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ABSTRACT

We take a tour through modern high energy theory, beginning with the Standard
Model, Supersymmetry, Supergravity, and Grand Unified Theories. We then review
the constraints imposed by experiments on our model parameters and their derived
quantities. We introduce Flipped-SU(5) and No Scale Supergravity as two of the
building blocks of our model. We introduce F-Theory and the F-SU(5) model,
including the motivations and experimental constraints. We intend to show that
this model does not require an unnatural degree of fine tuning. First we shall use
the tree level calculation of My to obtain an estimate. The surprising results of the
tree-level approximation will motivate generalization of the calculation. We find that
the finetuning in this model is small, requiring accuracy in M/, to at worst 10 %.
We conclude that these results stem from the many experimental and theoretical
constraints we impose on the model. We shall also introduce an M-theory derived

model with mixed dilaton-moduli mediated supersymmetry breaking.
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1. INTRODUCTION

1.1 Invitation

The recurring theme throughout this dissertation is one of simplicity. Occam’s
razor advises us to seek the simplest solution, other things being equal. The trend of
unification in physics is one of utilizing one explanation for two or more phenomena.
We will encounter numerous problems on our journey up the energy scale. We will
find our problems multiplying. While we make only modest claims with regard to
our work, we will find the the task of solving this multitude of problems is perhaps
not as daunting as it might first appear. We shall find surprising alliances between
disparate pieces of our theories. It is quite doubtful that Nature chose to implement
every piece of the model as presented, but the existence of such a satisfactory model
should give us hope that we do not need to rely on pure chance to explain the universe
around us.

Throughout this dissertation we will use units where h = ¢ = 1.
1.2 Selections from the Literature

Perhaps the most relevant papers to the specific model discussed in this disserta-
tion are [1], [2], [3], [4], and [5]. One of the more accessible articles on F-theory model
building is [6]. The author’s introduction to supersymmetry was through [7]. Most
of the experiments mentioned in 3 are referenced by their most up to date articles.

Baer’s recent work on finetuning is [8] and [9].
1.3 Preview

This dissertation is arranged roughly in the same manner that SuSpect [10] op-

erates. We shall start from low energy theories and work our way to string theory,



then back down.

We shall begin with the fundamental building blocks in chapter 2. We introduce
the Standard Model (SM) and take note of the gauge hierarchy problem. We suggest
that SUSY will help us solve that problem but at the cost of doubling the world.
We shall introduce supergravity (SUGRA) as a natural extension of global SUSY.
We finish with an introduction to grand unified theories (GUTSs) and some of the
problems that previous models have encountered.

We cover the experimental constraints with an eye towards limiting the param-
eter space of our model in chapter 3. We introduce the astrophysical constraints
from the cosmic microwave background as related to dark matter relic density. We
shall discuss direct dark matter detection experiments and the tension between their
results. Collider experiments are one of the more direct ways we may get data in our
field, so we shall discuss the Large Hadron Collider experimental results of ATLAS
and CMS, as well as the Brookhaven National Laboratory E-821 reults. As a sub-
class of collider experiments, we shall discuss rare decays, where we hope to obtain
insight into beyond the SM physics by observing processes which would be heavily
suppressed by the SM.

We introduce Flipped-SU(5) (F-SU(5)) as an example of a GUT theory in chapter
4. This GUT avoids many of the problems mentioned in chapter 1. We also introduce
No-Scale SUGRA as a useful motivation for our boundary conditions and a way to
have SUSY breaking without introducing a cosmological constant. These form two
of the three major pillars upon which the F-SU(5) model rests.

We cover the minimum amount of string theory necessary to motivate the re-
mainder of the dissertation in chapter 5. From these points we begin our path back
towards observable physics by considering the implications of F-theory for F-SU(5).

This provides our final pillar and we are able to begin building our model. We cover



the previous work done on the F-SU(5) model as well as some extensions of that
work done by the author.

In chapter 6 we investigate the finetuning required by the F-SU(5) model. We
find that the confluence of factors from previous chapters results in a very natural
model. We compare these results with other phenomenological models.

In chapter 7 we present an alternative M-theory derived model. This three pa-
rameter model was unfortunately ruled out by not being able to satisfy both the
WMAP relic dark matter density constraint and the LHC result for the lightest
Higgs boson mass.

Finally, we draw our conclusions in chapter 8.



2. FOUNDATIONS

2.1 Standard Model of Particle Physics

We shall briefly review the SM in anticipation of introducing new particles with
similar quantum numbers in chapter 5. Leptons are spin 1/2 fermions that are
singlets under the strong nuclear force and exist in left-handed and right-handed chi-
ralities. The right-handed leptons are also singlets under the weak nuclear force. The
left-handed leptons are doublets under the weak nuclear force, pairing an electron-
like field with a neutrino-like field for each generation. The lightest doublet is the
electron and electron neutrino (e, v,), followed by the muon and muon neutrino (y,
v,), and finally the heaviest is the tau and tau neutrino (7, v;). The right handed
leptons similarly arrive in three generations, e, p, and 7. The non-zero mass of neu-
trinos implies the existence of right handed chiralities, but as they are not charged
under any known force except gravity, they have not yet been observed. Quarks
are spin 1/2 fermions that are triplets under the strong nuclear force. Just as with
leptons, they have two chiralities, the left-handed version interacting via the weak
nuclear force. The three-left handed doublets are the up and down (u, d), strange and
charm (s, ¢), and top and bottom (t, b). Tree-level Dirac masses are also forbidden
by the chiral electroweak symmetry, so we require some mechanism to dynamically
generate such masses.

The gauge bosons are spin 1 fields introduced into the Lagrangian to recover
invariance under a local symmetry respected by the fermions. The gluons are the
force carriers of the strong nuclear force and are introduced to make the Lagrangian
invariant under a local SU(3) symmetry. Above the electroweak symmetry breaking

(EWSB) scale, the W bosons are the force carriers of the weak nuclear force and are



introduced to provided invariance under a local SU(2) symmetry. Also above the
EWSB scale, the B boson is the carrier of the hypercharge force. We observed a
broken symmetry between the weak nuclear force and electromagnetism, this sym-
metry breaking results in a mixing between the neutral W and B bosons, the massive
state is identified as the Z boson while the massless state is identified with the pho-
ton. The only way to break this symmetry without spoiling the renormalizability of
the theory is by breaking it spontaneously, i.e. allowing the Hamiltonian to remain
invariant but the specific state to violate the symmetry. This was introduced into
particle physics by Peter Higgs.

The Higgs mechanism introduces a complex spin 0 weak doublet (the Higgs field)
which acquires a nonzero vacuum expectation value (vev) which will be denoted as
v. We may rotate this vev such that it belongs to a single real component of our
Higgs field. Then the other three degrees of freedom are known as Goldstone bosons.
Each Goldstone boson may be absorbed by one of the massive gauge bosons to give
three degrees of freedom to that field, effectively giving it mass. At the same time,
through the Yukawa coupling of the Higgs field to SM fermions, terms of the form
Yhpphiptp will acquire effective mass terms as we replace the Higgs field with its vev.

If we consider the one-loop correction to the Higgs mass, we immediately find the
serious gauge hierarchy problem.

