with now a deviation > 20 (see [124] and references
therein for an explanation). Nonetheless this discrepancy could be solved by threshold
corrections to the RGE from GUT scale physics or in other supersymmetric models

like the EgSSM [124].

In SUSY models a discrete symmetry called R-Parity (see Sec. 3.5) is usually pos-
tulated. R-parity conserving SUSY has a natural dark matter candidate, which is the
Lightest Supersymmetric Particle (LSP), usually the lightest neutralino (a mass eigen-
state formed from superpartners of the neutral gauge and Higgs fields). For the LSP
to be dark matter it must be quite light (see e. g. [125]) and if we assume the spectrum

is not too hierarchical then this also points to low energy supersymmetry.
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It is striking that we now have four separate hints of low energy supersymmetry.
While it is certainly possible that some other explanation exists for all of these problems
they emphasise the importance of searching for supersymmetric models at forthcoming

colliders.

In the Standard Model the shape of the Higgs potential is just postulated to have the
correct shape for electroweak symmetry breaking (EWSB). In supersymmetric models
one can hope to do better. Various supersymmetry breaking scenarios generate soft
masses which break supersymmetry (see Sec. 3.4) at some energy scale far above the
electroweak breaking scale where we can do experiments. In addition these breaking
schemes often imply some relations between the various soft parameters at the high

energy scales.

It is then possible to use the RGE to evolve the parameters from this higher scale
down to observable scales and see if the Higgs potential has taken on the required
shape for electroweak symmetry breaking. If this happens for generic choices of the
parameters at the high scale then one can say that EWSB is radiatively generated,

since it is the radiative corrections which dictate how the parameters evolve with scale.

In the MSSM it is has been shown that radiative symmetry breaking takes place
[126-132] for certain high scale universality prescription on the parameters which have
been inspired by SUSY breaking models, e. g. the Constrained MSSM (CMSSM),
inspired by the Minimal SUperGRAvity (mSUGRA) breaking scheme.

From Cosmic Microwave Background (CMB) measurements [133] there is a baryon
asymmetry in the universe of (n, — nz)/n, = (6.1 £ 0.3) x 107'°. Explaining the
origin of this asymmetry is a theoretical challenge. The SM as defined in Sec. 2 is
not sufficient to explain this as it does not have enough CP-violation for electroweak
baryogenesis (see e.g. Sec. 7.1 of [19]). However extending the Standard Model to in-
clude right-handed neutrinos, which is very reasonable thing to do now that we know
neutrinos have mass, can help. This allows an alternative to electroweak baryogenesis,

leptogenesis from lepton violating decays.* Supersymmetric models may have some

4The lepton asymmetry thus generated is then converted into a baryon asymmetry through the
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further advantages over the SM as they have additional sources of CP-violation, im-
proving prospects for Electroweak baryogenesis; may contain new exotic matter with
additional lepton number violating decays which can improve prospects for leptogen-
esis and finally supersymmetric models also admit the possibility of the Affleck-Dine

mechanism [135].

3.3 SUSY Lagrangians and Superpotentials

A simple free chiral supersymmetric Lagrangian, can be written as,
Efree - 8H¢*Z u¢i + “ﬁmaﬂaﬂwz + F*ZE> (36)

where ¢ is a complex scalar field and v is a left-handed 2-component Weyl fermion.
The index ¢ is a flavour index. F' is auxiliary field which does not describe a physical
particle. It is required to balance the fermionic and bosonic degrees of freedom when

off shell and has an Euler-Lagrange equation F; = 0.

This Lagrangian is invariant under infinitesimal SUSY transformations,

(wz’)a - (wz’)a + 6(¢z)a 5(wz)a = i(UMGT)a a,u¢z + e I3, (38)
F, — F;+4F, §F, = ie'a"0,;, (3.9)

where €%, a 2-component Weyl spinor, is infinitesimal. ¢; and v; are superpartners and

reside in the same chiral supermultiplet.

Wess and Zumino [136] constructed the first interacting supersymmetry preserving La-
grangian by adding, to the free chiral Lagrangian Lg,.., all renormalisable interaction

involving chiral supermultiplets that are allowed by supersymmetry,
. . 1 -
Lwz = 0,070 +1ich 0, — [Wil? — §{W2]wi¢j + h.c} (3.10)

) 1 .. 1 ..
W= U6+ 5066, + 2y didson. (3.11)

non-perturbative B+L violating sphaleron process [134].
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ow O*W
200 i 0g0g;

W is the superpotential and ;% are bilinear couplings of dimension [mass| which are

W, = (3.12)

symmetric over the interchange ¢ < j; vy, are dimensionless trilinear couplings, sym-
metric in the interchange of 7, j and k& and the linear coefficients®, I*, are of dimension
[mass]?. The auxiliary fields have been removed by imposing their Euler-Lagrange

equation for the interacting Lagrangian,

F, = —Wp, FH= Wi, (3.13)

So far only spin zero and spin 1/2 fields have been included in the Lagrangian. One can
also include spin 1 bosons along with spin 1/2 superpartners, which reside together in

gauge supermultiplets. A Lagrangian with gauge supermultiplets can be constructed

as,
1 a va -y fa = a 1 amya
Loauge = =7 Fp, P = iN"5" DA + D" D", (3.14)
where,
FL, = 0,A) —0,A, + gf“bcAZAf, (3.15)
DX = 0\ + gf ™AL, (3.16)

and the A, are the gauge fields and their spin 1 /2 superpartners \* are called gaugino
fields. The D® are auxiliary fields, analogous to the F* fields for the Wess-Zumino
Lagrangian, which are required so that off-shell we maintain n, = ny for the gauge
supermultiplets and the supersymmetry algebra closes. Roman indices run over the
generators of the gauge group, while Greek indices run over the dimensions of space-

time for the Lorentz vectors and tensors.

The infinitesimal SUSY transformations are,

a 1 — \a a—
OA] = 7 (€', A" + A19Ge) (3.17)
a /[I =V a 1 a
5)\04 - ﬁ(o—uo— E)Oé Fl’”’ + ﬁea D y (318)
5D" = % (f6# DA — Dy AGHe) . (3.19)

5['¢; is forbidden unless ¢; is a gauge singlet. For this reason the term is often dropped.
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Finally we can combine all of this, and adding all renormalisable terms which respect
SUSY invariance, we obtain a SUSY invariant Lagrangian containing interacting chiral

and gauge supermultiplets,

Lsusy = DF¢™ Dy + iv"6" D,y — 1 ijiﬂﬂpj - %ijwww
1 ..
- §y”k¢i¢j¢k yz]k¢*ZwT]¢Tk Fa Frve — i\t D, A"
— V2@ TN~ V2 gW(w*T%) ~V(6,¢") (3.20)

with,

, 1 ;1
V(6.0 = FUR+53 DDU=WIW g ) gl T (321

*7 1 mn ok *7 ok 1 * Tkn | *x1
= V0" 0; + S Y 0id 0 + Sy 0" 00
1 9n, * * * % j YEPRS
+ 43/] Yiin @i 0™ 0™+ 17 iy + Lip* ¢
1 * 1 7, * *ra
+ s’ " + Sly T 650k + § 9a(6"T" )", (3-22)

where we have also used the Euler-Lagrange equations to remove the auxiliary D¢
fields (D* = —g(¢*T"¢)) as well as the F" fields. D, is the covariant derivative for the
gauge group of the supermultiplet, 7% are the generators of the gauge group, and g,
are dimensionless gauge couplings. The terms derived from F; fields in Eqn.(3.21) are

referred to as F-terms and terms derived from the D? fields as D-terms.

Many of the terms in Lgygy will vanish if the they violate the gauge transformation
of the supermultiplet. For example all terms with /; will vanish unless there is chiral su-
permultiplet which transforms as a gauge singlet. Most of the terms in the Lagrangian
can be determined from the superpotential, W. The other terms are all readily deter-
mined from the gauge group of the model, particle content and the transformations.
So to specify a SUSY model often the superpotential W, gauge group, particles and

the transformation properties of each supermultiplets present in the model are given.

The superpotential is usually written in terms of superfields rather than the scalar

fields as was presented here. Eqn. (3.11) can be written instead as,

R 1 ..~ « 1 ...~ ~ &
W= ll¢i+§w¢i¢j+6y“k¢i¢j¢k, (3.23)
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where qﬁz is a superfield and contains the scalar, ¢;, fermionic, v; and auxiliary field,
F;. While this is the only knowledge of superfields that is required to understand this

thesis a more detailed description of superfields is presented in Appendix A.

3.4 Softly Breaking Supersymmetry

From the non-observation of supersymmetric partners for the SM particles, if super-
symmetry exists it must be broken at some scale above energies® which have already
been probed at LEP and the Tevatron. However if one wishes to maintain natural-
ness as a motivation for supersymmetry it must be broken in such a way that the

cancellations of the quadratic divergences is maintained.

Therefore the superpartners’ equality of dimensionless couplings should be main-
tained while breaking the mass equalities in such away that the experimental constrains
on superpartner masses can be evaded. This is referred to as soft SUSY breaking. The
following terms break supersymmetry softly (without re-introducing quadratic diver-

gences at any order in the perturbation theory [137]) if they appear in the Lagrangian:

Gaugino mass: M A\*\*

Massive trilinear coupling: a*¢;¢;¢y,

massive bilinear coupling: b ¢;¢;

Tadpole term: ¢;¢;

complex conjugates of all the above terms

Scalar (mass)? term: (m2)§¢j*¢i

SMany of the motivations presented in Secs. 3.1 and 3.2 were for low energy supersymmetry,
requiring that superpartners are not too much heavier than the electroweak scale. With respect to

fine tuning this will be discussed in much greater detail in Chapters 5 and 6.
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where, as with the terms in Lgygy, further restrictions will be imposed by the gauge

groups of the supermultiplets.

With these soft SUSY breaking terms phenomenological studies can be carried out
for some particular low energy SUSY model where the soft masses are TeV scale, e.g. the
Minimal Supersymmetric Standard Model (MSSM). At high energies supersymmetry
is restored but the low energy model incorporating soft breaking terms forms a low
energy effective theory. This approach is very general and independent of any particular
SUSY breaking mechanism. While this is an entirely valid approach the sheer size of
the parameter space makes a thorough survey of all possibilities a daunting task. It is
often useful to look to particular breaking mechanisms for some inspiration as to how

this parameter space might be constrained.

In any case rather than simply postulate the existence of soft supersymmetry break-
ing terms without motivation it is preferable to have model of the spontaneous break-
down of supersymmetry. As with EWSB in Sec. 2.3, this occurs when the physical
vacuum is not invariant under the action of the generators of the symmetry, in this
case supersymmetry generators (Q[0) # 0. This can be achieved when either an F-
term or a D-term obtains a vacuum expectation value (vev). The latter is realised
in Fayet-Iliopoulos SUSY breaking [138], the former in O’Raifeartaigh SUSY breaking
[139].

Typically phenomenological models such as the MSSM, NMSSM and EgSSM do
not have the right ingredients for a viable breakdown of supersymmetry and need to
be augmented in some way. If TeV scale supersymmetry is coupled directly to an
O’Raifeartaigh type breaking sector, mass sum rules [140] predict sparticle masses far
below the lower bounds set by experiment. Fayet-Iliopoulos type breaking of super-
symmetry through tree level couplings to the observed sector fails to produce viable
spectra. If the known gauge structure from the SM is used and with an extended U(1)
the breaking can reintroduce quadratic divergences unless the trace of the U(1) charges
vanishes [141]. Unfortunately requiring the trace of these to vanish returns us to sum

rules implying mass spectra ruled out by experiment.
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So for SUSY breaking it is normal to postulate a hidden sector, which is secluded
from the visible sector (our softly broken, phenomenological SUSY model) having only
very small or no couplings with the chiral supermultiplets in the visible sector. Su-
persymmetry is broken in the hidden sector and then mediated to the visible sector

through some common interaction shared by both.

Therefore we have two separate sectors for a complete phenomenologically SUSY
model: the hidden sector and the visible sector. SUSY model building then tends to
be be split into three separate components. The construction of phenomenologically
viable SUSY models with explicit soft breaking terms; models of a hidden sector with
spontaneous supersymmetry breaking, and models of how this spontaneous breaking
is transmitted from the hidden sector to the visible sector via some form of suppressed

interaction.

The former has already been discussed in the previous sections and two examples are
discussed in much greater detail in chapter 4, the Minimal Supersymmetric Standard
Model (MSSM) and in chapter 7 the Exceptional Supersymmetric Standard Model
(EgSSM).

Since, by construction, the hidden sector has only suppressed interactions with the
visible sector it is assumed that hidden sector does not affect the radiative corrections
and RG flow in the visible sector. Therefore for phenomenological studies hidden
sectors are often neglected, and this is the approach taken in research described in this

thesis.

Nonetheless the construction of such models have important implications for natu-
ralness. If supersymmetry is broken dynamically this can actually lead to a hierarchy
as a prediction (rather than simply stabilising the Weak scale) [142]. A review of dy-
namical SUSY breaking models is given in [143]. More recently it has been claimed
that dynamical SUSY breaking with a completely stable vacuum (a global minimum)
is tough and non-generic (see e. g. [144]). However meta-stable vacua (a local mini-
mum which will eventually decay) are proposed as being easier to construct and generic

[144-148]. A useful pedagogical guide is given in [23].
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The high scale pattern of the soft masses is largely dictated by the form of mediation.
Common types of models for this are gravity mediation, gauge mediation and more

recently anomaly mediation has received some interest.

Some breaking schemes predict relations amongst the soft breaking parameters at
the high scale. For example gravity mediation with Minimal SUperGRAvity (mSUGRA)
inspires certain constrained phenomenological models e.g. CMSSM, CEgSSM. Since
these models are the subject of research described in this thesis, a brief description of

their mSUGRA inspiration is given here.

In gravity mediation the soft terms appear through non-renormalisable higher di-
mensional, Planck suppressed operators of SUperGRAvity (SUGRA) which is a model
of local supersymmetry. Global supersymmetry can be promoted to a local symmetry
by making the symmetry transformations position dependent (i.e. replace the e with
¢(z) in the infinitesimal transformations) as has been done for gauge symmetries. In
order to preserve invariance under local SUSY transformations a spin 2 field, g, (de-
scribing a massless graviton) and a spin 3/2 field " (describing a gravitino’) must be
introduced. Together they form a supergravity supermultiplet which appears in the
Lagrangian in non-renormalisable higher dimensional operators which are suppressed

by powers of Mpy. In the limit Mp, — oo, SUperGRAvity — Global supersymmetry.

However the Planck suppressed operators can play an important role in transmitting
SUSY breaking to the visible sector. These non-renormalisable operators couple the
hidden sector auxiliary F' fields to the gaugino and scalar fields of the MSSM. When
the F' field picks up a vev the soft mass terms, listed at the beginning of this section,
are generated as part of a Planck scale effective field theory of broken supersymmetry.

They may be generated® as,

o fuPA N/ Mp; — MA*X* where M, = f,(F)/Mp

"The gravitino obtains a mass through a super-Higgs mechanism when local supersymmetry is

broken.

8Ignoring the tadpoles as these soft terms are not included in the models discussed in this thesis.
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o WEEdipibr — a*did;dy, where a* = hIH(F)/Mp
o WIFGi;/Mpi — b iy where b7 =y (F)/Mpy

o FF sl ¢i/Mpy — (m?)i¢7*¢; where (m?); = k% (F)*/Mp,

J

While the soft masses inherit the Planck scale suppression of the non-renormalisable
operators, if the auxiliary fields in the hidden sector pick up vevs at a high enough
scale the soft masses can be of the desired order ( 0.1..1 TeV) for phenomenological

purposes.

In a very special form of Supergravity, minimal Supergravity (mSUGRA) there
are very strong constraints on the couplings appearing in the non-renormalisable La-
grangian. These constraints on the couplings imply constraints on the soft masses
generated in mSUGRA leading to a single universal, flavour diagonal, scalar mass,
[(F) (F)

Sz ); universal gaugino masses (M, = f m—Pl); universal trilinear softmass
Pl

(mf§ = &
(A = 3‘&—2) and finally a universal bilinear mass (B = %—2) k and f are universal
diagonal couplings for the scalar and gaugino masses respectively; [ is a constant of
proportionality between 1 and the bilinear coupling appearing in 3.11 and « is a

constant of proportionality between h¥* and y“*, the Yukawa couplings from 3.11.

Such a scheme has clear phenomenological advantages. It is simple, with only
a few parameters making the parameter space much more manageable, enabling phe-
nomenological studies to cover a much greater portion of the space. In addition Flavour
Changing Neutral Current (FCNC) constraints (see e,g. [149-151] can be evaded with
this universality [152], as well as limits on CP-violating phases (e. g. [153-155]). So the

universality conditions are very well motivated from a phenomenological perspective.

The Constrained MSSM (CMSSM) uses the simple high scale parameter scheme
motivated by mSUGRA as a postulate, though unlike mSUGRA there is no graviton
or gravitino in the model. The masses can be evolved from the high scale down to the
TeV and Electroweak scales and the phenomenological consequences can be studied.

In this model radiative electroweak symmetry breaking takes place, as the (mass)? of
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the up-type Higgs?, initially equal to m3 > 0 is driven negative by the large top quark
Yukawa coupling during the Renormalisation Group evolution between the high scale

and the electroweak scale.

It should also be pointed out that strong constraints on the parameter space can also
come out of the other breaking mediation schemes. These are not described in detail
here as they are not the subject of investigation in this thesis, but it is very important
to note that both how supersymmetry is broken and how this breaking is mediated
are open questions and the gravity mediation which has inspired the phenomenological

models studied in this thesis is just one possibility.

3.5 R-Parity

While in the SM there are no renormalisable terms which could violate baryon number
or lepton number, this is not the case in supersymmetric theories. No baryon or lepton
number violating decay has been observed experimentally, and the non-observation of
the proton decay puts strong constraints on this. While one could impose baryon and
lepton number conservation directly to avoid this'?, it is known that non-perturbative
effects, significant only at high energies, violate baryon and lepton number [156] and

these may be important in the early universe.

Instead a new discrete symmetry is imposed which rules out all the dangerous B
and L number violating terms in the Superpotential. This discrete symmetry is often
either, Matter parity, or equivalently, R-Parity, which are given by conservation of the

multiplicative quantum numbers,
Py = (—1)3E-L  and Py = (—1)3B-D+% (3.24)

respectively and s is the spin of the particle. Due to the conservation of angular

9As will be discussed in the next chapter the MSSM contains two Higgs doublets one which gives
mass to up-type quarks and other to down-type quarks and charged leptons.
10Tn fact proton decay can be avoided simply by imposing either baryon or lepton number conser-

vation.
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momentum at interaction vertices these two symmetries have the same consequences.
All observed SM particles and Higgs particles have Pr = +1, while the supersymmetric

partners (sparticles) of these have Pr = —1.

As a result if a sparticle decays, then then there will be an odd number of daughter
sparticles. The lightest sparticle (LSP) cannot then decay as any decay into lighter
particles would violate R-parity. Therefore, as mentioned earlier, supersymmetric mod-
els with R-parity have a stable LSP which can match criteria for dark matter if it is,
for example, a neutralino. So R-Parity conserving supersymmetry has the potential to

solve the dark matter problem.

In addition to this R-parity implies that sparticles must be pair produced from

ordinary matter and this has important consequences for sparticle searches.

3.6 Experimental Constraints on Supersymmetry

Constraining supersymmetry by experiment requires both substantial experimental
and theoretical work. In collider experiments an enormous effort must be applied into
the construction of the collider, and the detection of the products of the collisions.
However, since all supersymmetric particles produced will either decay too quickly or
(in the case of the LSP) escape the detector, these particles are not directly observed

in the detectors.

Instead the production and decay of the supersymmetric particles must be un-
derstood in order to determine an experimental signature for them. For example if
charginos had been within the mass reach of LEP they would have been produced
through ete™ — v, Z — xTx~. The charginos can then decay via a virtual W boson
or a virtual sfermion leading to decays, Y* — W*:x? — fF % and x* — f*F — ff {°

respectively.

Therefore LEP pair production of charginos would have the signature ete™ —

ff/ ff, + Eiss where E* stands for missing transverse energy due to the light-
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est neutralinos escaping the detector. However this signature can also be mimicked
by known Standard Model processes, such as W pair production, therefore the SM

background must also be carefully predicted.

By comparing the SM predictions and the contribution from the new particles (in
this example charginos) it is possible to determine whether or not this signature should
yield a statistically significant deviation from the SM for a particular range of masses
of the new particles. Finally, assuming this is the case, the data obtained from the
detectors is searched for an excess number of events above the expectation value from
background processes and, if none is found, limits on the mass of these particles can

be obtained.

In general such experimental mass bounds on SUSY particles are both model and
parameter space dependent. The bounds on supersymmetric partners of ordinary mat-
ter are schematically: squarks and sleptons 2> 100 GeV; x5 2 60 GeV; lightest chargino
2> 100 GeV [157]; gluino 2> 150 GeV [158-159]; the lightest neutralino x§ > 45 GeV
[160] and since LEP limits on the SM Higgs usually apply to the lightest neutral
Higgs mass, m; > 114 GeV. However assuming relations between parameters can dra-
matically change these bounds. For instance in the CMSSM the gluino = 300 GeV
[158-159].

The bounds on physical particles masses from experiment along with electroweak
precision tests can be translated into bounds on the parameter space, [161-169]. More
sophisticated analyses combine all experimental data to give a likelihood map of the
parameter space [170-177], telling us what our expectations for a particular model are,

given the current data.



Chapter 4

Minimal Supersymmetric Standard

Model

4.1 Description of the model

The Minimal Supersymmetric Standard Model (MSSM) is a N = 1 low energy phe-
nomenological model of supersymmetry, with the minimal possible particle content in
order to match data. The MSSM contains a chiral supermultiplet for every observed
SM fermion and a gauge supermultiplet for every observed gauge boson. In addition
it has two chiral Higgs doublets, which give five physical Higgs particles. The chiral
supermultiplets and their gauge transformations are given in Table 4.1 and the gauge

supermultiplets are shown in Table 4.2.

The gauge group is the same as the in the SM, SU(3)¢ ® SU(2)w ® U(1)y. The

superpotential is,

W = eap(yi How,Q7 — v H3d,Q — yP Hye, LY + pnHEHY), (4.1)

where «, 3 are as usual spinor indices running over {1, 2} and the antisymmetric tensor

€ap = —€po and €15 = —1. The roman indices are over family space and® yy, ya, Ye

"'Where the bold font is used emphasise that these are matrices when the indices have been dropped.
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Supermultiplet | spin 0 spin 1/2 | SUB)¢ | SU2)L | U(1)y
Qi (U dp)i | (up dp)s 3 2 1
Ui U, Uk 3 1 2
d i df, 3 1 !
Li Fe): | e | 1 > | -1
€ €Ri 622- 1 1 1
H, (1 HY) | ()| 2 |+
H, (HY Hy) | (H) Hy)| 1 2 1

Table 4.1: Chiral supermultiplets of the MSSM, three generations i = {1,2,3} of left

and right-handed quark and lepton supermultiplets and a single generation of Higgs

supermultiplets. The representations of SU(3)¢c and SU(2)y as well as the U(1)y

charges are displayed for each chiral supermultiplet.

are 3 X 3 matrices of the Yukawa couplings and the superpotential is written using the

chiral supermultiplets appearing in Table 4.1 rather than the scalar fields. H, and Hy

are up and down type Higgs superfields respectively containing spin 0 Higgs bosons and

spin 1/2 Higgsino fermions; the Q; are quark superfields containing spin 1 /2 quarks

and spin 0 squarks; the L; are lepton superfields containing spin 1/2 leptons and spin

0 sleptons.

The soft breaking terms in the MSSM are,

MSSM
_[’soft = 5

3)\§)\§ + MQW“W“ + Mléé + h.c.

+ eaplDHSH? — a,, HOW Q) + aq, HS d; QY + ae,, Hy & LY + h.c]

my, | Hal* + miy, | Hu[* + Qemi,, Q5

To, 2
Limi,

J

. ~
T ax ) 2 = 3 2 3 =k 9
LT+ ugmy, a4 dymgd; +e;m

e (4.2)

eij<i-

These soft masses mix the gauge eigenstates and physical particles (mass eigenstates)

are combinations of those fields. Assuming inter-generational mixing is suppressed the
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Supermultiplet | Gauge | spin 1/2 | spin 1 | SU3)¢ | SU2). | U(1)y

N

G SU@3)e g g 8 1 0
W SUQR)w | WE WO | W WO 1 3 0
B Ul)y B° BO 1 1 0

Table 4.2: Gauge supermultiplets of the MSSM, and gauge group representations.

physical particles not yet observed are shown in Fig. 4.3.

4.2 Electroweak Symmetry Breaking in the MSSM

As mentioned in the previous section, the MSSM has two Higgs doublets. This is the
minimal Higgs sector in a supersymmetric model. The structure of supersymmetry
forbids terms like yuQquR so separate Higgs doublets are needed: one, H,, to give
mass to the ‘up-type’ fermions and the other, Hy, to give mass to the ’down-type’
fermions. In addition two Higgs doublets with opposite hypercharge are needed to

ensure anomaly cancellation in the model.
The Higgs potential of the MSSM is,

1 2
Va = |pl? (|Hal® + | Hu?) + g(g2 +¢?) (|Hal* — |Hu|?)

1
+ 592|H§Hu|2 +myy, | Hal” + miy, |Hu|* + b(eapHy H + h.c.) (4.3)

where g and ¢’ are the gauge couplings of SU(2)y and U(1)y, as defined in Sec. 2.3.2.
The first three terms, from the SUSY invariant part of the Lagrangian, are all positive,
so soft masses are required for electroweak symmetry breaking to take place. Now
examining,

oV oV
OH; — OH}

=0 = (H})=(H;)=0. (4.4)

From the Hessian of Viz(H?, HY*, H, H}*), the origin is not a stable minimum if 5% >

(m3;, + |ul*)(m3;, + |u?). Additionally the potential is unbounded from below when
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Gauge Eigenstates | Mass Eigenstates

up squarks ﬂL ﬂR gL gR tL tR ﬁl ﬂg 51 52 tl t2

down squarks dNL CYR 5[, 5}{ gL gR C/Zvl ng 51 gg 51 52

charged sleptons | €;, €g jif, Jir T TR | €1 €2 [i1 o T1 To

sneutrinos Ve Uy Uy Ve Uy Uy
Higgs bosons HY HY HF H; R HO A° H*
neutralinos B W° H° H? X1 X2 X3 X4
charginos W+ Hf H; X Xa
gluino g g

Table 4.3: The MSSM particle content yet to be discovered is displayed. Both gauge
eigenstates and mass eigenstates are shown, where it is assumed intergenerational mix-
ing is negligible. First and second generation mixing should also be negligibly small but

the mass eigenstates are labelled the same as for the third generation for completeness.

|Hp|? = [HJ|? if 2b > 2p® + m3;, + m3;,. So for a finite non-zero vev at tree level we

require,

(miy, + ) (mig, + [uf?) < b (4.5)

2% + m%{d +mj, > 2b (4.6)

Minimising the potential yields,

1

(Inl* +miy,)ou = bua+ (9" +97)(vg = vg)vu (4.7)
1

(Iul* +mig v = buw = 2(9° + ¢7)(va — vi)va, (4.8)

where v, = (H?) and vy = (H?).
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4.3 Tree level Masses in the MSSM

Defining Z,, and W as for the SM in Eq. 2.26,

1
my = 5(92 +¢%) (vl +v3) (4.9)

1
My = SP0E ) (4.10)

1/2
where the combination (v2 4 v2)Y/2 = v = <27;2%V> = 174 GeV is fixed from experi-
ment and tan 5 = v, /vg. This allows Eqns. 4.7, 4.8 to be rewritten as,

2(m2, —m? tan?[3)
My = ‘ 5 — 2|l 4.11
; e " (1.11)

2b
sin(2 = ) 4.12
(26) m%u+m§{d+2|,u\2 ( )

The observed fermions’ masses are given by,

Muet = YuetVSIN B, Masp = Yasp0COS B, Me s = Ye U COS 3. (4.13)

With three of the eight degrees of freedom from the Higgs scalars being absorbed by
the W and Z bosons, there are five degrees of freedom remaining and these become

five physical Higgs particles, with masses,

m?% = 2b/sin(23) (4.14)

mye = mio +miy, (4.15)
1

mi oy = 5 (mi +m? F \/(m?4 —m%)% + 4m%m? sin2(26)). (4.16)

where A is a CP-odd, pseudoscalar Higgs boson, H* are charged Higgs bosons and h
and H are the light and heavy CP even Higgs bosons.

