UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

PHENOMENOLOGY OF THE STRING THEORY LANDSCAPE

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the

Degree of

DOCTOR OF PHILOSOPHY

By

MOHAMMED SHADMAN SALAM
Norman, Oklahoma
2022



PHENOMENOLOGY OF THE STRING THEORY LANDSCAPE

A DISSERTATION APPROVED FOR THE
HOMER L. DODGE DEPARTMENT OF PHYSICS AND ASTRONOMY

BY THE COMMITTEE CONSISTING OF

Dr. Howard Baer, Chair

Dr. Bruno Barboza

Dr. Braden Abbott

Dr. Eddie Baron

Dr. Michael Jablonski



© Copyright by MOHAMMED SHADMAN SALAM 2022
All Rights Reserved.



To the memories of..

Abbu - from whom I learned about the importance of honesty, integrity and hard work,
Nanu - for all the delicious food that is everlasting on my taste buds,
Nanabhai - for those wonderfully deep conversations about history, politics and life,
and

Chokidar Chachu - for we’re bound not by blood, but more strongly by the heart.



Acknowledgements

I want to begin by expressing my gratitude to my advisor Prof. Howie Baer. I have no
qualms to state wholeheartedly that he is the reason why I survived graduate school. When I
joined his group, my confidence was at an all-time low and I was in a bad place mentally and
physically. Various issues, both personal and professional, had me seriously contemplating
dropping out but being a stubborn stickler for seeing things through (to my own detriment
sometimes), [ went into his office one gloomy afternoon in Spring 2018 expressing my interest
to work with him. At that point, I was lucky to have had several courses taught by him,
and through his lucid lectures mixed with a healthy dose of humor, I started to fall in love
with physics again. I will forever be indebted to Howie for accepting me into his group,
believing in me, when even I didn’t believe in myself, and handing me goal-oriented and
exciting projects. Of course, I ran into brick walls countless times when I did not know what
I was doing wrong or had no clue where to start with a project; his door was open for any
questions and through deep, engaging conversations he clarified my confusions without ever
getting angry or visibly frustrated by my many dumb questions. I always came out of his
office with an uplifting feeling of having learned something new in addition to having my
original queries answered. In short, Howie has been a father figure to me who has guided me
through some of my toughest periods of life in academia and I will forever cherish my time
working under his supervision.

I would also like to extend my gratitude and thanks to Dr. Bruno Barboza, Dr. Braden
Abbott, Dr. Eddie Baron and Dr. Michael Jablonski for taking time out of their busy
schedule to serve on my committee. Thank you all for listening to my concerns, answering
my emails and filling out official forms well ahead of deadlines whenever I needed them.
Additionally, I am grateful to Prof. Vernon Barger of Wisconsin-Madison for his wise inputs
during our collaborations, and Prof. Xerxes Tata of Hawai‘i for some very enlightening and
heart-warming discussions over dinner and drinks at Pre-SUSY 2019.

To Shabnam Ahsan Esha, my partner in life, my best friend, my shoulder to lean on,
words alone cannot express my gratitude for your constant love and support throughout the
last eleven years of being together. From years of having a long-distance relationship, when
we got into different schools - many states apart - in our pursuit of higher education, to being
newly-weds but still separated indefinitely on opposite sides of the globe by a raging pandemic,
many times it felt as if the Universe was plotting against us. Your love, dedication and trust
kept my belief strong as we weaved our way through challenging circumstances. I can never
repay the sacrifices you've made, especially in the last year, to be here with me while I finish
my PhD. Richard Feynman once famously wrote, “physics is not the most important thing,
love is”; T know it for a fact since whatever I accomplish would be as meaningless as the sky
without the stars, if I didn’t have you in my life. I love you.

I would like to thank my parents for without them, I would not even exist within any
pocket universe in the vast multiverse. Through hard work and numerous sacrifices, they
ensured that me and my brother get a good education and have all the necessary things
for a comfortable existence. To my elder brother, Ezad, I am grateful for taking up a lot
of responsibility upon my father’s passing which allowed me to pursue my education with
little worry. I want to also thank my maternal aunt and her husband, Farzana Ayub and

v



Mohammad Abul Bashar, for constantly being there as well-wishers. Additionally, I want to
mention my maternal uncle, Nasser Ayub, whom I always looked up to as a kid and aspired
to work at NASA one day, following in his footsteps. His stories about space exploration
birthed my curiosity for science and the cosmos. I am also very grateful to the family I chose,
my in-laws, Afroza Amin and Ahsan Habib. Since before I became a member of their family,
they were very accepting of me and thereafter always treated me like their own son. I truly
cherish their kindness, love and warmth.

I am also very thankful to my friends Tahsin, Zia, Rohan and Shahriar for all the
shenanigans we got up to in days past. Countless cups of tea, all the terrace addas through
lazy afternoons to late evenings, and infinite hours of gaming that grew from being a coping
mechanism to deal with many issues I was having, into something that was an indispensable
part of most of my days. I also extend my thanks to Rafid Mahbub, my neighbor and friend,
for our many aimless walks through the alleyways of Paltan. Now, it would be a disservice to
not mention a friend whom I always considered to be like a brother, Siam. Sometimes, even
after decades of knowing someone feels like you don’t really know them - he is the epitome of
such a person. We are not connected anymore but I would still like to thank him for the
many hours of phone calls of, often pointless, conversations about all things life.

At OU, I have had the pleasure of befriending John Truden, Geo Jose, Daniel Wilbern,
Burak Mustafa, Joseph Choi, Xin Guo, Rajeeb Sharma, Eric Ashby, Matthew Goodman,
Andrea Cristini, Hasan Serce and Dibyashree Sengupta, among some others whose names
have slipped my mind as I write this. Thank you John for being a good friend and roommate
and for always making me feel valued and appreciated. I thank Daniel for being my coding
guru since without his willingness to train me in various aspects of shell scripting and python,
I would be lost at sea in my research. To Burak, Choi, Xin, Eric, Rajeeb and Geo, I am
eternally grateful for sharing your knowledge and wisdom with me while we were busy passing
various classes and qualifiers. Andrea, in a short period of time, we became pretty close
friends so much so that we were comfortable opening up about our personal lives, over many
meals we shared at The Library, which greatly helped me get over difficult phases of life for
which I am truly grateful to you. To Hasan and Dibyashree, thanks for always keeping your
door open to my constant research questions, some of which, in hindsight, were annoyingly
trivial. To Matt, I really appreciate how you kept in touch with your sporadic texts even
after many years of leaving OU. To all, thanks for making my years in Norman a bit more
livable.

Lastly, I would like to mention members of the Bangladeshi student community here in
Norman, especially to the following people. Thanks to Warid Islam, for being available to
pick me up from the airport and making me feel at home upon landing in the US. Eternally
grateful to Mohan Bhowmik for letting me share his home for the first few days when I didn’t
have any other accommodations, and helping me set up my new life here. Thanks to Shajid
Islam Amit and Rowzat Faiz Shegufa for always being open and available to help me out of
difficult situations by providing relevant information and lending good advice.

Finally, this dissertation is dedicated to four of the most beloved people in my life whom
I've lost. Each of them have made unique contributions to the journey that got me where I
am today.

To anyone I have missed, please know that my mind betrayed me and that it was purely
unintentional and I am thankful to you regardless.



Table of Contents

Abstract viii
List of Figures xiii
List of Tables xiv

1 Introduction 1
1.1 The Standard Model . . . . . . . . . . . .. 1
1.2 Shortcomings of the Standard Model . . . . . . . . . . ... 3
1.3 Supersymmetry . . . . . .. L. L. e e 4

1.3.1 DMotivations for SUSY . . . . . . . . . . .o 5
1.3.2 Basics of SUSY Transformations . . . . . . . . . . . . ... ... ..... 8
1