5Mhoc/0A%ocA2 (2.1)

A is our high energy cutoff, where the SM is no longer valid as an effective
theory. If we are to have EWSB, we require M), to not be too much larger than the
electroweak scale ( < 1 TeV). At this point, without other alternatives, we would

expect A to be approximately the Planck scale. This would then correspond to a



Planck scale addition to the Higgs mass, immediately wiping out EWSB. Of the
proposals to avoid this problem, the most successful and only one we will consider is

supersymmetry.
2.2 Supersymmetry

Unlike the gauge symmetries introduced previously supersymmetry (SUSY) mixes
bosonic and fermionic representations of the Lorentz group. Thus, SUSY predicts
the existance of a particle with the same quantum numbers as the electron, except
the spin of the selectron is 0. Because all other quantum numbers are the same,
we will often be able to substitute a sparticle for a particle in a Feynman diagram.
For example, in the calculation of the quantum corrections to the Higgs mass for
every diagram containing a top quark there would be a diagram that instead con-
tains a stop squark of similar amplitude. If we consider a loop with a top quark, the
anticommutivity of the fermionic quark will give an opposite sign to the amplitude
compared to the commuting squark. Therefore these two diagrams will destruc-
tively interfere. This will eliminate the quadratic divergence that we found above.
This is not a satisfactory solution, though, because we do not observe equal mass
particle-sparticle pairs. If we may softly break supersymmetry, we may retain the
cancellation of the quadratic divergences while providing for a mass difference within
supersymmetric multiplet. At this point, we must consider such soft-SUSY breaking
mass parameters to be put in by hand. We will find motivation for such parameters
in the next section and when we consider string theory.

The Minimal Supersymmetric Standard Model (MSSM) is a useful basis of com-
parison and a general phenomenological starting point for many SUSY models. It
posits the existance of the SM fields, their supersymmetry partners, and two Higgs

doublets. Because it makes no assumptions about the relations between the soft



breaking masses for each field, there are a plethora of free parameters.
2.3 Supergravity

We have found tremendously useful and interesting theories by promoting U(1),
SU(2), and SU(3) to local symmetries. If we consider local supersymmetry, we
find ourselves surprised by an old friend. Upon allowing the infinitesimal fermionic
parameter € to vary, we shall need a spin 3/2 field to cancel the contribution from
the term proportional to d,e(x). This Rarita-Schwinger field will require a partner
under supersymmetry with spin 2. We may identify these fields as the gravitino
and graviton, respectively. We have found that local supersymmetry immediately
implies supergravity (SUGRA). The introduction of fields with spin higher than 1
spoils our efforts at renormalization. There is a possible exception with N = 8
SUGRA [11], but while interesting, that is not the subject of this work. This lack
of renormalizability does not prevent us from considering SUGRA as an effective
field theory, in particular in deriving the soft SUSY breaking masses or utilizing
its framework for the running of the renormalization group equations (RGEs). The
many SUGRA models that are low energy limits of string theory also provide a useful
framework for dealing with string phenomenology.

Supposing that the SUSY soft breaking masses end up being close enough to the
weak scale to not generate problems, the Higgs mass mixing paramter p is a SUSY
conserving quantity. There is nothing forbidding it from being at the Planck scale as
opposed to the weak scale. This is known as the y problem. One particular model
that will introduce many concepts that we shall need in later chapters is minimal
supergravity (mSUGRA). This model assumes universal soft terms for the gauginos
(SUSY partners of the gauge bosons), sfermions (partners of the SM fermions), and

trilinear couplings. These parameters are M 5, My, and Ay respectively. The model



also requires the value of tan § = v, /vy at the EWSB scale and the sign of the Higgs
mass mixing parameter, sign(x). mSUGRA unfortunately did not fare well under

the onslaught of experimental evidence unleashed by the Large Hadron Collider.
2.4 Grand Unified Theories

The considerable experimental success of the Glashow Salam Weinberg elec-
troweak unification gives inspiration for unification of all the forces. If we simply
consider the running of the SM RGEs with the known low energy boundary condi-
tions, we find the the coupling strengths approach each other around 10'° GeV. If we
instead consider the MSSM with some general assumptions about the SUSY sector,
we find that the coupling strengths actually meet around 10'¢ GeV. With this as an
indicator that we are on the right path, we may now look for groups into which we
may fit the SM.

The smallest group that can accommodate the SM is SU(5). Among the unex-
pected surprises, we find a natural explanation for the quantization of electric charge
from GUTs. The simplest example demonstrating this is the Georgi-Glashow SU(5)
model. By placing a triplet of (conjugate) down quarks in the same representation
as the left handed leptons, the requirement that the sum of the electric charges of
this multiplet be zero explains why the quarks have 1/3 or 2/3 of the charge of the
electrons. For comparison with the particle content of Flipped SU(5) presented later,

the Georgi-Glashow model has [12]:
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In addition, we shall have a GUT-breaking Higgs ¥ = 24 and two electroweak-
breaking Higgs, h = 5. h must contain color triplets in order to complete the
representation, which we will see below cause issues with proton decay.

From this same starting point, allowing quark-lepton mixing also introduces the
possibility of baryon number and lepton number violation, providing one of the
Sakharov conditions for baryogensis.

A less flashy, but important prediction is the unification of Yukawa couplings at
the GUT scale. A significant reduction in parameters is always welcome in compar-
ison to the plethora we found with the MSSM.

Unfortunately, the introduction of SUSY into SU(5) allows effective dimension 5

operators to mediate proton decay through contraction of two sfermions with two

fermions mediated by Higgs fields [13], for example, ;@T CéijlQmngQMLl and
%CgﬁlUngﬁUgElc . Where Greek indicies are for color, Latin are for family,
M is the mass of the mediating color triplet, and the C’s are constant tensors in
family-space. The amplitude is then inversely proportional to M7, and so the proton
lifetime is proportional to MZ. If we require consistency with known bounds on the
proton lifetime, we obtain My ~ 4.4% 10" GeV (with broad assumptions regarding a
lattice calculation coefficient, sfermion masses, and tan ). If we then cannot forbid

mixing between this color triplet and our EWSB Higgs (as for example occurs in

the Georgi-Glashow model), then we spoil radiative EWSB. As we will see later,



F-SU(5) has all of the good parts of GUTs, as inherited from a true GUT (i.e. Ey)

under string theory, while avoiding the problems of simpler GUTs.
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3. EXPERIMENTAL CONSTRAINTS

The early and middle of the twentieth century saw a plethora of particle physics
data. This led to the formulation of the SM and its numerous successes. However,
we have seen a slowing of progress, with the discovery of the Higgs coming twenty
years after the discovery of the top quark. Our sources of data come from three main
sources. Astrophysical, including both looking at the very early universe and using
astronomical scales to see the effects of dark matter. Collider physics is perhaps
the most direct source of data, though it can be plagued by large backgrounds and
overall expense. Precision measurements of the anomalous magnetic moment of the
muon and rare decays are frequently measured at colliders to provide very stringent
constraints on possible SUSY contributions.