The superpartners of the W+ and the charged Higgs fields are mixed by mass terms

and the mass eigenstates are called charginos with mass,

2

mX17X2

[\Mﬁ + |l + 2m3,

N | —

e

F S (IMof2 + |uf2 + 2m2)2 — My — m, sinzm2]. (4.17)
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The superpartners of the neutral SU(2)y, field, W0 and the neutral field of the U(1)y,
B, the “Wino” and “Bino” respectively, mix with the superpartners of the neutral
Higgs fields into the mass eigenstates called neutralinos. Their masses are determined
by diagonalising,
M, 0 —glvd/\/5 glvu/\/ﬁ
My = ! Mo V2 —gulVE (4.18)
—£I'Ud/\/§ gvd/\/§ 0 —H
g V2 —gu V2 —p 0

while the gluino, the superpartner of the gluon, does not mix with any other states

and has a mass at tree level which is simply, M.

Finally if intergenerational mixing is assumed negligible so that the soft squark
mass matrices are flavour diagonal, and the trilinears are assumed proportional to the
Yukawas for each generation,? a, = Ay, aq = Aqys, aec = Ay, the sfermion masses

are given by,

1
mi o, = §[m%+m?]+2mi+AQ+AU
2 2 A A 2 2 A M 2
n _ _ 4 ( . ) } 419
(mg —mg + Dg v)? +4mg tan 3 (4.19)

for each up-type squark mass, where m,, is the quark mass of the squark’s superpartner,
mé and m? are the left-handed and right-handed soft masses, respectively, of the
appropriate generation, and Ag, Ay are the left-handed and right-handed D-term

contributions respectively. For the down-type squark masses,

1
mi i = §[m2Q+m2D+2m§+AQ+AD
D
+ \/(mé—m2D+AQ—AD)2+4m§<Ad—utanﬁ>], (4.20)

where my is the quark mass of the squark’s superpartner, mé and m?, are the left-

handed and right-handed soft masses, respectively, of the appropriate generation, and

2This is a weaker form of 4.25, but if 4.25 is taken to hold at some high scale far above the squark
mass the two relations are consistent, as the RGE running will split the universality of trilinears in

exactly this way.
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Ag, Ap are the left-handed and right-handed D-term contributions respectively. For

each charged slepton mass,

1
mi = 5[m%+m%+2m?+AL+AE
2
+ \/(m%—mQE—i-AL—AE)2—|—4mZQ<Al—,utanﬁ>}, (421)

where m; is the lepton mass of the slepton’s superpartner, m? and m% are the left-
handed and right-handed soft masses, respectively, of the appropriate generation, and

A 4+ Ag are the left-handed and right-handed D-term contributions.

The D-term contributions to these masses appear when the Higgs fields are substi-
tuted for their vevs in the D-terms coupling Higgs with sfermions. They depend on

the U(1)y charges and weak isospin of the sfermions,

Ay = (Tsag® — YAg’2)(v§ — vi) = (T34 — Qasin®Oy) cos(23) m2Z. (4.22)

With the low energy values of the soft parameters specified, the low energy spectra
can be approximated using the formulae presented in this section. For example as
a preliminary study prior to the fine tuning project (Chapters 5 and 6) we wrote
a program which could take low energy MSSM soft masses and used the tree level
relations in this section to calculate all tree level masses in the MSSM. This was tested
for several of the benchmark MSSM points, known as Snowmass Points and Slopes®
(SPS) [178] with the low energy parameters taken from [179] and the results for the

physical masses compared with the physical masses for the SPS point.

The accuracy of the tree level approximations varies depending on which mass is
predicted as well as which SPS point is used. For example the light Higgs mass gets
very large corrections from the SUSY breaking sector while its tree level mass is set
by the electroweak vev, v. Therefore, in this case, the tree level prediction is a poor

approximation, and one loop corrections can be as large as 30%.

3Snowmass Points and slopes are chosen by consensus as representing qualitatively different MSSM

scenarios and are very useful for comparison with other work.
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Indeed at tree level the upper bound on the light Higgs mass is bounded by M,

and large radiative corrections are required to evade the LEP bound.

The error on the gluino mass was typically less than 10%. However it is known
that the gluino mass corrections can be as large as 30% [180] in some cases. The other
masses all had deviations < 10%, when compared to results in [179] which include one

loop corrections. In many cases the corections were as low as 1 — 2%.

A thorough analysis of the size of one loop corrections can be found in [180].

4.4 CMSSM

As already described in Sec. 3.4 the Constrained MSSM is an mSUGRA inspired form
of the MSSM where all soft mass parameters are specified in terms of four parameters,

mg, My, A, B, where,

m%i(MX) = mZl my, (Mx) = m%{d(MX) = m? (4.23)
Mg(Mx) = MQ(MX) = Ml(Mx> = ml/g, (424)
au(MX> = AYLU ad(MX) - Ayd? ae(MX) = Aye? (425)

(4.26)

b = By, 4.26

where M is the high scale at which the universality constraints are postulated and

m?2 are the sfermion soft mass parameters. Since the gauge couplings unify at a scale

7

Meur =~ 10'9, it is usual to take Mx = Mayr.

There is also the superpotential mass term g which mixes the Higgsinos. However
|i| is fixed by the Z boson mass after imposing the electroweak symmetry breaking
conditions. Therefore all unknown masses in the CMSSM can be fixed by just 4 mass
parameters and one sign. Since |u| is already being fixed by EWSB constraint Eq. 4.11,
it is convenient to also swap the parameter B with the ratio of vevs, tan g using Eq. 4.12.

A CMSSM point is then specified by the parameter set,

{my, M s, A, tan 3, sign(p)}. (4.27)
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In order to link the high scale parameters of the CMSSM with low energies and
study the phenomenological consequences of the model, the Renormalisation Group
Equations (RGEs) of the MSSM must be employed. In the MSSM the RGEs of the
gauge, Yukawa and soft mass couplings form a set of non-linear coupled differential

equations which can be solved numerically.

4.4.1 Softsusy

SOFTSUSY [181] is a publicly available program, written by B. C. Allanach which can
be used to the calculate MSSM mass spectra, to high precision, from MSSM parameters,
input at the GUT scale, and experimentally measured data, which is input at low
energies. It accepts user inputs of general MSSM parameters, or a smaller set of
parameters based on constraints inspired by mSUGRA, Gauge Mediated Symmetry
Breaking (GMSB) or Anomaly Mediated symmetry Breaking (AMSB) to generate the

spectrum of masses in the MSSM for the user specified point.

The RG evolution between the unification scale and the EWSB scale is controlled by
two loop MSSM beta functions. SOFTSUSY employs what is termed an ambidextrous
[182] approach to RGE evolution. Soft masses are set at the unification scale, defining
high scale boundary conditions (b.c.), while EWSB constraints and low energy data
are input at My or the low energy scale most appropriate to their measurement, and
these form low energy boundary conditions. Simultaneous solutions to these two sets
of b.c.s are then solved iteratively by evolving between the unification scale and low

scales. This procedure is summarised in Fig 4.1.

The masses of the observed particles, a(My), az(Mz) and the muon decay constant,
G, form a set of low energy data used as low energy boundary conditions at My for
the procedure. These b.c. are first used to make initial guesses for the Yukawas and
gauge couplings of the MSSM. The parameters are RGE evolved up to My, where the
high scale b.c. are are imposed (e.g. those of the CMSSM).

Then all mass parameters and couplings are RG evolved to Mz, and the tree level
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EWSB conditions (Eq. 4.11 and Eq. 4.12) are applied to estimate |u| from M, and to
replace softmass parameter b with vev parameter tan 3. The sparticle spectrum and

the SUSY scale, Mg = \/mg1 (Mg)mg,(Msg) are also estimated. This concludes the

initial part of the procedure illustrated at the top of Fig 4.1 and the main iteration,

shown on the bottom left of Fig 4.1, is now entered.

The gauge and Yukawa couplings at My are re-estimated to now accommodate
radiative corrections involving the MSSM particles with the masses which have just
been estimated. All parameters are then evolved to Mg. The electroweak constraints
are again used to determine p and b, but his time with loop corrections added. For
the consistent inclusion of the higher order terms in the EWSB conditions, an iterative
procedure is used to determine |r|. This is shown in the bottom right diagram of Fig

4.1.

With @ determined all parameters are run to My and the high scale boundary
conditions are reimposed, before running back down to Mz, where the sparticle spec-
trum is recalculated. The iteration is then continued until the a convergent solution is

obtained and the spectrum of SUSY masses is determined and output.

A more complete description of the corrections included and the iteration procedure
can be found in the manual [181] or at the website [183] where the program can be

downloaded.
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Figure 4.1: Flow chart showing how SOFTSUSY finds sparticle spectra consistent
with high scale boundary conditions (e.g. those of the CMSSM), correct EWSB and

low energy data from experiments.



Chapter 5

Quantifying Fine Tuning

5.1 Motivation

Fine tuning appears in many areas of particle physics and cosmology, such as the
Standard Model (SM) Hierarchy Problem and the Cosmological Constant Problem.
These problems imply that the universe we live in is a very atypical scenario of the
theories we use to describe it. The contortion required to reproduce observation makes
such theories seem unnatural, motivating many studies of Beyond the Standard Model

(BSM) physics.

However many of the models constructed to solve fine tuning, also exhibit some
degree of tuning themselves. In the absence of data, while we await the LHC, natural-
ness is used to compare models and judge their viability. Great importance has been
attached to small differences in the levels of tuning when comparing models, so it is
important that naturalness and fine tuning are rigorously understood and measured

accurately.

For example the Hierarchy Problem is one of the principle motivations of low energy
supersymmetry (SUSY) (see Sec. 2.5 and Sec. 3.1). If the SM is an effective theory,
valid up to the Planck scale, then the inclusion of supersymmetric partners for every

SM particle leads to the cancellation of quadratic divergences in the loop corrections to
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the Higgs mass. This removes the need for fine tuning of O(103*) between the tree-level

mass parameter and the Planck Mass, allowing the Higgs boson to be naturally light.

5.1.1 Little Hierarchy Problem

Unfortunately current limits on superpartner masses may imply fine tuning in the most
studied model, the Minimal Supersymmetric Standard Model (MSSM). In the previous
chapter it was shown that the minimisation of the Higgs potential relates the square of
the Z boson mass, M%, to the supersymmetry breaking scale. The tree-level expression
for this given in Eq. 4.11 and is reproduced here for convenience,

2(m%, — mj;, tan® 3)

My =
Z tan? 3 — 1

—2luf?, (5.1)

where tan 3 is the ratio of vacuum expectation values, p the bilinear Higgs superpo-
tential parameter, and my, and mpy, are the up and down type Higgs scalar masses

respectively.

Lower bounds on the masses of the supersymmetric particles and the Higgs translate
to lower bounds on the parameters appearing on the right hand side of Eq. (5.1). If,
for example, one of the parameters is 1 TeV, then to cancel this contribution and give
My = 91.1876 £ 0.0021 GeV [33], another parameter (or combination of parameters)

would have to be tuned to the order of one part in a hundred.

Including loop corrections to Eq. (5.1) and examining the experimental constraints,
one finds that the largest term is from corrections involving the heaviest stop. This

can be written as [184],

myg

A
i =St o (L), o

where A is the high scale at which the soft stop masses, m; and m; , are generated
from the supersymmetry breaking mechanism and y,; is the top Yukawa coupling. A

heavy physical stop mass (m; 2 500 GeV) is needed to provide radiative corrections

Y

to the light CP even Higgs mass, myo of the form,
3vy? mgmg,
dmio = 47T2t sin’ B1n (%) : (5.3)

t
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which are large enough to evade the LEP constraints on its mass (> 114 GeV). So
the Little Hierarchy Problem is really about the tension between the masses of the Z

boson, the heaviest stop squark and the light Higgs.

The desire to solve this “Little Hierarchy Problem” has motivated a flood of activity
in the construction of supersymmetric models [185-191]. There is also increased interest
in studying alternative solutions to the SM Hierarchy problem [192-194]. In addition
to ensuring such models satisfy phenomenological constraints it is essential that the

naturalness is examined using a reliable, quantitative measure of tuning.

5.2 Tuning Measures In literature

In [195] Barbieri and Giudice use a measure of tuning, originally proposed in [196], for

an observable, O, with respect to a parameter, p;,

pi 00 (Pz)
O (Pz) Op;

A large value of Apg(p;) implies that a small change in the parameter results in a large

Apa(pi) = (5.4)

change in the observable, so the parameters must be carefully “tuned” to the observed
value. Since there is one Apg(p;) per parameter, they define the largest of these values

to be the tuning for that point in the parameter space,

ABG = max({ABg(pi)}). (55)
They then make the aesthetic choice that a tuning, Apgg > 10 is fine tuned.

This measure has been used extensively in the literature to quantify tuning in
the MSSM [197-206] and to examine tuning in other models and theories e.g. [184],

[207,211]. However other measures have also been proposed and used.

Motivated by global sensitivity, which will be discussed in the next section, Ander-

son and Castano [212-215] propose that tuning should be measured with,

Aac(pi) = %ﬁ?ia (5.6)
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where they choose the “average” sensitivity, A g (p;), not to be the mean, but instead

defined by,
1, [P ARG)dY

where f(p) is the probability distribution of parameter p. Individual A 4c(p;) are com-

bined in the same manner as the individual Apgg(p;),

AAC = max({AAC(pi)}). (58)

There is some dispute within the literature as to whether or not Eq. (5.5) is the
best way of choosing a final tuning value from the set {Apg(p;)}. In [192],[216-219]

the individual Apg(p;) are be combined as if uncorrelated,

Ap =, /Z Npa(pi), (5.9)

to give a measure of fine tuning for the parameter space point.

Several other measures have been proposed [220-223], but will not be discussed here.

5.3 Limitations of Traditional Measure

Despite the wide use of Apg it has several limitations which may obscure the true

picture of tuning:

e variations in each parameter are considered separately;

e only one observable is considered in the tuning measure, but there may be tunings

in several observables;
e it does not take account of global sensitivity;
e only infinitesimal variations in the parameters are considered;

e there is an implicit assumption that the parameters come from uniform proba-

bility distributions.



5.3: Limitations of Traditional Measure 62

Tuning is really concerned with how the parameters are combined to produce an un-
natural result. If one measures tunings for each parameter individually, there is no
clear guide how to combine these tunings to quantify how unnatural this cancellation
is. This has led to two alternative approaches in the literature, Eq. (5.5) and Eq.
(5.9); the only way to determine if either Apg or Ag combines sensitivities correctly
is to compare them with a generalisation of Agg(p;) that varies all of the parameters

simultaneously.

Secondly, some theories may contain significant tunings in more than one observ-
able. We want to know how these tunings can be combined to provide a single measure.
For example it is reported in [161,224], and more recently in [225-226], that the MSSM
also requires tuning in the relic density of the dark matter (p). To measure the tuning
for some particular set, S’ = {M, p'}, of these observables we should determine how
atypical predictions like S’ are in the theory. There are four classes of scenario which
are significant: the first where both Mz and p are similar to their value in S’; two more
classes where only one of My or p is similar to its value in S’; one with neither observ-
able similar to S’. Tunings in these two observables should be combined in a manner
which measures how atypical scenarios in the first class are, without double counting
scenarios which appear in the second and third classes. Only a tuning measure which

considers the observables simultaneously can achieve this.

A third problem, first mentioned by Anderson and Castano [212] is that the tra-
ditional measure picks up global sensitivity as well as true tuning. Apg is really a
measure of sensitivity. Consider the simple mapping f : © — 2", where n > 1.
Applying the traditional measure to f(z) gives Ape = Apg(x) = n. Since Apgg is
independent of x, we follow the example of [212] and term this global sensitivity. Since
Apa(r1) — Apa(xe) = 0 for all 4, x5, there is no relative sensitivity between points in

the parameter space.

If we use Apg as our tuning measure then f(z) appears fine tuned throughout the
entire parameter space. This contrasts with our fundamental notion of tuning being a

measure of how atypical a scenario is. A true measure of tuning should only be greater
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than one when there is relative sensitivity between different points in the parameter

space.

Another concern is that Apgg only considers infinitesimal variations in the param-
eters. Since MSSM observables are complicated functions of many parameters, it is
reasonable to expect some complicated distribution of the observables about that pa-
rameter space. There may be locations where some observables are stable (unstable)

locally, but unstable (stable) over finite variations.

Finally, there is also an implicit assumption that all values of the parameters in the
effective softly broken Lagrangian Lgysy are equally likely. However they have been
written down in ignorance of the high-scale theory, and may not match the parameters
in, for example, the Grand Unified Theory (GUT) Lagrangian, Lopr. Any non-trivial
relation between these different sets of parameters may alleviate or exacerbate the fine

tuning problem.

While some of the alternative measures in the literature are motivated by one of

these issues, no proposed measure fully addresses all of them.

5.4 Constructing Tuning Measures

A physical theory is fine tuned when generic scenarios of the theory predict very dif-
ferent physics to that which is observed. For the theory to agree with observation
the parameters must be adjusted very carefully to lie in an extremely narrow range of
values. Insisting that the physics described by the theory is similar to that observed,
shrinks the acceptable volume of parameter space. When in this tiny volume even
small adjustments to the parameters will dramatically change the physics predicted,
so fine tuning may also be characterised by instability. It is this instability which the

traditional measure is exploiting.

Instead we wish to construct a tuning measure which determines how rare or atyp-

ical certain physical scenarios are. The most direct way to do this is to compare the
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volume of parameter space, G, that is similar to some given scenario with the typical

volume, T, of parameter space formed by scenarios which are similar to each other.

If all the parameters {p; } are drawn from a uniform probability distribution then the
probability of obtaining a scenario in G is, G/V, where V is the volume of parameter
space formed by all possible parameter choices. Similarly 7'/V gives the probability of
obtaining a scenario in volume 7. We may then define tuning as A=T /G, to quantify
the relative improbability of scenarios similar to our given scenario in comparison to

the typical probability.

To place this within a quantitative framework we must define what we mean
by “similar” and “typical”. This will be dealt with later. First, though, consider
the toy example presented in Fig. 5.1, showing an observable, O, which depends

O

0O,
O3

O3
Oq

T1To T3 Tay

Figure 5.1: A toy example with an observable, O, which depends on a parameter x.

on a parameter, x. Here there are four clearly distinct groups of observable sce-
nario (O = O1,05,03,0,) and “similar” can be replaced with equal. Given one of
these groups of scenarios, O = O;, the volume G is the length (one dimensional vol-
ume) of parameter space with O = O;. For example, for Oy we have G = x5 — 7.
Next we must define our “typical” volume, T' formed by these distinct groups of sce-
narios. In this simple example an obvious choice is to define T" as the mean vol-
ume (length) of parameter space formed by scenarios in the same group. So T =
i(xl + (22 — 1) + (23 — ) + (4 — 23)) = 5. The tuning required to get O = Oy is

then A = m, which conforms to our intuitive expectation.
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In more realistic examples the definitions of “similar” and “typical” will not be so
trivial. The definitions must be chosen to fit the type of problem one is considering. In
the simple example given above the problem was that scenarios where O = O, occupied

a smaller proportion of the parameter space than other values, O = Oy, O, Os.

In hierarchy problems the concern is that one (or more) observable is much smaller
than another observable, despite depending on common parameters. The requirement
that one observable is large forces the theory into a region of parameter space where

generic points also predict a large value for the second observable(s).

So “similar” must be related to the size of the observables. For example, one might
consider “similar” to observable O; to mean observables “of the same order”as O;. A
sensible definition of G is then the volume of parameter space where 1—10 < %z < 10, for
all observables O,. However it is not clear that this is more appropriate than some other
choice such as % < %z < 2. So generally G can be defined by a class of parameter space
volumes formed from dimensionless variations in the observables a < %z < b. Different
values of a and b quantify different definitions of “similar” and are therefore different
fine-tuning questions. In comparison, the one dimensional measure Apgg is a ratio of
infinitesimal lengths, so implicitly adopts the choice a, b — 1. One can imagine cases
where this would be a bad choice (e.g. an observable which oscillates quickly when the

parameter is varied), so care must be taken to choose a and b sensibly (i.e. ask the

correct question).

When a large hierarchy between observables requires a large cancellation between
parameters, as in the traditional hierarchy problem, the region of parameter space
which can provide the correct observables (the volume G) is much smaller than one
would expect (i.e. it is “fine-tuned”). We must compare this volume with the “typical
volume” of parameter space, T, that one would expect if no fine-tuning were present.

The remaining question is then, how do we define this “typical volume”?

One might suggest that this typical volume should be the average of volumes G
throughout the whole parameter space, (G). However, the measure would then depend

only on how far parameters are from some hypothesised upper limits on their values.
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For example, an observable O which depends on a parameter p according to O = ap will
display fine-tuning for small values of p if one chooses the maximum possible value of p
to be large, even though there is no cancellation present. This is not the ‘fine-tuning’
we are trying to probe; we want to gain insight into the unnatural cancellation between

parameters, so T’ must be anchored to the specific parameter point to be tested.

We can do this by adopting the same notion of “similar” that we used to define G.
We introduce a volume F which is formed from dimensionless variations [a,b] in the
parameters. A comparison of F'/G at different points in the parameter space, provides
a test of whether G’s variation is due to a simple scaling with the parameters (as
described above for O = ap), or due to some “unnatural” effect such as fine-tuning.
Consequently one should compare F'/G with its average value over the entire space,
(F/G). Reverting to our previous terminology, the “typical” volume which one would

have expected to form from dimensionless variations in the parameters about {p}}, is

_ Fph) 510

(&
5.5 New Tuning Measure

Following the above discussion and motivated by the limitations of the traditional

measure, we propose a new measure of tuning.

We define two volumes in parameter space for every point P'{p;}. Let F' be the
volume of dimensionless variations in the parameters over some arbitrary range |a, b],
about point P’, i.e. the volume formed by imposing a < %z < b. Similarly let G be the
volume in which dimensionless variations of the observables fall into the same range
[a, b], i.e. the volume constrained by a < gj Eg ,B < b. Volumes F' and G are illustrated
for a two dimensional example in Fig. 5.2.

We define an unnormalised measure of tuning with,

F

This is sufficient for comparing different regions of parameter space within a given
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p1 P1L = bp’l p1

ﬂ.p/2

F

p2 = bph

P2

p1 = up’l

p2 p2

Figure 5.2: Left: In two dimensions the bounds placed on the parameters, a < %}: <b,

7

appear as four lines in parameter space giving the dark grey area (2d volume), F.

Middle: Bounds on the two observables, a < gf Eg /B < b introduce four more lines
J i

giving the volume G. Right: Two dimensional volumes (areas) F' (dark grey) and G

(light grey).

model as the normalisation factor will be common. To compare tuning in different

models we need to include normalisation,

. 1F
A — ~& (5.12)
with,
~ JF\ _ [ dpy...dp. 5 ({p:}, {O:})
A= <G> - [ dp...dp, . (5.13)

Notice that this measure does not depend on experimental constraints. In naturalness
problems such constraints should only rule out the point, P’, around which we make
variations to test fine tuning. If P’ is not experimentally excluded, we should not
impose experimental constraints on nearby points { P;} used to probe fine tuning. Fine
tuning quantifies how unnatural a region of parameter space is and this is a feature of

the theory, not our experimental knowledge.

A quantifies the restriction on parameter space. This is more in touch with our
intuitive notion of tuning than the stability of the observable. Notice that with only
one or two parameters and no global sensitivity, A pgg also describes restriction of pa-
rameter space and yields the same results as our new measure. However it is important
to recognise that Apgg’s ability to do this leads to its utility as a tuning measure there.

Equally its failure to do so in many dimensions demonstrates its limitation.
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Consider fine tuning for a single observable which depends on more than one parameter,
Even though the true tuning for any physical scenario should be described using all
available observables, it is often useful to define individual tunings for each observable
separately. However, in this case, the volume G is unbounded, since a single observable

can only constrain one combination of parameters.

To resolve this difficulty one must either reduce the number of parameters to one or
introduce some other bounds on G. The former reintroduces the problem of combining
tunings for individual parameters and a better procedure is to restrict G to be within
F. Here we are trying to pick up how much of the restriction in parameter space is
due to this particular observable. The assumption is made that if all other observables

were natural then they would restrict G no more than F' does. Therefore we define

Go, to be the volume restricted by a < g?&z}i; < band a < 1% < b. Tuning is then
J 1 [
defined by,

Ao = —- F (5.14)

(&) G

This definition is applied to obtain individual tunings in the MSSM in Section 6.2.1.

Like Apg and Aye, A\ depends upon the choice of parameterisation. Since tuning
is about the restriction of the parameter space this seems unavoidable. To examine
different choices of parametrisation one must redefine volumes F' and G in terms of the
new parameters and normalise the tuning by taking the average over the new parameter

space.

5.6 Relation To Other Measures

Since much of the motivation behind developing this measure was to generalise Apgg
so that many parameters and many observables are considered simultaneously, it is

interesting to look at how the two measures are related.

Consider a theory with one observable, y which has a linear dependence on a single



5.6: Relation To Other Measures 69

parameter, x, with the value of that parameter being drawn from a uniform probability
distribution. At the parameter point (o, yo), notice that, Age = |x,/y,0y/0x|, while

we can see F'= (b—a)x, and G = g—“;(b — a)Yo, SO,

F bz, —azx, 0y
G by, —ay, Ox BG (5.15)

Similarly Anderson and Castano’s measure may be written as,

N &@fdx’y(x’)a%,) _ [ da'y(a) (5.16)
AC Yo or xofdx/ yofdx, .
Now notice that (G) = g—;%, S0,
G
Aac = %) (5.17)

In Section 5.4, we pointed out the difficulty in using (G) /G as a tuning measure and
this will be further illustrated in Section 6.1 when we look at results for our measure

and A 4¢ for a toy version of the SM Hierarchy problem.



Chapter 6

Applying New Tuning Measure

6.1 Toy Models

In this section a comparison is made of some of the tuning measures for various toy
models and the implications are discussed. In each of these examples a uniform prob-

ability distribution for the parameters is assumed.

Results from this section for toy models with only one parameter are summarised
in Table 6.1, comparing the analytical results of various tuning measures for the simple
models with only one parameter and one observable. With only one parameter it is

trivially the case that Agp = Apgg, so it is not included.

6.1.1 SM Hierarchy Problem Revisited

As a first test of our measure we apply it to the Standard Model Hierarchy Problem,
where we know the tuning is enormous. Here there is only one observable,the physical

Higgs mass, mpy. Recall from Sec. 2.5 that at one loop we can write,

m3 = ma — CA% (6.1)
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Table 6.1: Tuning measures for models with only one parameter and one observable.

We treat only the bare mass squared, m3 as a parameter. A, the Ultra Violet cutoff, is
taken to be the Planck Mass or some other fixed scale. C'is a positive constant which

includes gauge and Yukawa couplings.

To apply our measure we simply vary the tree level mass parameter about m2,
over the arbitrary range [am?, bm2].As is illustrated in Fig.(6.1), this gives the line

F = (b— a)m?. Doing the same for the observable yields the line G = (b — a)m?.

2

|5 aml |2

Figure 6.1: One dimensional volume (length ) F' (dark grey) and the restricted subset,
length G (light grey)

CA?
=1 = NApea. 2
+ m ba (6:2)

has fallen out of the result and it matches that

= A=

Ql =

Notice that the arbitrary range [a, b

—

obtained using the traditional measure, which we showed must be the case for linear

functions like this.

Since F'/G = Apg the only difference between the new measure proposed here and
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that of Anderson and Castano is how global sensitivity is determined. In both cases
some choice needs to be made for the range of possible m2, so we write m3, .. > m2 >

2 2 :
MG min > CA. The new measure then gives,

F 1 ) ) m3, .. — CA?
— ) = m —mg, .+ CAln " 6.3
<G> m(2) max m%) min [ Omaz Omin mg min CAQ] ( )
A = mg 6.4
= - m2, C A2 m2 —CA2 ( : )

m%{ + 1 PR CA2
MY max _mO min mO min
If the chosen range of variation is large, m2 . ——m2 . > CA?
F mé F

s{=—VYxl=>A~—-2="=Ag. 6.5
@) i, ~ G o o2

Alternatively choosing very narrow range of variation about CA%+ 2, where p%, ~ 150

GeV, implies A is very small and in the limit m3, —mZ, . — 0, A — 0.

This is intuitively reasonable. Imagine there was some compelling theoretical reason
for the bare mass term to be constrained to lie close to the cutoff. For instance a
GUT or a new quantum theory of gravity which gave rise only to a bare mass with,
CA? <m2 < CA*+ 3. In light of this, the case for new physics at low energies would
be dramatically weakened. Indeed it is precisely because there is no such compelling
reason that we worry about the hierarchy problem and look to BSM physics such as

SUSY to explain how we can have myg < Mpjanck-

Now the measure used by Anderson and Castano is applied to this problem.