1.3.3 Minimal Supersymmetric Standard Model (MSSM) . . . . . . . ... ... 1
1.3.4 Local SUSY/ Supergravity . . . . . . . . . . . 14
1.3.5 SUSY Breaking . . . . . . . . . .. 14
2 Discussion on String Theory 17
2.1 Superstring Theories . . . . . . . . . . L 18
2.1.1 Global Worldsheet SUSY . . . . . . . . . . . ... 21
2.1.2  Mode Expansions and Boundary Conditions . . . . . . . . . .. ... ... 22
2.1.3 Canonical Quantization of the RNS Superstring Theory . . . . . . . . . .. 25
2.1.4  GSO Projection . . . . . . . ..o 32
2.2 Types of Superstring Theories . . . . . . . . . . . . . . .. ... ... 35
3 String Compactifications 37
3.1 The General Construct . . . . . . . . . . . Lo 37
3.2 Moduli Stabilization . . . . . . . . ... e 38
3.2.1 Promising Solutions to the Moduli Stabilization Problem . . . . . . . . .. 39
3.2.2  Vacuum Multiplicity . . . . . . . . ..o o 43
4 Naturalness and the Anthropic Landscape 45
4.1 Anthropic Resolution of the Cosmological Constant Problem . . . . . . . . . . .. 46
4.2 Anthropic Origin of the Weak-Scale . . . . . . . . . .. ... ... ... ..... 50
4.3 Naturalness Re-examined . . . . . . . . . . . . ... L 52
4.3.1 CMSSM / mSUGRA and NUHMn models . . . . . . ... ... ... ... 53
4.3.2 Practical Naturalness Measures . . . . . . . . . . . . .. .. .. ... ... 99
4.3.3 Stringy Naturalness . . . . . . . . . . ... oo 61
4.4 Naturalness versus Stringy Naturalness . . . . . . . . . ... ... ... ... .. 67
4.5 The Triumph of Natural SUSY in the Landscape . . . . . . . .. ... ... ... 69
4.5.1 Fate of the SM and CMSSM in the Landscape . . . . . . . . .. ... ... 69
4.5.2 Radiative Natural SUSY emergent from the Landscape . . . . . . . . . .. 72
5 String landscape guide to SUSY and DM searches 81
5.1 Soft terms in the low energy EFT . . . . . . . . .. . . ... ... ... ..., 81
5.2  Results from gravity mediated SUSY breaking schemes . . . . . . . . . . ... .. 91
5.3 Results from Generalized Mirage-Mediation (GMM’) . . . . . . . ... ... ... 100

vi



5.3.1 GMM’ model and parameter space . . . . . . . . . . ... 100

5.3.2  Results in the ngM VS. mi\%” plane . . . . . ..o 103

5.3.3 Higgs and sparticle mass distributions in the GMM’ model for varying no . 107

5.4 Results from Dynamical SUSY breaking in the landscape . . . . . . . . . . . ... 112

5.4.1 Higgs and sparticle mass distributions in the landscape with DSB . . . . . . 115

5.5 Examination of soft terms drawn logarithmically on the landscape . . . . . . . .. 121
5.5.1 Higgs and sparticle mass distributions in the landscape with logarithmic draw

onsoft terms . . . . . ... 121

5.6 Landscape predictions for SUSY Dark Matter . . . . . . . . .. ... ... .... 131
5.6.1 Landscape implications for WIMP DM search results from Direct Detection

(DD) and Indirect Detection (IDD) Experiments . . . . . . . . .. .. ... 132

5.6.2 LHC higgsino discovery plane . . . . . . . . . .. ... 135

6 Summary and Outlook 147

References 153

vii



Abstract

In this dissertation, we perform a thorough phenomenological study of the string theory
landscape [1]. To this end, we compare and contrast the data collected from particle
accelerators and detectors against various models of observable particle phenomena. One
stark indirect evidence of underlying string theory is the existence of supersymmetric (SUSY)
particles, a variety of new particles resulting from a symmetry between the bosons and
fermions observed in nature: i.e. every boson should be paired with a fermionic partner and
vice versa. The discovery of the Higgs boson at the LHC in 2012, the particle responsible for
giving mass to matter particles (e.g. electrons) and the massive gauge bosons, has provided us
with strong bounds on the masses of these yet unobserved superpartner particles, which when
combined with string theory landscape arguments, can yield strong statistical predictions
for observing SUSY in future upgrades to particle accelerators. Various SUSY models are
explored in the context of string landscape statistics by which we can rule some models out
as realistic extensions to the Standard Model (SM). We also argue how realistic SUSY models
requires the Higgs boson mass to be ~ 125 GeV with superpartners beyond current energy
limits of the LHC - just what is observed experimentally. Additionally, we also analyze the
prospect of detecting dark matter particles which only gravitate and exhibit at best only
weak interactions. The emergence of SUSY also equips us with such Weakly Interacting
Massive Particles (WIMPs), whose mass range can then be statistically predicted using string

landscape arguments.
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Chapter 1

Introduction

1.1 The Standard Model

The Standard Model (SM) is a collection of gauge theories based on gauge groups SU(3)¢c
and SU(2), xU(1)y. This framework arranges fundamental particles into two main categories,
namely fermions and bosons. Fermions are spin-1/2 particles that include the quarks and
leptons while the force mediators (spin-1) and the Higgs (spin-0) fall under the umbrella of
bosons. The group representations of the first generation fermions and bosons along with

their corresponding gauge quantum numbers are given in the table below.

Leptons L=(¢F) 1 2 -1
€R 1 1 -2
Quarks Q= (a) 3 2 1/3
dg 3 1 -2/3
B 1 1 0
Gauge Bosons w 1 3 0
G 8 1 0
Higgs Boson o= (ZZ ) 1 2 1

Table 1.1: Group Representation of first generation fermions, gauge bosons and the Higgs boson.

The SU(3)¢ group is called Quantum Chromodynamics (QCD) and describes the interac-
tion of particles with color charge, like the quarks, via exchange of gluons, the particles that
mediate the strong nuclear force. The gluons themselves carry color charge and hence have

strong self interactions, as a result of which gluons are always observed as confined states



such as hadrons (a state made up of multiple quarks and antiquarks). The requirement of
local gauge invariance means that the gluons form a color octet under SU(3)¢ i.e. there are
8 gluons in the SM and all of these are necessarily massless. Furthermore, the quarks come
in three different color charges namely, red (r), blue(b) and green(g) and so they form a color
triplet under SU(3)¢. A consequence of SU(3)¢ symmetry is that strong interactions must
conserve color charge.

The SU(2), x U(1)y group describes the electroweak interactions, the unified framework
of electromagnetism and the weak nuclear force pioneered by Glashow, Weinberg and Salam
[8, 9, 10]. The SU(2); x U(1)y symmetry breaks down to U(1),, which describes the
interaction of electrically charged particles via the exchange of photons, a field theory
framework termed Quantum FElectrodynamics (QED). The symmetry is unbroken at high
energies but at low energies it breaks spontaneously when the Higgs boson, a spin-0 (scalar)
field, acquires a non-zero vacuum expectation value (VEV), in a process known as the Higgs
mechanism [11, 12]. Consequently this symmetry breaking gives rise to the massive W=
and Z° bosons which are the mediators for the weak force, along with the photon which
remains massless. The L subscript in SU(2), refers to the fact that only left-chiral fields
interact via the weak force which is a consequence of the observation that weak interactions
do not respect parity symmetry. Therefore, left-chiral fermions are SU(2), doublets while
right-chiral fermions are SU(2), singlets, as shown in Table 1.1. Additionally, the Y subscript
in the U(1)y label is identified as the weak hypercharge, the group generator for the U(1)
part of the electroweak gauge group. Since all SM fermions and the Higgs are charged under
U(1)y they exhibit weak interactions; in fact, quarks interacting via the weak force is what

causes nuclear f— decay. The complete SM framework consists of 3 generations each of 6



leptons and 6 flavors of quarks termed as up (u), down (d), charm (c), strange (s), top (t),
bottom (b) coming in 3 colors each (so 18 quarks). There are also 12 force mediators and the
Higgs boson which is required to give mass to the massive gauge bosons, quarks and the
charged leptons. Additionally, paired with leptons and quarks there are 6 antileptons and 6
antiquarks (6 flavors) which have the same masses as their particle counterparts but with
all charges with their signs flipped. Thus, altogether the SM consists of an assortment of 62

fundamental particles which helps to explain three of the four fundamental forces in nature.

1.2 Shortcomings of the Standard Model

Despite its successes however, the SM is incomplete. Most obviously, the SM is devoid of
gravity. The quantum field theory behind it fails to quantize gravity in that the theory becomes
non-renormalizable when following traditional particle or field approaches of introducing a
graviton as the force mediator.

Furthermore, even after the discovery of the Higgs boson with its mass precisely measured
at my, ~ 125 GeV, the SM suffers from instability in the Higgs mass calculation in that it is
quadratically divergent. Technically, the mass is theoretically obtained as, m? = m%qo +dm%
wherein the radiative corrections dm?, ~ A% where A is the cutoff energy of the theory with
A > myg. The only remedy to these quadratic divergences is to require an incredible amount
of fine-tuning in the mfio term to obtain the measured Higgs mass. Inevitably, the question
then arises as to why the measured Higgs mass is so much smaller than the Planck scale

(A ~ 10" GeV) or the GUT scale (A ~ 10'% GeV). This kind of tuning is considered

mguT

unnatural and the SM cannot account for such a scenario. Conversely, this is one of the
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leading unsolved mysteries of the SM and has been termed “The Big Hierarchy Problem’
(BHP) or the “fine-tuning problem”.

Then there is the question of Dark Matter (DM) and Dark Energy (DE) content of the
Universe, whose existence is evident from astronomical observations [13, 14]. In fact, data
suggests that only ~ 5% of the constituents of the known Universe is comprised of matter
particles of the SM while the rest is accredited to the DM (~ 27%) and DE (~ 68%) content,
of whose presence the SM is oblivious to.

Moreover, the cosmological constant in Einstein’s field equations, A.., which is equivalent
to the vacuum energy has been experimentally measured from observation of supernovae
redshift to be A.. ~ 107'#2m?, [15]. This is in outrageous disagreement to the value expected
from naive dimensional analysis i.e. A, =~ m% where mp is the reduced Planck mass. This is
the infamous cosmological constant (CC) problem which is devoid of explanation in the SM
framework.