Dark matter was originally proposed to explain the unexpected observations of
galactic rotation curves in the middle of the twentieth century. From WMAP, we
know that approximately 27 % of the energy density in the universe is dark matter,
compared to approximately 5 % for visible matter, and the remaining 72 % of dark
energy. The Planck satellite [14] reported the cold dark matter density Qh? to
be 0.1199 £+ 0.0027. Frequently in SUSY models, including the F-SU(5) model
discussed beginning in chapter 5, a natural candidate for dark matter is provided by
the lightest supersymmetric particle (LSP). In order for this particle to be a dark
matter candidate, it must be neutral under the strong and electromagnetic forces,
so it only interacts weakly and gravitationally. Because of the weak interaction and
the matter-like (as opposed to radiation-like) state, the particle candidates for dark
matter are called Weakly Interacting Massive Particles (WIMPs). The scenario we

will favor has the LSP as a mixture of the bino, wino, and higgsinos, though the

11



gravitino and sneutrinos are not ruled out as dark matter candidates.

Regardless of whether WIMPs are the LSP, there are a variety of experiments
that seek to observe the interaction of a WIMP with baryonic matter. These di-
rect detection experiments generally work by having a large detector with enough
shielding to strongly attenuate all except for the most weakly interacting particles.
Based upon the recoil of a nucleus upon interaction with a WIMP, a signal can
then be extracted. The frequency of such collisions together with knowledge of how
much material is in the detector allows a cross section to be estimated. The second
phase of the Cryogenic Dark Matter Search experiment (CDMS II) claims a signal
plus background hypothesis is more likely than the pure background hypothesis [15].
This result does not reach discovery level significance, but the favored WIMP mass is
8.6 GeV and the cross section is 1.9 x 10~*e¢m?2. The XENON100 experiment claims
to have found no signal, with a lowest exclusion cross section of 2.0 x 10~*c¢m?
for a WIMP mass at 55 GeV [16]. The Large Underground Xenon (LUX) exper-
iment currently reports no detection of WIMPs, setting 90 % confidence level on
the spin-independent cross section between WIMPs and nucleons [17]. This limit
depends on the WIMP mass, but the smallest cross section is for a 33 GeV WIMP
at 7.6 x 107%em?. There is obviously some tension between these experiments, we
shall take the exclusion results for this work.

The Large Area Telescope on the Fermi Gamma Ray Space Telescope (Fermi-
LAT) [18], [19] has found a possible signal with two interpretations based upon
approximately fifty photons. If the signal is the result of internal bremsstrahlung of
a dark matter particle, then the particle would have mass of 149 + 415, GeV with an

annihilation rate of (ov) 6.241.570-9) x 1072"em?s 1. This signal could also

xx—ffv = (
fit dark matter annihilation into photon pairs with dark matter mass 129.8 + 2.4ﬂ3

and (00)yy 4y = (1.27 £ 0.325038) x 107 em?s7L,
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The MSSM requires 2 complex Higgs doublets, resulting in a total of eight de-
grees of freedom. Three of these are absorbed to give the W and Z gauge bosons
mass. That leaves us with 5 Higgs-like particles remaining, two neutral scalars, a
neutral pseudoscalar, and two charged scalars. The tree-level lightest Higgs mass is
less than My, however, given that the concern about radiative corrections is what
fundamentally motivated much of this work, we would be unsurprised to find that
they are significant enough to push M, above M. Until mid 2012, the Large Elec-
tron Positron Collider exclusion limit of 114 GeV was the only lower limit available.
The SUSY preferred region between 114 GeV and 135 GeV represented only the
lower end of the SM allowed limit. Two experiments at the Large Hadron Collider
(LHC) announced the discovery of the lightest Higgs in July 2012. The mass was
measured as 126.5 GeV from ATLAS, [20] and 125.3 GeV from CMS [21].

Historically, one of the major successes of quantum field theory was the calcula-
tion of the anomalous magnetic moment of the electron. Because the muon is two
hundred times heavier than the electron, it is considerably more sensitive to loop cor-
rections from heavy particles. In particular, the addition of SUSY particles provides
corrections well within experimental reach. While the single measurement is not suf-
ficient to advance our knowledge of SUSY particles, it is sufficient to eliminate swaths
of parameter space. The E821 experiment at Brookhaven National Laboratory gives
us an anomalous magnetic moment of the muon of Aa,, < 11659208(6) x 107, The
positive value indicates a preference for the SUSY p term to be positive [22].

Rare decay processes have the capability to provide insight into beyond the SM
physics. The rare decay b — X,y occurs via a flavor changing neutral current, and is
thus highly suppressed in the SM. Moving chronologically, the CLEO collaboration
[23] measured Br(b — s7v) to be (0.43 £ 0.277015) x 107%. This was followed by
BaBar [24] in 2008 with Br(B — Xv) = (3.66 £0.854; £0.604,5) X 107%. The Belle

13



collaboration [25] in 2009 measured Br(B — Xy) = (3.45+0.1544; 0.404,,) x 1074

In 2013 two LHC experiments measured Br(B? — putu~) and Br(B® — ptu™).
LHCb measured an excess at 4.0 standard deviations relative to the SM in BY —
p*p~ with a branching ratio of (2.9715) x 107 [26] and an upper limit of Br(B® —
phrp™) 7.4 x 1071°. CMS measured an excess at 4.3 standard deviations relative to
the standard of Br(B? — pu*u~) = (3.0155) x 107°. The upper limit of Br(B° —
utp~) at 95% confidence level was measured at 1.1 x 1079,

The experimental constraints presented here are useful for narrowing the param-
eter space used by any particular model. In addition, the lack of a SUSY signal at
the LHC so far is useful in being able to rule out points in parameter space once
their spectrum has been calculated. In particular, we note a peculiarity in F-SU(5)

in that it tends to show a small increase in events with a high number of jets [27].
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4. FLIPPED-SU(5)

41 F-SU(5)

We saw above that Georgi-Glashow’s SU(5) grand unified theory is not experi-
mentally viable. The original motivation for Flipped-SU(5) was to suppress proton
decay and obtain better values for sin® €@y [28]. A minimal fix that we may apply
to this model is by reusing the lesson we learned with the Glashow-Weinberg-Salam
model of electroweak unification, i.e. add in a U(1) symmetry. In addition, we will

shuffle the fields in the representations to end up with:

e 0 4 —dS &

u§ —d{ 0 A S T
f=0,-3)=[u ; F=(101)=| 4 —df o &

v —d' —-d® —-d* 0 °

e). A Vo X B ) | .

in addition to right handed electron singlet, (¢ = (1,5). Our Higgs multiplets,

with an abbreviated notation, are given by:

H=(10,1) = (QH,dg,Vg) . H ; h=(5,-2)=(hy,h3) ; h.

The GUT superpotential gives us

ApunHHK + )\gH}‘LHI_{B + )\FH@FF[q) + ,uhﬁ € Waur
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The first two terms give us non-mixing masses for the color triplet Higgs terms hs
and hs. This allows the electroweak Higgs ho to remain light in accord with EWSB.

These small changes end up suppressing proton decay to experimentally viable
rates, provide doublet-triplet Higgs splitting, and give a natural see-saw mechanism
to generate small left handed neutrino masses and large right handed neutrino masses.