2 2 2
——1 m, +mg, . — 20\
ABG — 0 max 0min ’ (66)
2m?
m2 +m2 . —2CA%> m? +m?,
= A — 0 max 0min — Hmazx Hmin 6.7
A Qm%{ 2qu (6.7)

Notice that as mg,,.. — M, — 0, Mamin — My and Mpgma — Mmpg, s0 Nac — 1.
While numerically different from the result given by the new measure in this limit, in

both cases the interpretation is that there is no tuning problem.

However a fundamental difference between A and A 4¢ is that the latter will give

a large tuning for any m?; < 3(mg,,.. + m.,) — CA®. If the upper bound is chosen
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such that, mg, .. > mZ, then even a Higgs mass of O(m3) will appear fine tuned.
This measure is not sensitive to the unnatural cancellation which causes our concern.
Instead it is sensitive to the fact that large values of m% take up a much larger volume
of parameter space than small values of m?%. This would be true even if the Higgs mass

was described by m? = mZ, with no unnatural cancellation.

The results for this Toy SM are summarised in the first row of Table 6.1.

6.1.2 Other Toy Models with one parameter

Now consider the tuning for a simple function f(z) = z”. Earlier in Sec. 5.3 it was
shown that there was no relative sensitivity in f(x), as the traditional tuning measure
is Agg = n,Vx. The unnormalised version of the measure proposed here, A, also gives

a constant value,

Aotz (6.8)

- 1
bn — an

If instead tuning measures normalised over the range ... > Tpmin > 0 are used,

this global sensitivity is removed. It is trivial to obtain the mean value for Apgg and

A

Y

Npe = n Y =1, (6.9)
Apa
F b—a R
<G> bn — an ( )

Although in this case the unnormalised sensitivity does depend the size of the variations
(our choice of a and b) the final result, A is independent of this and implies that there

is not a tuning problem here.

Applying Anderson and Castano’s tuning measure, A ¢, to f(z), over the same

range, gives,

Tmax + LTmin

A o —
AC 2 )

(6.11)
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This does substantially reduce the global sensitivity, but nonetheless implies that for

naturalness considerations an observable that is as large as possible is preferential.

Another interesting case is g(z) = exp(kx), where k is taken to be a positive
constant for simplicity. Applying the traditional measure we get Apgg = |kx|. A naive
interpretation suggests that only = 0 to x = +1/k is not tuned and any |z| > 10/k is
fine tuned. However this means that if z is allowed to extend to large values (z > 1/k)
then most of the parameter space is fine tuned! Rephrased this would imply that far
more of the parameter space matches atypical values than typical ones, which is a
contradictory statement. This is another clear example of the need to compare against
some “average” sensitivity. A gives a similar result but with a different constant factor,

k(b — a)x]

Int
a

A = (6.12)
If instead one compares the sensitivity for some given value of exp(kx) with the mean
sensitivity a more sensible answer can be produced. As in the previous examples to do
this one must make certain assumptions about the parameter space. Let the allowed
values of x be bounded by Z,,4; = T > X, > 0 with all values of x being equally likely

in this range, then,

>

A 2
A — ZBG _ * , (6.13)
BG Tmin + Tmaz

Note that A < 2, so g(z) is never fine tuned for any z according to this measure,

though A does vary a little.
For g(x) Anderson and Castano’s measure gives,

——1 1

It is interesting that our measure considers f () to have consistently no tuning (A = 1),
whereas it is for g(x) that Agc = 1 for all z. The tuning results for f(x) and g(x), for

the case Tyar > Tmin > 0 are shown in the second and third rows of Table 6.1.
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6.1.3 Proton Mass

The original illustration of global sensitivity presented by Anderson and Castano in
[212] was for the proton mass. The proton can be much lighter than the Planck Mass
without fine tuning because the renormalisation group equations (RGE) lead to only a
logarithmic dependence on high scale quantities. However, by using the one loop RGE
for the QCD coupling, as, and equating the proton mass to the QCD scale!

Mproton ~ Agep = Cexp {—SLZ} ; (6.15)

b33

where g3 is the strong gauge coupling evaluated at the Planck scale, Mpjane, and C is

a positive constant. As they demonstrated, this gives,

1672
3

In [212] A 4¢ is proposed to solve this problem and for ga: > g3 > Gmin > 0 the result

obtained is,

maz + min 72nax + gnm
Ao = (g g 4)(39 Grmin) (6.17)
ik

If instead one normalises A g with the mean the result is,

ABG _ GImazImin (6 18)
Apa 93
To evaluate our measure, let k = 872 /b3, so

(b—a)

— (6.19)
(gg)ln]lj—k)5 o (ggln];—k)5
If gg In b/k < 1 and g?% In CL/]C < 17 v.gmzn < g3 < Imax
2k(b —
A~ (2 b“> (6.20)
g3In?
and R
N} (6.21)
ABG

'For details see [212].
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In these one parameter examples the need for a normalised tuning measure is ap-
parent. However A, diverges significantly from our new measure, which in many
of these simple one dimensional models is equivalent to normalising the traditional

measure with its mean value.

It is also interesting that even after accounting for global sensitivity some of these
one dimensional functions may still show some small degree of tuning. This opens up
the possibility that changing the parameterisation of the effective low energy theory
might exacerbate or alleviate the tuning problem. Finding choices of parametrisation
which reduce tuning could allow us to select high scale theories which are preferential
in terms of naturalness. This point has not appeared in the literature and merits

investigation. However we do not address this here but leave it for a future study.

6.1.4 Toy SM with two parameters

Now we consider models with more than one parameter. In these cases Ag diverges

from Apg and we must compare each of these with A.

First we return to the SM hierarchy problem, but this time treat my as a function
of two parameters, m2 and A?. In the one dimensional example the tension between the
weakness of gravitation (the large Planck Mass) and a light Higgs mass was examined
indirectly by choosing the Planck mass to be a fixed constant in theory. We now take

a more direct route with two observables m? and M3, . (“observed” to be large due

lanck

to the weakness of gravitation), predicted from the parameters with,

M = A2, m3 =mi — OA”. (6.22)

We are still predicting m? from Eq. (6.1) and have not split up any of the terms
to introduce new cancellations, so we expect to simply reproduce the same result for
A as we obtained in the one parameter toy SM model. However, the method applied
provides a simple illustration of how our measure works with more than one parameter.

We have a two dimensional parameter space, so allowing the parameters to vary about
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some point P’(mZ, A?) over the dimensionless interval [a,b] defines an area, F', in this

space. Clearly the bounds from dimensionless variations in M32

Planck are the same as

those from A?, while the bounds from dimensionless variations in m? introduce two

new lines in the parameter space.

This is shown in Fig. 6.2 for two different points. In the first point, the values of
the parameters are of the same order as the observable, m?, because we have chosen
a small value of Mppna. So G is not much smaller than F. For the other point
M pa > m3;, resulting in an F' much larger than G and fine tuning. Of course
neither of these points are representative of the weakness of gravitation we observe.
A point with Mpianee = 102 GeV and my = 120 GeV, would have F > G to such an

extent that a graphical illustration is not possible.

2
mg

/\2

Figure 6.2: The two dimensional volumes (areas) F' (dark grey) and G (light grey) for

two different points in the two dimensional parameter space.

In general the areas are, F' = (b — a)?m2A? and G = (b — a)?A*m% so,

CA?

p)
My

A=1+ = Apa. (6.23)

In this simple case we find the same result as the traditional measure. Combining

Apg(A) and Apg(m?) as if they are uncorrelated, gives,

[C2NE - i

Np= YR T (6.24)
My

With C'A? and m2 both > m?%, i.e. fine tuned scenarios, this gives us Ap ~ v2A.

While our measure does not deviate from Apg in this simple example, models with
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additional parameters allow the observable to be obtained from cancellation of more

than two terms, complicating the fine tuning picture.

6.1.5 Toy Model with three parameters and four observables

We now look at a model with four observables, M2, M?, M2, Mz, and three parameters,
p?, p3, p3, described by,

M? = e1pf — cops + c3ps. (6.25)

M} =pi, M;=ps, M;=p;. (6.26)

For a point (m?,m3, m3), in the three dimensional parameter space, the traditional

measure gives Apa(p;) = ¢;m?/M? (no sum over i is implied), so
(3 ) )

2 St
Ape = max { i } and Ap=-‘+-_ (6.27)

M? M?

To apply our tuning measure in the three dimensional case we must determine volumes

F and G. For a point, (m?, m2, m2), with M? = M2 = c;m? — cam? + csm? we have
3 1 11025 1103/, 0 1 2 3 ’

PF 3

- 0(p? — am?)O(bm? — p?), 6.98

OpROp3OpE H ( o ) (6.28)
’G PF

a5 = 5aaan0(M? = aMg)o(bMg — M? 2

Op10p30p3 6p%ap§ap§9( alMy)0(bMg ), (6.29)

where the latter uses M? = p? and (x) is the usual Heaviside step function. Integrating

Eq. (6.28) over all three p; gives the volume,

F = (b—a)*mimim3, (6.30)
and similarly Eq. (6.29) gives,
1 2
G = (b—a) {«9(03m§ — com2)0(com? — c1m?) {—mfm§M2 - m?]

C3 30203

1 2

+ O(crm? — com3)B(cam3 — csm3) [—m%m%MQ B mg}
C1 30201

c
2 2 2 o\ |22 2 2
+ O(csms — com3)f(cimi — cams) {m1m2m3 - mﬁ}

1 1
+ O(comi — cym7)0(com3 — c3m3) {—mfm%Mz — 7M6] } . (6.31)

(6)) 301 CaC3
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We find that the analytical expressions for tuning in this model depend on the mass

hierarchy of my, mo and ms.

For ¢ym? > com3 > c3m? we find,

F cym2m?
1115 . 2
AZE: ; = 4%ABG it  cyms << com
2_
maM? — g2mg
For c3m? > com3 > ¢;m? we find:
F csmim?
213 . 2
A = 5 = 5 2 . ~ ABG if C11my <K com
2 _
maM? — g=my

2 2 2 2 2 2.

2
2

2
2-

F m2ms3 .
A = b — ~1 if  cymicsmi > cimj.
2,2 _ 4
myms — 351

For com3 > cym? > c3m3 and com3 > c3m3 > cym?:

F com2m2m?
1My ~ . Ve
A:—G: 7 5 5 1 GNABG if <<Clm
mymsM? — o6 M

2 2

(6.32)

(6.33)

(6.34)

(6.35)

Notice that these results do not match Ag, but in three dimensions at least Apg is a

much better approximation, as is shown in Fig. 6.3.

140p s -
" o S E | .-
= S0 0 TTTTTTTT
2 g
5 g
e £ 100 -
0? . 1 L 1 L .
0 20 40 60 80 100
m,’(GeV?)

Figure 6.3: Comparison of (unnormalised) tuning measures in the three parameter

model with m32 varying from 0 to 100 GeV? and MZ = 1 GeV? and m2 = 99 GeV? kept

constant. m? then varies according to Eq. (6.25) to accommodate the changes in ms3.

Left: between Apg and our new measure. Right: between Ap and our new measure.
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However, as we have seen, in moving from two parameters to three parameters these
discrepancies appeared, increasing the number of parameters further will increase the

divergences between the measures.

6.2 CMSSM

6.2.1 Procedure

The analytical methods described above become increasingly complicated to apply as
the number of parameters and observables are increased. For such situations we have
also developed a numerical procedure which can be applied to produce approximate
results for tuning. Since the MSSM contains many parameters and many observables

we chose to apply our numerical approach here.

To do this a modified version of SOFTSUSY 2.0.5 [181] was used. SOFTSUSY was
described in Sec. 4.4.1. To apply our new tuning measure we need to input additional
high scale constraints, u(Mx) = uSYT and b(Mx) = m3, and be able to calculate Mz
and tan 3 from u(My) and b(My).

In SOFTSUSY 2.0.5, there is a routine to predict My and tan 3, which was written
to apply the traditional tuning measure, A gs numerically. However this routine does
not provide an iterative solution for M. Instead the Higgs tadpoles and the real part
of the transverse self energy of the Z boson for the experimentally measured value of
My is used. This approximation is fine for very small deviations about My, but since
our new measure uses finite variations, rather than the infinitesimal variations of Apgqg

some alteration is required.

We modified SOFTSUSY 2.0.5 so that My was determined through an iterative
routine similar to the routine in which g is iteratively determined. This is illustrated

in Fig. 6.4.

The numerical version of our measure can then be applied in the following way.
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Modified Main Iteration MZ [teration
Add SUSY loop corrections to "
gauge and Yukawa couplings R | Estimate M 5 from tree Ievell
¥ EWSB condition
Run to Mg ‘
2 Calculate tazgpoles and
Impose EWSB with 1 loop tadpoles Re(nzz)
-
Solve iteratively for Mz ‘

Run to My, impose highscale b.c. 1 loop EVWSB condition

¥

Run to My, N Test for convergence I

calculate sparticle masses
If false

v
Run to Mg, calculate
SUSY spectrum
Figure 6.4: Flow chart showing the modified iterative routines of our altered version
of SOFTSUSY.

Y Calculate Mz from ‘

We take random dimensionless fluctuations about an MSSM point at the GUT scale,
P = {px}, to give new points {P;}. These are passed to the modified version of
SOFTSUSY 2.0.5. Each random point P; is run down from the GUT scale until
electroweak symmetry is broken. An iterative procedure is used to predict MZ and

then all the sparticle and Higgs masses are determined.

As before F' is the volume formed by dimensionless variations in the parameters.

Go, is the sub-volume of F' additionally restricted by dimensionless variations in the

single observable O;, a < 8?&2 ?B < b. As usual G is the volume restricted by a <
(1P
8; Eg f%g < b, for each observable, O;, where {O,} is the set of masses predicted in
k

SOFTSUSY. For every O; a count, No,, is kept of how often the point lies in the
volume G, as well as an overall count, No, kept of how many points are in G. Tuning
is then measured according to,

N

Nop, ~ 6.36
O; NOi7 ( )
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for individual observables and

Ar o (6.37)

for the overall tuning at that point.

Before describing the results two comments on this approach should be made.
Firstly when using SOFTSUSY to predict the masses for the random points, some-
times problems are encountered. We may have a tachyon, the Higgs potential un-
bounded from below, or non-perturbativity. Such points don’t belong in volume G
as they will give dramatically different physics. However it is unclear which volumes,
Go,, the point lies in. Such points never register as hits in any of the G, and this
may artificially inflate the individual tunings, including A mz- Keeping the range small
reduces the number of problem points. Therefore we chose a = 0.9 and b = 1.1 for our

dimensionless variations.

Secondly, since we are measuring tuning for individual points numerically and cover
only a small sample of points, it is not possible to obtain mean values of A and the
Ao, as we haven’t sampled the entire space. When simply comparing how the tuning
varies about the parameter space the normalisation factor is not needed, since it is the
same for all points. However to compare the tuning between different observables as

well as to compare with different models some form of normalisation is essential.

6.2.2 Preliminary Study

We considered points on the Constrained Minimal Supersymmetric Standard Model

(CMSSM) benchmark slope, SPS 1a [178]. This slope is defined by,
mo = —Ag = 0.4my, sign(p) = +, tang = 10, (6.38)

where my is the common scalar mass, mq/, the common gaugino mass (both at the
GUT scale) and sign(p) is the undetermined sign of 1, the magnitude being determined

from a loop corrected, inverted form of Eq. (5.1) with M2 set to its observed value. Ay
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is the common multiplicative factor which relates the supersymmetry breaking matrices

of trilinear mass couplings to their corresponding Yukawa matrix, e.g. a, = AgYy.

The parameters we vary simultaneously are the set? {mo, my /2y LGUT m%, Aoy Yty Yn, Yr
where mgs is the soft bilinear Higgs mixing parameter and v, yp, ¥ are the Yukawa cou-
plings of the top, bottom and tau respectively. The gauge couplings are not included
as parameters. Doing so would introduce excessive global sensitivity, increasing the

statistics needed to keep the errors under control.

First we applied our tuning measure to the observable M% for 13 points on the
SPS 1a slope. Moving along this slope in m;/, is an increase in the overall supersym-
metry breaking scale, since the magnitude of every soft breaking term is increasing.

We have plotted the results of this investigation in Figure 6.5.

500+ .

400~ =
AM§300— s
200+ E I E s

100+~ [} N

he T 3 . | . | . | . |
0 200 400 600 800 101
m, (GeV)

Figure 6.5: A,z for the SPS 1la slope. Error bars denote a one standard deviation

statistical error arising from the numerical procedure.

As expected there is a clear increase in tuning as the supersymmetry breaking scale

is raised. The statistical error also increases with the tuning, making the numerical

ZNote that since points on the SPS 1la slope have |u| set by M%, our tuning measure is not sensitive
to the u-problem. However for our random variation about the SPS 1a points we do treat ugyr as a

parameter because we are predicting M% from the parameters, not fixing it to its observed value.
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approach most difficult to apply when the tuning is large. However precise determina-
tions of tuning are only relevant for moderate and low tunings. With tunings greater

than 500, precise values are not required.

6.2.3 Further Study

Due to the difficulty in this approach for measuring large tunings we looked in more

detail at points expected to have moderate tuning. We chose a grid of points with,

Ayp = —100GeV, tan 3 =10,  sign(u) = +,

250 GeV < my < 500 GeV, 100 GeV < my < 200 GeV. (6.39)

Shown in Fig. 6.6 (top) is a plot of A mz over this grid of points. While the errors
are still significant (< 10%) there is a clear trend of tuning increasing with mys.
Also shown (bottom left) is A mz averaged over the five different values of mg. This
substantially reduces the errors giving a much more stable picture of tuning increasing
linearly with m;/,. Similarly A mz, averaged over the eleven different values of m s,
is shown (bottom right) as a function of mgy. A mz appears insensitive to variations in
mg. These trends can be understood by looking at the one loop renormalisation group

improved version of Eq. (5.1), written in terms of the parameters (with tan 5 = 10),
M3~ 2(~|uf* +0.076mg + 1.9Tm1 + 0.10A3 + 0.384gmy), (6.40)
2

where |u|? is the value at My and and differs from the parameter at the GUT scale,
paur- The large coefficient in front of m,/, explains why variations in this parameter
have a much greater impact on A mz than variations in mo whose coefficient is much

smaller.

A\, which includes all of the masses predicted by SOFTSUSY as well as M2, is
shown in Fig. 6.7. Although the errors are much larger here, a similar pattern to that
for M% can be seen. Since these are unnormalised tunings, the numerical values of
the two measures cannot be compared and one should not assume that A > A M3

implies that the tuning is worse than when only M2 was considered. In fact the lack
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Figure 6.6: Tuning variation in M%. Top: A mz for all points on our grid. Bottom
left: A M2 plotted against m, /. To reduce statistical errors, at each value of m o, we
have taken the mean value A mz over the five different mq values. Bottom right: /A M2
plotted against mg. To reduce statistical errors, at each value of mg, we have taken

the mean value A M2 Over the eleven different m; /o values.

of evidence for distinct patterns of variation in tuning from the Figs. 6.6 and 6.7 is
consistent with the conjecture that the large cancellation between parameters in M3

is the dominant source of the tuning for these points.

Fig. 6.8 shows that Am% and Ami have similar patterns of variation to A mz and
A over my 2, though the gradients are noticeably shallower. While we know mj and
mtg2 contribute to the Little Hierarchy Problem by giving a large contribution to M2,
thereby requiring a cancellation to keep My light, this shows there is also some tension

in their own masses which restricts the parameter space. It is not clear from our results

whether or not dimensionless variations are restricting different regions of parameter
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Figure 6.7: Variation in A plotted as in Fig. 6.6 for AM%

space to those in M2 or if G,,2 and G2 are merely sub-volumes of Gz, with no
t2

influence on A. This topic deserves further study.

However our results do show some evidence that the Little Hierarchy Problem is
not the only source of tuning. Displayed in Fig. 6.9 is A w2 Notice that A M2 1s very
small, so the errors are significantly reduced and we can resolve very small variations
in A M2 As with the other observables tuning increases with m; 2, but it is a distinctly
non-linear variation. More surprising is that tuning decreases with mg. This pattern
of variation, distinct from that shown for A M2 shows a different source of tension. It

can be understood by examining the one loop RGE solution for My,
M3 = 2f(lucurl* {gi} {yi}) + 0.81mg — 1.55m3 — 0.022A7 — 0.41Agmy,  (6.41)
2

where f is a function of supersymmetry preserving parameters only, arising from the
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Figure 6.8: Variation of unnormalised tunings in the mass of the heaviest stop (4,2 ,
t2

shown left) and the mass of the light Higgs (Ami , shown right) over my

evolution of |u|?. Notice that there is some opportunity for a cancellation here to make
M4 lighter than expected. However the cancellation in the points we have looked at
is very small, leading to small values for Ajz. As m? increases the already dominant
positive part of the equation increases and M4 increases. As this happens the cancella-
tion becomes less significant to M4 further reducing A M2 as shown in Fig. 6.9(bottom
right). Increasing my , increases the size of the cancellation. If all other parameters on
the right hand side of Eq. (6.41) were fixed then we would expect to see Ay increase
linearly® with m, /2. However each point on our grid has the value of M, = 91.188 GeV
fixed, and the term f(|u|? {g:},{v:}) =~ |u?| changes according to an inverted Eq.
(6.40). This means M3 is also increasing with mj, and the balancing act between

these two different effects leads to the nonlinear pattern shown.

Although we can’t determine the normalisation using this approach it is nonetheless
interesting to compare the unnormalised tunings for the points in our study with those
obtained for points with more “natural” looking spectra. We present two points for

this purpose. NP1 and NP2 are defined by,

NP1 : mi=My, mo=Mj, Ag=—My, sign(p) =+, tan f=3,
’ (6.42)

NP2 : m1=-50GeV, my=100 GeV, Ag=—50GeV, sign(pu)=+, tan 5=10.

1
2

3The effect of Agmy /2 can be neglected since my /5 > Ap.
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The spectra of these points are displayed in Fig. 6.10 and Fig. 6.11, and the unnor-

malised tunings are displayed in Table 6.2. Note that these are not intended to be

“realistic” scenarios. Indeed both NP1 and NP2 are ruled out by experiment but are

simply intended to provide “natural” scenarios for comparison.
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Figure 6.11: Point NP2 with a “natural” spectrum

While NP1 has low values of A M2, B2, Dp2 and JAN m2, it has a relatively large
t2

tuning in the mass of the lightest neutralino (A,,2 ). These combine to give a A which

2
X
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A Doz Do, A Do A

m m
h X(l)

NP1 | 241%3 14.7193 6.7751 17279902 905%002 301114

NP2 | 31475 2927000 2267003 1.87700  2.23T003 2647001

Table 6.2: Unnormalised tunings for the two points, NP1 and NP2, with natural looking

spectra.
A by By By By D,
Relative to NP1 0.5..1.5 3..10 1.2 7..25 1 0.2
Relative to NP2 5..15 10..50 4.7 6..23 1 2

Table 6.3: Approximate relative tunings for the points in our study, with respect to

those for NP1 and NP2.

is similar in size to the values found for our grid of points. In NP2 all of the tunings
are relatively small, but the combined tuning is still larger than may naively have been
anticipated. This is because many of these small tunings for individual observables are
not correlated and are restricting different regions of parameter space. Table 6.3 shows
the approximate relative magnitude of the tunings in our grid points with respect to

these seemingly natural points.

In attempts to find a CMSSM scenario with a mass spectrum which is manifestly
natural we found many scenarios where tuning appeared in the mass of the lightest
neutralino. NP1 is a (moderate) example of this. This is because in some parameter
choices, the lightest neutralino becomes very light due to large cancellations between
the parameters. Other observables may also contain large cancellations between the
parameters in certain regions of parameter space. While we have not studied this
enough to make definitive claims, this may suggest that mass hierarchies appear in a

greater proportion of the parameter space than conventional CMSSM wisdom dictates.
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This would reduce the true tuning in the CMSSM as scenarios with hierarchies would
be less atypical than previously thought. A reduction in tuning from this effect can

~

only be measured by using our normalised new measure, A.

Unfortunately the numerical approach we have applied to the MSSM in this pa-
per cannot be used to address this issue. An average measure of /A, over the whole
parameter space, is needed in order to investigate this possibility. A thorough numeri-
cal survey of the parameter space would be too expensive, however an analytical study
may be more promising. Findings in numerical studies like this may be used to identify
which observables and parameters are important for fine tuning and therefore reduce
the set {O;} and {p;} to a manageable size. We will not carry out this programme

here, but leave it for a future study.

It is not just the possibility of finding a larger than expected global sensitivity which
motivates this study. It may be that most of the CMSSM parameter space is hierarchy
free and this is not a significant effect. However identifying a region of parameter
space where mass hierarchies are common also opens up new possibilities. Past studies
(see e.g. [227-228]) have looked for a theoretical basis for relations between parameters
which enforce a hierarchy between M, and Mgysy. However no search has been made
for theoretical relations which simply restrict the parameter space to regions where
hierarchies, in general, are common. Such studies may also have the possibility of

solving the Little Hierarchy Problem.

Here we have two complimentary approaches. An analytical approach which can
determine tuning precisely, but is complicated and unwieldy when applied to a great
number of parameters and observables and a numerical approach which can be applied
to such situations but is not able to give an unambiguous measure of tuning as global
sensitivity cannot be accounted for. Progress can be made by combing our two ap-
proaches. Since solving for the tuning analytically with all parameters and observables
included would be difficult, one should first apply the numerical method. This might
identify which observables are in tension and responsible for the restriction of param-

eter space and also along which axis in parameter space this restriction takes place. If
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these are a sufficiently small set (maybe no more than 5 parameters and 5 observables)
then the analytical measure can be applied to this limited set to obtain a reasonably

accurate and unambiguous measure of tuning for that model.

6.3 Conclusions

Fine tuning ~ 10** within the Standard Model has motivated many of the BSM the-
ories which are popular within particle physics. In particular it motivates low energy
supersymmetry. However constraints from LEP and other searches have placed strin-
gent bounds on new physics which mean that many of the proposed solutions to the
SM fine tuning problem also require tuning to some degree. In order to compare the vi-
ability of such models and judge whether or not they are satisfactory a reliable measure

of tuning is required.

Current measures of tuning have several limitations. They neglect the many pa-
rameter nature of fine tuning, ignore additional tunings in other observables, consider
local stability only and assume Lgysy is parametrised in the same way as Lgyr. In
the literature there have been different approaches to combine tunings for individ-
ual parameters and observables. With no guiding principle to select one particular
approach, which models are preferred in terms of naturalness can depend on which

tuning measure is used.

In this paper we have presented a new measure of tuning based upon our intuitive
notion of the restriction of parameter space. This measure can also be obtained by
generalising the traditional measure of tuning to include many parameters, many ob-
servables and finite variations in the parameters followed by removing global sensitivity

by factoring out the mean value of the unnormalised sensitivity.

From the application of this new measure to various toy models, we have shown that
none of the other measures satisfactorily combine individual tunings per parameter.
Interestingly though, in the absence of global sensitivity, it is the traditional measure

of Barbieri and Guidice which comes closest to our result with deviations for these
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simple examples being very small.

A numerical approach for some CMSSM scenarios demonstrated how the tuning in
complicated models with many parameters and many observables may be examined

and also highlighted some of the complications and issues encountered in doing so.

Our new measure is needed in future studies to examine tuning in the Z boson mass
and cosmological relic density simultaneously; to judge the true tuning in the NMSSM
in light of [229]; to examine parametrisation choices which alleviate the tuning in
different models and to study the global sensitivity of the complete tuning measure to

see if this may cause a significant reduction in the tuning problem.



Chapter 7

Exceptional Supersymmetric

Standard Model

7.1 DMotivation and Background

The Exceptional Supersymmetric Standard Model (E¢SSM) [4-5] is an Eg inspired
model with an extra gauged U(1) symmetry. It is a very interesting model from a

phenomenological point of view because it,
e solves the p-problem in a similar way to the NMSSM but without the accompa-
nying problems of singlet tadpoles or domain walls;

e allows the light Higgs mass to be as heavy as 155 GeV, which may ease the Little
Hierarchy Problem;

e allows unification of the gauge couplings to within 2 standard deviations without

relying on threshold corrections;

e predicts a new Z’ boson which could be discovered at the LHC if its mass is less

than ~ 4 TeV;,

e predicts exotic colored objects which may either be diquark or leptoquark in
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nature and their supersymmetric partners;

e predicts exotic objects which carry neither lepton nor baryon number which we

refer to as Inert Higgs and Inert Higgsinos and new exotic leptons;
e includes sterile right-handed neutrinos;

e aids successful baryogenesis in the early universe.