The above list is not exhaustive however and the SM suffers from a number of other
ailments, such as the strong CP problem, that have been left out. These are just a few issues
listed that are enough to motivate thinking about a theory that lies beyond the SM (BSM).
One of the most promising BSM theories is discussed in the following section, followed by a

study of the most compelling UV-complete theory till date - string theory, in Chapter 2.

1.3 Supersymmetry

Supersymmetry (SUSY) is one of the most popular class of BSM models. It posits the

existence of a symmetry between bosons and fermions, i.e. for every boson (fermion) there



exists a partner fermion (boson), a relation which is yet to be observed in experiments.
Nevertheless, there are encouraging signs that nature respects this symmetry, some of which
will be discussed shortly. Additionally, the existence of SUSY serves to ameliorate a lot of

the problems that plague the SM.

1.3.1 Motivations for SUSY

The principle motivation for SUSY is its ability to neatly solve the fine-tuning problem or
BHP, referred to in the previous section. Loop integrals that one encounters in field theories
are often divergent; the structure of these divergences determine if they are tameable by
conventional regularization methods or if new degrees of freedom need to be introduced to
avoid them. For instance, fermion mass integrals are protected by their chiral symmetry

which results in mild logarithmic divergences up to a cut-off scale A,

om o mln —.

However, the divergence structure of field theories with elementary scalars often leads to
dangerous quadratic divergences. For instance, calculation of the physical Higgs mass at

one-loop level yields,

c
my,,, (phys) ~m¥ .+ 167T2A2 (1.1)
where m? <y 18 the Higgs mass squared parameter in the Lagrangian, ¢ contains various

coupling constants while 1 TeV < A < mp ~ 10'® GeV is some high scale cut-off for which
the SM ceases to be a valid theory. The second term includes various contributions such as the

Higgs coupling to a fermion loop or to itself as shown by the Feynman diagrams in Figure 1.1.



Astonishingly this implies a fine-tuning of 1 part in 10?® to mathematically obtain the observed
Higgs mass, my(phys) ~ 125 GeV ~ 100 GeV for a scale choice, A = mgyr ~ 10 GeV. To
render the Higgs mass ‘natural’, or conversely, not fine-tuned, large cancellations between
fermionic and bosonic loops would seemingly need to occur. Therein arises the notion of a
symmetry between fermions and bosons i.e. SUSY which accounts for the loop cancellations,

thereby stabilizing the Higgs mass and solving the BHP.

Figure 1.1: 1-loop quantum corrections to ml%IsM due to a fermion loop (left)
and a scalar loop (right).

SUSY is also a well-motivated extension to the SM due to its ability to explain the
values of empirically obtained parameters in the SM like the gauge couplings. Any candidate
complete theory beyond the SM should necessarily explain these precisely measured values;
most favorable of these theories should manifest a unification of these couplings at energy
scale mgyr ~ 10'® GeV and so named Grand Unified Theories (GUTs). Although the
SM is a renormalizable quantum theory with its own set of Renormalization Group Equations
(RGE), when extrapolated up to mgyr from myeqr ~ 100 GeV this set of RGE shows only
rough unification of the SU(2), SU(3) and U(1) gauge couplings. However, SUSY RGE’s
successfully unifies the couplings at mgyr, another strong evidence for SUSY as a BSM
framework. This is shown in Figure 1.2, where we follow convention and plot the inverse of
a; = g?/4w, where g; are the gauge coupling constants with i = 1,2, 3 against the t = In Q

with @) being the energy scale. The plot results from the running of the gauge couplings



from the weak-scale (Q ~ 100 GeV) where the couplings have been measured to very high
precision, up to the GUT scale dictated by their Renormalization Group Equations (RGEs)
in the SM and the Minimal Supersymmetric SM (MSSM).
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Figure 1.2: Evolution of the SU(3)c x SU(2)r x U(1)y gauge coupling constants
from the weak-scale to the GUT scale in the SM (top frame) and in the MSSM
with 2-Higgs doublets (bottom frame).

Additionally, all R — parity conserving SUSY models accommodate DM particles in their
spectrum. Such a particle should be massive, electrically and color neutral. Moreover, local

SUSY exhibits an inherent connection to gravity in that it necessitates the existence of



a massless spin-2 gauge boson which mediates the gravitational interactions, the graviton
along with its spin-3/2 superpartner, the gravitino, in the SUSY model spectrum. This is an
example of supergravity model which includes Einstein’s theory of General Relativity (GR).
Like any 4 — D theory of gravity, supergravity is non-renormalizable but nevertheless the
SUSY-gravity connection proves useful when pursuing robust quantum gravity theories, as
will be discussed later in this dissertation.

A further important ability of the SUSY framework is to explain the fundamentals
of Electroweak Symmetry Breaking (EWSB) that is observed when the W and Z bosons
become massive via the Higgs mechanism, as was discussed earlier. Even though appropriate
gauge and parameter choices can accommodate proper EWSB in the SM, no explanation is
provided for the required choices. In contrast, EWSB is fueled by the SUSY RGE effects
driving the Higgs boson squared mass parameters to small negative values and hence negates
any need for arbitrary parameter selection. However, this phenomena termed Radiative
Electroweak Symmetry Breaking (REWSB), only works if the top quark mass is large enough
e.g my ~ 100 — 200 GeV; as a result REWSB holds since the measured top quark mass
happens to be m; ~ 173 GeV [16]. REWSB has profound implications for particle physics as

will be studied in more detail later in the work.

1.3.2 Basics of SUSY Transformations

As established in the discussion above, SUSY is a symmetry that relates fermions and
bosons. More technically, SUSY is a spacetime transformation that converts a bosonic state

to a fermionic state and vice versa. Using operator notation, a SUSY transformation is



written as,

Q |Boson) = |Fermion),  Q|Fermion) = |Boson)

where @) is the generator of SUSY transformations which is an anti-commuting spinor.
Since spinors are intrinsically complex valued objects, its complex conjugate operator Q
is also a symmetry generator. Since SUSY is a spacetime symmetry, we must expand the
Poincaré group into the complete set of SUSY transformations. Thus, augmented by the
usual spacetime transformations of rotations and boosts generated by the six component
rank-2 tensor M, and translations generated by the energy-momentum operator P,, the

SUSY transformations generated by the spinor @), form the super-Poincaré algebra, as

[P..P,)] =0, (1.2)

(M, PA] = i(9u2 Py — gunPy), (1.3)

(M, Mypo| = i(9poMoo = GuoMup — GuooMyuo — GueM,p), (1.4)
[P, Q.] = [P, Q] =0, (1.5)

(M0 Qa] = = (5000 s Qo (16)

{Qa, Qa} =2(v") s P, (1.7)

{Qa, Qv } = —2(+"C) s P, (1.8)

{Qu, Qo) = 2(C™ ") P (1.9)



The above algebra is the most general extension of the Poincaré algebra provided that
there is only a single (N = 1) spinor generator @); these are known as N = 1 SUSY. For
a supersymmetric theory then, single-particle states form an irreducible representation of
the SUSY algebra, termed as supermultiplets. These supermultiplets contain both bosonic
and fermionic states which are superpartners of each other. In the irreducible representation,
the P? operator with eigenvalue m? (square of the mass), commutes with all the group
generators implying that the superpartners in a supermultiplet must have the same mass.
However, therein lies the conundrum: such a bosonic counterpart with the same mass as
say, the electron, could not have evaded detection at past or current detectors. The solution
then is to consider SUSY to be a broken symmetry and so that superpartners necessarily
have different masses and differ by a spin-1/2 from their SM counterparts. As a result
the SM gauge bosons with spin-1 are partnered up with their spin-1/2 superpartners, the
gauginos, the SM fermions with spin-1/2 form chiral supermultiplets with their scalar (spin-0)
superpartners, the sfermions. The Higgs boson (spin-0) on the other hand, resides in two
chiral supermultiplets with its superpartners, the spin-+1/2 higgsinos, each of which is
required to give rise to masses of the up-type and down-type quarks. Thus, to build SUSY
models, one needs to combine bosonic (scalar and vector) and fermionic (spinor) fields into a
single entity, the superfield ® = @(w, ) where the 6 are anti-commuting Grassman coordinates
which correspond physically to Majorana spinor field which is a Dirac spinor that obey the
Majorana condition,

6=0=067C,

where C' is the charge conjugation matrix. The above relation tells us that a Majorana
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spinor is its own antiparticle. Then, a general superfield ® = <i>(x, 0) is defined as an object

consisting of fields that transform into each other via the following Lorentz transformation,

6d = ilaQ,d] = (- @a% —iadh)d, (1.10)

where « are Majorana spinor parameters that characterize SUSY transformations and the

bar on top refers to it being the conjugate spinor.