The orders of magnitude difference between Mgy ~ 10'® GeV and the string
or Planck scale is known as the little hierarchy problem (Baer, among others,
sometimes refers to the cancellation between TeV scale SUSY parameters to yield
My as the little hierarchy problem). This separation and the exclusion of gravity
from the SM suggests that true unification would occur at the string scale. F-SU(5)
has a natural separation between the partial unification of SU(3) and SU(2) at M3,

and the final unification at the string scale, M, as shown in figure 4.1.
4.2 No Scale Supergravity

The primary motivation of No Scale Supergravity (NSS) is a natural vanishing
of the cosmological constant while maintaining broken supersymmetry.

For example, with a single chiral superfield we have:

V= eG(GTG;;-,GT -3)

where

G = K/MZp, +log |[W|? (4.1)

This is accomplished through the use of a Kéhler potential depdending on the

moduli T of the form:
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Figure 4.1: The partial unification of SU(3) and SU(2) at M3, and final unification
at MF

K =3log(T+T)+ ... (4.2)

In addition, a model satisfying the NSS conditions will also have flat directions
so that the gravitino mass is free and StrM? = 0. The last condition is necessary
to maintain a gravitino mass above the weak scale and below the Planck scale. This
Kahler potential also gives us the boundary conditions that will prove instrumental

in the naturalness of our model, My = Ay = B, = 0.
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5. F-THEORY AND APPLICATIONS

5.1 String and F-Theory

String theory is the only known framework for both quantizing gravity and uni-
fying gravity with other forces. The appearance of the spin 2 graviton is what
motivated the shift from considering string theory as a theory of the strong force to
a quantum theory of gravity. For a basic supersymmetric theory, we may obtain a 10
dimensional space-time. Because we have observed only four space-time dimensions,
we surmise that the remaining dimensions are compactified, in particular into a three
complex dimensional Calabi-Yau manifold. Of the many directions to pursue from
this, we shall be content with citing this manifold as the origin of our moduli fields,
which will ultimately generate our model parameters. Five major distinct forms of
string theory are known, and these are related to each other by dualities, I, ITA, TIB,
heterotic SO(32), and heterotic Eg x Eg. M-theory was originally constructed as a
strongly coupled limit of heterotic £8 x E8 in eleven dimensions. We shall consider
an M-theory model in chapter 7. In particular we will be concerned with a strongly
coupled type IIB theory with a varying axion-dilaton, known as F-theory.

We may start with a twelve dimensional space, two dimensions to parameterize
the axion-dilaton, six dimensions for the internal Calabi-Yau manifold, and four for
space-time. To eventually get the SM, we would like to have a space-time filling 7-
brane which will wrap a subspace S of the Calabi-Yau manifold B. Our gauge theory
will live on this brane, our matter fields will live at the intersection of this brane and
another, and our Yukawa couplings will come from the triple intersection of three of
these branes [6].

We obtain a gauge theory by identifying the way in which the axion-dilaton
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becomes singular near the 7-brane with a Lie group.

1 VOZ4(S)

~

L LIS
o V/Volg(B)

This section is primarily concerned with providing a basic intuition for where the

(5.1)

F-SU(5) model comes from in the ultraviolet limit.
5.2 F-SU(5)

With string theory, and particularly the F-theory construction provided above,
we now have completed our collection of tools required to build a natural and realistic

model.
5.2.1 Flippons and F-Theory Derivation

F-theory provides a convenient method for the introduction of vector-like fermions
(flippons). These flippons may be introduced on the same 7-brane that our gauge
fields inhabit. The gravity mediated supersymmetry breaking structure of No Scale
Supergravity provides a global framework within which we may calculate the Kahler
potential for the SM fermions and Higgs fields.

We require that the set of flippons we introduce satisfy Ab; < Aby = Abs and
must not introduce a Landau pole in the strong coupling constant. Thus we have

five possible sets [29]:
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Z1: XF,XF,

Z2: XF, XF,XI,XI
Z3:XF,XF,Xf Xf

Z4: XF,XF,Xl,XIl,Xh,Xh

Z5: XF,XF,Xh,Xh (5.2)

where under SU(5) x U(1)x

(5.3)
These decompose under the SM as follows:
XF=(XQ,XD“ XN°)
Xf= (XU XL
Xl=XFE
Xh=(XD,XL)
(5.4)
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and similarly for the conjugates.

The representations of the SM (and hence the names of each field) for these are:

1
XQ_(3a27_)
6
XU = (3,1, 2)
- ) 73
—1

XD=(3,1, )
3

XL (12_1)
- )~ 2

(5.5)

and again, similarly for the conjugates.

We shall deal exclusively with the Z2 set.

5.2.2 No Scale SUGRA

With the final unification at the string scale, we now have a justification for the
No Scale SUGRA boundary conditions My = Ay = B,, = 0.

These flippons are charged under the SM and so will modify the RGEs as written
in common codes, e.g. SuSpect [10]. Additionally, the extension of the RGEs over the
phase transition between the SM and F-SU(5) requires modifications that respect the
high energy symmetry. As a first approximation we include the flippon modifications
to the RGEs at two loop for the gauge coupling strengths, one loop for the SM fermion
Yukawa couplings, u term, and soft SUSY breaking terms.

Using the NSS boundary conditions, we can minimize the potential as a function

of M; 9, and thereby dynamically determine M ;. This condition dV,,;, Jd M 2 =10
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Figure 5.1: An initial application of the experimental constraints covered in chapter
3. My was restricted to 1 TeV, the LHC Higgs mass measurements had not been
released yet, and the QA2 data is taken from WMAP 7. This figure was taken from [1].

is referred to in the literature as the Super No Scale condition. From a high energy
scale perspective, we can think of this as the stabilization of the moduli that generate
the F-term giving M3/, and ultimately M, ;.
5.2.3  One Parameter Model
We initially take four free parameters in this implementation of our model. M; s,
My, tan 8, and M,,, give us a four dimensional parameter space. After applying the
experimental constraints listed in 3, some of which are shown in 5.1, and enforcing

the No-Scale SUGRA boundary conditions (namely B, (Mp)=0), we are left with an

essentially one dimensional subspace.
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Figure 5.2: Upon measurement of the lightest Higgs mass at the LHC, flippon contri-
butions to the same were considered more closely. Using a similar set of benchmark
points as in the previous figure, but allowing My to increase from 1 TeV, we find
that this model obtains heavier Higgs masses than are normally favored. The top
quark mass was also allowed to vary in an effort to obtain more of a parameter space
than the Golden Point as mentioned in [1]. This figure was taken from [2].

Further refinements on the parameter space are displayed in figure 5.2.
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Figure 5.3: The announcement of direct dark matter detection experiment results
over the last few years motivated an analysis of how F-SU(5) would fare in future
experiments. As shown, this model is in stark disagreement with the low mass
WIMPs as reported by several experiments, but is within the reach of the future
incarnation of the XENON experiment. This figure was taken from [3].