From a more theoretical standpoint it also has further advantages due to its Eg moti-

vation as,

e it could originate from an Eg Grand Unified Theory;

e Eg groups arise naturally from the breakdown of Egx E{ heterotic superstring

theory when the extra dimensions are compactified.

Some of these motivations are described in more detail in the following sections.

7.1.1 The py-problem

The incorporation of the most minimal SUSY extension of the SM, the Minimal Super-
symmetric Standard Model (MSSM) into SUGRA or SUSY GUT models lead to the
p-problem [19]. The superpotential of the MSSM contains one bilinear term wHH,
which can be present before SUSY is broken. As a result one would naturally expect
the parameter p to be either zero or of the order of the Planck scale. If y ~ Mp; then
the Higgs scalars get a huge positive contribution ~ p? to their squared masses and
EWSB does not occur. On the other if 4 = 0 at some scale () the mixing between
Higgs doublets is not generated at any scale below () due to the non-renormalisation
theorems [230]. In this case (H;) = 0 and down-type quarks and charged leptons
remain massless. The correct pattern of EWSB requires p to be of the order of the

SUSY breaking (or EW) scale.
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An elegant solution to the p problem is provided in the EgSSM. The low energy
gauge group of the EgSSM contains an extra gauged U(1)y symmetry This forbids
the bilinear term, uf[dﬁu, but allows an interaction of the extra SM singlet superfield
S with the Higgs supermultiplets H, and H, in the superpotential, NSH,H,. After
EWSB the scalar component of the singlet superfield S acquires a non-zero vev breaking

U(1) and an effective p term of the required size is automatically generated.

7.1.2 Light Higgs Mass

Another striking advantage of this model is that the upper bound on the mass of the
lightest Higgs is 155 GeV, significantly larger than in either the MSSM or the NMSSM.

Two Loop Upper Bounds on the Light Higgs

mp,
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Figure 7.1: Two loop upper bounds on the lightest Higgs mass. Taken from [4].

The upper-bound on the light Higgs mass plays an important role in the Little
Hierarchy Problem, as described in Sec. 5.1.1. The accommodation of a heavier SM-
like Higgs mass in the EgSSM could allow a Higgs mass which is above the LEP limit
without the requirement for such a heavy stop, which has led to the perception of a

Little Hierarchy problem in the MSSM.
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7.1.3 Gauge Coupling Unification

Like the MSSM when the gauge couplings in the EgSSM are evolved up to high energies
using renormalisation group equations the result is consistent with the gauge couplings
unifying at Mgyr ~ 10'6. However, as is described in [124] the gauge couplings of
the MSSM no longer meet within 2 standard deviations, following a reduction in the
experimental uncertainty in . This is shown in Fig. 7.2(a) and Fig. 7.2(b). Two loop
RGE evolution of the gauge couplings in the EgSSM is shown to be consistent within
1 standard deviation, as is shown in, Fig. 7.2(c) and Fig. 7.2(d).

7.1.4 Connection to Superstring theory

The low energy gauge structure of the EgSSM may arise naturally from superstring
models. Ten-dimensional heterotic EgxE} superstring theory [231] could provide an
ultraviolet completion of non-renormalisable Supergravity models. The strong coupling
behaviour of heterotic EgxEj superstring theory is determined by its eleven dimen-
sional supergravity (M-theory) [232] and has been shown to be compatible with the
unification scale Mx [233]. When the extra dimensions are compactified this results in
breaking of Eg down to Eg or one of its subgroups in the observable sector [234]. The

matter content of the EgSSM fits into the corresponding Eg multiplets.

The remaining Ef only couples to the matter (in the Eg multiplets) through gravi-
tational interactions and therefore makes up a hidden sector in which the spontaneous
breakdown of local supersymmetry can take place, as is often required in phenomeno-
logical SUSY models (see Sec. 3.4). At low energies the hidden sector decouples from
the observable one due to the weakness of gravity but the spontaneous breaking of
local supersymmetry in that sector is transmitted to the visible sector as described in
Sec. 3.4. This gives rise to a set of soft SUSY breaking parameters like the ones shown
in Sec. 3.4, which spoil the mass degeneracy between bosons and fermions within one

supermultiplet.

Superstring inspired Eg models may lead to low-energy gauge groups with extra
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Figure 7.2: Taken from [124]. Renormalisation Group Evolution of gauge couplings:
(a) in the MSSM from EW to GUT scale Mx; (b) in the MSSM close to Mx; (¢) in
the EgSSM from Mz to Mx ; (d) in the EgSSM close to Mx. Thick, dashed and solid
lines correspond to the running of SU(3)¢, SU(2)w and U(1)y couplings respectively.
Parameters are tan 8 = 10, an effective SUSY threshold scale Mg = 250 GeV, My =
1.5TeV, k1o3(My) = Mos(Myg) = g,(My), g2(Mz) = 0.2271, g1 (Mz) = 0.02024,
as(Mz) = 0.118, a(My) = 1/127.9 and sin? 0y, = 0.231. The dotted lines show the
one sigma deviation band about the central values, from the EW scale measurement

of ag.
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U(1) factors. In particular, by means of the Hosotani mechanism [235] Eg can be
broken directly to the subgroup SU(3)c x SU(2)w x U(1)y x U(1), x U(1),, with
U(1), and U(1), symmetries defined by [236],

Es — SO(10) x U(1),, (7.1)
SO(10) — SU(5) x U(1),. (7.2)

For suitably large vacuum expectation values (vevs) of the symmetry breaking Higgs
fields this can be reduced further to an effective model with only one extra gauge

symmetry U(1)" which is a linear combination of U(1), and U(1),:

Ul) =U(1), cos +U(1)ysiné. (7.3)

This is the extra U(1)y (with 8 = arctan v/15) factor in the gauge group of the EgSSM.
So the gauge structure and matter content of the EgSSM is inspired by the Eg and
Superstring theory.

7.1.5 Neutrinos and Leptogenesis

This particular U(1)" extension of the gauge group set by the choice § = arctan v/15, is
very advantageous. Right-handed neutrinos have zero charge under this gauge group,
thus transforming as singlets and do not participate in any gauge interactions. This
means with no symmetry protection right-handed neutrinos may be super-heavy and

this can help explain the origin of the mass hierarchy in the lepton sector.

The presence of super-heavy right-handed neutrino also allows the generation of
lepton and baryon asymmetries of the Universe through leptogenesis [237-238]. The
EgSSM also contains two generations of Inert Higgs fields which carry neither lepton
nor baryon number and new lepton doublets with lepton number L = +1 and addi-
tional exotic matter, exotic colored objects. As well as providing tremendously exciting
phenomenology these exotic objects provide new decay channels for the right-handed
neutrinos and augment the decay channels already present in the MSSM. This increases

the generated CP-asymmetries to such an extent that successful leptogenesis can take
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place with a relatively light right-handed neutrino mass in range, ~ 10°..10°GV which
is not possible with only MSSM matter content [238].

7.2 ESSM Model

The EgSSM [4-5] is an Eg inspired model with an extra gauged U(1) symmetry. It pro-
vides a low energy alternative to the Minimal (MSSM) and Next to Minimal (NMSSM)
Supersymmetric Models. In this section a brief description of the model is given. A

more complete description is given in Appendix B.

The gauge group is, SU(3) ® SU(2) ® U(1)y ® U(1)y, where U(1)y is defined by,
U(1)y, (7.4)

with U(1), and U(1), in turn, defined by the breaking, shown in 7.2

The matter content is based on three generations of complete 27plet representations of
Eg in which anomalies are automatically cancelled. Each 27plet, (27);, is filled with one
generation of ordinary matter Qi, us, a?f, L, és, Nf; a singlet field, 5}; up and down
type Higgs like fields, H 2, and H 1,; and exotic colored matter, Di, ﬁz In addition to the
matter contained in complete 27plets, the model contains two extra SU(2) doublets?,
A’ and H' which are components of 27" and 27’ Eg representations that survive to low
energies. The inclusion of H’ and ﬁ’ affects the running of the gauge couplings at the
one loop level and allows for unification at the GUT scale. So long as y/ (the parameter

which sets their masses) is between the EW scale and 30TeV unification can still take

place.

To summarise the matter content of the EgSSM is,

~
~ A

3 (O, a8, de, L, 66, NO) + (83) + (Ho) + (Hy) + (Dy, Do) | + B/ +H! (7.5

LA slight variant on the EgSSM, known as the Minimal EgSSM [239-240], does not contain these

extra survival fields and achieves unification of gauge couplings through a two step process.



7.2: EgSSM Model 101

As mentioned in Sec. 7.1.5, the right-handed neutrinos, Nf, are expected to gain masses
at some intermediate scale. All other matter in the EgSSM should have masses between

the TeV and EW scales near which the gauge group U(1)y is broken.

7.2.1 Superpotential

Now that the gauge group and matter content has been specified it is time to introduce
the superpotential. There is an important subtlety here because the EgSSM in fact
refers to two distinct, though closely related, models, EgSSMI and EgSSMII.

The superpotentials of both models originate from the most general renormalisable
superpotential which is consistent with low energy EgSSM gauge structure. This is
shown in Appendix B.3, Eq. B.10 where it is divided into Eg preserving terms and
terms which violate Eg, but are allowed by the low energy gauge structure. To forbid
dangerous flavour changing processes an approximate Z& symmetry is imposed, under
which only one pair of Higgs like superfields H,, H, and one singlet S are even and all
other superfields are odd. However, to prevent the proton decay, two different discrete

symmetries (which are specified below) may be imposed.

In the first model, EgSSMI, an exact discrete symmetry, ZZ, under which lepton?
superfields are odd and all other superfields are even is also imposed. In this model all
baryon and lepton violating processes are then suppressed?® if the exotic colored objects,
ﬁi and ﬁz are diquark superfields with baryon number assignment Bp = —2/3 and

By =2/3.

EgSSMII has, instead, an exact symmetry, under which the exotic quark and lepton

superfields are odd while all the other superfields are even, is imposed. This model

2Recall that exotics H’ and ﬁ’ are lepton superfields, so this applies to them in addition to the
lepton superfields of ordinary matter.

3There is one exception to this, ugjf)id;?, coming from the Eg breaking sector. This term can cause
the proton to decay, but it is not certain that explicit Eg breaking term like this would be generated
during the breakdown of Eg, so it is not stressed. This term can be forbidden by an additional Z;

symmetry, under which only @;, u$, df are odd and all other superfields are even.
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is then free from lepton and baryon violating processes if D; and ﬁz are leptoquarks,
i. e. they carry baryon (Bp = 1/3 and By = —1/3) and lepton (Lp = 1 and Ly = —1)

numbers simultaneously.

If the ZH symmetry was exact, then the superpotential of both EgSSM models

would be the same,

Wigssmri — NiS(HyiHo) + £:S(DiDy) + fapSa(HyHag) (7.6)
~ A A N 1 ~ A P

+aSalFs ) + 5 My NERG + (V) (7.7)

+hiL(HaH' e + hy(H H' NS + Wssm (e = 0), (7.8)

where a, § = 1,2 and ¢« = 1,2, 3. By construction the third generation of the Higgs-like
scalar fields, H, = Hs3, H; = H; 3 and S = Ss, are Higgs fields and develop vevs,

(HYY =v,, (HY) =wvg, and (S)=s, (7.9)

where v, and vy give mass to ordinary matter, while s both gives mass to the exotic
colored fields, k;S — K;s = mp, and generates an effective p-term, fiopr = Ags. To

ensure that none of the fields Sy 2, H and H' obtain a vev it is further assumed that,
'%iN)‘3z)‘1,2 >>faﬁ>faﬁ>hz>hz]1\§" (710)

With the first and second generation singlet couplings f,s and ]Eaﬁ thus suppressed,
the RG equations for soft singlet masses mg, ,, as is shown in Eq. C.37 of Appendix
C, are dominated by negative contributions from the gaugino mass Mj, leading to an
increase in mass during RG evolution from the high scale, My, to the electroweak
scale. Therefore these singlet fields will not develop a vev. Similarly Eq. C.47 and
Eq. C.48 show that RG evolution of these survival field are also dominated by negative

contributions from gaugino masses preventing them from developing vevs.

Since the approximate ZII symmetry suppresses the Z& violating couplings, this
superpotential can in many cases be used to study the model. However the Inert
Higgs superfields and the exotic colored superfields only couple to ordinary matter

through ZX violating decays. This is why Z can only be an approximate symmetry
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as otherwise the model would contain stable, electromagnetically charged particles.
To understand how these exotic particles can be produced and how they decay one
must also know the ZI! violating couplings present in EgSSMI and EgSSMII. These are
shown in Appendix B.3, Eq. B.16.

The hierarchical structure of the Yukawa interactions allows substantial simplifica-
tion of the form of the EgSSM superpotential. Integrating out heavy Majorana right-
handed neutrinos and keeping only Yukawa interactions which will have a significant

impact on the RG evolution leaves the Superpotential,

Wiessm =~ AS(HgH,) + MoS(HyoHs o) + k:S(D;D;) (7.11)

+hy(H Q)¢ + hy(HiQ)0¢ + he(HyL)7¢ + o/ (H H'). (7.12)

7.2.2 Soft Breaking Terms

Finally to complete this description of the model soft SUSY breaking masses are spec-
ified. The most general scalar potential of the EgSSM that ensures the soft breakdown

of supersymmetry is,

2 2
Hgi‘ + mHU

Viogt = mig,|Sil* + miy,, Hyi|* +mip, | Di|* + m7; [Dif”

+mg, |Qil* + maelui]” + ma|di* +mi, |Lif* + mie|ef]?

+mip |H?| +m2 [ H'[? + [B'p/ (H H') + XAy, S (Hy i Ha,)
—f—/iZA,{ZS(DZEZ) + h,tAt(HuQ)tc + h,bAb(HdQ)bc
+h A (HgL)T¢ + h.c.]. (7.13)

In addition to the scalar masses appearing in Eq. 7.13 there are also soft SUSY
breaking gaugino masses M;, M, M3, and M| which give mass to the gauginos asso-
ciated with U(1)y, SU(2)w, SU(3)c and U(1)x gauge groups respectively. So Mj is
a gluino (§) mass, My is a wino (W) mass, M, is a bino (B) mass and M] is the mass

of the new (with respect to the MSSM) gaugino B'.
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Olac |d| L |e|Ne|S|f, | B, | D|D| | H
5 1 2 1 1 1 1 1 1 1 1
\/;sz |35 | 2|00 3 |-3|-5]3 ]| 3|32

VAN |1 1 |2 2 1|0 |5 -2|-3]-2|-3]2]-2

Table 7.1: Charges of EgSSM matter fields under gauge symmetries, U(1)y and U(1)y.

The numerical factors in front of the charges are from Eg normalisation.

7.3 Electroweak Symmetry Breaking in the E;SSM

As mentioned in the previous section EWSB takes place in the EgSSM when the neutral
components of H, and H, as well as the singlet field S pick up vevs. The interactions
between them are defined by the structure of the gauge interactions and the superpo-

tential, Eq. 7.8. The full effective Higgs potential is,

Vo= Ve+Vp+ VI, +AV,

Ve = NISP(IHd* + [Hu?) + X*|(HaHu)I?,

2 2 12
Vo = % (Hioua+ HlouHl) + 5 (M = 1)+ (1)
2

l2 5 B B
+ 2 (QulHal? + QulH? + QsIS )
VI, = m3|SI?+ m? Hyl? + m3| H,|* + [AAAS(Hqu) + h.c.] ,

where AV includes loop corrections to the Higgs potential. Q1, Qs and Qg are effective
U(1)y charges of Hy, H, and S respectively. The U(1)y charges are shown in Table
7.1, and the effective charges are related to them by
Qi=QF +Qr e, (7.15)
91
where the extra term is a result of gauge kinetic mixing which can arise in loop correc-

tion. In fact ¢g1; turns out to be rather small and can be neglected for most purposes.
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g and ¢ are the gauge couplings of SU(2)y and U(1)y, as defined in Sec. 2.3.2 and ¢
is not changed by the kinetic mixing. The gauge coupling associated with the U(1)y
symmetry is rescaled by the kinetic mixing, giving ¢{ but since this mixing is small it
is reasonable to just consider g to be the U(1)y gauge coupling. As usual Vi and Vp
contain terms from Auxiliary fields F and D respectively and stft is the Higgs part
of Eq. 7.13. Vp contains terms proportional to giQ, from the extra U(1)y symmetry,

which are not present in the MSSM or NMSSM.

The leading one-loop contributions to the Higgs effective potential [241-242] in
Eq. 7.14 come from loops involving the top and stops, and also exotic colored objects

if the couplings k123 are large,

3 m? 3 m? 3 m? 3
o — 4 Y 4 2 T _ 4 —t _Z
AV 39,2 lmtl <ln 5 2) + my, (ln 5 2) 2my (n 5 2)

—207; <ln ‘SDQ - g) H (7.16)

where m;,, mz, are the masses of the stops, up, are the masses of the exotic fermions
and mp, . and mp, = are the masses of their scalar superpartners. The physical vacuum
is found by minimising the scalar potential (7.14). The Higgs fields have non-zero

expectation values in the vacuum (vevs),

In the EgSSM the U(1)y symmetry is broken above (but hopefully not too far above)
the EW scale when m% < 0. The requirement for a finite non zero vev for the fields H?
and HY then becomes the same conditions as in the MSSM, with u replaced by ficy;
and b replaced by b.sy

(miy, + less]) (mig, + lpersl?) < b2y (7.18)

22+ miy, +mE, > 2besy (7.19)
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where,
Heff = )\S, beff == )\A)\S. (720)
Therefore EWSB can be triggered when m% < 0 and m3; < 0.

Stationary points of the Higgs potential, with respect to the Higgs fields, require,

A, A2 g2 /- . - N~ OAV
mgs = Wvl'UQ - ?(U% +v3)s — %(Qﬂ’f + Qv + Q332>QSS T o8 (7.21)
AAy g’
miv, = Wsw — E(vg + sH)v, — S <vf — v%))vl
2~ - = o\ A OAV
T (Quod + Qoo + Qss?) Quos - (7.22)
1
Ay A 72
mivy = stl — 7(1}% + 5H)vg — 5 <v§ Uf)vg
2 ~ ~ ~ OAV
0 (Quod + Qv+ Qss”) Qave — T (7.23)
2

where § = /g% + ¢’?. Four of the original ten Higgs sector degrees of freedom are
absorbed by the W*, Z and Z’ gauge bosons. Z, and Wf can be defined in the same
way as in the MSSM and SM in Eq. 2.26 and,

My =202 M2 =242 (7.24)
as before.

However in the E¢SSM Z,, does not quite coincide with a mass eigenstate. There is
a mixing between Z and Z’, the boson associated with the U(1)y symmetry, with tree

level mass,
M2, = g,121)2 (Qf cos? 3 + Q2 sin* ﬂ) + gf@%s? (7.25)

The mass squared mixing matrix is, in the basis (Z,7),

M2 A2

A? M2
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where

A% = 97911)2 (Ql cos? 3 — Qs sin? ﬁ), (7.27)

The eigenvalues of this matrix are

1
M 4, = 5 [M% + M2, F \/(M§ — M2,)2 + 4A4] : (7.28)

However phenomenological constraints render this mixing negligible [244]. The mass
of the extra neutral gauge boson is bounded Mz > 700 GeV [261]. These constraints
require that S acquires a large vev s 2 1.5 TeV. This large vev implies that the first

term of Eq. 7.25 is negligible and
My, ~ My =~ ¢'Qss. (7.29)

The observed quarks get their masses from, v, and vy in the same way as happens in

the MSSM.

Muet = YuetVSIN B, Masp = Yasp0COS B, Meyr = Ye U COS 3. (7.30)

The remaining six degrees of freedom from the Higgs fields become the physical Higgs
bosons. In the EgSSM the physical Higgs sector consists of two charged Higgs bosons,
H*, aneutral CP-Odd pseudoscalar A° and three CP-even, neutral Higgs masses. The

masses of the pseudoscalar and the charged Higgs at tree level are given by,

V2AAy

2 v
my = 2 v, anp = o sin g (7.31)
\/é)\A)\ A2 g2
2 2 2
= - — —v°. 7.32
Mg+ sin26s 221+2v (7.32)

The three CP even Higgs masses can be found at tree level by diagonalising the mass
matrix of the Higgs scalars, formed from double derivatives of the Higgs potential with
respect to the Higgs fields and takes the form,

o*V o*V o*V
ov?  Ovidvy v 0s

M2 _ 62‘/ 62‘/ 62‘/ (7‘33)
(%1(%2 82’(]2 888U2

0*V 0*V 0’V
Ov,0s 05V 0?%s
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or equivalently, noting that tadpole terms vanish, by diagonalising,

PV 10V 9PV

M2 wdvdB  Qvds M2 MZ% M
M= | 1OV APV 1PV | e e e | (7.34)
vovdf v 0?F  vdsdf 21 22 23
PV 1PV PV M2 M2, M,
ovds v 0sdf 0%s
where,
)\2 §2 , . ~
M = ?212 sin? 23 + Zv2 cos? 28 + g2v*(Q cos® B + Qysin? B)?, (7.35)
P g2 . ~ ~ ~
M?Z, = (Z - g) v sin 43 + 711)2(@2 — Q1) x (Q cos® B+ Qysin® B) sin 23, (7.36)
V2)A, g N 9%~ A
2 _ g AT\ 22 I A AN22 2
M, = Sn 27 s+ <4 5 ) sin” 20 + 1 (Q2 — Q1)v” sin” 23, (7.37)
AA 2o s
M223 = M??z = —72’\1) cos 20 + %(Q2 — Q1)Qsvssin 20, (7.38)
AA 1y, ~ ~ ~
M2 = M2 = —72)‘1) sin 203 + A2vs + ¢,2(Q1 cos® B + Qg sin? 3)Qsvs, (7.39)
AA Iy ~
M2z, = 2 0?sin 26 + g12Q%s°. (7.40)

2v/2s

and the tree level minimisation conditions have been used to substitute soft masses

2,2 2
mi, ms and myg.

The charginos have the same expression as for the MSSM,

1
Mg = 5 Ml bl + 2y

F \/(|M2\2 + |perrl? + 2m¥)? — Al pepp Mo — mi, sin 26)2|. (7.41)

The EgSSM has two more neutralinos than the MSSM. This is because there is an extra
gauge supermultiplet associated with U(1)y, contributing a gaugino, superpartner to
the Z' boson and one extra Higgs supermultiplet, contributing a Higgsino which is the
superpartner of the singlet scalar Higgs that picks up vev s. These additional fields

get mixed with the others and the masses of the six neutralinos must be determined
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by diagonalising,

M1 0 —§g/U1 §QIU2 0 0
1 1
0 My 59”1 —5902 0 0
1 1 AU ~
—59’1)1 3901 0 —leff —722 Q19101
Mo = , (7.42)
1 1 vy~
0 % her 0 =5 Qg
)\’UQ )\Ul ~
0 0 == —-—= 0 15
\/5 \/5 ngl
0 0 Qigivi Qugive Qsgis M

where this has been written in the basis, (B, W5, H?, HY, S, B') and kinetic mixing
has been neglected. As usual M;, M, are the masses for B, Ws respectively, and M

is the soft gaugino mass for B'.

As in the MSSM the gluino, the superpartner of the gluon, does not mix with any

other states and has a mass at tree level which is simply, Mj5.

The sfermions which are superpartners of ordinary matter are also given by the
same tree level formulae as their MSSM counterparts, except they have have an extra

and very significant contribution from the D-terms in the super potential.

1
m%mb = é[mé+m%+2mi+AQ+AU
2
2 2 K
=S \/(mQ —m 4+ Ag — Dy)? + 4m2 (Au - tanﬁ) ] (7.43)
2 L7 s 2 2
2
¥ \/(mz2 —mb + Ao — Ap)? +4m? <Ad — ptan ﬂ) ], (7.44)
2 Lr o 2 2
ml~17l~2 = i[mL-f-mE-i-le +AL+AE

2
F \/(m% —m%+AL—AE)2+4ml2<Al —utanﬁ) } . (745)
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The D-term contributions, A4, to these masses now include contributions from the
U(1)y symmetry. Unlike the D-terms associated with U(1)y and SU(2)y these can
be very large as they involve the s vev and s is constrained by phenomenology to be

significantly larger than v.

Ax = (Trag® — Qhg®) (W2 —02) + 2%, (7.46)
AN = 2(Q1Q7 + QaQiv3 + QsQis?). (7.47)

The exotic quarks and Inert Higgsinos get their mass from s in a similar manner to

ordinary fermions obtaining mass from v, v,.

D, = K;S, mg

=mg, = A;s (7.48)

1,5

where pp, is the mass of the exotic fermion D; and ¢ = 1,2, 3 is a generational index.
and, m fygo Mip,, 8re the masses of the fermion, f[l,i, H 1,; partners of the scaler Inert
Higgs, where in this case generation index j only runs over the first two generations,
as the third generation fields H 1,3 and H 1,3 play the role of MSSM like Higgsinos and

mix in to form neutralinos in Eq. 7.42.

Their scalar super partners get masses in a manner analogous to the sfermion

partners to the observed fermions,

1
mzﬁlmﬁm - 5 |:m2Dz + m%l + 2’LL2D2‘ + AD + Aﬁ
2 2 2 2 Av1V2 ) 2
£ \[(md, —mL + Do — Ap)? + 44, <Am -= ) } (7.49)
2 Lr o 2 2
MHsl’qu = §|:mH11+mH2Z+2mH1’Z+AH1 +AH2

Hi S

)\ 2
+ \/(m%{“—m%{ﬂ—i—ﬁgl—AH2)2+4m2 <AAZ.— “1“2) ] (7.50)



Chapter 8

The Non Universal Higgs Mass
E;SSM

The Non Universal Higgs Mass (NUHM) EgSSM is a version of the EgSSM with the
GUT scale constraints reducing the number of soft SUSY breaking parameters to a
universal gaugino mass ( M /2), a universal trilinear (A), a common Higgs singlet mass

GUT

(m§UT GUT), ‘down-type’ Higgs mass (m§Y"), and a common

mg- "), ‘up-type’ Higgs mass (mfp,
scalar mass for all other EgSSM scalars (my),

Mz(MX) :Ml/g, AZ(M)() :A, mZ(Mx) = My (81)

ms,(Mx) =m$"", mu, (Mx) =mg]",  mug, (Mx) =mg)" (8.2)

where My is defined here as the scale at which the EgSSM gauge couplings, g; and g

appearing in chapter 7 are equal, g; = gs.

8.1 Motivation

In this chapter results of the first study into radiative electroweak symmetry breaking in
the NUHM EgSSM model are presented. This study was presented in [7], proceedings
for the European Physical Society Conference in 2007, but has not otherwise been

published. The study was carried out as preliminary work while we were studying a
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related but more tightly constrained model, the CEgSSM. Since this was a preliminary
study we only tested radiative electroweak symmetry breaking for a sample choice of
those EgSSM Yukawas and vevs which have not been determined from experimental
data, so this is far from a complete survey of the model. Additionally as a preliminary
study, some effects included in the more thorough study into the CEgSSM (described
in Chapter 9) were not included here. Some of these effects are surprisingly strong so
the results presented in this chapter should be interpreted as qualitative rather than

quantitative.

Nonetheless this study is interesting in its own right. Although the very strong
high scale constraints of universal scalar masses, universal gaugino masses and uni-
versal trilinear couplings eliminates a large volume of parameter space which is not
phenomenologically viable, it can also restricts parameter space which is viable and
therefore such assumptions could be seen as over constraining. In addition while such
universality schemes are motivated by minimal SUGRA, there are a much wider variety
of SUGRA models which do not lead to these universality constraints. One interest-
ing alternative to the CMSSM which has become popular is the Non Universal Higgs
Mass MSSM [245-255]. The NUHM EgSSM can be seen as a similar alternative to the
CEgSSM.

As described in Sec. 3.2 radiative electroweak symmetry breaking, where EWSB is
triggered by the RG flow between the unification and EW scales, occurs in the CMSSM
and NUHM MSSM. This is a powerful result as it shows that if SUSY breaking takes
place at the TeV scale, then it is natural for EWSB to occur. It is therefore of great
interest to see if the same effect is generated in the NUHM EgSSM. If this occurs the
spectrum of particle masses can be determined from the NUHM EgSSM parameters.
As shall be seen some very interesting patterns appear in the particle spectrum which

could provide a testable signature for these models.
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8.2 RG flow of the soft SUSY breaking terms

Below the Grand Unification scale the RG flow causes the gauge couplings and the soft
SUSY breaking parameters to split from the universal values go, mg, mg’", mg'",
mG ", M, and A. This splitting is described by the Renormalisation Group Equations

(RGE) of the model.