1.3.3 Minimal Supersymmetric Standard Model (MSSM)

With the machinery in hand, we can now extend the SM to include N = 1 SUSY in a way
that solves the bulk of the issues plaguing the SM without introducing an intractable number
of parameters. This can be achieved by building the Minimal Supersymmetric Standard
Model (MSSM) where one takes the SM gauge group, SU(3)c x SU(2), x U(1)y, elevates
the SM gauge fields to gauge superfields and the fermion fields to chiral superfields, and
chooses a superpotential to describe the interactions between the various chiral superfields in
the theory before writing down the Lagrangian. Furthermore, in addition to promoting the
SM higgs doublet to a doublet of left-chiral superfields that transforms as a 2 under SU(2),

and has weak hypercharge Y =1,

ot Bt
¢ = —H=| |, (1.11)
¢° ha
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we need to introduce another Higgs doublet superfield,

Hy = (1.12)

which transforms as a 2* under SU(2),, and has a weak hypercharge Y = —1. The need for
the second Higgs doublet of the MSSM stems from the inability of the scalar component of izg
to give mass to the down-type quarks and charged leptons. This is because the superpotential,
the source of Yukawa interactions between Higgs scalar component and matter fermions,
allows only terms containing left-chiral superfields; to give mass to the down-type quarks and
the charged leptons however, the scalar component of right-chiral superfield ﬁ?f is required.
This requirement can only be fulfilled by introducing the second doublet which has the
correct hypercharge and chirality. Also, the introduction of spin-1/2 higgsinos upsets the
celebrated anomaly cancellation of the SM unless one introduces a second Higgs doublet
with opposite quantum numbers. The matter and Higgs superfield content of the MSSM in a

single generation is summarized in Table 1.2.

EA — <?;LL ) 1 2 1
ke 1 1 2
I

Q= (i) 3 2 1/3
0e 3+ 1 4/3
D¢ 3* 1 2/3
A~ . i’l,i

i, — (;}g) 2 1
A~ h_ %

H, = (h§> 1 2 1

Table 1.2: Matter and Higgs superfield content of the MSSM in a single genera-
tion along with their gauge group properties.
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With the matter and Higgs superfield framework, we are free to choose the superpotential
term in the MSSM Lagrangian. In contrast to the SM Lagrangian, baryon and lepton number
violating terms are allowed in the MSSM Lagrangian if such terms respect gauge invariance.
However, presence of such terms in a theory that potentially describes the 4 — D world leads
to a plethora of problems such as faster than observed proton decay. To avoid this, one

1)3(B=L)+2s wwhere s is the spin

requires all terms to respect R-parity defined as, R = (—
of the field while B and L are baryon and lepton numbers respectively. Thus, the MSSM

superpotential is chosen to be [17],

W= pHiHyo + > [(£)ijea@fHLUS + (£2)5Q¢ Hao DS + (£.)i; L Haa B, (1.13)

1,7=1,3

where the a and b are SU(2) doublet indices, €4, is the completely antisymmetric tensor
and f terms are the elements of 3 x 3 Yukawa coupling matrices with 7,5 = 1 — 3 indices
corresponding to the various generations which, along with superpotential p parameter,
is generally complex. At this point we can write down a globally supersymmetric MSSM
Lagrangian with unbroken N = 1 SUSY using a master formula used to calculate SUSY
Lagrangians with gauge invariant terms, that can be read off Eq.(6.44) in [17]. To ensure
proper EWSB as in the SM to give rise to massive W and Z bosons, it is sufficient to minimize
the scalar potential of the MSSM Lagrangian in a way that leads to non-zero VEV’s for the
neutral fields i.e. (k) = v, # 0, (h}) = vy # 0. Lastly, it must also be ensured that SUSY

is properly broken, which will be discussed shortly.
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1.3.4 Local SUSY/ Supergravity

Thus far in our discussion of supersymmetric theories we have implicitly assumed global
SUSY i.e. theories wherein the SUSY transformation parameter a from Eq.(1.10) had no
spacetime coordinate dependence. We can elevate a global symmetry to a local one if we
consider spacetime dependent transformation parameters which in our case would mean
a = azh), giving rise to locally supersymmetric theories which are necessary since gravity is
defined locally in GR. As with any local gauge theory, the method of invoking local SUSY
transformation parameters necessarily introduces a corresponding gauge field to maintain the
invariance of the SUSY Lagrangian. This gauge field is identified as the massless, spin-3/2
gravitino field which then is required to be paired with its massless bosonic superpartner, the
spin-2 graviton field. Upon SUSY breaking at some energy scale, the gravitino acquires mass
in a manner similar to the W and Z gauge bosons in the theory of weak interactions. As a
result, since it necessarily brings a graviton into the spectrum, local SUSY is also known as
supergravity (SUGRA ). However, it turns out that the gravitational coupling constant has
dimensions of inverse mass and as such gives rise to non-renormalizable terms in the SUGRA
Lagrangian. This means SUGRA cannot be the complete theory valid at all energies but
rather can be understood as the low energy limit of a more fundamental theory with local

SUSY, namely superstring theory which will be discussed in the next chapter.

1.3.5 SUSY Breaking

As has been discussed earlier, SUSY must be a broken symmetry in nature which
necessitates there be a mechanism via which this occurs. Since in models with global SUSY,

spontaneous SUSY breaking (SSB) is ruled out by experiments [18], it must be broken
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explicitly by terms in the Lagrangian. Such SUSY breaking contributions are called F' and/or
D - breaking terms and an elaborate discussion can be found in [17]. It is necessary that any
such terms that appear in the Lagrangian cause soft breaking of SUSY i.e. only logarithmic
divergences are introduced into the calculations which ensures the stability of the observed
Higgs mass. Since the exact mechanism is not known, one assumes the SUSY breaking
occurs in a “hidden” sector and communicated to the “visible” sector via some mediating
process. To that end, multiple SUSY breaking mediation mechanisms are promoted, each
having unique features. Categorically, these are Gravity Mediated SUSY Breaking, Anomaly
Mediated SUSY Breaking (AMSB), Gauge Mediated SUSY Breaking and Gaugino Mediated
SUSY breaking. The latter two mechanisms can be all but ruled out while the others remain
highly motivated.

For models with local SUSY, SSB is the most widely promoted mechanism in the
literature. SUSY can be broken spontaneously, while retaining Poincaré symmetry, when
either (0] F;|0) # 0 or (0| D4 |0) # 0, i.e. when either the F' or D—field attains a non-zero
VEV. These two types of SSB is therefore called F'—type SUSY breaking and D—type
SUSY breaking respectively. It is well established that spontaneous breaking of a global
symmetry leads to a massless Nambu-Goldstone boson corresponding to every symmetry
generator that does not annihilate the ground state [19, 20]. In contrast, for local symmetries
the Nambu-Goldstone boson is “eaten by the gauge fields” thereby becoming longitudinal
components of a gauge field which then gain mass; this is the Higgs mechanism we alluded
to in our discussion of EWSB in the SM. In case of global SUSY however, upon SSB the
resultant Nambu-Goldstone mode is in fact a massless spin—1/2 fermion since the generator

of SUSY transformations is a spin—1/2 spinor; the massless Nambu-Goldstone boson is then
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called the goldstino. Upon invoking locality of SUSY transformations, the massless goldstino
is absorbed by the gravitino which then becomes massive in a process aptly termed the

super-Higgs mechanism.
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Chapter 2

Discussion on String Theory

As has been discussed in the earlier chapter, quantizing gravity is a persistent issue
plaguing the SM. Quantizing gravitational force requires a marriage between Einstein’s
general theory of relativity and conventional quantum field theory but any attempt at such a
union results in non-renormalizable solutions, as briefly studied in Ref. [21]. String theory
makes its grand entrance here by providing the proper tools to not only successfully quantize
gravity but also as a UV-complete theory of everything. In its most basic form, string theory
posits the existence of extremely tiny strings of order the Planck length to be the most
fundamental objects in nature which can oscillate in various modes and these oscillations
manifest themselves as the observed particles of a low energy effective field theory (EFT)
such as the MSSM. Originally, string theory was formulated solely for bosons (bosonic
string theory) [22] but was later extended to include fermions in the string spectrum by
supersymmetrizing it. Such string theories with spacetime fermions alongside bosons are
called superstring theories [23]. A crucial feature that makes superstring theory so attractive,
besides the mathematical aesthetics, is that all superstring theories successfully manifest
quantization of gravity via the emergence of a spin-2 graviton in the particle spectrum. It
would seem like we have filled all the blanks in our incomplete understanding of how nature
works at the fundamental level by replacing the existing SM framework by this appealing
new string framework but alas superstring theories present their own set of challenges to be
tackled. In this chapter we aim to address these issues semi-qualitatively, discuss potential

solutions and present their compatibility with observable phenomena. Much of the following
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discussion is summarized from [24] while other sources used for specific points are cited

accordingly when needed.