The imminent availability of experimental verification of the F-SU(5) model is

demonstrated in figure 5.3.
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Figure 5.4: A larger wedge was obtained by increasing the range for My while floating
the top quark mass. The range of tan § was unaffected. The announcement of rare
decay results from CMS and LHCb motivated an examination of how those limits
affected the parameter space. Limits from the anomalous magnetic moment of the
muon were also included. This figure was taken from [4].

Variation within allowed values of the rare decays and anomalous magnetic mo-
ment of the muon are displayed in figure 5.4.
The post-Higgs mass benchmark points with M;,, = 172.2 GeV we are using are

described in Table 5.1 along with a small sample of the spectrum.
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M1/2 tanﬁ MV Mf((l) Mh Mfl Mgz Mg
415 | 20.00 | 2800 | 80.3 | 119.4 | 436 | 803 | 579
500 | 21.04 | 4705 | 100.6 | 119.8 | 541 | 925 | 695
590 | 21.88 | 7740 | 122.8 | 120.2 | 649 | 1052 | 819
600 | 21.95| 8076 |125.2 ] 120.2 | 660 | 1067 | 833
700 | 22.61 | 12324 | 150.3 | 120.8 | 777 | 1210 | 969
800 | 23.10 | 17743 | 175.9 | 121.3 | 891 | 1353 | 1106
889 | 23.49 | 25300 |199.6 | 121.7 | 992 | 1478 | 1229
1000 | 23.90 | 41673 | 230.6 | 122.2 | 1115 | 1630 | 1386
1100 | 24.24 | 68515 | 260.0 | 122.5 | 1225 | 1763 | 1531
1230 | 24.54 | 100500 | 296.7 | 123.0 | 1368 | 1943 | 1713
1300 | 24.69 | 127663 | 317.4 | 123.2 | 1444 | 2038 | 1813
1405 | 24.85 | 171066 | 348.1 | 123.5 | 1558 | 2182 | 1962
1420 | 24.88 | 179243 | 352.6 | 123.6 | 1575 | 2202 | 1984

Table 5.1: Parameters and select masses for M;,, = 172.2 GeV. All masses are in
GeV.

The more central values of M;,, = 173.3 GeV have their benchmark points and

spectrum described in table 5.2.
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Ml/g tan 3 My, <0 M, M{l Mgg Mg

415 | 19.75 | 1811 | 78.6 | 121.7 | 433 | 814 | 574

432 | 20.00 | 1986 | 82.5 | 121.7 | 454 | 838 | 597

446 | 20.34 | 2360 | 859 | 121.2 | 472 | 856 | 617

479 1 20.58 | 2598 | 93.4 | 121.6 | 512 | 906 | 661

501 | 20.82 | 2844 | 98.4 | 121.7 | 540 | 939 | 690

524 |1 21.03 | 3138 | 103.8 | 121.7 | 568 | 973 | 720

255 | 21.29 | 3537 | 111.0 | 121.9 | 605 | 1019 | 762

583 | 21.50 | 3945 | 117.6 | 121.9 | 638 | 1060 | 799

614 | 21.75 | 4618 | 125.2 | 122.0 | 675 | 1104 | 841

650 | 22.02 | 5387 | 134.0 | 122.1 | 717 | 1156 | 890

655 | 22.04 | 5500 | 135.2 | 122.1 | 723 | 1163 | 897

686 | 22.25 | 6268 | 142.9 | 122.1 | 759 | 1207 | 938

724 | 2256 | 7015 | 151.9 | 122.3 | 804 | 1263 | 989

750 | 22.63 | 8095 | 158.9 | 122.4 | 833 | 1299 | 1025

788 | 22.80 | 9227 | 168.5 | 122.6 | 876 | 1354 | 1076

825 | 22.98 | 10498 | 177.8 | 122.7 | 918 | 1407 | 1127

867 | 23.15 | 11831 | 188.4 | 122.9 | 966 | 1468 | 1183

901 |23.30 | 13166 | 197.2 | 123.0 | 1004 | 1516 | 1229

931 | 23.42 | 14384 | 204.9 | 123.2 | 1038 | 1559 | 1269

966 | 23.53 | 15910 | 214.0 | 123.3 | 1077 | 1609 | 1316

1000 | 23.67 | 17356 | 222.7 | 123.4 | 1115 | 1658 | 1362

1080 | 23.91 | 22100 | 244.1 | 123.7 | 1203 | 1770 | 1470

1200 | 24.26 | 30830 | 276.4 | 124.1 | 1335 | 1938 | 1633

1300 | 24.51 | 39974 | 303.9 | 124.4 | 1444 | 2077 | 1770

1387 | 24.68 | 52500 | 328.8 | 124.7 | 1538 | 2196 | 1892

1471 | 24.82 | 67690 | 353.2 | 124.9 | 1628 | 2310 | 2010

Table 5.2: Parameters and select masses for M;,, = 173.3

27




Ml/g tanﬁ MV Mf(? Mh M{l Mfg Mg
415 | 19.46 | 1080 | 76.6 | 126.7 | 429 | 827 | 568
450 | 19.89 | 1200 | 84.1 | 126.9 | 474 | 881 | 614
518 | 20.62 | 1640 | 99.4 | 125.8 | 558 | 982 | 704
550 | 20.96 | 1950 | 106.9 | 125.2 | 597 | 1028 | 747
570 | 21.08 | 2050 | 111.3 | 125.3 | 621 | 1059 | 773
650 | 21.69 | 2750 | 130.0 | 125.0 | 716 | 1177 | 878
675 | 21.85 | 2950 | 135.7 | 125.0 | 746 | 1215 | 910
700 | 22.02 | 3350 | 142.0 | 124.7 | 775 | 1250 | 944
725 | 22.23 | 3750 | 148.1 | 124.5 | 804 | 1285 | 977
729 | 2224 | 3815 | 149.0 | 124.6 | 809 | 1292 | 983
775 | 22.53 | 4800 | 160.6 | 124.4 | 861 | 1356 | 1047
825 | 22.68 | 5300 | 172.7 | 124.6 | 918 | 1431 | 1111
850 | 22.78 | 5500 | 178.6 | 124.8 | 947 | 1469 | 1143
875 | 22.86 | 5700 | 184.4 | 124.9 | 975 | 1507 | 1176
900 | 22.97 | 5880 | 190.3 | 126.5 | 1004 | 1544 | 1207
950 | 23.18 | 7010 | 203.1 | 125.0 | 1060 | 1615 | 1275
990 | 23.34 | 8044 | 213.5 | 125.1 | 1104 | 1672 | 1328
1090 | 23.67 | 10200 | 238.8 | 125.3 | 1216 | 1816 | 1460
1170 | 23.93 | 13290 | 260.3 | 125.4 | 1303 | 1927 | 1569
1295 | 24.23 | 17233 | 292.9 | 125.8 | 1440 | 2106 | 1734
1387 | 24.45 | 21020 | 317.4 | 126.1 | 1540 | 2235 | 1856
1500 | 24.67 | 27636 | 348.5 | 126.3 | 1661 | 2391 | 2009
1522 | 24.73 | 30271 | 355.2 | 126.3 | 1684 | 2419 | 2041