The RGE of the EgSSM, derived for these projects by Dr Roman Nevzorov, appear
in Appendix C. As this work was carried out earlier than that described in Chapter 9
only two loop beta functions for the SUSY preserving EgSSM parameters were available.

All soft SUSY breaking parameters were evolved with the one loop RGE.

The complete set of EgSSM RGE can be separated into two sectors. The first sector
describes the evolution of gauge and Yukawa coupling constants. The corresponding
set of equations is nonlinear even in the one-loop approximation. Therefore it is ex-
tremely difficult or even impossible to find either exact or approximate solutions of
these equations. The remaining subset of RGE describes the running of fundamental
parameters which break SUSY in a soft way. If the renormalisation group flow of the
gauge and Yukawa couplings is known this part of the RG equations can be considered
as a set of linear differential equations for the soft SUSY breaking terms. To solve this
set of equations, first one integrates out the equations for the gaugino masses M;. In

the one—loop approximation we get

2

2(t t
M;(t) = 9@9(8) M s, M) = glgé ) M s, (8.3)

where index ¢ runs from 1 to 3, while M3, My, M; and M as defined in Sec. 7.2.2 and

t=1In MQ’ () being the renormalisation scale at which Eq. 8.3 holds true.
X

Next one integrates the one-loop renormalisation group equations for the trilinear

scalar couplings A;(t) which can be written as follows

dA(t)
dt

= S, (DA (1) + Fi(t). (8.4)

The dependence of F; on t comes from the gaugino masses appearing in the one loop

RGE of the trilinears. One then finds the solution of this system of linear differential



8.2: RG flow of the soft SUSY breaking terms 114

equations,
Ai(t) = @45(t) A;(0) + Py (2 / D tdt', (8.5)
0

where we have introduced ®;;(¢), which is the solution the homogeneous equation
d®;;(t)/dt = Si(t)Py;(t), with the boundary conditions ®;;(0) = ¢;;. From the uni-
versality constraint and exploiting Eq. 8.3 to write Fj(t) oc M2, the solution of RG

equations for the trilinear scalar couplings takes the form,
Ai(t) = es(t) A+ fi(t) M. (8.6)

The obtained solution Eq. 8.6 can be substituted into the right-hand sides of the RG
equations for the soft scalar masses which may be presented in the following form,

dm;(t)

8 = SynmAn) + Fi). (8.7)

Due to the scalar mass universality constraints and the fact that the functions F}(t)
contain terms which are proportional to A%, AMj /5, and Mf/2 the solution of the linear

system of differential Eq. 8.7 reduces to,

mi = ai(t)Mi)y + Bi(t)A® + 7i(t) AMyys + 6i(t)mg

+6,(6)mGUT? + pi(t)mGY T + GymGTT . (8.8)

The functions, «;(t), 5;(t), vi(t), 6:(t), €(t), pi(t), ¢;(t), which determine the evolution
of m?(t) and also €;(t) and f;(¢) for A;(t), remain unknown, since an exact analytic
solution to the full set of EgSSM renormalisation group equations is unavailable. These
functions are strongly dependent on the values of the Yukawa coupling at the Grand
Unification scale My. At the SUSY breaking scale, Mg, where t = to = In ]]\\j—i, the
relations shown in Eq. 8.3, Eq. 8.6 and Eq. 8.8 give the dependence of gaugino masses,

trilinear scalar couplings and soft scalar masses on their initial values at the Grand

Unification scale.

The RG flow of the soft SUSY breaking terms also depend on the gauge couplings.
We find that the running of g;(1) changes dramatically after the inclusion of two—loop
effects. In particular, in the one—loop approximation the § function of strong interac-

tions vanishes so g3(t) would be constant in the one-loop approximation. The vanishing
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of the beta function for gs also lead to a constant Mjs(t) = M. Unfortunately as
a consequence the two loop contributions to the gaugino masses, not included in this
study, are also very large, changing low energy gaugino masses by as much as 20-40%.

This is one reason why the results in this chapter can only be considered qualitative.

8.3 Electroweak Constraints

As a test case we chose the new EgSSM Yukawas and vevs to be,

)‘3(MGUT> = 06, )\LQ(MGUT) == 046, K1,2,3(MGUT) =0.162 (89)

tan § = v, /vg =10, s=3TeV (8.10)

with v? = v2 + v3 = (174GeV)? fixed from experiment. The third generation Yukawas
h¢, hy and h, are fixed at the electroweak scale by the masses of the top, bottom and
7 fermions respectively, using the tree level relations given in Eq. 7.30. The gauge
couplings g1, ¢g» and g3 are also fixed at the electroweak scale from the experimentally
measured values of a., sinfy, and ag. A full set of Yukawas and gauge couplings at
the unification scale My, consistent with both these EW and My constraints, is then

found by evolving between the two scales until a stable solution is reached.

Due to the RG flow described in the previous section all low energy soft masses
of the EgSSM can be written in terms of the NUHM EgSSM GUT scale parameters,
as shown in Eq. 8.3, Eq. 8.6 and Eq. 8.8. The dimensionless coefficients appearing in
these equations can then be determined numerically by evolving between the unification
scale and the EW scale and selectively switching soft GUT scale parameters to zero.
This RGE evolution was performed using a version of SOFTSUSY 2.0.5 [181] which we
modified to include the E¢SSM RGEs. The EWSB constraints shown in Eq. 7.23 fix
the three third generation Higgs masses (mp,, mpg, and mg) at the EW scale in terms
of the Yukawas, gauge couplings, vevs and A,,. Since all vevs and SUSY preserving
parameters were either set to their observed values or already chosen, the Higgs masses

can be written as functions of A and M;, after using the RGE solutions to substitute
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for A,,. This gives,

my, = PMip+aA+h+AY, (8.11)
m%Iu = p2M1/2 + @A+ hy + Az(}), (8_12)
mg = psMijs+ @A+ hs+ A, (8.13)

where the one loop contributions, AS), AP and Agl), introduce a more complicated

dependence on the soft parameters.

So if the one loop contributions are initially neglected, for each of the Higgs masses
we have two constraints which may be equated leaving three low energy constraints
and six unification scale parameters. For all choices of My, A and mg we can then

determine what values of m3; , m and m% are required to satisfy the constraints.

The rest of the soft mass spectrum can then be determined from Eq. 8.3, Eq. 8.6
and Eq. 8.8 using the coefficients which have been determined numerically. Then the
physical masses of the stops and the exotic colored objects are calculated from their
tree level relations, Eq. 7.43 and Eq. 7.49 respectively, and their contribution to the
one loop effective potential are determined. The leading one loop corrections are then
added to Eq. 8.13, and finally the soft mass parameters and particle spectrum are

solved iteratively.

In this study the particle spectrum was calculated using the tree level approxima-
tions presented in Sec. 7.3. No loop corrections were added to the light Higgs mass
as this was not used in constraining the model. Given the large values for soft Higgs
parameters and the heavy spectra (particularly stop masses) it seems reasonable to
assume that the LEP limit on the light Higgs mass would be evaded in these scenar-
ios and would not restrict our solutions. In addition, since this study was qualitative
rather than quantitative, a precise determination of the Higgs mass required to test
against the LEP bound seems unrealistic. However it is clear that a full study should
include this as a constraint. In addition the gluino mass was only calculated using the
very simple tree level expression (mz = M3), though it is also well known that this
quantity is also subject to large radiative corrections. This does affect the restrictions

on the parameter space, and once again stresses that this is merely a qualitative study.
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Finally experimental constraints were applied. We required that charginos were
heavier than 100 GeV, neutralinos heavier than 45 GeV, gluinos heaver than 300 GeV,
and that the squarks and sleptons of ordinary matter are heavier than 100 GeV. For
the exotic quarks and squarks we imposed a lower bound of 300 GeV, to evade HERA
constraints on the Leptoquarks [262].

The LEP bound on the light Higgs does not apply to the Inert Higgs bosons as
they do not develop vevs and therefore have no HZZ coupling for production via Higgs-
strahlung. However they still have HHZ couplings which are fixed by gauge interaction
and this means that the charged Inert Higgs bosons (which are degenerate in mass with
the neutral Inert Higgs bosons) can be bounded by searches for charged Higgs bosons
from LEP [256] and similarly the masses of the Inert Higgsinos can be bounded from
below by searches for charginos. To evade these constraints we require that the Inert

Higgs and Inert Higgsinos must be heavier than 100 GeV.

8.4 Results

The values obtained for this sample set of SUSY preserving parameters are shown
in Fig.8.1(a-c) with the large white regions ruled out by GUT scale tachyons when
(mFYUT)? <0, (mGY")? <0 or (mGU")? < 0 respectively. From (a) all parameter space
accessible at future colliders with M/, > 0 is excluded, but M, < 0 is valid in our
scheme!. Fig. 8.1(b) and (c) exclude some additional points with M > 0. Fig. 8.1(d)

shows the combined exclusion region from (a-c) and also a large region of parameter

space ruled out by EW scale tachyons and a small slice ruled out by experiment.

The soft Higgs masses at the unification scale are typically much heavier than my
and there tends to be some hierarchy amongst them. Indeed none of the points scanned
over exhibited a universal scalar Higgs mass, even allowing for it to be very different

from mg. This indicates the strength of the condition in the CEgSSM where a full

Tn chapter 9 conventions are chosen such that M; s2 > 0. This isn’t done here but one can perform

the transformation, A — —A, My, — —M /3,5 — —s, to obtain solutions with M/, > 0.
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Figure 8.1: EWSB exclusion plots in the mg, M/, plane, with A = —300GeV. (a):
mGY" values consistent with the EWSB and NUHM E¢SSM boundary conditions. The
white region is ruled out since (m%’")? < 0. (b): As (a) but for mG¥". (¢): As (a) but
for mGUT. (d): Full exclusion plot. The blue (black) region shows the allowed region
of the parameter space, the purple (dark grey) region is ruled out by searches for the
charginos and gluinos, while the pink (light grey) and white regions are ruled out by
EW and GUT scale tachyons respectively.

universality of scalar masses is imposed.

While EWSB provides strong constraints on the NUHM EgSSM, there is a large
volume of parameter space which may be physically realised and could be discovered
at the LHC. The low energy spectra do have the challenging feature of heavy squarks
and sleptons but also have some very interesting phenomenological features. A sample
spectrum which might be observed is shown in Fig. 8.2. The presence of the exotic
colored particles ([)1,2 and D) and the new Z’ boson at low energies provide interesting
experimental signatures for the model. In the spectrum shown, the presence of 51 at

just above 500 GeV offers a tantalising glimpse at what exciting phenomenology may
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be discovered at the LHC if nature has chosen this kind of model.

In addition there is a hierarchy in the spectra. The gluino is lighter than most of
the squarks, which is unusual and phenomenologically interesting as it affects cascade
decays. This is a result of the renormalisation group (RG) running of the soft masses
in the EgSSM and is typical of points we have looked at in the NUHM EgSSM. The
smaller the hierarchy amongst the GUT scale soft parameters, the stronger this effect.
This also foreshadows results which will be presented in chapter 9. In addition the
lightest chargino is lighter than the gluino and the lightest neutralino is lighter still.
These features are also due to the RG flow and it would be very challenging if not

impossible to find spectra without this hierarchy.

1500 .

~u 3 XO_

s =z gV d, 5 o, x= %,

R e 2 Xg— a4
o

—D ~
500(- 1 T g— A N ]
1 e — +

€ —X1 .

o —X5

ok Xl_ -

Figure 8.2: A sample NUHM EgSSM spectrum that could be seen at the LHC. The soft
mass parameters for this point are mg = 600 GeV, M; o, = —500 GeV, A = —300 GeV,
mGU" =239 TeV, mGlU" = 2.25 TeV & m§l" =922 GeV

8.5 Conclusions

In this chapter a qualitative exploration of a small portion of the NUHM EgSSM

parameter space has been performed. This is the first time any such spectra has been
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produced for any version of the EgSSM with universality constraints imposed at the

unification scale.

For our benchmark choice of EgSSM Yukawas and vevs there is no solution with all
universal scalar masses at the GUT scale. Indeed the soft GUT scale Higgs masses are
generally required to be significantly larger than my for electroweak symmetry breaking
to take place, and this feature may be regarded as somewhat disappointing. In addition
the spectrum is a little heavy and it may be challenging to detect. Nonetheless we
presented a spectra with exotic colored objects ~ 500 GeV, demonstrating the exciting
prospect of such a discovery at the LHC. In addition there is another striking feature of
the model. There is clear hierarchy in the spectra. The exotics, squarks, and sleptons
are typically significantly heavier than the lighter elements of the gaugino sector. In

particular the RG flow implies that the gluino is often lighter than the squarks.

Despite the lack of precision in the study, striking phenomenological features of the
model have been uncovered that are generic and should be stable to improvements in
the accuracy of the calculations. In addition because these features are driven by the
RG flow it is likely that they apply to a wider class of models then just the NUHM
EgSSM.

This will be seen explicitly when a more thorough study of the CEgSSM is provided

in the next chapter.



Chapter 9

The Constrained EgSSM

The Constrained Exceptional Supersymmetric Standard Model (CEgSSM) is intro-
duced and studied in this chapter. The model is defined by applying high scale uni-
versality constraints to the low energy phenomenological model the EgSSM, specified

in Chapter 7.

These constraints require that at the high scale, My, all scalars masses are given
by a single flavour diagonal mass, mg; all gaugino masses are specified by a mass
M, > and a single coupling A specifies all trilinear couplings, a;;, through the relation,

Qi = Ayz’jk- So,
MZ(MX) = Ml/g, AZ(MX) = A, mZ(Mx) = my. (91)

As in Chapter 8 My is defined as the scale at which the EgSSM gauge couplings, ¢;

and g9 are equal, g; = ¢o.

9.1 RG flow of the soft SUSY breaking terms

As with the NUHM version of the EgSSM, the soft SUSY breaking parameters and
gauge couplings split from the unified values mg, M, A and gy at Mx when evolved

to lower energies using the EgSSM RGE. One loop semi-analytical solutions can be
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found for these equation at energies below My in a similar manner to that described
in Sec. 8.2. The solutions to the gaugino masses, M; and the trilinear couplings A; are

of the same form,

2 2
Mi(t):g; (gt) M, M{(t):glgét) My, A(t) = a®)A+ fi() M. (92)

and again t = InQ/My. For the scalar masses the new more restrictive boundary
condition at My, in which all scalar masses are take a single unified value, yields the

shorter expression,
m:(t) = a;(t)mg + by(t) M7 5 + (L) AM, jo + di(t) A%, (9.3)

As before the functions e;(t), fi(t), a;(t), bi(t), ¢i(t), and d;(t), which determine the
evolution of A;(t) and m?(t), are unknown, since an exact analytic solution of the

EgSSM renormalisation group equations has not been derived.

The sensitivity of these functions to the Yukawa and gauge couplings at My is
again very strong. In particular it is important to reiterate that the one-loop beta
function for the gauge coupling of strong interactions is zero. So the running of g3 and
M3 is dictated solely by the two loop contributions and these two loop beta functions
can change the RG flow substantially. In this study the two loop beta functions for
the gaugino masses and trilinear couplings were included. The solution of two loop RG

equations for the M;(t) can be written as follows:
M;(t) = pi(t)A + q;(t) My o. (9.4)

One can see that in the two loop approximation gaugino masses depend not only on
the universal gaugino mass, M/, but also on the trilinear scalar coupling, A. The
numerical calculations show that the dependence of M;(t) on A is rather weak, i.e.
pi(to) < 1. However the change in the co-efficient ¢;(t) is substantial and at low—

energies the gaugino masses changes by 20-40%.

The general form of the solutions of RG equations for m?(t) and A, (t) remain intact
after the inclusion of two loop effects. At the same time some of the coefficient functions

fi(t), bi(t) and ¢;(t) change significantly. The two loop corrections to the (§ functions
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Figure 9.1: Two-
loop RG flow of
Qv (t> gauge couplings
S within the EgSSM for

Tyssm = Tessm =
M, = 175 GeV
(upper lines) and
Trvssy = 250GeV,
Tessy = 1500 GeV

(lower lines).  Here

we fix tan # = 10 and
az(Myz) = 0.118.

have the strongest impact on the RG flow of the soft SUSY breaking terms which are

sensitive to the strong interactions.

The RG flow of the gauge couplings, g;(t), is also quite sensitive to threshold effects.
In Fig. 9.1 the running of a;(t) is presented for two different sets of threshold scales,
Tyvissv = Tessy = 175GeV and Thyssy = 250GeV, Trpssy = 1500 GeV. The
threshold T);ssas is a common scale for the sparticles of ordinary matter, while Trggns
is a common mass scale for new exotic particles not present in the MSSM. The unified
gauge coupling at the My changes from 1.24 to 1.4 when these thresholds are changed
in this way. This result and also the value of the g2 for several other sets of thresholds,

Trvrssym and Trssas, are summarised in Table 9.1.

Since soft SUSY breaking terms depend very strongly on the values of the gauge
couplings at the Grand Unification scale, the uncertainty related with the choice of the
threshold scales limits the accuracy of our calculations of the particle spectrum. The
results of our numerical analysis presented in Table 9.1 and Fig. 9.1 indicate that it
is unrealistic to expect an accuracy, in the calculation of the sparticle masses, better

than 10%.
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Trussm (GeV) 250 250 250 175 175 175
Tessy (GeV) 1500 800 250 1500 250 175

g2 1.54 1.60 1.78 1.61 1.88 1.96
Mx (GeV) 3.5-101% | 3.3-10% | 3.5-10% | 3.7-101¢ | 4.10'6 | 4.10'6

Table 9.1: The dependence of g2 and Mx on the threshold effects in the exceptional
SUSY model. Here we fix tan = 10 and a3(Mz) = 0.118.

9.2 RG flow of the SUSY preserving sector

To start our analysis we fix effective threshold scales associated with the SUSY and
exotic particles as well as the value of tan 3. Thresholds are used only in the SUSY
preserving sector where full two loop RGE are employed and are neglected in the soft
SUSY breaking sector where only one loop RGE are used for the scalar masses. The
thresholds are chosen before the spectrum is determined and are therefore only an esti-
mate. A more accurate analysis is left for a further study. We chose Th;551 = 600 GeV
and Tgssy = 3 TeV to be the mass scale of the unobserved particles of the MSSM
and the new exotic objects in the EgSSM respectively, based on studies of the NUHM
version and preliminary results for the CEgSSM where relatively heavy spectra were

observed.

Experimental data is entered at low energies and then the SUSY preserving param-
eters are evolved up to the unification scale, My, using two—loop RG equations. At
My high scale boundary conditions for the new Yukawas are imposed. An iteration
is then performed to find a solution consistent with both sets of boundary conditions.

The detail of this procedure is described below.

The gauge couplings are fixed using the experimentally measured values at M.
Below the mass of the top quark SU(2)y ® U(1)y is broken, therefore between My and
my the beta functions for QED and QCD are employed to evolve the gauge couplings.
A routine to do this is already present in SOFTSUSY 2.0.5 [181] and this was employed
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here. At m; boundary conditions are used to relate the QED and QCD gauge couplings
to the gauge couplings of the SM. For each fixed tan 3 one can find the values of the
Yukawa couplings at the electroweak scale using the relation between the running

masses of the fermions of the third generation and vevs of the Higgs fields, i.e.

hy(My)v
V2

fuy(My)v cos (3
V2 (9.5)

mt(Mt) = sin 3, mb(Mt) =

m, (M) = L\]/\Ig)v cos 3.

Between m; and Tysssas the Standard Model RGE which appear in [257] are employed.
At Thrssny further boundary conditions are used to relate the Standard model Yukawas
and gauge couplings to those of the MSSM. The two loop MSSM beta functions and
routines in SOFTSUSY 2.0.5 are then used to evolve between Th;ssy and Trssn.
Finally another set of boundary conditions are used to relate the gauge and Yukawa
couplings of the MSSM to those of the EgSSM. The values of the EgSSM gauge and

Yukawa couplings then form a low energy boundary condition for what follows.

The one loop beta functions of the EgSSM gauge couplings are used to provide
a first estimate for the unification scale, My, when g; = gs. The two loop RGE of
the EgSSM (shown in Appendix C) are used to run the EgSSM gauge and Yukawa
couplings to this estimate of the unification scale. At Mx the chosen high scale values
of the new Yukawa couplings \; and &; are set, and ¢ is set equal to ¢g; and g,. The
choice of new Yukawas at My and the relation ¢g; = ¢; form our high scale boundary
conditions. The following improved estimate of the scale My is then made, based on

a routine used in SOFTSUSY 2.0.5.

Defining tg = In Miz, where () is the renormalisation scale, a Taylor expansion in

to is performed using,

(1) = iltary) + (tar — 1) 2. (9:)
— Oex 92(Q) — q1(Q)
= M = Qe = Aol 7

where dg;/dt = [(g;) has been used to replace the derivatives with two loop beta
functions. Since two loop beta functions are used, this linear approximation improves

on the initial one loop estimate.
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An iteration between successively improved estimates of My and Tgsgy is then
performed until convergence is reached. When the iteration is complete the value of
all Yukawas and gauge couplings, consistent with unification of the gauge couplings,

the low energy constraints from experiment and our choice of tan 3, are obtained.

9.3 Low Energy Constraints

Now the work in the previous two sections is combined. Semi-analytical expressions for
the soft masses at the scale Trggys are determined as follows. First at the unification
scale we set A = M/, = 0 while setting m, to some arbitrary non-zero value (in this
case 1). The soft masses are RG evolved (using a modified version of SOFTSUSY 2.0.5)
down to the low energy scale Tggsy. Eq. 9.3 is then used to fix the coefficients a;(t),
where t = In[Tgpgsn/M%]. Similarly unification scale constraints of mg = My, = 0,
with A set to a non-zero value and my = A = 0, with M/, set to a non-zero value,
are used to fix the two sets of coefficients {d;(t),e;(t),pi(t)} and {b;(t), fi(t),q:(t)}

respectively using Eq. 9.3, Eq. 9.4 and Eq. 9.2.

Once this procedure is carried out all the coefficients a;(t), b;(t), ¢;(t), c;(t), e;(t),
fi(t), pi(t), and ¢;(t) for t = In[Trssar/M%] are known, yielding semi-analytic expres-
sions for all soft mass parameters at Trgsy. As a result all soft scalar masses, trilinear

scalar couplings and gaugino masses are determined by M2, A and m¢ only.

This set of low energy constraints on the soft masses are then combined with the tree
level low energy EWSB constraints appearing in Eq. 7.23. This leaves three constraints
and three soft mass parameters. Two of the equations can be used to eliminate M;
and mg, leaving one quartic equation for one unknown, A. This equation is solved
numerically, and the resultant value for A is used to obtain M/, and my. For fixed
values of gauge couplings, Yukawas and vevs, (determined from choices of tan 3 and
s with v known from experiment) there are four sets of soft masses A, M/, and my.
Usually two of the solutions are complex and two are real, but four real or four complex

solutions cannot be ruled out. Therefore our routine deals with between 0 and 4 sets
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of real solutions to the soft masses.

With a tree level solution for A, M/, and mg determined, the tree level spectrum
of masses can be calculated. Leading one loop contributions to the effective potential
from stop masses are added and an improved estimate of the electroweak symmetry
breaking conditions is made. For the CEgSSM only stop mass contributions from the
one loop contribution to the effective potential are used. This is firstly because we
observed during the project on the NUHM EgSSM that such contributions are small
(contributing < 5%) in comparison to our target accuracy of around 10%. Secondly
for higher order contributions to the light Higgs mass (see mass spectra calculations,
below) we only included the top-stop sector, so for consistency it was necessary to drop

the exotic contributions from the tadpoles.

The stop corrections lead to improved estimates of the three soft mass parameters
and then the stop masses themselves can be recalculated to improved accuracy. For
each set of tree level solutions an iteration is then performed until stable values for the
soft masses are obtained. Finally the mass spectrum is determined and compared with

experimental constraints.

The mass spectra are calculated using the tree level expressions given in Sec. 7.3.
For the CP-even higgs masses, leading one loop corrections from the effective potential
are added. These contributions are listed in Appendix D. However, after a detailed
study of the mass spectra for benchmark points, it became apparent that the light
Higgs mass could be in conflict with the LEP limit for certain points and that leading

two loop corrections were also needed for a reliable estimate.

For approximate two loop corrections we used the expression which appeared in [4]

and is a simple generalisation of results in [258,259],

A2 M2 1 2 352
mp S [7“2 sin® 23 + Mz cos® 23 + —Z <1 + = cos 26) ] X (1 — —gl)
T

4 4 8
N 3hiv?sin 3 {

872

1 1 /3.,
SUi+1+ 16W2<§ht —893)(Ut+1)z}, (9.8)

X? 1 X? M?
where U; = QME <1 — Eﬁ%) and [ = In [_?}
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At tree level the CP-odd pseudoscalar, A and the charged H* Higgs bosons are
quasi degenerate in mass with one of the heavier CP-even Higgs (hy or hgz). This is

assumed to be maintained at the one loop level.

Since it is known that corrections to the gluino mass can be large in the MSSM, we
included the one loop contribution to the gluino from the gluon-gluino loops and quark-
squark loops, where only quarks and squarks of ordinary matter are included. The
contribution from the exotic particles were neglected as preliminary studies suggested
they were heavy. With the exotic contributions neglected the gluino correction are the
same as those for the MSSM, which have been presented in e.g. [180] and are already
present in SOFTSUSY 2.0.5. We use the gluino corrections adapted from SOFTSUSY
2.0.5. In our approximation the gluino mass is evaluated at the EgSSM threshold
Trssy as this is where the RG evolution is halted. These corrections are then given

by,
mg = Ms(Tessm)[1 + Ag(Trssum)] (9.9)

where

A;(Q) = (gf”if)f 154 91n MQ2

v

qtb

- ZZBI(Mi’b(Q)vm(I?m%?Q)

Sln 29 )(BO(p> Mg, Mg, Q) - BO(pa Mg, Mgy, Q)] (9'10)

where the term on the bottom line is only included for the third generation, as mixing,
given by the squark mixing angle 6,, in the first two generations is negligible. The
functions By and B; are the Passarino-Veltman functions [260] with the divergent part

removed using modified Dimensional Reduction (DR) and may be expressed as [180],

o) = 1o (L) = fa(e) — Jate) (9.11)
Balp.muma) = [ Aa(ma) = Ao(ms) + (5 +md = ) Bo(pyma, )| (0,12
Ag(m) = [1—lng—z] (9.13)

and

fe(x) = m(1—2)—zn(l-2") -1 (9.14)
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+ 2 _4Ap2(m?2 — ¢
Ty = E Vs 2;; (my — ie) s=p> —ms+mj (9.15)

The experimental constraints applied in our analysis are, m; > 114 GeV, all slep-
tons and charginos are heavier than 100 GeV, all squarks and gluinos have masses above
300 GeV and Z’ boson has a mass which is larger than 700 GeV [261]. We also impose
the most conservative bound on the masses of exotic quarks and squarks that comes
from the HERA experiments [262]. We assume that our exotic quarks and squarks are
heavier than 300 GeV. Finally we require that the Inert Higgs and Inert Higgsinos are
heavier than 100 GeV to evade limits on Higgsinos and charged Higgs from LEP, as

described in the previous chapter.

In addition to a set of bounds coming from the non—observation of new particles at
the experiment we impose a few theoretical constraints. We require that the lightest
supersymmetric particle should be a neutralino. We also restrict our consideration by
the values of the Yukawa couplings \;(Mx), k;(Mx), hi(Mx), hy(Mx) and h,(Mx) less
than 3 to ensure the applicability of perturbation theory up to the Grand Unification

scale.

9.4 Results

9.4.1 Exclusion Plots

In our exploration of the CEgSSM parameter space we looked at scenarios with a
universal coupling between exotic colored superfields and the third generation singlet
field 9, kK(Mx) = Kk123(Mx) and fixed the Inert Higgs couplings A\ 2(Mx) = 0.1. In
fixing A; o like this we are deliberately pre-selecting for relatively light Inert Higgsinos.
The third generation Yukawa A = A3 was allowed to vary along with x. Splitting
A3 from \; 5 seems reasonable since A3 plays a very special role in EgSSM models in

forming the effective pu-term when S picks up a vev.