2.1 Superstring Theories

From classical field theories we know that a point particle traces out a worldline as it
propagates through spacetime. When the point particles are replaced by 1 — D strings, its
trajectory is defined on a (1+ 1) — D worldsheet. Thus the starting point of any string theory
is to write down the worldsheet action propagating in D—dimensional Minkowski space. The

corresponding bosonic string action with D scalar fields, known as the Polyakov action, is [25]

Sp = —% d*00* X"0, X, (2.1)
defined in the conformal gauge such that h,g — 1,3 where h,g is the worldsheet metric
and 7,4 is the Minkowski spacetime metric. Additionally, X* with 4 = 0,...,D — 1 are
the target spacetime coordinates, ® with o = 0,1 such that ¢ = 7 and ¢! = o are the
worldsheet coordinates, while we set the length parameter o' = 1/2 and the string tension
is T'= 1/m. In order to include fermions in the string formalism, there are two known
approaches that one can employ, namely Ramond-Neveu-Schwarz (RNS) formalism and
Green-Schwarz (GS) formalism. RNS theory introduces fermions on the string worldsheet by
incorporating worldsheet SUSY while in contrast, the GS theory is supersymmetric in 10 — D
Minkowski spacetime. While the GS formalism may seem more appealing with manisfestly

spacetime SUSY, it loses manifest Lorentz covariance upon quantization in the light-cone

gauge [24]. Moreover, it will be briefly shown shortly that the RNS worldsheet SUSY can be
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projected to spacetime SUSY via a process known as Gliozzi-Scherck-Olive (GSO) projection
[26]. Hence, we’ll restrict our discussion to RNS superstrings. The bosonic action therefore

can be extended to include worldsheet fermions according to the RNS formalism as [24],
1 _
S=Sp+Sp= o /dch(@aX“@aXu + Pt p® az@) (2.2)
s

where Sp is the fermionic action, p* are the 2—D Dirac matrices

that obey the Clifford algebra, { %, p° } = 21, and 1" is a Dirac spinor on the worldsheet

with two independent components,

and correspondingly the Dirac conjugate is defined as,
= plip”
These components are real such that we impose the following reality condition,

(W")7C = (w")lip” (2.3)
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where C' is a 2 x 2 charge conjugation matrix so that we have Dirac spinors with real
components which are called Majorana spinors. Thus, in the Majorana representation, the

components of the spinor are real i.e,

(V)" = ¥,

We can then define the light-cone coordinates in terms of the worldsheet coordinates as,

oo =T=xo0

and, 0y =

(0-+0,)

DO | —

which make the left-moving (¢4 ) and right-moving (") parts of the string explicit in the

string action. Therefore, the fermionic action then assumes the form,
1
se= 1 [ do(vro,0 + ko vt ). (2.4)
from which one obtains the free-field Dirac equation in light-cone coordinates i.e.

0Sp=0 = 049" =0 and 0_¢} =0 (2.5)

that respectively describes the left-moving and right-moving parts of the string. This then
allows us to clearly specify the boundary conditions of the fermions for closed and open
strings which can further be utilized to yield the oscillating superstring mode expansions

which ultimately lead to the superstring spectra.
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2.1.1 Global Worldsheet SUSY

Invoking SUSY requires the introduction of the SUSY transformation parameter ¢,

which is a two-component Majorana spinor with components e_ and e, that are necessarily
real, infinitesimal and anti-commuting Grassman numbers. Moreover, since there is no
spacetime dependence associated to €, the transformations defined by this parameter is a
global symmetry of the worldsheet. It can be shown that the combined bosonic and fermionic

action given in Eq.(2.2) is invariant under the transformations,

SXH = e (2.6)

(;'([}'LL = paaaX'u€7 (27)

where, € = €fip® is the complex conjugated parameter. Note that the transformations
defined in Eq.(2.6) and Eq.(2.7) mix bosonic and fermionic fields and hence describes a
supersymmetric transformation, thereby justifying that the RNS action (Eq.(2.2)) indeed
describes a superstring theory with global worldsheet SUSY. It is also useful to express the

above transformation equations in terms of the individual spinor components as,

SXH = ey — e ), (2.8)

St =20, XPe._, (2.9)
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St = —20_XP e, . (2.10)

As is known from Noether’s theorem, a global symmetry leads to a conserved current; in our
case, this set of global worldsheet SUSY transformations lead to a conserved supercurrent (j%
with spinor index A) while translational symmetry of the RNS action leads to the conservation
of the energy-momentum tensor 75, 3. These conserved currents of the theory gives rise to the

super-Virasoro constraints or the mass-shell conditions in the RNS formalism and assumes

the form [27],

Tis = (042)” + %%Di-aiwi =0
(2.11)

ji = @Di.@i - O

2.1.2 Mode Expansions and Boundary Conditions

The next step in realizing the superstring spectrum is to derive the Fourier mode expansions
from the equations of motion. A brief examination of the fermionic action Fourier modes
and boundary conditions is sufficient since the full superstring spectrum consisting of both
fermions and bosons can be built out of considering different boundary conditions for the
fermionic part, as will be shown. Explicitly writing out the variation of Sg given in Eq.(2.4)

yields the surface terms,

3Sp ~ / dr (Y-8t = $1694) lomr — / dr (Y-09— — ¥+094) o—o

that are required to vanish according to the action principle.

Open Strings The above requirement admits two possible boundary conditions at each

boundary, ¢ = 0 and ¢ = w. At the boundary ¢ = 0 one can choose either of ¢, (7,0) =
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+1_(7,0) but the choice of sign is a matter of convention such that one can set,
U (7,0) = ¢ (r,0). (2.12)

At the boundary ¢ = 7, periodicity and anti-periodicity of fermions become relevant which
allows two possible choices such that the superstring state space breaks down to two subspaces

namely, the Ramond (R) sector and Neveu-Schwarz (NS) sector respectively,
Pi(rom) =JL(r,m)  (R), (2.13)

Y (1, m) = =yt (r,m)  (NS). (2.14)

The R-sector boundary condition applies to periodic fermions while the NS-sector applies to
anti-periodic fermions. These boundary conditions are implemented to realize the Fourier
mode expansions of the general solutions to the Dirac equations (Eq. (2.5)) in the following

manner.

e R-sector: Since in this sector we have periodic fermions, ¢4 (7, ) can be expanded in

terms of integrally moded oscillators i.e.

W (7, 0) \/_Zd“ e r=0) (2.15)

neL

W (T, 0) Zd“ —in(r+o) (2.16)

nGZ

where the Majorana condition restricts the mode expansions to be real and as such
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f oo . . .
we must have d”, = d*. The normalization constant is chosen for convenience in

quantization.

o NS-sector: In contrast, the NS-sector include anti-periodic fermions and their anti-
periodicity is ensured by carrying out the mode expansions in terms of fractional modes
ie.

Y (r,0) = % Z pre~ir(r=o) (2.17)

reZ+1/2

1 —ir(T+o
¢f¢(7,g):E DDA (2.18)
reZ+1/2

As will be shown later, the open string R-sector will result in spacetime fermions while

NS-sector will yield spacetime bosons.

Closed Strings When considering strings with two ends fixed, we again need to consider

two periodicity conditions of the fermions,

Yi(0) = £pu(o + ) (2.19)

and either choice leads to vanishing of the surface terms in the variation of the fermionic
action; the positive sign choice describes periodic boundary conditions (R) while negative
sign choice describes anti-periodic boundary conditions (NS). Furthermore, it is possible to
impose R or NS boundary conditions on the left-moving waves and the right-moving waves

separately. As such for the mode expansions one can choose,

W(r,0) =Y die T or Pl(ro) = Y be 0 (2.20)

nez reZ+1/2
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for the right-movers while for the left-movers one can choose,

Y (T, 0) Zd“efzm(”o or Y (r,0) Z ppe2ir(rto), (2.21)

nez reZ+1/2

Thus we can consider the cases when both right and left-movers are periodic (R-R), when
both the right and left-movers are anti-periodic (NS-NS) or when they are a superposition of
periodic and anti-periodic waves (R-NS or NS-R). As a result, there are four distinct closed
string sectors wherein states in NS-NS and R-R sectors are spacetime-bosons and states in

the NS-R and R-NS sectors are spacetime fermions.

2.1.3 Canonical Quantization of the RNS Superstring Theory

In this subsection we summarize the procedure of obtaining the quantum superstring
spectrum. The mode expansion coefficients are elevated to operators and since they describe

a fermionic theory, they obey the following anti-commutation relations,

{007y = (BB} = 6™ (2.22)
{4} = {db &2 = G (2.23)

and the other combinations all anticommute to 0 (all relations are in natural units wherein
h = ¢ =1). Since the spacetime metric appears in the above anticommutator algebra, its
negative time component gives rise to ghost states; the RNS formalism is cured of these ghost
states by imposing what are known as the super-Virasoro constraints which directly influence

the number of spacetime dimensions required for theoretical consistency. Then we define
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a ground state for each of R-sector and NS-sector denoted as, |0), and |0) 4 respectively.
Following from convention, we choose the negative mode oscillators to be creation operators
while the positive mode oscillators are annihilation operators; for instance d_1,d_», ... are
creation operators and dy, ds, ... are annihilation operators in the R-sector while analogously
in the NS-sector we have b_y/2,b_3/2, ... as creation operators and by/z, b3/2, ... as annihilation
operators. Thus it follows that all positive mode oscillators annihilate the ground state in

their respective sectors such that,

dh0, k), =0 forn >0,

b0, k)yg =0 forr>0.