Table 5.3: Parameters and select masses for M;,, = 174.4

For completeness, the benchmark points and spectra with M;,, = 174.4 GeV are
included in table 5.3.
We also wish to calculate the correction the flippons give to the lightest Higgs

mass. As a first approximation, we follow [30] with:
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3 N N 302 N 1
Ami = == MZcos*2B(V2 + V)t + o x {VA [ty + 5 X,

8 ~47r . 5 2
e OMB(2ME+ ME)  Aun(24,, + Axd)]
wut TS (M2 M2)? 3(M2 + M)
M4 Axu + Axd 2
ey M )

(MZ+ MR)?  3(M3+ M)
IM2(2MZE + M2)  Apa(24,4 + Ayy)

+}>xui/;3 - -
dl 3(M2Z+ M2)? 3(M2Z+ M) ]
N 1
+Youlty + 5 Xadl}, (5.6)
where
A ~ M2 M2
Y’mu: zuSinﬁ; Y:rd:}/:rdcosﬁv tV:logLﬂu
My
v 2ME(5ME + 4M2) 4(3M§ +2M2)A2, + AL,
* (M2 + M2) '
Ayy = Ay — pucot S, Aga = Ayq — ptan f, (5.7)

Weset Yxp =0, Yxy =1, Axp = 0, allow Axy to run, and approximate Mg by
M; M;,.
A better approximation would allow these flippon Yukawa and trilinear couplings
to run.
Once we have allowed the couplings to run, we may allow the individual flippon
masses to run.
We accomplish this by introducing the corrections to the renormalization group

equations.
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5.2.4 Below Ms,

Corrections to existing 8 functions:

Apy = 16 ——(3Y%p +3Y%y),

APp, = 166 2 (YpAxp + YipAXy),

A = Tt

Ay, = 2p

Ay, = 3}1/2?2%,

ags, = M,

ABa, = Mf(j—%g)%d,

£gy, = SAx0Ts,

Abyg = %(MHU + Miqe + M3p + [Axul*)Yip,
AﬁMf{d 166 — (M, + M3 + M pe + [Axpl*)Yp,
ag, = gty

M = g

And f functions for some of the most important of the new parameters:
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1 My + My + M.
S:MZ+§(;L+ 1 32 3

)+ Mo+ My p+ My g+ Mige + M3 pe + M3 e
(5.10)

5.2.5 Above M3y

This energy region requires the most modification to existing code. Implementa-
tion of the partial unification is however, relatively straight forward given that the
existing particles are grouped into multiplets. The flippon corrections are equally

numerous, though. Again we have corrections to existing g functions:
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Aﬁ/\l; = 16 2)‘b3YXD7
ABy, = i L Nav2,,
APy = 16 2AT3Y§D,
ABy, = T6n 2)\43YXD7
by, = T Xs3V i,

ABa, = 6AxpYz%p
ABa, = 6Axu Yy
ABa. = 6AxpYs)
ABa, = 6AxpYsp

ABa, = 6Axu Y5y

ABy, = ﬁﬂ
AP, = 166 2
Abrz = 61?;5
A =

33

(3Yzy + 3Yzp)

(AxuYzy + AxpYzp)
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Yxp . 96 3
Bran = 15BN + (A3)* +3(M)* +9Y3p — =05 = 7591x);
Yxu 96 3
/BYXU = 1672 (4()\3)2 + 3()\5>2 + 9Y)%U - ?g?) - 1_09%)()7
2 5 3
Baxo = 152 (3A4(A])? + Ar(A5)? + BA4N; + 9Ax YR + %g§M5 + TOQ%XMlX)
2 5 3
Bayy = W(mt@g)? + 3A5A + 9Axy Yy + %g?,Mg, + nglex),
Mxp 72 1
Brxpr = W(wa +Y3p — 3952, - 1—09%)(),
—5MxEgix
e = e
2 72 1
BByr = W(AXUY)%U + AxpYip + ggng + 1—09fo1)<),
_ 5gixMix
T
2 72 5. o 1, 9
5M§(F = 16n2 (3Fxp — EQSME; - EngMlX)a
2 72 1
BM)Q(F = 1672 <3FXU - EQ?M;’? - TOQ%XMIZX%
Mip = 1672
Mige = 1672
(5.12)
Where
Fxp =Y3p2M3p+ M + A% p),
Fxu = Y3y (2M%p + Mj + A%yp).
(5.13)

We require that the flippon terms also respect the NSS boundary conditions. In
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practical terms, we also require low scale boundary conditions because that is how
the algorithm begins. We require that for each flippon term, the boundary conditions
are copies of the corresponding third generation SM term. In addition, top quark

radiative corrections are required in order to keep the flippon Yukawa couplings finite.
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6. NATURALNESS IN F-SU(5)

6.1 Naturalness in Other Models

SuSpect [10] provides a subroutine to calculate the finetuning with respect to p.
In order to set the scale for our expectations, we consider a few mSUGRA points
where the gluino mass, stop masses, and p are similar to in our benchmark models,
as well as depend in a similar way on M/, as in our models. The results of that are
presented in figure 6.1.

Baer et. al. in [9] introduce Agy in an attempt to let correlations between high
scale parameters cancel out through the running of the RGEs down to the weak scale.
They consider a variety of models. The mSUGRA /CMSSM model had (Agw )min ~
100 in the hyperbolic or focal point region where ; may be minimized. The Non-
Universal Higgs Model 1 obtains (Agw )min ~ 30 where the radiative corrections
YU(t) provides the limiting factor. This is improved in a similar model, NUHM?2
with (Agw )min ~ 10, in that paper. A minimum of 7 was reported in [8]. This low
value is reached through large squark mixing which limits the effects of the radiative
corrections. Minimal Gauge Mediated Supersymmetry Breaking has (Agw )min ~
1000, where consistency with LHC measurements of M}, requires heavy messenger
scale giving heavy squarks, and thus significant radiative corrections. The Minimal
Anomaly Mediated Supersymmetry Breaking model requires several TeV scale stops
to be consistent with the LHC Higgs mass, resulting in (Agw)min ~ 100. The
string-derived Hypercharge-AMSB has (Agw )min ~ 100.

The Moduli-Anomaly Mediated Supersymmetry Breaking model displays a vari-
ety of behaviors depending on the modular weights of the matter and higgs fields.

Both types of modular weight can take a value of 0, 1/2, and 1. For ngy =0, n,,, =0
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Figure 6.1: Aggnz as calculated by the SuSpect finetuning subroutine for nSUGRA.
The points have been chosen to match up with the range of the gluino mass, stop
masses, and p in F-SU5, as well has having similar dependence on M .
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has (Agw )min ~ 437 with large gaugino masses and large p. Less fine tuned regions
are inconsistent with the LHC Higgs mass. ny = 0, n, = 1/2 has (Agw)min ~
314, with the lower fine tuned regions violating rare B-decays. ng = 0, n,, = 1
has (Agw )min ~ 91 constrained by radiative corrections. For ny = 1/2, n,, = 0,
(AW )min ~ 457, ng = 1/2, ny = 1/2, (Apw )min ~ 375, and nyg = 1/2, n,,, = 1,
ng = 1/2, ny = 1/2, (Apw )min ~ 100, all are due to a relatively heavy spectrum.
The same situation holds for the ny = 1 case, with (Agw )min ranging from 859 to

1643.
6.2 Naturalness in F-SU(5)

We will utilize the Giudice-Masiero mechanism [31] to solve the p problem in our
model. We allow the Kahler modulus T to generate an F term which will give an

effective

= (Fr)/Mp

From this, we obtain ;1 = cM; /s, where ¢ is an O(1) constant which must be
determined by iterated running of the RGEs.