For fixed values of tan § = 3, 10, 30, we scan over s, k, A. From these input param-
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eters, the sets of soft mass parameters, A, M/, and mg which are consistent with the

correct breakdown of electroweak symmetry are found.

We find that for fixed values of the Yukawas the soft mass parameters scale with
s. While for fixed s, varying the Yukawas, A and s then produces a region of al-
lowed points, as is shown in Figs. 9.3, 9.5 and 9.7, for (tan 3, s) values (10, 3 TeV),
(30, 3 TeV) and (3, 4 TeV) respectively, with the allowed regions in green and the ex-

cluded regions in white. We find that for fixed tan 3 there is a lower limit on the ratio

1000 —

800 —
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400 - —

200 400 600 800 1000 1200

Figure 9.2: Physical solutions with tan 3 = 10 which pass experimental constraints
from LEP and Tevatron data. On the left hand side of the allowed region the chargino
mass is less than 100 GeV, while underneath and on the lower right quadrant the Inert

Higgs are less than 100 GeV or becoming tachyonic.

mg/M; o which is a weak function of the singlet vev s. For example consider Fig. 9.2.
The region to the left of the allowed space is ruled out by the lightest chargino mass
being < 100 GeV, while the lower right region is ruled out by Inert Higgs bosons with

masses below experimental bounds or tachyonic Inert Higgs masses. This boundary
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implies that for tan 5 = 10, over the allowed ranges shown, mg/M; varies from ~ 1.4

to ~ 0.8.

This boundary can be understood as follows. For fixed mg, maximising M/, re-
quires the singlet vev s to be increased, as well as varying the Yukawas, A and k.
However the squared mass values of the Inert Higgs bosons receive a positive contri-
bution from mZ and a negative contribution from the auxiliary D-term which varies
with s? (see Eq. 7.50). Due to this D-term contribution mi’? decreases with s and
at some point falls below experimental limits, bounding M,/ from above. The larger
my is, the larger the negative contribution must be in order to drive the Inert Higgs
mass below it’s lower limit. Further, if one assumes that mg ~ s and Ay ~ M, then
EWSB conditions imply s ~ M, tan 3. This suggests not only the observed limit on

mg/ M2 but also that it will be more severe for large tan 3 and shallower for low tan 3.

In addition, by examining Fig. 9.3 in conjunction with Fig. 9.2, one can see that the
lower right boundary in the latter is formed from the bottom right corner of plots like
Fig.9.3 which moves upwards and to the right as s is varied. Benchmarks scenarios,
shown in Figs. 9.8, 9.9, 9.10 and 9.11 are drawn from these plots. These will be

discussed in detail the next section.

The allowed region in Fig. 9.4 is formed from by the same combination of bounds
as Fig. 9.3, but in this case mg/M/ varies from ~ 1.9 to ~ 1.4, so for this larger
tan 8 = 30 the limit on ratio mg/Mj/, is enhanced. The fixed s plot Fig. 9.5 also
demonstrates this increased hierarchy as one can see that with s = 3 TeV there is a
much smaller region which is allowed by EWSB and experimental constraints at low
energy. Benchmarks scenarios, shown in Figs. 9.12, 9.13 and 9.14 are drawn from these

plots. Again detailed discussion of these is delayed until the next section.

In Fig. 9.6 the region to the left of the allowed parameter space is also ruled out
by experimental limits on the chargino mass. However the lower-right region is ruled
out not by the Inert Higgs masses but by a light Higgs which is lower than the LEP
limit. This change can be understood for two reasons, firstly the Inert Higgs bosons

obtain positive contributions to their masses from mg (with a coefficient of ~ 1) and
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Figure 9.3: Physical solutions with tan( = 10 and s = 3 TeV fixed, which pass
experimental constraints from LEP and Tevatron data. On the left hand side of the
allowed region the chargino mass is less than 100 GeV, while underneath the Inert
Higgs are less than 100 GeV or becoming tachyonic. The region ruled out immediately

to the right of the allowed points is due to m;, < 114 GeV.

M, /2, while, due to the Auxiliary D-term contribution, the Inert Higgs masses decrease
with s. Since decreasing tan 3 reduces the hierarchy between s and M;/, this negative
contribution the mass of the Inert Higgs is smaller and does not decrease their mass
as rapidly when my is reduced. Secondly we observe that the light Higgs mass reduces
with tan 3. This occurs because decreasing tan 3 increases the mixing, which provides

a negative contribution to the light Higgs mass.

As with the other values of tan § we also present a plot for tan § = 3 with a fixed
value of s. However in this case all solutions we obtained with s = 3 TeV were ruled
out. This is due to experimental constraints on the light Higgs mass, which as already

mentioned, decreases when tan (3 is reduced. Instead a plot for fixed s = 4 TeV is



9.4: Results 133

1200

1000 —

800 —

m O(GeV)

600 — =

400 — -

Figure 9.4: Physical solutions with tan 3 = 30 which pass experimental constraints
from LEP and Tevatron data. On the left hand side of the allowed region the chargino
mass is less than 100 GeV, while underneath and on the lower right quadrant the Inert

Higgs are less than 100 GeV or becoming tachyonic.
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Figure 9.5: Physical solutions with tan( = 30 and s = 3 TeV fixed, which pass
experimental constraints from LEP and Tevatron data. On the left hand side of the
allowed region the chargino mass is less than 100 GeV, while points immediately below
the lowest (in myg) allowed point are ruled out by Inert Higgs being less than 100 GeV
or becoming tachyonic. The region ruled out immediately to the right of allowed points

is due to my, < 114 GeV.
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Figure 9.6: Physical solutions with tan = 3 which pass experimental constraints from
LEP and Tevatron data. On the left hand side of the allowed region the chargino mass
is less than 100 GeV, while underneath and on the lower right quadrant the lightest
Higgs mass is less than 114, in violation of the limit set at LEP.
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presented in Fig. 9.7.

Even with this value of s the light Higgs mass still provides a strong constraint on
the parameter space. Unlike the previous fixed s there is an upper bound on mg which
is below 1 TeV, and therefore visible on the plot shown. The upper limits on both my

and M/ are due to the light Higgs mass.

1200

1000 — —

800 — —

mo[GeV)

600 |~ —

400 — .

0 1 | 1 | 1 | 1 | 1 | 1 |
200 400 600 800 1000 1200
M,,(GeV)

Figure 9.7: Physical solutions with tan 5 = 3 and s = 4 TeV fixed, which pass experi-
mental constraints from LEP and Tevatron data. On the left hand side of the allowed
region the chargino mass is less than 100 GeV, while points immediately below the
lowest (in my) allowed point are ruled out by Inert Higgs being less than 100 GeV
or becoming tachyonic. The region ruled out immediately to the right and above the

allowed points is due to m;, < 114 GeV.

Benchmark scenarios, shown in Figs. 9.15, 9.16 and 9.17 are drawn from these plots.

A detailed discussion of the benchmark scenarios now follows.
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9.4.2 Benchmark Scenarios

In this section the spectra of various benchmark scenarios for the CEgSSM are shown
and discussed. The numerical values for the masses shown the various spectra plot in

this section can be found in Appendix E.
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Figure 9.8: The particle mass spectra for CEgSSM benchmark point Al with,
tang = 10, s = 27TeV M, = 363GeV, mg = H37GeV, A =
711 GeV, A(Mx) = —0.3684, A(us) = —0.3548, A 2(Mx) = 0.1, k123(Mx) =
0.2068, k123(us) = 0.5385.

Shown in Fig. 9.8 is Benchmark scenario A1l. This CEgSSM point has been drawn
from the lower left corner of the allowed region in Fig. 9.2. This is typical of the
light spectra found in that region and it would be difficult to find a significantly
lighter CEgSSM spectra in scenarios with tan (3 = 10, a universal x coupling and
A 2(Mx) = 0.1. Notice that even for this comparatively light spectra the only sfermion
below 500 GeV is the lightest stop. The gluino (mz; = 330 GeV) is lighter than all

sfermions and will therefore not decay into a sfermion as in the usual MSSM sparticle
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cascade decay chains. The gluino will decay through, § — q¢* — qq + E.

There are also quite light Inert Higgs (mpys, = 154 GeV) and Inert Higgsinos
(mj = 244 GeV) in the spectra. Relatively light Higgsinos were preselected for when
A 2(Mx) = 0.1 was set and is not a general prediction of the CEgSSM.

The light Inert Higgs bosons decay via the ZZ violating terms hi}kaicﬁijzk,

h%kﬁflfbj@k, hgkdfﬂlek and hiEjkéfflljf/k, where the Inert Higgs superfields are SU(2)
doublets with lf[lj = (ﬁ?j, lffl_]) and H2j = (H+

2> ng). These interactions are analogous
to the Yukawa interactions of the Higgs superfields, H, and H,. So the neutral In-
ert Higgs bosons decay predominantly into 3rd generation fermion—anti-fermion pairs
like H® — bb. The charged Inert Higgs bosons decays are also into fermion-anti-
fermion pairs, but in this case it is the antiparticle of the fermions’ electroweak partner,

eg. H'= — 70,

The same couplings also govern the decays of the Inert Higgsinos. The electro-
magnetically neutral Higgsinos predominantly decay into a fermion anti-sfermion pairs
(e. g. HY, — i HY — 77"). The charged Higgsinos decays are similar but in
this case the sfermion is the supersymmetric partner of the electroweak partner of the

fermion, (e. g. H, — th Hy, — T0).

The lightest particles in the spectra are the lightest Higgs (my, = 115 GeV), the
lightest chargino (m,+ = 103 GeV) and the two lightest neutralinos (m,o = 58 GeV
and m,o = 103 GeV). The second lightest neutralino decays, as in the MSSM, through
xJ — XV + II. The lightest chargino will also decay in the way as a light chargino in
the MSSM, e.g. x~ — 7*v,. Although the mass scale of the exotic colored objects is
sensitive to s making them typically quite heavy, large mixing in this scenario means
that one set of exotic sfermions is comparatively light (mp = 628 GeV). The decay

for this object will discussed in later benchmarks where it has an even lighter mass.

Benchmark point A2, shown in Fig. 9.9, is also a scenario with tan3 = 10, a
universal x coupling and A 2(Mx) = 0.1, but with a more exaggerated hierarchy in

the mass spectra than Al. This is because the scenario has been chosen from the top
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Figure 9.9: Benchmark point A2. tan g = 10, s =3.8TeV, M, = 390GeV, mg =
998 GeV, A = 768 GeV,A\(Mx) = —0.3066, A(us) = —0.2845,, A2(Mx) =
0.1 /€17273(Mx) = 02463, 517273(/Ls) = 0.5935.

left of the allowed region in Fig. 9.2, so that mg >> M. the result of raising mq
has been to push the heavier parts of the spectra up in mass to such an extent that
only the gluino, Inert Higgsinos, the lightest Higgs, the lightest chargino and the two
lightest neutralinos are below ~ 700 GeV. With the exception of the lightest Higgs

mass, which is bounded from above, these particles are not sensitive to my.

Although the hierarchy in the spectra has increased, the pattern is otherwise quite
similar to A1, with a hierarchy amongst the sfermions unchanged. However the lightest
set of Inert Higgs bosons are now heavier than the Inert Higgsino as they are sensitive

to mg. The exotics colored objects are now very heavy.

It is also possible to have a generally heavier spectrum like A2 but with light Inert
Higgs bosons. Since the lower right boundary is caused by the inert Higgs bosons

becoming too light, a point close to this boundary, with large mg and M/, will have
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Figure 9.10: Benchmark point A3. tan3 = 10, s=4.4TeV, M,/ = 775GeV, mg =
799 GeV, A = 919GeV, A(Mx) = —0.3698, A(us) = —0.3736,, A2(Mx) =
0.1, 517273(Mx) = 01780, /€17273(,us) = 0.4935.

light Inert Higgs, but is otherwise expected to have a spectra similar to A2. An example
of this is benchmark A3, whose spectra is shown in Fig. 9.10. Notice that since M, is
also large in this scenario, the light neutralinos and chargino are now a little heavier,
with mx = 217 GeV and m,o = 122 GeV. The gluino is also significantly heavier,
mg = 673. Despite this all sfermions are still heavier than the gluino, and the spectrum

is still very hierarchical.

All these points drawn from scenarios with tan 8 = 10, a universal s coupling and
A 2(Mx) = 0.1, so far have My > 1 TeV. The lower limit on the Z’ mass used in this
study is 700 GeV and it is interesting to see a spectrum of masses where My is close
to this bound. Benchmark A4, whose spectra is shown in Fig. 9.11, is an example of
this with Mz = 719 GeV. A light Z’ boson can provide a signature through enhanced

production of lepton—anti-lepton pairs.
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Figure 9.11: Benchmark point A4. tan 3 = 10, s =1.9TeV, M, = 382GeV, my =
816 GeV, A = —19GeV, A(Mx) = —0.2573, A(us) = —0.2780,, Ai2(Mx) =
0.1, /{17273(Mx) = 01739, /117273(#5) = 0.4979.

This point appears on the left hand side of the mo — M/, plain shown in Fig. 9.2
lying somewhere between Al and A2. The sfermions are heavier than those in Al
because my is larger. However the heaviest neutralinos and Higgs boson and the exotic
D fermions are lighter than in Al since their masses are set by s. All points with
Mz < 1 TeV appear in a similar region of the mg — M, » plane and will have similar
spectra. Points with Mz < 1 TeV do not appear in the bottom left corner of the plot

from where Al was drawn.

It is also significant that such points with low Z’ masses occupy a region in the
mo — M ;o plane that is also covered by points with Mz > 1 TeV. This is important
because during this project a limit of Mz > 936 GeV [263] was informally announced,
though it has not yet been confirmed in a formal publication. All exclusion plots

presented in this thesis are, in fact, valid with the new limit on the Z’ mass, despite
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the fact that we did not impose this as a bound. No other benchmark points with
My < 1 TeV will be shown here, but if the old limit, in fact, persists the benchmarks

associated with different tan  could also have spectra with a pattern similar to A4.
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Figure 9.12: Benchmark point B1l. tan 3 = 30, s =3.1TeV, M, = 365GeV, my =
702GeV, A = 1148GeV,A(Mx) = —0.37845, A(us) = —0.3661,, A2(Mx) =
0.1, /€17273(Mx) = 017121, 51’273(,us) = 0.4813.

Similar patterns in the mass spectra can be observed for scenarios with a larger
tan 3 = 30, but still with a universal x and fixed A\;2(Mx) = 0.1. Benchmark B1,
whose mass spectra is shown in Fig. 9.12, is drawn from the lower left corner of Fig. 9.4,
and can be seen as an analogous point to A1, but with a larger tan 5. Also of interest in
this spectrum is the lightest sfermion being an exotic D sfermion with mp = 393 GeV,
so light as a result of even larger mixing than in A1l. Other than that, the pattern of

masses is quite similar to that of A1, but just a little heavier since mg and s are larger.

Similarly benchmark B2 (with spectra shown in Fig. 9.13) and B3 (spectra shown in

Fig. 9.14) can be seen as larger tan # analogue of benchmarks A2 and A3 respectively.
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Figure 9.13: Benchmark point B2. tan3 = 30, s=3.4TeV, M,/ = 361 GeV, mg =
993 GeV, A = 1121GeV,A\(Mx) = —0.3333, A(us) = —0.3238,, A2 (Mx) =
0.1 /€17273(Mx) = 01839, /4,17273(#3) = 0.5078.

In B3 there is again an increased mixing in the exotic sfermions leading to a very light
mp, = 312 GeV. How these objects decay depends on whether they are scalar diquarks
or scalar leptoquarks (i.e. whether we are in CEgSSMI or CEgSSMII). In CEgSSMI the
exotic scalar diquarks decay through Z violating terms, gngi(Qij) and g7, pDidsus,.

Therefore the scalar diquarks decay into an up and a down type quark,® like D — th.

If instead we are in the CEgSSMII then the scalar leptoquarks decay through
9D NED;ds, gE e Djuf, and gD, (Q;L;) Dy, This results in decays into quark and lepton
pairs like, D — ¢7.

Since the discrete symmetry forbidding proton decay permits single production of

'Please recall that in the EgSSM the discrete symmetry which prevents rapid proton decay ensures

that the exotic quarks must decay into a sparticle, while the scalar partners do not.
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Figure 9.14: Benchmark point B3. tan 3 = 30, s =5.0TeV, M, = 725GeV, my =
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these exotic scalars, they can mediate contact interactions between ordinary fermions.
However any constraints, coming from such contact interactions, on the masses of these
particles depends also on the coupling between these fields and ordinary matter. In
the EgSSM such interactions are ZZ suppressed and contact interactions should not

introduce bounds beyond what has already been assumed.

However recent, as yet unpublished, results from Tevatron searches for dijet res-
onances [264] should apply to the scalar diquarks. This search increases the lower
bound on the diquarks to 630 GeV. Therefore in scenarios like B3, where this bound
is violated, the exotic scalars should be leptoquarks, with the version of the EgSSM

model containing diquarks ruled out for such scenarios.

For tan # = 3 the spectra benchmark scenarios, C1, C2, C3, with a universal x and
A 2(Mx) = 0.1 are shown in Figs. 9.15, 9.16 and 9.17 respectively. These benchmarks
can also be thought of as being lower tan § analogues of the benchmarks A1, A2 and
A3, though in the case of C2 and C3 larger values of s were chosen so that an examples

of very heavy spectra could be shown.
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Figure 9.15: Benchmark point C1. tanf = 3, s = 3.3TeV M,/ = 365 GeV, my =
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It is also interesting to consider spectra with with a hierarchy in the exotic fermion
couplings k1, k2 and k3. Fixing k12 < 1 could provide light first and second generation
exotic colored sfermions and fermions. Benchmark D1 (Fig. 9.18) is an example of this
with very light exotic fermions with masses ,u}f = 300 GeV, which is even lighter than

the gluino mass, my = 353 GeV.
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Figure 9.18: Benchmark point D1. tan 3 = 10, s =2.7TeV, M, = 388, GeV mg =
681, GeV A =645, GeV, A o(Mx) =0.1, A3 =—0.378, A(us) = —0.348, K19 =
0.06, r3(Mx)=0.42, r3(us) = 0.915.

Benchmark D2 is similar to D1 but the spectra, as shown in Fig. 9.19, contains

both very light exotic sfermions and fermions, Mmpr2 = 370 GeV and u}f = 391 GeV.

The decays of the light exotic colored sfermions have already been discussed earlier,
and are unchanged here. The decays of the exotic colored fermions are governed by the
same ZIT violating couplings as their sfermion superpartners. Leptoquarks can decay
be detected by decay into quark and a slepton, like D — t7* or a lepton and a squark,

like D — v.b*. The diquarks decay into a quark and squark, like D — th*.



9.4: Results 150

i T T I T T T T T ]

i 3 1

2000} J

- . I =0 ]
T G2, d1 - Xi !
2 1500 D1 -
o | ]
g I - h ro ]
é“ 1000~ By Dby? :/ — 8 £
[ il B . j
= = xf| X2 P2, ]

500} b7 L — N

- t~_1 12 q1 .D_7 Hl’g g |

- 1,2 — =

r D1= e h g 4

L _/ X1 __1 H i

() 1 | 1 ] dl | / | 1

myLsp = 61 GeV
myp,, = 114 GeV (approx. two loop)

Figure 9.19: Benchmark point D2. tan 3 = 10, s =2.7TeV, M, = 358GeV, mg =
623GeV, A =757GeV, Ao(Mx)=0.1, A3 =-0.395, A(us) = —0.355, Ky =
008, Hg(Mx) = 043, /‘ig(,us) = 0.915.
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Finally since in all benchmark scenarios so far, light Inert Higgsinos have been
preselected, there has always been some exotic particle (Z’ boson, D fermions, sfermions
and Inert Higgs and Higgsinos) with a mass lower than 500 GeV in the spectra. This
is not necessarily the case. Benchmarks F1 (shown in Fig. 9.20) and F2 (Fig. 9.21) are
scenarios where all exotics are heavier than 900 GeV. This demonstrates the range of

possibilities in the CEgSSM model.
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Figure 9.20: Benchmark point F1. tan 8 = 10, s =4.0TeV, M,/ = 426 GeV, my =
701 GeV, A = —1652 GeV, )\172(Mx) = 28, )\3(Mx) = —20, )\3(,US) =
—0.266, K12 =25 k3(Mx)=2.0, r3(usg)=0.652,

If such a scenario like F1 or F2 is chosen by nature, where the only light sparticles
are the gluino, the two lightest neutralinos and the lightest chargino phenomenology
signatures can still be obtained. Pair production of x3x3, X9x7, xi xT and §g§ should

still be detectable at the LHC.

Since the gluino decays through, § — qgq + EF*% the light gluino provides a sig-
nature for the model at the LHC through, pp — ¢qqq + EZ*** + X. In this case a
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Figure 9.21: Benchmark point F2. tan 8 = 10, s =4.0TeV, M, = 389GeV, my =
725 GeV, A = —1528 GeV, )\172(Mx) = 26, )\3(Mx) = —2.0, )\3(#3) =
—0.259, ki3 =2.5, k3(ps) =0.728.
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detailed phenomenological study is needed to look at the significance of this signature
and how it differs from other SUSY models. This is not included here but is left for
further study. The second lightest neutralino decays through x5 — x9+1I and so would
produce a signal pp — Il + B + X, just as in the MSSM.

In this section we have investigated the spectra of the CEgSSM and have observed
that several distinctive patterns present in them. The Z’ boson, two heaviest neutrali-
nos and the heaviest CP—even Higgs boson are normally heavier than all the sfermions
of ordinary matter. Their masses are almost degenerate around Z’ boson mass My,

ie.
‘mxg‘ ~ |mxg‘ ~ mhg ~ My (9.16)

This is the case for all but one of the benchmark spectra presented here. In such cases

we also find that at tree level,
Mp+ o= My >~ myg (9.17)

and we assume, though do not explicitly check that this is maintained at the one loop

level.

However if s is very light this can be changed, as is shown in benchmark A4. In

this case the degeneracy is with the 2nd heaviest Higgs instead,
Mool = [myo| >~ myg =~ Mz (9.18)
and in this case the tree level quasi-degeneracy amongst the Higgs is,
MH:E ZMAth(Q). (919)
One generation of exotic colored fermions and sfermions also have their mass set
by the singlet vev, s, and are therefore usually relatively heavy, though, due to large
mixing, sometimes one of the exotic sfermion may be light. If the k; couplings are not

all equal then light exotics then other generations of sfermions and fermions may be

light, as only one k; coupling needs to be constrained for EWSB to take place.
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The CE¢SSM predicts that the set of the lightest particles always include one CP—
even Higgs boson, the lightest neutralino, the lightest chargino and gluino. The masses
of the lightest and second lightest neutralinos, the lightest chargino and gluino are

determined by the soft gaugino masses M7, My and Mj3 respectively, i.e.

OZMl, mgNmiﬁMg, mgﬁMg. (920)

It also predicts that the gluino is lighter than all sfermions superpartners of the
observed SM fermions. As mentioned in chapter 8 this is a result of the RG flow and
has strong implications for cascade decays. There is also a stable hierarchy amongst
the these sfermions, with the heaviest sfermion being one of the down type squarks, 52
or the quasi-degenerate first and second generation 672 Exotic colored sfermions and
fermions could appear at low energies providing very exciting collider signatures of the
model. This is not however a concrete prediction of the model as it is also possible for

all exotics to be relatively heavy.

9.5 Conclusions

In this chapter the CEgSSM has been introduced and the low energy consequences
of the model have been explored. We find it is difficult, if not impossible, to obtain
solutions with my << M/, while maintaining M;,» < 800 GeV for a light particle
spectrum. This makes it very challenging to obtain light sleptons and no scenarios
with this feature were found in our study. The squarks of ordinary matter also tend
to be quite heavy. The lightest sfermion of ordinary matter in all benchmark scenarios

presented here is the lightest stop.

By contrast the gluino can be very light. This should be compared to the CMSSM
where the gluino tends to be heavier than most of the sfermions (see e.g. [178]). This
feature of the model is a result of the RGFE evolution.In the EgSSM the one loop beta-
function for the strong coupling (and by implication the soft gluino mass parameter)

vanishes, whereas in the MSSM it is < 0 resulting in an increase in the gluino mass
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parameter as the RGE are evolved to low energies. A gluino which is lighter than the

sfermions is therefore a stable signature of the CEgSSM.

In addition to two light neutralinos, a light chargino and a light Higgs should be
present. As has been shown in benchmark F2, it is possible that none of the other
unobserved particles presented here are lighter than 700 GeV. Nonetheless there are
many scenarios where there is light exotic matter below 500 GeV, which would provide

a very striking signature of the model.



Chapter 10

Summary, Conclusions and Outlook

Electroweak symmetry breaking is crucial to particle physics, as without this taking
place gauge theories cannot provide a correct description of nature. While the mecha-
nism which does this is currently unknown, theoretical models based on gauge theories
must include some mechanism for doing this if they are to to be consistent with data.
In chapter 2 we described how, in the Standard Model, the minimal version of Higgs

Mechanism, consistent with data, breaks the electroweak symmetry.

In addition we also explained that we doubt this minimal model will be found in
nature as it suffers from the Hierarchy Problem, where the parameters governing the
mass of the Higgs boson have to be very delicately fine tuned to maintain a weak
scale, which is much lower than the scale at which gravitational interactions become

important.

This problem has motivated many new models of beyond the Standard Model
physics. These models have more complicated mechanisms for electroweak symmetry
breaking, but are considered preferential because they reduce the fine tuning, admitting
the possibility that the observed spectrum of masses might be a natural consequence
of the model, without some tweaking of the parameters. It is also significant that it
appears that any solution to this hierarchy must have new physics which is present at

low energies that will be within reach of the LHC, which has just started running as
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the finishing touches to this thesis are being made.

If the scale of the new physics is too large this will reintroduce some kind of fine
tuning between the mass scale of the new physics and the scale at which electroweak
symmetry is broken. This tuning is the first aspect of electroweak symmetry breaking

explored in this thesis.

In order to be quantitative about this one must study each model individually and
apply some prescription for measuring tuning. In chapter 5 some criticisms of the
tuning measures used in the literature are presented and a new measure of fine tuning

is introduced and it’s meaning and relation to other measures expounded.

In chapter 6 this new tuning measure is applied to various models, including a toy
version of the SM, in order to demonstrate it’s use and further elucidate the meaning.
It is shown that the new tuning measure picks up the correct features of the Hierarchy
Problem while not suffering from any of the problems it was designed to solve. It is also
applied to the case of the CMSSM where measures in the literature have indicated that
the fine tuning may now be quite severe due to the LEP limits on sparticle masses.
The new measure demonstrates that tuning increases with mass scale, as expected.

However the results cast doubt on previous claims about the severity of the tuning.

Unfortunately all tuning measures should be normalised in order to remove global
sensitivity. This means that a correct normalised measure requires a sampling of the
whole parameter space, not just some limited region of it. Doing this went beyond
the scope of this study, however from examining points already ruled out by LEP we
observed that many such points have larger than expected values for the unnormalised
tuning measures, due to different hierarchies in the model. It is possible that in a highly
constrained model, such as the CMSSM, any choice of it’s parameters will lead to some
large cancellation amongst them in the expression for one of the masses. Therefore it
may be the apparent large tuning in the CMSSM is a simply a result of only considering

one observable, the Z boson mass.

It is possible that with some sensible bounds on the parameter space and sophis-
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ticated sampling techniques this work could be expanded and a result for normalised

tuning found. This work could be pursued in the future.

The second aspect of electroweak symmetry breaking studied in this thesis is the
possibility that EWSB can be driven by radiative corrections. This has already been
established for the constrained versions of the MSSM, but in this thesis it is demon-
strated that this can also occur in the NUHM EgSSM (chapter 8) and the CEgSSM
(chapter 9).

In the former a qualitative study was performed for a sample choice of new EgSSM
Yukawa couplings. For this point it was demonstrated that radiative electroweak sym-
metry breaking can take place for many different values of the NUHM EgSSM soft
parameters, though there are constraints on mg and M, ), requiring them to be 2 500
GeV. A sample spectrum is then shown with masses ranging from ~ 60-1700 GeV. The

spectrum is very hierarchical with a gluino lighter than most fermions.

A more extensive and quantitative study was carried out in the CEgSSM. In this
model constraints on the M/, — mg plane were obtained for scenarios with universal
exotic fermion coupling k, fixed Inert Higgs coupling A; o(Mx) = 0.1 and fixed values
of tan § = 3,10, 30. Sample spectra for these scenarios and also other patterns of the
new Yukawa couplings were presented. These show hierarchical spectra with all the
sfermions heavier than the gluino. This is a very unusual feature of the model which
could provide an interesting signature. A thorough phenomenological study on the

process pp — qqqq + EX** + X should be carried out in the future.