The super-Virasoro constraints in Eq.(2.11) gives rise to a Lie superalgebra. The corresponding
generators of the super-Virasoro algebra are constructed by adding the bosonic generator to
the fermionic generator built out of the vanishing components of 7,3 and j4. Moreover, since
the fermionic part is split into two sectors, the contributions to the super-Virasoro generators

will also be different depending on whether one works in the R or NS-sector.

Open Strings In general for an open string, one super-Virasoro generator is given by,

1 [ ,
Ly ==~ / doe™ T, =LY + L) (2.24)
™ -7
where the contribution from the bosonic modes is,
L(b)_lz:a,n Qmin m € 7
" 2 nez



e R-sector: In the R-sector, the fermionic mode contribution to the super-Virasoro

generator 1s,

m
LY =2 Z(n + 5) cd_pdpyn . mEeZ, (2.25)

neL

while the modes of the supercurrent are,

\/§ " imo
Fp=—= /_ﬂ €My =Yy lpin. (2.26)

nel

This leads to the following super-Virasoro algebraic relations in the R-sector,

D
[Lons L] = (M —n) Ly + gm?’ém,,n (2.27)
(Lyn, Fu] = (% - n) Froin (2.28)

D 2
{Fos Fu} = 2L + 50 (2.29)

o NS-Sector: Similarly, in the NS-sector we have the following fermionic and supercurrent

mode contributions respectively,

m
=<3 (r+ 3) i borbuir s meEL (2.30)

reZ+1/2

\/5 " iro
G, = — /_ﬂe Jy = Zoz_n.bwrn. (2.31)

nel

Consequently, these generators form the following super-Virasoro algebra,
D 2
[Lim, Ly) = (m —n) Ly + gm(m —1)6m,—n (2.32)
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(L, Gy] = (% - 7’) Goosr (2.33)

D 1
{G,,Gs} =2L,, + 5 <7“2 - Z) O (2.34)

One can derive the number of spacetime dimensions (also known as the critical dimension),
D, and the normal ordering constant, a, that arises as a result of quantum operator ordering,
using the above algebra in conjunction with physical state constraints in each sector. The
physical state conditions are an extension from bosonic theory in that for the superstring
case we now have to consider multiple generators and two separate sectors. Denoting the

physical state to be |phys) we have the following physical state conditions in the R-sector,

L, |phys)p, =0 m >0,
F, |phys), =0, n>0, (2.35)

(Lo — ar) [phys) , = 0.

Analogously, the NS-sector super-Virasoro constraints yield the following physical state

conditions,

Ly, [phys)yg =0 m >0,
G, |phys)yg =0, r >0, (2.36)

(Lo — ans) [phys) yg = 0.

It turns out that the superstring critical dimension is

D =10, (2.37)
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and the normal ordering constant is deduced to be different depending on what sector of the

open string is being considered such that,

a= (2.38)

N[ —

Mass Spectrum We can further define the number operator, N, defined as,

N = i al .ol + Z rb" b, (2.39)
n=1

r>0

which can be used to simplify the open string mass formula obtained from the last condition

in Eq.(2.35) in the R-sector and Eq.(2.36) in the NS-sector.

Open String Spectra The mass formula for the open string is,

oM?*=N —a (2.40)
and this becomes,
o’M? =N in the R-sector, (2.41)
I A2 1 :
oM*=N — 5 In the NS-sector, (2.42)

where we used Eq.(2.38) to substitute in the proper value for the normal ordering constant a.

We can then analyze the open string spectrum for the two sectors separately.

o NS-sector: As mentioned previously, the ground state is annihilated by all non-zero
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oscillator modes and so it satisfies,

Al |0, k) yg = bL10,k) g =0 ¥ n,7 >0,

(2.43)
ag 0, k) yg = V22'K" |0, k) g -
Using the mass formula on the ground state then yields,
) 1 1
o' M0, k) g = N |0, k) yg — ) 10, k) v = D) [N
which implies that the NS ground state is tachyonic with mass m = —2%, and is

identified as a non-degenerate bosonic ground state. The first excited state can be
found by applying the creation operators, b /g5 oL the ground state which raises the
eigenvalue by a factor 1/2 and the other excited states follow consecutively from the

first. Therefore, the first excited state in the NS-sector is,

(a,MQ)bfl/Q 0, k>NS = b71/2 0, k)NS (_ 5) = (5 - 5) ’57 k>NS = 0.

The first excited state describes 8 polarization modes of the massless photon field in 10
spacetime dimensions. Furthermore, all states in the NS-sector are spacetime bosons

since they transform in appropriate irreducible representations of SO(8) [27].

o R-sector: As before, the ground state is annihilated by the non-zero mode oscillators.
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From the second condition in Eq.(2.35) we get the Dirac-Ramond equation,

(bl + Yoy 0,0 ) 10.K) =0 -
n=1 2.44

— I',E"[0,k), =0,

which is the massless Dirac equation in the momentum representation. The ground
state however is degenerate since the zero mode oscillators satisfies the 10—D Dirac
algebra and so we obtain a ground state which is a Spin(9,1) spinor. Since Dirac
matrix in 10—D is a 32 x 32 matrix, the ground state is thus a 32 component spinor.
However, imposing Majorana and Weyl conditions simultaneously reduces the number
of independent components to 8. As a result the R-sector ground state is a spinor in an
irreducible Spin(8) representation. The excited states can be obtained by acting on the
ground state with o', or d', and since these operators are spacetime vectors acting
on the spinor ground states, the resulting R-sector spectrum comprises of spacetime

spinors [24].

Closed String Spectra Since the closed string can be thought of as a superposition of a
left-moving and a right-moving open string, the closed string spectrum can be obtained by
taking tensor products of left-movers and right-movers. In contrast to the open string case,
one now need to consider four distinct sectors that was mentioned previously when discussing
the boundary conditions for the closed string: R-R, NS-NS, NS-R and R-NS. Similar to the
open string case in the NS-sector, the NS-NS sector of the closed string is plagued by the
presence of a tachyon and here again the GSO projection can be implemented to remove the

tachyonic ground state.
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Therefore, we see that the NS-sector encompasses spacetime bosons while the R-sector
is comprised entirely of spacetime fermions hinting at a possible spacetime unbroken SUSY
between the two sectors. However, the NS-sector ground state is tachyonic which needs to be
remedied before we can establish a consistent theory. Heuristically, this maybe done if we
could shift the first excited state of the NS-sector to be its ground state which will then pair
up with the corresponding fermionic degrees of freedom in the R-sector. This is carried out

by implementing the GSO projection mentioned early in our discussion.

2.1.4 GSO Projection

One starts by defining a G-parity operator, which in the NS-sector is given by,

G = (—1)Fvsth = (—1) X2 bt (2.45)

where F' denotes the number of b—oscillator excitations which corresponds to the worldsheet

fermion number. Correspondingly in the R-sector the G-parity operator is given as,

G = Fn(—].)FR = FH(—]_) ner dindy, (246)
where I'y; = I'gI';...I'g is the 10—D analogue of the 4—D ~; matrix and satisfies the relations,

(F11)2 =1 and {PH, F'u} = 0.

Chirality of a spinor is determined by how the spinor transforms under the action of I';; such

that spinors with positive chirality satisfy I'1;9 = 41 while spinors with negative chirality
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satisfy I'119 = —1. Furthermore, we have the chirality projection operator,
1
P. = 5(1 + I'y) (2.47)

that will be crucial to establish spacetime SUSY in the physical superstring spectrum.

Open String Case Imposing the GSO projection on the NS-sector states means projecting
out the states with negative G-parity and keeping only those states with positive G-parity i.e.

the states |phys) ¢ that satisfies,

G |PhYS>Ns = <_1)FNSH ‘PhyS>Ns = |thS>NS7 (2.48)

which is only true when Flyg is odd. Thus, in the NS-sector we keep the states with an
odd number of b oscillators and project out those states with even F' which includes the
tachyonic ground state. This means that post GSO projection, the new ground state in
the NS-sector is the first-excited state which is a massless boson and this matches up well
with the ground state in R-sector which is a massless spinor. Thus, in the ground state we
now have a massless boson with 8 physical polarizations attributed to the NS-sector and a
massless Weyl-Majorana spinor with 8 physical polarizations as well; they form the 8, &
8, vector supermultiplet in the D = 10, N = 1 SUSY algebra [27]. The massive states also
respect unbroken SUSY, as extensively shown in Ref. [24]. In the R-sector, one can project
on states with positive or negative G-parity depending on the chirality of the spinor ground

state.
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Closed String Case As before, the NS-sector is rid of the tachyonic ground state by
projecting onto states with a positive G-parity. Moreover, in the R-sector the GSO projection
can be on states with either positive or negative G-parity depending on the chirality of the
ground state but now there are essentially two strings to be accounted for, a left-mover and a
right mover; this leads to two different superstring theories namely: Type IIA and Type IIB
superstring theories. Type IIB theory consists of left and right-moving R-sector ground states
having the same chirality, chosen to be positive, which implies the same G-parity of the two
R-sectors. Since both left and right-movers have the same chirality, it admits a left-right
asymmetry thereby making Type IIB theories chiral. Conversely then, the Type ITA theory
has left and right-moving R-sector ground states with opposite chiralities and hence opposite
G —parity which leads to it being a non-chiral theory. The resulting spectrum of the two
theories are pretty similar with the difference between them being that the ITA theory has
fermionic states with two different chiralities. In the massless spectrum of both theories, we
have two Majorana-Weyl gravitinos and as a result the closed superstring sector is said to
endow us with N = 2 supergravity. The massless closed superstring spectrum is summarized

in the table below [27].