Using SuSpect [10], the renormalization group equations are run from My up
to My using a fourth order Runge-Kutta method with adaptive step sizes. Since
this F-theory construction only applies locally, we remain ignorant of the full Kéhler
potential, particularly for the SM fermions and Higgs fields. However, we may start
from the simplest No Scale SUGRA assumption, using this to derive the soft SUSY
breaking terms at Mp. The high energy boundary conditions (M, = Ay = B, = 0,
M), # 0) are then applied and the equations are run down to the electroweak
symmetry breaking (EWSB) scale and then M. The equations are run back up to

M to calculate p(MFp), among other quantities, and this procedure is repeated until
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Figure 6.2: The benchmark points in our parameter space. The projection on the
tan 8-M, /5 is almost independent of My, while My is strongly dependent upon My,
and M. My, = 173.3 GeV is indicated in green, M;,, = 174.4 GeV is indicated in
red, My, = 172.2 GeV is indicated in blue.

the equations converge to a solution. If the equations do converge, then the mass
spectrum is calculated and many of the known experimental constraints mentioned
in the previous chapter may be applied.

After applying the experimental constraints we are left with an essentially one
dimensional subspace of our parameter space after removing the dependence upon
M, as illustrated in figure 6.2.

Since our model has only one free parameter, the finetuning of the model should be
easy to calculate. A standard means of comparison has been the effect of parameters

on My [32]. In general, for a set of parameters a; in a model, we define:
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dlog M2
¢ =—=
8(11»

A model is finetuned with respect to a parameter a; if ¢; is large. There is room
for subjectivity, but this allows a quantitative measure of finetuning with which we
may compare the amount of finetuning for different models. Since we do not care if
a model is very natural with respect to one parameter while it is extremely finetuned

with respect to another, we shall define:

AEENZ = max{ci}

If we simply consider the tree level result from the MSSM for M:

1, M% tan? SM
2 tan® g —1 tan*f —1

w? (6.1)
we see that for the moderately large values of tan 3 that are favored by our model,
we may approximate My by:
L. 2 2

If we include radiative corrections, 3% and X% as done by Baer et. al. [8], we

instead get

Lo, Myl tan? 503, +T)
277 tan?p —1 tan? 3 — 1

— (6.3)

However, given that the contributions from the radiative corrections are at least
an order of magnitude smaller than those at tree level, we may safely ignore them

for the moment.
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The correlations between the parameters that we put into SuSpect and our actual
parameter in our model force us to conclude that the finetuning subroutine built into
SuSpect provides an overestimate, much as claimed by Baer et. al. [8]. The first
effort at estimating the finetuning involved treating M, as an input parameter for
the model and allowing small variations around the true value. We suspect that this
result was unreliable because many of the SuSpect functions and subroutines have
a subtle and hardcoded dependence upon My = 91.187GeV . These results tended
to give a result for OM;/OM,/, between 0.001 and 0.005. A less direct, though
ultimately simpler, method relied on the cornucopia of experimental constraints to
restrict the model to only one effective parameter. These constraints include My =
91.187GeV, so the dependence of the right hand side of 6.1 on M/, will change
as we change M, /;. Thus we can evaluate the finetuning of an individual point in
our parameter space, but we cannot get a closed form expression for Agpyz(Mi)2).
Using equation 6.1 with single parameter M/, and treating tan 3 as a constant, we

get:

aMfod 2 8M12'I'u,
Olog Mz 2My g, — P m oy

= — 6.4
0log M, M2 tan? § — 1 aMfm) (6.4)

This gives us a good first approximation, the results of which are shown in figure

6.3.
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Figure 6.3: The first approximation of Agpgyz as a function of m;/,. Radiative
corrections are not included, and tan 3 is taken as fixed for each benchmark point.
The top quark mass is allowed to vary, M;,, = 172.2 GeV is indicated in black, M,
= 173.3 GeV is indicated in red, M,,, = 174.4 GeV is indicated in blue.
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Figure 6.4: my/, — u(Mp) as a function of my,. The top quark mass is allowed to
vary, Mo, = 172.2 GeV is indicated in black, my,, = 173.3 GeV is indicated in red,
Miop = 174.4 GeV is indicated in blue.

Already we see one of the prominent characteristics of our model. The finetun-
ing becomes more pronounced as we increase M. This also corresponds to an
increasing difference between p and M; /5, as shown in figure 6.4.

As a next approximation, we can include the dependence of tan 5 on M s,

oMz 9 L OMZ
dlogMy _ 2Mp, az, — ' Py gy
dlog Mlz/2 M3 tan? 8 — 1 8M12/2
ot M? M2 — tan? fM?
t+otan g2t05 M, Ha OMay (65)

8]\/[12/2 tan2f—1  (tan2j3 — 1) )
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Figure 6.5: Aggnz for all benchmark points with dependence on tan 8 (red) and
without (black). This still excludes radiative corrections.

For low M, this has a relatively dramatic effect, but overall including the
variation of tan 8 with M/, provides a slightly larger, though still extraordinarily
small, finetuning as shown in figure 6.5.

Including the radiative corrections to My from [33] we get

1 M? + %4 tan? B(M? o
—M% _ I‘IQd d o an ﬁ(2 Hy, + u) . ,u2 (66)
2 tan® 5 — 1 tan® g — 1

Again, because of the large value of our tan 5, we can focus on the up contribu-

tions. The dominant radiative correction is from the stops.
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For completeness, the radiative contributions to the down Higgs mass are:
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where for brevity we have
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M; M,
D(Z) = [](M3 - M3)
j#i
K(Z;) = =M (9° + ¢7)

+MG (g2 (M} + pi?) + ¢ (M3 + 1) + M3 (g° + ¢%)
=M (12(g° M} + ¢°M;3) + (9° + g*) M7 M3))

M5 = M, cos® Oy + My sin? Oy,

1 2
Ay = (MfL — MgR)/Z + M3 cos 2B<Z — gmw)
1 2
2 2 2
Ay = (M; —M; )/2+ My 00825(1 — §$W)

6.3 Why?

A first indication of why the F-SU(5) theory is so natural may be obtained by
seeing how the various constraints we have imposed relate to one another.

Upon allowing My to vary with a fixed My, we find an exact correlation between
M1/2 and ,U(MF)

Relaxing the B, (Mp) = 0 condition, and floating M, we find y1 = M, only for
My between approximately 89.4 GeV and 91.6 GeV as shown in figure 6.6.