Additionally the exotic particles of the model, a Z’ boson, exotic colored objects
and Inert Higgs and Higgsinos could all be detected directly at the LHC if they are
light enough.

With the LHC now running and the first collisions anticipated shortly these are
very exciting times for particle physics. The mechanism behind electroweak symmetry
breaking should be revealed, whatever it may be. In addition a solution to the hierarchy

problem requires new physics to appear within the mass ranges (O(1TeV)) probed by
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the LHC. So assuming the LHC is sensitive to this new physic it will be discovered. The
specific models investigated here, the CMSSM, NUHM EgSSM and CEgSSM, which
have been motivated by naturalness, can be tested directly and either discovered or

rejected as solutions to the hierarchy problem.



Appendix A

Superfields

As is described in the body, the Haag-Lopuszanski-Sohnius generalisation of the Coleman-
Mandula no-go theorem shows that the most general space-time symmetry also includes
fermionic SUSY transformations. Therefore supersymmetry can be viewed as an ex-
tension of space-time. This can be made explicit by adding fermionic coordinates,
67, 6;, which are 2 component Weyl spinors with a,¢ = {1,2} and individual com-
ponents being anti-commuting Grassman numbers, {6, 6°} = 0. Including these four
new co-ordinates along with the usual four space-time ones gives a superspace with

coordinates,
z = (1,,0%0,). (A.1)
A superfield is a function of superspace coordinates. Noting identities such as,
6°6°6° = 0, (05"0)(00"0) = %g’”@@{ fot = —05"0 (A.2)

one can observe that the most general form for a superfield is,

¢(2) = ¢(x)+0((x) + Ox(x) (A.3)
+0*m(z) + 5271(33) + 05"V, () (A.4)
FO20N(z) + 0 00(z) + 0%07d(x). (A.5)

a

. L. . —9 _ _ .
where spinor indices are contracted as in 6% = 66, = 0%,,0° and 0 = 0,0 = 0,¢%°0;.

There are four complex two component spinor fields, ¥(x), A, ((x) and y(x) giving
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16 fermionic dof. The four complex scalar fields, ¢(x), m(z),n(z) and d(z) make up
eight bosonic degrees of freedom (dof). If the vector field V,(x) is complex then this
contributes eight more bosonic giving 16 bosonic dof in total. A real Vector field would

only contribute four dof, violating n, = ny.

However this general superfield is not an irreducible representation of supersym-
metry. It can be reduced to give chiral superfields or vector superfields by imposing

constraints, eliminating certain degrees of freedom.

A.1 Chiral Superfields

Using the SUSY covariant derivatives,

poel iir @0 D 0 g O
° 8 90" Ozt

one can define chiral superfields by, 5a$ = 0 and anti-chiral fields Dagg = 0. With this

(A.6)

constraint a chiral field can be written as,

o(z) = o(x)+i05"00,6(x) + i@@zﬁuﬁ“gb(x) (A7)
- EGQam(:c)aﬂé + 0*F(z). (A.8)

Alternatively defining y* = #* — 00”8, and relating chiral fields via ¢(y,0,0) =
ggL(x, 0,0) to left-handed chiral fields, ¢, we obtain,

+V2604(x)

b1(2) = d(z) + V20( (z) + 62F(2). (A.9)

There are no vector fields in these expressions only, two complex scalar fields (4 dof)

and one complex Weyl spinor (4 dof), so that n, = ny.

A.2 Vector Superfields

Vector superfields, V, are formed by imposing the constraint, V(z,6,0) = V(x,0,0)
requiring V' to be self-adjoint. This gives,

V() — C(x)+wx(x)—¢5y(x)+%e2 (M(z) + iN(x)] (A.10)
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L5 M) — iN (@) 00V, (0) (A1)
+i6%0 [X(as) + %E”@ux(x)] _ i {)\(x) + %auauy(x) (A.12)
%9292 {D(x) + %6u6”0(x)] : (A.13)

where C(x), M(z), N(z), D(x) are real scalar fields, contributing four bosonic dof,
V,.(z) is areal vector field contributing a further four bosonic dof, while the two complex
spinor fields x, A give eight fermionic dof. Therefore n, = ny again. Nonetheless this
vector superfield still has excess dof due to gauge freedom. There is a supersymmetric
gauge transformation exp (gV) — exp (—igo!) exp (¢V) exp (igp) which can be made,
where ngS is a chiral superfield and g is the gauge coupling. For example specialising to
the Wess-Zumino gauge removes three scalar dof, C';, M, N and the four fermion dof
contained in . This leaves just the ordinary gauge freedom V), — V; = G(z)V,G '+
é(@HG(x))G_l where G = exp (iT - a(x)), T is a vector of the generators of the gauge
group and «(x) is a an arbitrary position dependent vector. When the gauge of V), is
also fixed, a further bosonic dof is removed and only four fermionic and four bosonic

dof remain,

Vivz(2) = —0010V, () + i6°0\(x) — i0 OA(z) + %925217(95). (A.14)
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Construction of the EgSSM

B.1 Gauge Structure

The gauge group is
SUB)@SUR2)@U(1)y @U(1)N, (B.1)

where U(1)y is defined by,

with U(1), and U(1), in turn, defined by the breaking,

Es — SO(10) x U(1),, (B.3)
SO(10) — SU(5) x U(1),. (B.4)

B.2 Matter content

The matter content is based on three generations of complete 27plet representations

of Eg in which anomalies are automatically cancelled. The 27; multiplets decompose
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under the SU(5) x U(1)y subgroup of Eg,

e (n3g) (), ) )

+ <1’¢i470)i+(1’0)“

where the quantities in the brackets are the SU(5) representation and extra U(1)y

(B.5)

charge, respectively. Index i runs from 1 to 3 in family space. SU(5) can break into

the SM gauge group,
and the matter multiplets further decompose,

1 1

us ~ 31,21 Lo (1,222 9
3 2

e~ (1,1,1,1); (B.7)

1 1
(5*7 _3>Z - Hli ~ (1727 _57 _3) (57 _Q)Z - H2i ~ (1727 57 _2)

_ 1 1
D; ~ (3*,1, 5,—3) D; ~ (3,1,—5,—2) (B.8)

where the quantities in the brackets are the SU(3) representations, SU(2) representa-
tion, U(1)y hypercharge and U(1)y charges.

So each 27plet, (27);, is filled with one generation of ordinary matter
(Qi, uf, d5, L;, €5, Nf); a singlet field, S;; up and down type Higgs like fields, Hj;
and H;; and exotic colored matter, D;, D;. In addition to the matter contained in
complete 27plets, the model contains two extra SU(2) doublets, H' and H which are
components of 27" and 27 Esg representations that survive to low energies. The inclu-
sion of H' and H affects the running of the gauge couplings at the one loop level and
allows for unification at the GUT scale. So long as p/ (the parameter which sets their

masses) is between the EW scale and 30TeV unification can still take place.
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To summarise the matter content of the EgSSM is,
3[(Qi, ug, d8, Ly, €6, NE) + (Si) + (Ha) + (Hyy) + (Di, D) + H' +H, (B.9)

As mentioned in Sec. 7.1.5 the right-handed neutrinos, Nf, are expected to gain masses
at some intermediate scale. All other matter in the EgSSM! should have masses between

the TeV and EW scales near which the gauge group U(1)y is broken.

B.3 Superpotential

The most general renormalisable superpotential allowed by the low energy gauge struc-

ture of the EgSSM is,
Wtotal - WE(; + W% (B]_O)

where, Wpg, is the most general renormalisable superpotential which is allowed by the

Eg symmetry,

WE(; = W0+W1+W2,

Wo = NguSi(HijHox) + kijiSi(DjDy) + hf}kaf(H%Lk) + h%kuf(HﬁQk)ﬂL

+hDde(Hy; Qi) + hEes(HyjLy) (B.11)

ijk
Wi = g4Di(QiQk) + gl DidSus

Wy = gfﬁNijdi + ggkeijui + ggk(Qz‘Lj)Ek :

W% contains all terms which violate Eg, are permitted by the low energy gauge struc-

ture of the EgSSM, SU(3) x SU(2) x U(1)y x U(1)y,

1

!There is other matter expected to appear at the unification scale, but the EgSSM is defined here as
a low energy, phenomenological model which is only inspired by Eg, not an actual Eg¢ GUT embedded

model.
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W = ! (H'H') + pi(H Li) + hiyN¢(Ha H') + i e (Hy H')

Wi = ngN;N;ng + AN + Ay Si(HiyH ) + gy Ni(H L)

(B.13)
NNC(H H/) zg Z(H Q]> + ,Uzz](ngL‘) + ,UzZ(HQZH ) + /LZJD dc

W3 = g (Q:H")D; i k=1,23.

Eq. (B.10) includes lepton and baryon number violating couplings which can induce
proton decay. In addition the exotic fields in Eg inspired SUSY models have new
Yukawa interactions that will generally induce large non-diagonal flavour transitions
in conflict with experiment. To suppress all of these unwanted effects a Z symmetry

can be postulated.

Under this symmetry only one pair of Higgs like fields H;, H, and one singlet S

are even under this symmetry and all other superfields are odd. We define,
Hd = H173, Hu = H273 and S = 53. (B14)

With this symmetry imposed only H, interacts with the down type quarks and charged
leptons and only one H,, couples to up type quarks while the couplings of all other exotic
particles to the ordinary quarks and leptons are forbidden, eliminating problems with

the non-diagonal flavour transitions.

However the ZT symmetry can only be approximate as it results in a Lagrangian,
invariant not only with respect to U(1), and U(1)g, but also under U(1)p symmetry

transformations D — e*D and D — e~ D.

The U(1)p invariance ensures that the lightest exotic quark is stable. Theoretical
estimations, based on models of the early universe, imply such heavy stable particle
should be confined in heavy hadrons which are present in terrestrial matter with a
concentration [265] far above experimental limits [266].So the Z¥ symmetry in the
EsSSM has to be broken, but the breakdown of ZH should not give rise to operators

leading to rapid proton decay.
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This problem is overcome in the EgSSM in two different ways, which define two
distinct, though closely related, models, EgSSMI and EgSSMII. One may insist that
the resulting Lagrangian must be exactly invariant with respect to either a discrete ZZ
symmetry, under which all superfields except lepton ones are even (EgSSMI), or under
a discrete ZP symmetry, which implies that exotic quark and lepton superfields are
odd whereas the others remain even (EgSSMII). If the Lagrangian is invariant under
the Z8 symmetry transformations then all terms in W, are forbidden and the exotic
quarks are leptoquarks, i. e. they carry baryon (Bp = 1/3 and By = —1/3) and
lepton (Lp = 1 and Ly = —1) numbers simultaneously. If ZI is imposed then all
terms in W5 are forbidden and the baryon number conservation requires the exotic
quarks to be diquarks?, i.e. Bp = —2/3 and By = 2/3. The two possible models can

be summarised as,

1
Weessmr = Wo+ Wi + §MiijNf + W, (B.15)

1
Weessmun = Wo+ Wa + iMz’jNicN; + Wy + Ws. (B.16)

Since ZH symmetry violating operators lead to the non—diagonal flavour interac-
tions, the corresponding Yukawa couplings are expected to be small. Moreover these
Yukawa couplings must preserve either Z£ or ZL symmetries that ensure proton stabil-
ity. To guarantee that the contribution of new particles and interactions to the K° iy
oscillations and to the muon decay channel 1 — e~ ete™ are suppressed in accordance
with experimental limits, it is necessary to assume that the Yukawa couplings of ex-
otic particles to the ordinary quarks and leptons are less than 1072 — 107*. Since Z&Z
symmetry violating Yukawa couplings are expected to be so small they do not affect
the RG flow of other masses and couplings and therefore can be safely ignored in our

analysis of the particle spectrum.

The ZI symmetry reduces the structure of the Yukawa interactions in the super-

2The breaking terms include a term a baryon violating ungid;? which can lead to p — 77x°. So
in E¢SSMI this must be forbidden by an additional Zs symmetry, under which only Q;, u{, df are
odd and all other superfields are even. This is not stressed here as it is not clear how this Eg breaking

term would be generated if one assumes an Eg GUT embedding of the model.
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potential of the EgSSM to:

Wegssmr i — \iS(HiiHa) + £:S(DiDs) + fapSa(HaHzg) (B.17)
7 1 .

+fap Sa(HipHu) + 5 My NENT + f(H'H) (B.18)

+hfj(HdH,)€; + hiVj(HuH,)Nf + Wassm(pe = 0), (B.19)

where o, = 1,2 and i = 1,2,3. In Eq. (B.19) we choose the basis of Hy,, Haa, D; and
D; so that the Yukawa couplings of the singlet field S have flavor diagonal structure.

This model is constructed with the intent that the third generation fields H, = Hj 3,

Hy= H, 3 and S = S3 will be Higgs fields in this model and develop vevs,
(HYY =v,, (HY) =wvg, and (S)=s, (B.20)

where v, and vy give mass to ordinary matter, while s both gives mass to the exotic
colored fields, x;S — K;s = mp, and generates an effective p-term, fiopr = Ags. To

ensure that none of the fields Sy 2, H and H' obtain a vev it is further assumed that,

R ~ )\3 2_, )\1,2 > fozﬁ> .focﬁ> h’i? h'zjl\g (B21)

For the purposes of Renormalisation Group analysis the couplings f.g, fag, hfj, hfl\;

are sufficiently small that they can be neglected. This leaves a superpotential,
Weessar ~ NiSHyiHo i + £:SDiD; + hyi H,QiuG; + haiHaQid5; + heiHaLicGh,, (B.22)

where h,; = {hy, he, b} are the Yukawas for the up type quarks, hy; = {ha, hp, he} are
the Yukawas for the down type quarks, and he; = {he, h,, h;} are the Yukawas for the
charged leptons.
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EsSSM Renormalisation Group

Equations

The running of gauge coupling constants from the Grand Unification scale to the elec-
troweak one is determined by the set of renormalisation group (RG) equations. The

corresponding RG equations can be written as,

G _ oy B, dg2 _ Bag3 dgs _ Bsg3

dt dt — (4m)?’ dt — (4m)2’ (G-1)

where ¢ = In [Q)/Mx] while B and G are 2 x 2 matrices describing the RG flow of the

Abelian gauge couplings which is affected by the kinetic term mixing, i.e.

g1 91
G = : (C.2)
0 ¢
B, Bn 1 519% 20191511 + 20191151
B = = C.3
(47)2 (C.3)
0 B 0 9125{ + 29591511 + 941 51



170

V6

In the one-loop approximation 311 = 5 The two—loop diagonal 3 functions of

the EgSSM gauge couplings are given by,

1 :
B3 = —9+3N; + — { 3(—54 + 34Ny) + 3N,gs + Nygi + Nygy*

167
—4h? — 4h7 — 22,@], (C.4)
1 2 3 2
B = —54+3Ng+ — 1672 8Ngg3 (=174 21Ny)g; + 5 + Ny | 91
2 :
+ <g + Ng) g — 6h7 — 6h; — 2h2 — 224 : (C.5)
3 1 . (9 , (9
pr = R + 3Ny + —— 6.2 {SNQg3 + (5 +3Ng) g5 + (25 +3Ng)
6 oy 26 14 18 6 4
+ <% + N, ) 91 — ghf - ghz - ghi - EEA - EEK] , (C.6)
2 1 6 6
By = =8N+ {SNQg3 <5 - 3Ng) g5 + (25 + Ng)
4 9 7 19 57
+<25+3N) ——h2——h2——h2—€EA—E } (C.7)
(C.8)
where,
Ya o= AN+, Y. = Ki + K5 + K3, (C.9)

The Yukawa couplings appeared in the superpotential of the EgSSM obey the fol-

lowing system of two—loop renormalisation group equations:

C?ti = (;) [%2 +25, 4 3%, + <3h2 +3R2 + h2)5

—3g5 — ggf 12 2 (ii;;] , (C.10)
CZ? = (4’:)2 2 + 25, + 3%, - 13693 145 : 13 2y (4;%)2} , (C.11)
% = (4}:)2 :)\2 +6h7 + hif — 1—3695 — 395 — %g? - %g? + (if;;} : (C.12)
% - (4]::)2 :AQ + i + 6hy + 17 — ?93 — 395 — %gf - 109'12 + (Z(L;;] . (C13)
dCZT _ (4’:)2 :>\2 + 3h; +4h2 — 395 — ggf 10 g2+ (52?)2] 7 (C.14)
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where the two—loop contributions to the corresponding 3 functions are given by,

) = _9)? (Af 125, — A2 (3hf + 324 h2 + hi) (2+ 653)

- [th‘ + Ohd + 6h2h2 + 3h% + 3h4, + 2h3h?v} §is + 16625, + 6625,

4 6 o (5 9 6
+g? (SZR + gzx) + g7 <2A3 =k~ gzx) + [169§<hf - hg)

4 2 6 / 3 1 1
+9; <5hf - 5h2 + ghi) +97 <—1—0h2 ghg - ghz)}%

™3 9\ 19, 27
+3g3 (3N, — 2) + 9t (3N, + =5 ) + 1001 (3N, + 5

5 10/ " 107 20
9 39 39
+20201 + 209291 + 1009191 + 3&) — AIT, — 611, (C.15)
B = _o2 (a? 4%, + 32,€> —4TL, — 611, — 2)2 <3h2 4324 B2+ hi)
4 6 (5, 9 6
16925, + 6g2% 228, + =% 2 ZR2 - 23, — =%
+16g52. + 0695 A+91(5 +5 A)+91 oM T F 5 oA
16 , 19\ 4 11
3N, — 3N,
3 3( 3) 157 1( * 15)
19 27\ 64 ,, 52 5., 13,
+159" <3N 20) +E90L T 9590 + =010 (C.16)
B = 22kt —5hi — 5h2h2 — 3h2h3 — hih? — h2h3, — 3k

2 (V +3h2 4 4R2 + h2 + 25, + 32,.;)

6 2
+16g3h? + 6g5h? + g7 (ghf + ghg)

i (3 3 3 16 19 7
+gr° <§>\2 - 1—Oh§ + ghg) + Eggl <3Ng — ?) + 39, <3Ng — 5)

13 31 3, 11 136
3N, — g 3N, + — 8 —G2q?
+1591 ( g T 30) + o9 ( g T 20) + 89395 + 15 9391

8 3 3
+ 039 + 9391 + 0500 + 505010 (C.17)
B = —5hi—22hi — 5hIh} — 3h3h2 — h2h% — h2h%, — 3h1

22 </\2 +AR? 4 3h2 + % + 25, + 3zﬂ)

4 2 6
rrogint + gt + ot (31 + 20+ 2n2)

16 19 7
2 2 2 132 4 _ _
+g2 <)\ + 5h + h} 5h) =0 (3N ; ) +392<3Ng 2)
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7 5 7, 3 8 4,
+1—59f (3Ng + —) +—g <3Ng + —) + 89395 + —g391 + =G50

6) " 10 4 9 3
3, ., 49 L
+0391 + 59290 + T559101 (C.18)
B = —9hl —3h2hZ — 9hZh? — 3h2h3, — 10ht — 3% — 3h2h% — A2(A2 + 3h2

2 6
+2h3 + 3h% + 2%, + 32ﬁ) + 16g3h; + 6g3h% + g7 <—gh§ + ghi)

/ 1 13 7 9 3
+g7° <>\2 — ghi + 1—0h3) + 395 <3Ng — 5) - ggf‘ <3Ng - 5)
- 3N, + = - — — C.19
and
Ty = Al + A3 + A3, I, = K] + K3 + K - (C.20)

In the two—loop approximation the RG equations for the gaugino masses and tri-

linear scalar couplings take a form,

dMg g?% 1 9
— —1 N)M; + —— | (=21 136 N,) gz M.
dt 167T2 ( 8+6 g) 3+167T2 ( 6+ 36 g>g3 3
+ 6N, g2(My + M) + 2N, g>(M; + Ms) + 2N, g2 (M| + Ms)
— 8hi(Ar + M) — 8hi(Ay + My) — 4%, — 4EHM3)} : (C.21)
dMo 9%

1
di = 167‘(‘2 |i(—10 + 6Ng)M2 + W (16Ngg§(M3 + MQ)

6
+ (=68 -+ 84N,)g3 M, + <5 + 2Ng) G2(My + M)

4 :
+ (g + 2Ng) g2 (M) + My) — 12R2(A; + My) — 127 (A + My)
— 4R2(A; + My) — 4%, — 42AM2)} : (C.22)
dM 2 1/6 1
P 15;2 KS * 6N~") Mt 16 (16N99§(M3 M)

36

18
+ (g + 6Ng) gS(MQ + Ml) + (2—5

12 ,
+ 12N,) giM; + (% + 2Ng) g2 (M + M)
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M

52 28 36
?h?(At + Ml) - ghg(Ab + Ml) — ghz(AT -+ Ml)

12 12 8 8
—XA, — —2X\M; — =X, — —ZﬁMl)},

dt

dAy
dt

dA,,
dt

4,
dt

dA,
dt

dA;
dt

+

5 7 5 574 5
g2 [[4 ,
1672 | \5 T 0V To72 | 10Nug5 (Ms + M)
12 " 12 /

25
18

16 :
( + 12N, ) 9> M

42 14
—hZ(A, + M) — - —R2(Ay+ M) — —h2(A, + M)

O 5
38 38 57 57
N, — ML -2y, — e M) |
5 AA 5 A 1 5 Ag 5 1):|
1
Ay [4&214& +4%4, + 654, + (6h7 Ay + 6hp Ay + 212 A;) 63
2)
6 19 , B,
_6 M 2M 2Ml A
go Mo — 591 1— 5 (47T)2}7
32 8
2 2
ey AKE A, + A, + 6T, — SgiMs — gt
19 )
9 g
T oMt (47r)2} !
1 2 2 ) 32 2 9
= 2024, + 1202 A, + 252 Ay — <63 My — 6930,
2)
26 2 3 /2 / 6A
_ M M t :| ,
1591 1~ 5 + (47‘()2
1
(47) [2)\214’\ +2h{ Ay + 120 Ay + 207 A —93M3 — 695 M,
(@)
14 2 7 "2 0 1 ﬁA
M — Ld?M b }’
15 T R
1 18 7,
T [2)\214,\ + O A, + Sh2A. — 6030 — gty — Lo M|
B
(47?)2] ’

(C.23)

(C.24)

(C.25)

(C.26)

(C.27)

(C.28)

(C.29)

(C.30)

where the two—loop contributions to the 3 functions of trilinear scalar couplings are
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given by

6(2) _

—02 (X425, + 35, ) Ay, — D2(N Ay, + 25, + 33,
16114, — 24114, — 202 (3h§ +3R2 4 hi) (24 6:3) Ay
o) <3tht 4 3R2A, + hEAT> (2+ 6:3)

12 [3tht 4 3REA, + h2R2(A + Ay) + hj‘,AT] 5is + 3297 (zﬁM3 + zAﬁ)

4 6 4 6
+129§ (EAMQ + ZAA> + 29% [(52,{ + 52)\) Ml + SZAN —+ SZAA]

W[5 9 6 5 9 6
2 2[ N = STe— 2Ta ) M+ oNA = 1Ty, - 2T ]
+ gl (2 1 5 5 A) 1 + (] >\’L 5 AH 5 A)\
+3293 [(hf + hg) M; + hi A, + thb} is 207 [( hi — ghz + ghz) M,

4 2 6 : 3 2 2
+gtht — —thb + —hEAT] Siz + g1 [(—ghf — ghg — ghi) M,

—§h§At ShiA, - h2A }5.3 n 12g§<3N . g)M2
0 9 38 2\ s 18 2
+=9i (BN + 10>M1 e (35, + 20>M1 — o’ (M + )
.39 39
109291 <M2 + M ) 509191 (Ml + M’) (C.31)

42 <n-§ 4%, + 325)14}% 4 (@Am LS, + 32,%)
16114, — 24114, — 402 (3h§ +3R2 + hi) A,

42 <3tht 4 3R2A, + hiAT) + 322 (zﬁMg v zAK)

4 6 4 6
+129§<E>\M2 + ZAA> +2¢7 [(gzﬁ + BZA) M+ =%, + 5EAA]
Ji(5 .9 6 5 9 6
22[ 2 Iy On ) My 2624, — I, - on ]
20 (2 i Ty 5 ) gt T g AL T g A,
64 19 16 11
N, — =) M N, M
+3g3(3 3) TEL (3 +15) !
38 27\ 128 , 104 ,
+= g (BN i 20) M+ —=gig; <M3 +M1> = “ 2 (M3 n M)
26
+2=gtgt (M + M]) (C.32)

—88h1A, — 20hiA, — 10h2K2 <At + Ab) —2h2K? (Ab + AT)

202 | (202 4 8K + 4B + 12 + 25, + 35, ) Ay + 3hA, + 4h2A, + WA,
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B

(2)
Ap

(2)
Ay

125, + 38, } + 32422 <M3 v At> + 126207 <M2 + At>
+2g [<6h2 + h2) M, + 6h2At + h2Ab}

/ 3 3 3 3 3 3
+2g, {(5/\2 + —hZ + h2) M|+ = /\2AA + —h2A + hQAb]

10 10
64 19 7
598 (3Ng - 3) My + 1263 (3N, - 5) M,
52 31 6 1
+ng (3Ng 30) M, + 5914 <3N + 20) M + 164293 <M3 + M2)
272 16
2 (v ) St (v ) 20 (0 < )
3, N 53 ,
+§9291 <M2 + M1> + 1509191 (Ml + M) (C.33)

“20K1A, — 88hLA, — 10h2H2 <At v Ab> — 6h2R? (Ab + AT> ~12K1A,
o) [<2A2 4 AR? 4 3R2 425, + 3zﬂ) Ay +4R2A, + 324,
+254, + 354, } + 320302 (My + Ab> + 126303 (M + Ay
2
( 2= h2 + h2) M, + = hQAt + h2Ab + 2”3A ]
1 1
+2¢2 (A2 + = h2 + hj — ghz) M|+ N Ay + Stht + hi Ay — 5hEAT]

3N, — ) M; + 124 <3N 7>M2

Ly 3
(3 ) gt <3N + 4) M! +16¢2g2 (M3 + M2>
2
1

+ 93

—91 5
8

+ 9 <M3+M1> + 3g3gl <M3+M’ +2g§g§<M2+M1>

, 19
+3939," <M2 + M{) + == 9101 <M1 + M| ) (C.34)

—36h1A, — Gh2h2 <At n Ab) —18h2h? (Ab + AT> — 40K1A,
_9)?2 [<2A2 43R+ 4302 + 25, + 325) Ay + 3h2A, + 3h2A,
+254, + 3%, | + 320303 <M3 + Ay) + 126302 (M + A,
1, 3
2 12 “12 _ T2 2
—1—491[( “hi + 5hT) M, h 2 Ay + 5hTA }

/ 1 13
+2g,° [(AQ —=hy + 1—0h3) + XA, - —hQAb thAT}
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7 36 3 14 , 3
11263 (3N, — ) Mo+ gt (3N, + 5 ) My + —g/* (3N, + 5 ) M
2 5 2 5 4
18 39 ) 51 )
+39595<M2 + M1> + 1—095912<M2 + Mi) + 595912@41 + M{) :
where
_ 2 2 2 _ 2 2 2

ZAA = )\IA)\I + )\2A)\2 + )‘SA)\3 , ZAK = "ilAm —+ K2A,{2 —+ /igA,% ,
H)\ = )\%A)\l + )\éA)\Q + )\%/1)\3 , H,{ = K%A,ﬂ —+ /iéA,{z —+ K%A,{B .

The one-loop RG equations for the soft scalar masses can be written as

dmy, 1 2( 2 2 2 2
dt = (47T>2 |:_z: 4)\] (mHQj +mH1j +ms+A)\J)513
)
’ ’ g
+ 3 6k (mfg +mp, +my + Aij)éig ~5g2M ¢ le’l] :
j=1.3
iy, 1

= i [zAf (mzm_ +myy, +ms+ Ai) + 6h7 <m§{u + m + m.