Sector | Boson / Fermion? | SO(8) representation Massless Fields
NS-NS boson 8,8, =35928d1 v, By, @
NS-R fermion 8, ® 8 =8, & 56, Yy A

R-NS fermion 8, ® 8, =8, ® 56, s A

R-R boson 8, 8, = p - forms Ramond-Ramond fields

Table 2.1: The massless states of the closed superstring. The fields v,,, 1% are
3 1
identified as the spin—§ gravitino fields and \, \" as the spin—§ dilatino fields.
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2.2

Types of Superstring Theories

We have briefly mentioned two types of superstring theories arising from the distinct GSO

projection choice. In fact, there exists five consistent, perturbative superstring theories in ten

spacetime dimensions that we briefly discuss for completeness.

Type II Superstrings: As already mentioned, type II theories possess local N = 2
spacetime SUSY after GSO projection. Additionally, these theories are built off strings
with oriented worldsheets such as a torus. Type II theories are split into ITA and IIB
theories on account of their different GSO projection choices that result in distinct

chiral structure of the two ground states.

Type I Superstrings: Type I superstring theory can be obtained by invoking the
worldsheet parity operator on Type IIB theory. The resulting effect of this operation
is to yield a theory of unoriented strings because for any given string orientation the
parity operator also retains the orientation-reversed state, unlike the IIB theory. Doing
so removes one of the two gravitinos from the IIB spectrum such that we are left with
a theory with N =1 SUSY in ten dimensions which we term as Type I superstring

theory.

Heterotic Strings: Another consistent choice in implementing boundary conditions
on closed string theory is to consider the left-moving sector separately to be bosonic
and the right-moving sector to be fermionic or vice versa. This results in two N =1
heterotic string theories namely, the SO(32) heterotic string and the Eg x Fg heterotic

string.
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Furthermore, the five theories discussed above are interrelated by various dualities and can

be shown to be different limits of an underlying 11 — D theory known as M-theory [28].
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Chapter 3

String Compactifications

In our discussion of superstring theory in the previous chapter, it was mentioned that
consistent superstring theory frameworks necessitate the existence of 6 (or 7 for M-theory)
spacetime dimensions in addition to the observed four. Thus, given string theory is the
fundamental theory that describes our universe, one needs to explain the “hidden” dimensions.
Therein enters the idea of compactifications which imply that the extra dimensions evade
detection because they are curled up into extremely tiny undetectable volumes. The idea
of extra compact dimensions is not new however, and was first postulated by Kaluza and
Klein in the 1920’s in an attempt to unify electromagnetism with gravitation which required
a fifth spacetime dimension [29, 30]. Later this idea was extended to include more compact
dimensions and applied to string theory. Increasing the number of compact dimensions
obviously introduces more nuanced geometrical and topological complexities which means
that any discussion on compactifications can quite easily become highly technical. Since our
main results rely only on the phenomenology of string theory and string compactifications,
the purpose of this section will be to provide the big picture behind the idea in a qualitative

manner with no pretence of completeness or mathematical rigour.

3.1 The General Construct

In superstring theories, a geometric solution requires a 10 — D spacetime M, that

includes the usual 4 — D spacetime M, and the extra spatial dimensions compactified on a
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six-manifold Xg, which can be expressed as,

M10 = M4 X XG.

The best understood string solutions are those configurations for which the compact manifold
Xg is a Calabi-Yau threefold having 3 complex dimensions with unbroken SUSY on M.
Additionally, one imposes the Ricci-flatness condition i.e. the CY manifold has locally zero
curvature. This restriction is phenomenologically well-motivated for a number of reasons;
one, a non-zero curvature introduces internal stress-energy contributions which lead to non-
vacuum solutions. Secondly, a negative curvature seem to violate positive energy requirement
[31] while a positive Ricci curvature results in a negative cosmological constant A.. [32]
which is a direct contradiction to observation. Thus, a Ricci flat CY threefold is the only
choice that leads to interesting solutions with either N = 1 or N = 2 unbroken SUSY on
My, depending on which of the five superstring theories one decides to start with. While,
non-SUSY preserving solutions have been proposed [33], such solutions run into instabilities
thereby resulting in complications to build a consistent low-energy EFT with the SM gauge
group and its matter content. An interesting low-energy EFT must result in a 4 — D theory
with unified gravity which can be extended to include the SM from a single theory with zero

free parameters.

3.2 Moduli Stabilization

Even after choosing the most promising compactification manifold with intrinsic properties

as described in the previous section, one is left with another problem that is a generic feature
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of any theory built on the original Kaluza-Klein (KK) idea of extra dimensions. In the
KK construct, general relativity (GR) is extended to five dimensions by taking a 5 — D
metric tensor g,, depending on the corresponding 5 — D indices p = 0,1, 2, 3,4 with the
extra dimension compactified on a circle of radius R. Such an extension of GR leads to
an unrealistic 5 — D Minkowski spacetime as a solution but also includes other solutions
due to the extra degrees of freedom g,5 introduced in the metric tensor. The components
of the metric tensor are recognized as massless scalar fields in 4 — D which can lead to
new long-range forces or time-dependent parameters [34]; such phenomena are ruled out by
observation. Such massless scalar fields are termed as moduli and not only do these persist in
more robust higher dimensional compactifications of superstring theories, typical superstring
solutions generally introduce hundreds or thousands of moduli. Moreover, in interacting
string theory, the coupling strength between strings is characterized by another massless
scalar field called the dilaton. Thus, in the superstring framework there is a proliferation of
these unobserved massless scalar fields and a long-standing issue in string phenomenology;,
known as the moduli stabilization problem, is to develop mechanisms via which these can
become massive by gaining non-zero VEV’s. The VEV’s of the moduli then determine many

properties of the low-energy EFT such as coupling constants and scale of the SUSY breaking.

3.2.1 Promising Solutions to the Moduli Stabilization Problem

In chapter 2 we discussed at length how SUSY, if in fact present in nature, must be
broken at an energy scale above observational limits. In the context of superstring theories, a
realistic model breaks 4 — D SUSY at some scale mgysy > 1 TeV. A possible solution to the

moduli problem proposes that following breaking of supersymmetry, the moduli may gain
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msusy
Mp

mass of order m ~ ( )msysy where Mp is the Planck mass. This leads to very light
moduli however leading to the Polonyi problem [35] in cosmology wherein such light moduli
in the early universe results in overclosure [36, 37]. Therefore, any realistic mechanism that

is touted to solve the moduli problem need not only generate massive scalar fields but must

also respect cosmological constraints on how light these fields can be.

Flux Compactifications A particularly promising moduli stabilization mechanism arises
in Type IIB theory from the existence of generalized background magnetic fields in the extra
dimensions called flux. To investigate solutions in string theory, one needs to first decide on a
possible CY 3-fold from a choice of thousands of topologically distinct ones. Having chosen a
CY 3-fold topology (for instance, a hollow donut with one or multiple holes), one may thread

the manifold with units of magnetic flux lines, as in Figure 3.1. Similar to magnetic flux

6D compact with
fluxes

4D X

Figure 3.1: An example of a compact topology with fluxes shown in red.

through a solenoid, this flux contributes positive energy to the effective potential V. s, which
contain all classical and quantum contributions to the total potential energy. Introduction

of fluxes therefore allows the moduli to have a non trivial scalar potential paving the way
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for them to become massive. However, Einstein equations impose severe constraints on the
existence of fluxes in compact manifolds and in fact non-vanishing fluxes violate the Einstein
equations in 10 — D leading to well-known no-go theorems [38]. This can be understood

semi-technically by looking at the following ansatz for vacuum configurations [39],

ds* = g, datdx” + grsdy’ dy’ (3.1)

where g,,,,  and gr;,y,y are the metrics and coordinates of the 4 — D Minkowski spacetime

and the internal CY manifold respectively. Including fluxes modifies the measure as,

ds* = e%(y)guydm“dm” + e W dyldy’ . (3.2)

where A(y) is termed as the warp factor. The no-go theorem forbids any non-trivial warp
factors and hence would rule out warped compactifiactions in string theory. This was a big
stumbling block that hindered progress of building a realistic superstring compactification
until Polchinski’s discovery of higher dimensional objects called D-branes [40]. These objects
can be thought of as hyperplanes with p—dimensions satisfying Dirichlet boundary conditions
as depicted in Figure 3.2. The Dp-branes serve as local sources of the fluxes as they can
carry gauge and matter fields and also make positive contributions to V,s;. One need further
incorporate non-dynamical objects with negative energy contribution to V¢ to counteract
the positive energy contributions from the Dp-branes and flux units. These are known as
orientifold planes or more generally Op-planes where p is taken in analogy to dimensions

of the branes. To summarize, inclusion of Op-planes in addition to Dp-branes allow us to
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augment the compact dimensions with p—form fluxes that originate as p-form fields in the
NS-NS and R-R sectors of superstring theories, while obeying Einstein equations of gravity

in 10 — D.