In particular, we shall see that the B, = 0 condition strongly constrains the mass
of the Z boson in our model. Thus, we have enveloped the weak scale finetuning
issue in a symmetry of our boundary conditions. Conversely, considering only three
currently known masses, M;,,, Mz, and M}, we immediately arrive in our model at

the relation u(EWSB) = M s, and thus the Higgs mass is giving us a very large
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Figure 6.6: Requiring only that the RGE’s do not produce any errors and additionally
allowing My to float, we can see how our solutions would react to loosening of the
various low and high scale boundary conditions. Here Mj 5 is allowed to vary between
230 GeV and 1.5 TeV, tan 8 varied between 20 and 24.4, My varied between 4700
GeV and 7624 GeV, while M,,, was kept constant at 173.3 GeV.

hint about our high energy boundary conditions.
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7. DILATON-MODULI MEDIATED SUSY BREAKING MODEL

As an alternative to the successful and natural model mentioned in the previous
chapters, we may instead consider an M-theory derived dilaton-moduli mediated
SUSY breaking model. M-theory may be considered as another strongly coupled
limit of type IIB string theory. In particular, we wish to compactify M-theory on
an S1/Zy orbifold. This will allow each Eg gauge group to live on the singularities
of the orbifold, giving a natural separation between the observable sector and the
hidden sector. The dilaton and moduli will then mediate SUSY breaking from the
hidden sector, through the bulk, to the observable sector. We want to break the Fjg
group down to the SM in the observable sector, but in the hidden sector, we can
leave Eg unbroken, or break it to various subgroups. This hidden sector group will
have a slight effect on the soft SUSY breaking masses in their dependence upon the
quadratic Casimir operator of the hidden sector group.

This model has only three parameters, M/, tan 8, and a parameterization of
the mixing between dilaton and moduli fields x. This mixing is dependent upon the
hidden sector coupling strength ay.

Assuming unified gaugino masses Mj /o, scalar masses My, and trilinear couplings
Ay, we obtain the following results from Li [34] assuming vanishing cosmological

constant:
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where for convenient parameterization we have:

- og — Qgur
aH + oguT

21 2
1 Qurt &G, T
tang — 2( huiden)

PR (7.2)
V3 acur — 302 Ghidden) 1+

The parameter space was scanned using DarkSUSY [35]. Much of the work was
done with tan 8 = 35, in which case the gravitino mass acted as an overall scaling
and the hidden sector coupling strength (recast as x) acts as a tilting angle between
My and M/ as shown in figure 7.1. The only part of the parameter space that was
consistant with the dark matter relic density was in the coannihilation region, this is
shown in figure 7.1. The coannihilation region is the strip of parameter space where
the LSP and the stau are very close in mass, allowing the reaction 7 — ff in
addition to x9xY — ff. This extra annihilation channel allows the dark matter relic
density to be brought down to observed levels.

Upon obtaining a reduced parameter space that satisfies the experimental con-
straints known at the time (namely excluding the Higgs mass), the MadGraph [36]
[37] suite was used to begin LHC event simulation. The Madgraph suite includes

utilizes MadEvent to generate parton-level events, these are then taken as input
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to Pythia to move to hadron-level, which is then fed into PGS with LHC detector
cards to simulate the detectors. A script to cut events by Walker [38] was used to
remove background events. Before LHC signatures could be found, the discovery
of the Higgs mass at around 126 GeV motivated a return to looking at the allowed
parameter space of the model to try to satisfy that constraint.

As a first step, the restriction on the dark matter relic density was relaxed to
an upper limit. The tension between the Higgs mass and the dark matter relic den-
sity continued to eliminate the total parameter space. Next, non-universal gaugino
masses from untwisted (0,2) Abelian orbifolds were considered.

Following [39] we obtain:

M2
20 = 1+ 3cos? A(n, sin? asin® B + ny sin? a cos? 3 + n3 cos® @)
M3,
M, V3 b — kallyg oy o Re(T3)  —4m dy(T5)

(ko Re(S)sin @ + cos 6 “

My Re(f.)

where

a; = (%S ,
247%(Re(S) = Y0, 325 log Re(T)))
C(R,)Dim(R, .
by =—C(Ga) + ) (Dz_)m(Ra() )(1 + 2n’)
reps

: ord(N = 2);
Obg =15 — 30— -

s ord (gorbi fold)

(7.4)
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Not all combinations of orbifold moduli spaces and modular weights are allowed.

For h11 = 3, his € (0,1,3), the orbifold modululi space is (Sg(é)l))z} X (S[Uj(é’)l))?’l,

and K = — 37 log Re(T}) — Z?,f:ll log Re(U,,). For hyy = 0, allowed orbifolds are

Z7, Z/87Z/87Z/6 X ZQ,ZIG X ZZ,Z% X Zs. For hg,l =1, allowed orbifolds are ZG,Zﬁ,Zg,Z4 X
L9, L X Lo, Z}5. For hey = 3 the only allowed orbifold is Zy x Zy. For hy; = 5,

: : : h
hy2 € (0, 1), the orbifold moduli space is (Sg(a’)l) X SU(Q)ig((JZé))XU(I) )T ®(Sg(&’)l))(]2’la

and K = —log Re(T7)—log det Re(T};) "1 log Re(U,,). The only allowed orbifold

— ZLum=1
for hoy = 0is Zg and for hyy = 11is Zy. For hy; = 9, hoy = 1, the orbifold moduli

space is (SU(3)ig§(§;xU(l))T7 K = —logdet Re(T;;), and the orbifold is Zs. However,

generically, this parameter space was too large to effectively scan.

The universal model would have been another candidate for the finetuning analy-
sis as presented in the previous chapter except for its unfortunate contradiction with
experimental data. A non-universal extension of that model might evade the experi-
mental constraints, but it is our conclusion that even in the best case scenario, such
a model would be an over-fitting of available data. Any useful physical insight would
be hiding within the vast parameter space which itself is just a way of expressing our

ignorance of the high energy theory.
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8. CONCLUSION

The F-SU(5) model has demonstrated robust success against experimental con-
straints while retaining strong theoretical assumptions. It incorporates the particle
content, solutions to standard GUT problems, and sub-Planckian group structure of
older F-SU(5) models, the strong assumptions and tree-level vanishing of the cosmo-
logical constant of No Scale Supergravity, and takes its inspiration from JF-theory,
and so promises a stringy ultraviolet completion. It has survived the current exper-
imental constraints and has a spectrum within the reach of the 14 TeV LHC.

These current experimental constraints cut down the parameter space to an extent
that the entire model may be effectively treated with a single parameter. This single
parameter naturally leads to large correlations between SUSY breaking terms at the
EWSB scale. The cancellation between terms because of this correlation in turn
leads to minimal finetuning in this model. Specifically, the similar dependence of
My, and p upon M,/ lead to natural cancellations, even for large values of those
(low-scale) parameters. This close cancellation, as opposed to My, and u each being
arbitrary functions of M/, may be traced to the high scale boundary condition B,
= 0, thus allowing a symmetry from our No Scale SUGRA boundary conditions to
absorb the complicated issue of electroweak finetuning.

A natural next step is to investigate the effects of the radiative corrections more
completely. Another goal is to approximate closed form expressions for the terms
in 6.6 in terms of M. Full implementation of flippon corrections to RGEs has
yet to be implemented. Finally, a more analytic understanding of the effects of the

boundary conditions on low energy quantities would provide immense insight.
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