4/2 3

+Af>5i3 — 695 M — gngf = £ 0" M 4 Sgi% — %Ei],
M, i 208 (i, + o, ) 4 602 (i
Tmd Ag) 5y + 202 (mg,d +m2 4+ m2 + Az) 5is
—6g5 M — gngf - %9'3M{2 - ggf& - ;—09122’1]>
dméi 1 2, 2 2 2 2 2 2 2 2
7l (im)? [th (mHu +mg + mie + At>(5i3 + 2h; <de +mg + mye
+A§>5is —~ %932,]\/[?? — 695 M5 — %ngf - éng{Q

1 2 9,12 /
Sy, 4+ Ly ]
+591 1+ 20 1|
dm?. 1 32 32
i~ (np [ahi (i, + iy e A7) iy — M — g
1 ., 4 g
—otME = S+ 5
dm?, 1 32 8
e 2f 2 2 2 2 27 72 2772
it (4m)p [4hb <de MG T e Ab)‘sig — 5 %My = g

(C.35)

(C.36)

(C.37)

(C.38)

(C.39)

(C.40)

(C.41)
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2

ef

dt

dm

>(

i=1

4, ’ 2 g’2
_5912]\/[12 + 39%21 + 1_]62,1] )
1 [2h2<m2 om2 4m? +A2)5' L6 2M2_§2M2
(47)2 \ My, L re r )93 GoiVig 591 1
4 b 2
_5912]\/[12 - ggle + ?_102,1] )
! [4h2 (m%, +m7 +m2. + Az)éig — %ngf
(47T)2 T d T T 5
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—5912M12 + ggle + 2—102,1] ;
1 32 8
e 12 (kb s+ AL ) = M — gt
4 1y 0y 2 2
_5912]\/[12 - ggle - 91_102/1} )
1 32 8
e 120 (b, 4y o+ AL ) = MG — gt
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_5912M12 + 59%21 - 2_09122/1} )
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7 L OBME — SotME = g M - gt + 5
1 2 2 6 2 2 4 19 9 3 2 9/12
(4m)? [—6Q2M2 - 591M1 - 591 My” + 59121 - 1_02/1] g

2 2

2 2
—My + My,

3

Z(fﬁméi + 3miz¢ + 6m§1¢ + mgg + 4m%i — 4m§{2i — 6m§{” + 5m25i

i=1

—9m — 6m§7i> +dm2, — 4m2, .

H

)

2 2 2 2 2 2 2
mg, = 2Mye + Mge + Mee — My, + My, — My, +mpz —mp,

(C.42)

(C.43)

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)

(C.49)

(C.50)



Appendix D

One loop corrections to the Higgs

masses in the EgSSM

Higgs masses are obtained by taking double derivatives of the effective potential with

respect to the Higgs fields.

The tree level Higgs masses for the CP—even Higgs sector were presented in Sec.7.3,
Eq. 7.40. The expression for the one loop contribution, AV to the effective potential
also appears in Eq. 7.16 and the physical masses of the stops, appearing in this equation,

are calculated in the tree level approximation,

mtght~2 = 0.5 [mé +mi +2m? + Ag + Ay
Fo/ (Mg —mi + Dg — Ay)? + 4mi (A, — LP (D.1)
V2tan
where
/
Ao = 0.125(g2 — 0.20%)(v? — v2) + %(—3@ — 02 + 55?) (D.2)
/
Ar = @2 —v3)+ 5 (=307 — 203 + 55?) (D.3)

80
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Only including stop/top contributions we find,
0AV 3 0 0
o = | 2a0(mg ) m?, + 2a0(mg,)5-m?, — dag(mi) 5 (D.4)
where
m2
ag(m) = m?[In i 1]. (D.5)
Now defining
A,m; =a (m-)ﬁm2 (D.6)
i — W0 i &17 i .
PAV 3 0 0 0
= = —A 2—A 4—A,my|, D.7
By 327r2[ gy "M T e Sl A5 Al (D7)
0 0 m? 7
5 —A,m (ax m?)? ln@ + ap(m )8x2m (D.8)
0 0 0 m2 0?
—A,m = (—m?)(=—m? 2 D.9
oy (aym )5, m) In o + ao(m )ayaxm (D.9)
Now we obtain single and double derivatives of the masses.
D.1 Single Derivatives
mi ;= 0.5|md+my +2m; + Ag + Ay £ /1y (D.10)
re = (myH —mb+ Ag — Ay)? +4Ami(A; — Lf (D.11)
Q v “ ‘ V2tan
0 0
%mf = a—vlmf =0 9 27"1? = U2?Jt (D.12)
9 2 2 —% d
5 Mk = 0.5[0.25¢7s £ 0.57, (%rt)] (D.13)
0 AS A
—r, = —8mj(A;— D.14
s ¢ m: (A ﬂtanﬁ)ﬂtanﬁ ( )
O 2 05[0.25(g2 + 0.662)01 — gt £ 0.5r H(<2ry)] (D.15)
vy Elz T Ol 92 0g1)v 4091 1 t \Boy t .
0
= 05(g2 — g2)ui(md — m + Ag — Ap)
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AS SA
—8m2(A, — D.16
(A \/itanﬁ)\/iw ( )
d 2 2 2 1, -1, 0
a—vgmﬁ’i? 0.5[2v9y; — 0.25(g5 + 0.6g97)ve — o910 + 0.57, (0—1)2Tt)] (D.17)
0 2 2 2 2
6—212Tt —0.5(¢g5 — gl)UQ(mQ —my + Ao — Ay)
S S SULA
+4(Ay — —22uy? + 8m2 (A, — ! D.18
(4 \/itanﬁ) 2 (A ﬂtanﬁ)\/%g (D-18)
D.2 Double derivatives
0? _1 0?2 0 _3
@m%b 0.5[0.25¢/* £ 0.5r, > (@m ¥ 0.25(%7})2@ 2] (D.19)
0? A
—_—r 8m2(———)?2 D.20
ds2 ! t(\/ﬁtanﬁ) ( )
0? 5, 6 1 9? 9, _3
o0 ;G 0.5[0.25g° — ng +0.57, 2(—(%%rt) T o.25(a—mrt)2rt 2] (D.21)
d 2 2\(, 2 2 2 212, 2
o0, 0.5(g5 — g1)(mg — miy + Ag — Ay) +0.125(g5 — g7) vy
SA
L 8m? 2 D.22
Ho) (D.22)
>’ 2 o 1, ~3 ? d o -3
—a % t~1,t~2 05[2yt — 0259 — 1—091 + 0.5Tt (—62}% Tt) + 025(6—2}27“0 Ty ] (D23)
0 2 2\(, 2 2
502" —0.5(g5 — g1)(mg — my +Aq — Ay) + 0.125(g3 — g3)%v3
2
AS
FA(A, — —)2?
( t ﬂtanﬂ) yt
S SULA SULA
+8(A4; — v + 8m? 2 D.24
(= )+ s () D21)
”? _1 92 0 o . _s
.5|=x0. 2 25(— — 2 .
0r05 i 0.5[£0.57, (8vlasrt) FO0 25((%1 rt)(&srt)rt ] (D.25)
0? VLA SA A AS
T +8m2(——)(——) — 8m2(———) (A, — ——— D.26
8@188 t t(\/§’02)(\/§’02) t(\/év%)( t ﬂtanﬁ) ( )
”? _1 92 0 o . _s
< .5|=x0. 2 29(=— — 2 .
Tog0s i 0.5[£0.57, (8v2asrt) FO0 25(8U2rt)(8srt)rt ] (D.27)
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0? \s A v, Sy
—8y2vy (A, — — 8m?
82@83“ vrva( 4 ﬂtanﬂ)(ﬂtanﬂ) mt(\/ﬁvg)(ﬂvg)
V1A AS
+8m2 (——) (A, — —— D.28
M (= ) (D.23)
92 , . ) 9 s
—ms ; .5[40. 2 25(— — 2 D.2
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0? s A
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Appendix E

Benchmark Spectra

E.1 Benchmark Point Al

tan 5 =10, s=2.7TeV My, = 363GeV mo = 537CGeV A =T711GeV  (E.1)
A(My) = —0.3683 A(ug) = —0.3548, Ao(My) =01 (E.2)

Kk123(Mx) = 0.2068, r123(us) =0.5384  (E.3)

Squark and slepton masses

mg, =433 GeV mp = 668 GeV m; = 631 GeV (E.4)
mi, = 734GeV mg = 841GeV mz = 730 GeV (E.5)
m. i =807GeV  mg = 733GeV (E.6)

Gg,d1
mg, = 788 GeV my, = 850 GeV mg = 631 GeV (E.7)

Exotic colored masses

mp, (1,2,3) = 628 GeV mgp (1,2,3) = 1439 GeV  pup(1,2,3) = 1028CGeV.  (E.8)

Neutralinos, charginos, gluino and 7' masses

my = 58GeV my = 103GeV my = 684 GeV (E.9)

X X

myo = 684GeV m,o =993 GeV m,o = 1052 GeV (E.10)
m,x =103GeV m + = 686 GeV My = 1020 GeV mg = 330 GeV (E.11)
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CP-Even Higgs masses

my = 115GeV mi P =119 GeV

mp, = 664GeV my, = 1022 GeV

Inert Higgs, Higgsino and Singlet masses

mu, (1,2) = 479 GeV  my,(1,2) = 154 GeV

Msingtet(1,2) = 908 GeV  my; (1,2) = 244 GeV

(E.12)
(E.13)

(E.14)
(E.15)



E.2: Benchmark Point A2 184
E.2 Benchmark Point A2

tan3 =10, s=3.8TeV M;); =390GeV my =998GeV A =768GeV (E.16)
A(My) = —0.306648 A(is) = —0.284520,, A o(My) =01 (E.17)

K17273(Mx) = 0246329, /117273(#5) = 0.593522 (E18)

Squark and slepton masses

mg, = 787GeV my = 1036 GeV mz = 1203 GeV (E.19)
mg, = 1070 GeV  mg = 1282GeV m;, = 1095 GeV (E.20)
mg, g, = 1225GeV  mg, = 1207 GeV (E.21)

mg, = 1211GeV my, = 1292CGeV  mg, = 1105 GeV (E.22)

Exotic colored masses

mp, (1,2,3) = 1363 GeV  mgp_(1,2,3) = 2077 GeV  pup(1,2,3) = 1595 GeV. (E.23)

Neutralinos, charginos, gluino and 7’ masses

myo =62GeV mg =110GeV m g =771 GeV (E.24)

myo = T771GeV myo = 1405GeV m, o = 1469 GeV (E.25)

X X

my+ = 110 GeV m + =773 GeV My = 1437 GeV mz = 362 GeV (E.26)

X

CP-Even Higgs masses

my o = 121 GeV m{ T =126 GeV (E.27)

mp, = 963GeV my, = 1437GeV (E.28)

Inert Higgs, Higgsino and Singlet masses

mu, (1,2) = 694 GeV  my,(1,2) = 875 GeV (E.29)

Msingier(1,2) = 1430 GeV myg, (1,2) = 324 GeV (E.30)
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E.3 Benchmark Point A3

tan3 =10, s =4.4TeV M;), = 775GeV my =799 GeV A =919GeV (E.31)
A(My) = —0.369832 A(us) = —0.37357,, Mao(My)=0.1 (E.32)

/€17273(Mx) = 0177975, /€17273(/LS) = 0.49349 (Egg)

Squark and slepton masses

mz, = 853GeV my = 1216 GeV m; = 1172 GeV (E.34)
mz, = 1259 GeV my, = 1473 GeV  ms;, = 982 GeV (E.35)

My, d, = 1446 GeV ms, = 1176 GeV (E.36)
ma, = 1398GeV my, = 1488GeV mg, = 992 GeV (E.37)

Exotic colored masses

mp, (1,2,3) = 821 GeV mg (1,2,3) = 2363 GeV  pup(1,2,3) = 1535GeV  (E.38)

Neutralinos, charginos, gluino and 7' masses

myo = 122GeV m,g = 217GeV mo = 1167GeV  (E.39)

myo = 1167 GeV myo = 1603 GeV m,o = 1727GeV  (E.40)

X X

my: =217GeV m s =1168GeV My = 1663GeV my = 673GeV  (E.AL)

CP-Even Higgs masses

my T = 114GeV m{ T =122 GeV (E.42)

mp, = 1145GeV my, = 1664 GeV (E.43)

Inert Higgs, Higgsino and Singlet masses

mu, (1,2) = 182GeV  my,(1,2) = 765 GeV (E.44)

Meingier(1,2) = 1446 GeV  myz, (1,2) = 418 GeV (E.45)
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E.4 Benchmark Point A4 (7' mass < 936 GeV)

tan 4 =10, s =1.9TeV M,/ = 382GeV mg = 816GeV A = —19CeV  (E.46)
A(Mx) = —0.2573 A(ug) = —0.2780,, Ai2(My)=0.1 (E.A7)

K17273(Mx) = 017385, /€17273(/LS) = 0.49792 (E48)

Squark and slepton masses

mi, = 682GeV mg = 862GeV m; =890 GeV (E.49)
mz, = 890GeV mg = 1001GeV m;, = 850 GeV (E.50)
Mg, 4y = 1001 GeV mg, = 903 GeV (E.51)
mg, = 985 GeV mg, = 1009 GeV mg, = 857 GeV (E.52)
Exotic colored masses
mbl(?)) = 887 GeV mﬁ2(3) = 1228GeV  up(1,2,3) = 669 GeV (E.53)

Neutralinos, charginos, gluino and 7' masses

myo = 60GeV myg = 104GeV my = 385GeV  (E.54)
myo = 387GeV m o =690 GeV m,o = 750 GeV (E.55)
m+ =105GeV m,+ =390GeV My =T719GeV m; = 346 GeV (E.56)

CP-Even Higgs masses

me P = 117GeV m{! 7 =122 GeV (E.57)
My, = 717 GeV my, = 801 GeV (E.58)
(E.59)

Inert Higgs, Higgsino and Singlet masses

mpy, (1,2) = 767 GeV my,(1,2) =797 GeV (E.60)

Msingtet(1,2) = 970 GeV  my; (1,2) = 187 GeV (E.61)
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tan 3 =30, s =3.1TeV M;), =365GeV my = 702GeV A =1148GeV (E.62)
AMx) = —0.37845 A(us) = —0.3661,, Aio(Mx)=0.1 (E.63)
k123(Mx) = 017121, r193(ps) = 04813  (E.64)

Squark and slepton masses

mz, =463 GeV my =694 GeV mz = 858 GeV (E.65)
mg, = T73GeV my, = 890 GeV  mj, = 706 GeV (E.66)

my, 4 = 945GeV  mg, = 900 GeV (E.67)
ma = 929GeV my, = 998 GeV  mg, = 804 GeV (E.68)

Exotic colored masses

mp,(3) =393GeV mgp (3) = 1617GeV  up(1,2,3) = 1055 GeV (E.69)

Neutralinos, charginos, gluino and 7' masses

myo =59GeV m,p =104 GeV m,o = 808 GeV (E.70)

X X

myo =809 GeV myo = 1143GeV myo = 1203CGeV  (E.71)
5 6
my+ =103GeV m + =810GeV My =1172GeV mg = 336 GeV (E.72)

CP-Even Higgs masses

my " = 114GeV  m{! 7 = 118 GeV (E.73)

mp, = 593 GeV my, = 1173 GeV (E.74)

Inert Higgs, Higgsino and Singlet masses

mp, (1,2) =220 GeV my,(1,2) = 704 GeV (E.75)

Msingier(1,2) = 1093 GeV  myg, (1,2) = 298 GeV (E.76)
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tan 3 =30, s =3.4TeV M;); =361GeV my=993GeV A =1121GeV (E.77)
A(My) = —0.33333 A(us) = —0.32376,, Ao(My) =0.1 (E.78)
H172’3(Mx) = 018394, /<51,273(,u5) = 0.50783 (E79)

Squark and slepton masses

mz, = 694 GeV my =914GeV m; = 1117 GeV (E.80)
mz, = 964 GeV m; = 1133GeV m;, = 973 GeV (E.81)
Mg, = 1186GeV  mg, = 1165 GeV (E.82)

mg, = 1211GeV my, = 1292GeV  mg, = 1080 GeV (E.83)

Exotic colored masses

mp, (3) = 884GeV mp (3) = 1860 GeV  up(1,2,3) = 1221 GeV (E.84)

Neutralinos, charginos, gluino and 7' masses

my = 58GeV my =102GeV mypo=784GeV  (E.85)

X X

myo = 785 GeV myo = 1256 GeV myp = 1316GeV  (E.86)
5 6
my+ =102GeV m, + =786 GeV My =1285GeV mg = 338 GeV (E.87)

CP-Even Higgs masses

miz 1 =119 GeV m® " =124 GeV (E.88)
mp, = 748 GeV my, = 1285GeV (E.89)

Inert Higgs, Higgsino and Singlet masses

mir, (1,2) = 689 GeV  my,(1,2) = 966 GeV (E.90)

Msingier(1,2) = 1351 GeV myg, (1,2) = 323 GeV (E.91)
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tan 3 =30, s =5.0TeV M;), = 725GeV my = 1074GeV A = 1726 GeV (E.92)
A(My) = —0.38471 A(us) = —0.3788,, Aia(Mx) =0.1 (E.93)
I€1’273(Mx) = 015788, ’11,2,3(/%9) = 0.4559 (E94)

Squark and slepton masses

mz, = 837GeV my =1193GeV my = 1363 GeV (E.95)
mi, = 1248GeV my, = 1491 GeV  ms, = 1102, GeV (E.96)
Mg, g, = 1595GeV  mg, = 1427 GeV (E.97)

mg, = 1557GeV mgy = 1664 GeV mg = 1254 GeV (E.98)

Exotic colored masses

mp, (3) = 312GeV mp (3) = 2623 CGeV  up(1,2,3) = 1612 GeV (E.99)

Neutralinos, charginos, gluino and 7' masses

my =116GeV myy = 206GeV myo = 1343GeV  (E.100)

X X

my = 1343 GeV myo = 1832GeV my = 1950GeV  (E.101)
5 6

m,+ =206GeV m, + =1344GeV My = 1889 GeV mj; = 642 GeV (E.102)

CP-Even Higgs masses

my " = 114GeV m{ 7 =123 GeV (E.103)

mp, = 988GeV my, = 1890 GeV (E.104)

Inert Higgs, Higgsino and Singlet masses

mp,(1,2) =220 GeV  my,(1,2) = 1117 GeV (E.105)

Msingier(1,2) = 1732 GV myg, (1,2) = 491 GeV (E.106)
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tanB =3, s=3.3TeV M, = 365GeV my=640GeV A =798GeV (E.107)
AMMx) = —0.465 A(ps) = —0.354, X\io(Mx)=0.1 (E.108)
k123(Mx) = 0.3, K123(ps) = 0.628 (E.109)

Squark and slepton masses

mz, = 493GeV my =758 GeV mz = 873 GeV (E.110)
mz, =821 GeV m;, = 974GeV m;, = 651 GeV (E.111)

Mg, g, = 910GV mg, = 874GeV (E.112)
ma, =893GeV mg, = 975 GeV mg = 762 GeV (E.113)

Exotic colored masses

mp, (1,2,3) = 1797 GeV  mgp_(1,2,3) = 1156 GeV  pp(1,2,3) = 1466 GeV (E.114)

Neutralinos, charginos, gluino and 7’ masses

myo =59GeV mye =107GeV m =829GeV  (E.115)

X X

My = 832GeV my =1220GeV my = 1278GeV  (E.116)

my+ =107GeV m,+ =832GeV My = 1248 GeV my = 336 GeV (E.117)

CP-Even Higgs masses

mP = 114GeV m{ T = 119 GeV (E.118)
1 1

mp, = 850 GeV my, = 1249 GeV (E.119)

Inert Higgs, Higgsino and Singlet masses

mir, (1,2) = 165GeV  my,(1,2) = 468 GeV (E.120)

Msingier(1,2) = 1097 GeV myg, (1,2) = 249 GeV (E.121)
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tanf =3, s=05.6TeV My =352GeV my = 1238GeV A =1194GeV (E.122)
AMMx) = —0.529 A(ps) = —0.300,, A12(Mx)=0.1 (E.123)
Ki23(Mx) =0.492, ki23(ps) =0.716 (E.124)

Squark and slepton masses

mg, = 944 GeV my = 1260 GeV mz = 1571 GeV (E.125)
mi, = 1293GeV my, = 1625GeV ms, = 1412 GeV (E.126)
My, = 1494GeV  mg, = 1571 GeV (E.127)

mg, = 1484GeV my, = 1627GeV mg, = 1412 CGeV (E.128)

Exotic colored masses

mp, (3) = 2635GeV mp (3) = 3105GeV  up(1,2,3) = 2835GeV  (E.129)

Neutralinos, charginos, gluino and 7’ masses

my = 57GeV my = 103GeV mp=1189GeV  (E.130)

X X

myo = 1191 GeV m,o = 2089 GeV myo = 2148GeV  (E.131)
4 5 6

m,+ =103GeV m + =1191GeV My = 2119 GeV mz = 342 GeV (E.132)

CP-Even Higgs masses

mﬁ_lwp) =117 GeV mflll_lwp) =125 GeV (E.133)

mp, = 1319 GeV my, = 2119 GeV (E.134)

Inert Higgs, Higgsino and Singlet masses

mu, (1,2) = 560 GeV  my,(1,2) = 877 GeV (E.135)

Msingier(1,2) = 1947 GeV myg (1,2) = 313 GeV (E.136)
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tan3 =3, s=55TeV My =931GeV my=918GeV A =751GeV (E.137)
AMMx) = —0.434 Aps) = —0.375,, Ai2(Mx) =01 (E.138)
ki23(Mx) =0.23, ki23(pus) =0.56 (E.139)

Squark and slepton masses

mz, = 1056 GeV  mg = 1472 GeV  m; = 1409 GeV (E.140)
mi, = 1511GeV my, = 1784CGeV  my, = 1172, GeV (E.141)

My, g = 1724GeV  mg, = 1409 GeV (E.142)
mg, = 1666 GeV mg, = 1785 GeV mg, = 1173 GeV (E.143)

Exotic colored masses

mp, (1,2,3) = 1567 GeV  mgp,_(1,2,3) = 2997 GeV  pup(1,2,3) = 2187 GeV (E.144)

Neutralinos, charginos, gluino and 7’ masses

myo = 148 GeV m g = 262 GeV m o = 1463 GeV  (E.145)

X X

My = 1464 GeV myo = 2006 GeV myo = 2155GeV  (E.146)
5 6

my =262GeV m + =1464GeV My = 2079 GeV m; = 805 GeV (E.147)

CP-Even Higgs masses

m P = 114 GeV m T = 125 GeV (E.148)
1 1

mp, = 1508 GeV my,, = 2080 GeV (E.149)

Inert Higgs, Higgsino and Singlet masses

mm, (1,2) =121 GeV myp,(1,2) = 714 GeV (E.150)

Msingier(1,2) = 1763 GeV myg, (1,2) = 471 GeV (E.151)
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tan3 =10, s=2.7TeV M;,; = 388GeV my =681 GeV A = 645GeV (E.152)
Ma(Mx) =01 A3 =—0.378 A(us) = —0.348 (E.153)
k1o = 0.06 r3(My) =042, r3(us)=0915 (E.154)

Squark and slepton masses

m;, = 546 GeV mg =777 GeV mj = 845 GeV (E.155)
mz, = 829GeV mg = 955GeV m;, = 757, GeV (E.156)
Mg, 4y = 929 GeV ms, = 849 GeV (E.157)
mg, = 911 GeV mg = 964 GeV mg = 765 GeV (E.158)
Exotic colored masses
mDI(?)) = 1464 GeV mDQ(S) = 2086 GeV  up(3) = 1747 GeV (E.159)
mf,l(l, 2) =520 GeVmDQ(Q) =906 GeV up(1,2) = 300GeV (E.160)

Neutralinos, charginos, gluino and 7' masses

myo =61GeV mye =109GeV m =671GeV  (E.161)

X X

myo =672GeV m,o =992GeV m,o =1054GeV  (E.162)
my+ =109GeV m + =674GeV My = 1021 GeV mg = 353 GeV (E.163)

CP-Even Higgs masses

my? %" = 115GeV m{ 7P =119 GeV (E.164)

1

mp, = 765 GeV my, = 1022GeV (E.165)

Inert Higgs, Higgsino and Singlet masses

mi, (1,2) = 459 GeV  my,(1,2) = 627 GeV (E.166)

Msingier(1,2) = 1001 GeV  myg, (1,2) = 233 GeV (E.167)
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tan3 =10, s=2.7TeV M;,; = 358GeV my = 623 GeV A =T757GeV (E.168)
Ma(Mx) =01 A3 =—0.395 A(us) = —0.355 (E.169)
k1o = 0.08 r3(My) =0.43, r3(us) =0.915 (E.170)

Squark and slepton masses

mi, = 474GeV m; = T12GeV my = 794 GeV (E.171)
mg, = 772GeV my, =894GeV m;, = 704, GeV (E.172)
m. i =862GeV  mg = 798 GeV (E.173)

Gg,d1
mg, = 845GeV my, = 903 GeV mg, = 712 GeV (E.174)

Exotic colored masses

mp, (3) = 1445GeV mp (3) = 2059 GeV  pp(3) = 1747GeV  (E.175)
mp, (1,2) = 370GeV mp (1,2) = 916 GeV  pup(1,2) =391GeV  (E.176)

Neutralinos, charginos, gluino and 7' masses

myo =57GeV m,o =101GeV m =684GeV  (E.177)
1 2 3
myo = 684GeV m,o =994GeV m,o =1051GeV  (E.178)
4 5 6
me =101GeV m + =686GeV My = 1021GeV my =327GeV  (E.179)

CP-Even Higgs masses

m "% = 114GeV  m{! % = 118 GeV (E.180)

mp, =723 GeV my, = 1022 GeV (E.181)

Inert Higgs, Higgsino and Singlet masses

mir, (1,2) = 345 GeV  my, (1,2) = 561 GeV (E.182)

Msingier(1,2) = 961 GeV  myg (1,2) = 229 GeV (E.183)
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E.13 Benchmark Point F1

tan 3 =10, s =4.0TeV M,/ =426GeV my = 701 GeV A = —1652 GeV(E.184)

Mao(Myx) =28 X3(My) = —2.0 \3(us) = —0.266(E.185)

R1,2 = 2.5 Iig(Mx) = 20, Iig(,U/S) = 0652(E186)

Squark and slepton masses

my, = 784GeV my =918 GeV mz = 1000 GeV
mg, = 932GeV my = 1115GeV  m;, = 850, GeV
=1035GeV  mg, = 1005 GeV

Mg, 1

mg, = 1015GeV mg, = 1121 GeV  mg, = 862 GeV

Exotic colored masses

mp, (3) = 1728 GeV mp (3) = 2013 GeV  pup(3) = 1845 GeV
mp, (1,2) = 1980 GeV myp, (1,2) = 2263 GeV  pp(1,2) = 2106 GeV

Neutralinos, charginos, gluino and 7' masses

myo = 65GeV m o= 115GeV m 0= 758 GeV

X X

myg =759 GeV myp = 1487 GeV m,o = 1551 GeV

X X

my+ = 116 GeV m = = 761 GeV My = 1518 GeV m; = 380 GeV

X

CP-Even Higgs masses

my? %" =116 GeV m{! 7P =120 GeV

mp, = 624 GeV my, = 1518 GeV

Inert Higgs, Higgsino and Singlet masses

mpy, (1,2) =977 GeV  my,(1,2) = 1245 GeV

Msingtet(1,2) = 1290 GeV my;, (1,2) = 1175 GeV

(E.193)
(E.194)
(E.195)

(E.196)
(E.197)

(E.198)
(E.199)
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tan 3 =10, s =4.0TeV M,/ = 389GeV my = 725GeV A = —1528 GeV(E.200)

K123 = 2.5 /‘§3(MS) = 0728(E202)

Squark and slepton masses

mg, = T777GeV mp = 907GeV m; = 1012 GeV (E.203)
mi, = 921 GeV mg = 1108 GeV m;, = 867, GeV (E.204)
My, d, = 1023GeV  ms, = 1017 GeV (E.205)

mg, = 1007 GeV mg, = 1113GeV mg, = 879 GeV (E.206)

Exotic colored masses

mp, (1,2,3) = 1948 GeV mgp_(3) = 2200 GeV  pp(1,2,3) = 2060 GV (E.207)

Neutralinos, charginos, gluino and 7' masses

myo =59GeV mo =106GeV m=738GeV  (E.208)

My =739 GeV myo = 1490 GeV myo = 1548 GeV  (E.209)

X X

My = 106 GeV m + = 740 GeV My = 1518 GeV m; = 350GeV  (E.210)

X

CP-Even Higgs masses

m "% =116 GeV  m{\ % = 120 GeV (E.211)

mp, = 615GeV my, = 1518 GeV (E.212)

Inert Higgs, Higgsino and Singlet masses

mur, (1,2) = 903 GeV  my,(1,2) = 1172 GeV (E.213)

Miingier(1,2) = 1290.GeV  myg, (1,2) = 1302 (E.214)
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