<1
7

Figure 3.2: A D2-brane with a string with one-end attached to it and another
string with both ends attached to it.

The presence of fluxes, branes and Op-planes deform the background metric on the CY
manifold. Such deformations are allowed as long as they still preserve SUSY and the topology
and obey the Ricci flatness condition. The moduli parameterize changes of size and shape of
the CY manifold without changing its topology. This yields two types of moduli fields namely,
the complex structure moduli related to changes in shape of the manifold, U%, and the Kdhler
structure moduli related to the size or volume changes of the manifold, 7%. The complex
structure and the dilaton moduli are fixed by choice of fluxes and gain masses of order the
Kaluza-Klein (KK) scale, mgx ~ 10'7 GeV, but the Kéhler moduli are not. Currently,
the best understood Kéahler moduli stabilization methods that yield realistic solutions and
roughly reproduce the SM in the low energy limit is in the context of Type IIB superstring
theory on a CY 3-fold with fluxes and branes that results in models with N =1 SUSY. Two

noteworthy stabilization approaches based on this are:
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o« KKLT: This mechanism, proposed in the seminal paper by Kachru-Kallosh-Linde-
Trivedi [41], achieves moduli stabilization by considering all non-perturbative contri-
butions to the superpotential in the presence of 3-form fluxes and D-branes. In their
construct all Kahler moduli are stabilized via such non-perturbative superpotential
contributions that generate scalar potentials for the moduli and results in a supersym-
metric AdS vacuum with a negative cosmological constant. However, they go on to
show that via introduction of anti-D3-branes on a CY O3/O7-plane one is able to break
SUSY and also lift the cosmological constant to be small and positive, thus yielding a

metastable dS vacuum with broken SUSY.

o LVS: LVS refers to the Large Volume Scenario that achieves moduli stabilization by
considering both perturbative corrections to the Kahler (or scalar) potential along with
the non-perturbative corrections to the superpotential. In this construct, one assumes
the volume of the compactification manifold to be exponentially large such that the
leading string scale corrections in ' to the Kéahler potential in perturbation theory
compete against non-perturbative superpotential terms. Following this approach one
ends up with a non-supersymmetric AdS vacuum unlike in KKLT. However, one can
lift this to a dS vacuum depending on the SUSY breaking mechanism in other sectors

of the theory characterized by anti-branes and Op-planes as before.

We will analyze both of these phenomenologically later in the dissertation.

3.2.2 Vacuum Multiplicity

Even after appropriate moduli stabilization via flux compactifications that potentially
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leads to low-energy theories roughly resembling the SM, one is left wondering if there exists
any one particular vacuum solution that would explain observable phenomena. The answer
would be a negative since there is no unique choice of CY manifold, nor is there any unique
number of fluxes that one can incorporate to reproduce the one true low-energy theory.
Rather, a huge number of distinct topological and geometric choices may lead to a plethora
of consistent solutions. This vacuum multiplicity was problematic since it could lead one to
believe that the predictability of string theory with regards to testable observations is highly
speculative. However, this issue can be resolved by employing statistical methods based on
Weinberg’s anthropic arguments, pioneered by Bousso & Polchinski [42], Douglas [43] and
others.

The configuration space containing all possible string compactifications that result in a
discretuum of vacua was termed the string theory landscape [44]. The number of vacuum
solutions in the landscape is enormous with the estimated number ranging from N,,. ~
10590 — 10?7090 These ingredients are sufficient to implement Weinberg’s anthropic solution
to the cosmological constant [45, 46]. In this scenario, it is envisaged that A.. scans uniformly
on the landscape and can assume a multitude of values which then may lead to various
pocket universes in an eternally inflating multiverse; however, only those pocket universes
with strictly positive and tiny A.. are hospitable to galaxy condensation and therefore can
lead to observers like us. This idea will serve as the cornerstone of this dissertation and we
will henceforth discuss comprehensive phenomenological implications of the string landscape

with regards to particle physics and cosmology.
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Chapter 4

Naturalness and the Anthropic Landscape

Naturalness has served as a guiding principle in the exploration of physics beyond the SM.
In fact, it has been successfully implemented in critical new discoveries in particle physics,
notably when Gaillard and Lee [47] used naturalness notions to predict the mass of the
charm quark to a precision of m,. ~ 1.5+£0.5 GeV before its eventual discovery. Since then,
naturalness has also enjoyed considerable success in explaining new physics, for instance the
realization that the smallness of the electron mass arises from chiral symmetry of the Dirac
Lagrangian [48]. Following this discovery, ‘t Hooft famously defined (technical) naturalness
as: a quantity is allowed to be small (O(1)) only if there is an enhancement in symmetry
of the underlying theory as the quantity tends to zero [49]. 't Hooft’s notion also helps to
understand why the proton mass does not blow up to the Planck scale since the smallness of
the proton mass results in an enhancement of conformal symmetry in QCD [48]. However, as
discussed in chapter 1, for the Higgs mass to be stabilized at its measured value, one needs to
tune the Higgs mass parameters to huge opposite sign numbers to cancel out the divergent
contributions. There is no reason for such fine-tuning to ensure the smallness of the Higgs
mass as compared to mp since there is no resulting enhancement of symmetry in the SM,
therefore ‘t Hooft’s notion fails in this instance. Even stronger challenges to naturalness
come from Weinberg’s anthropic principle [45] which points to an environmental selection
of parameters rather than them being determined from an underlying theory such that A..
would appear to be fine-tuned to a value just right to support life. Similar reasoning holds

in analyzing the string theory landscape of vacua that arise from flux compactifications as
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studied in the previous chapter. Thus it may seem that naturalness has reached an impasse
and maybe nature is indeed fine-tuned. In this chapter, we will study how the string landscape

coupled with anthropics lead to a more nuanced notion of naturalness.

4.1 Anthropic Resolution of the Cosmological Constant Problem

The cosmological constant, A.., appears in the Einstein’s field equation of GR,

1

RW—2

Ry + Aeegpw = 87GT,, (4.1)

but its value is ambiguous and cannot be attributed to any fundamental construct of the
theory. Einstein famously referred to it as his “greatest blunder” since the magnitude of A..
needed to be artificially tuned and substituted into Eq.(4.1) to yield a static universe. In fact,
it was later observed by Hubble that the universe was not static but rather seemed to be
expanding outwards which seemed to suggest A.. = 0 for an expanding, homogeneous and flat
universe devoid of matter i.e. 7),, = 0 (Einstein - de Sitter universe). However, a vanishing
Acc term was unsettling because 7}, contributes to the energy density of vacuum and as such
behaves as a cosmological constant [46]. As we have mentioned earlier, observational bounds
indicate that A.. ~ 107'*2m?2 which, although small, is importantly non-zero. In contrast, if
one assumes that GR is correct all the way up to the Planck scale and include quantum loop
contributions to the vacuum energy then, A, ~ m% in astonishing disagreement between
theory and experiment. To avert this crisis, Weinberg in his seminal paper [45] made one of
the great predictions of the 20th century: given a multiverse which includes a vast assortment

of pocket-universes (PU) with varying cosmological constants, then it may not be surprising
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to find Aee ~ 107122m2 since if it was much bigger, then galazy condensation would not occur
and we would not even be here to discuss the issue. This is known as Weinberg’s structure
principle and using such reasoning he was able to successfully calculate the value of A.. to
within a factor of a few nearly a decade before it was experimentally measured. Weinberg
argued that A.. should scan over the decades uniformly on a logarithmic scale and it should
be as big as possible subject to the constraint that observers exist to measure it, as depicted

in Figure 4.1 [3].
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Figure 4.1: Distribution of A.. on a log scale.

Weinberg’s idea of an eternally inflating multiverse containing > 10'2° PU’s, each with
its unique value of A.., implies that our universe (OU) is a PU in this huge ensemble of
bubble universes with its unique laws of physics. This construct, as identified by Bousso and
Polchinski in their remarkable paper in 2000 [42], naturally aligns with the landscape of vacua
that emerges upon flux compactifications in string theory. In the discretuum of string flux
vacua, each metastable minimum of the string theory scalar potential would have a different
value of A.., different 4 — D laws of physics and perhaps even different spacetime dimensions.

The vacua are termed as metastable due to their non-zero probability to randomly quantum
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tunnel to another vacua, a process that can happen over and over again. The tunneling

Parameter 2 Initial state

Parameter 1

Figure 4.2: (a) Simplified depiction of a landscape with local minima identified
as valleys and initial state identified by hills. Any state can tunnel to any local
minima infinitely many times. [50] (b) Colored bubbles correspond to different
universes which may have had shared origins from decay of parent universes.
Our local universe is a tiny portion of this complex global multiverse. [51]

process can be visualized as shown in Figure 4.2 frame (a) that depicts a simplified 2 — D
landscape of hills and valleys (local minima): any vacua can start at a hill and randomly
tunnel to a valley with lower energy which can again tunnel to another even lower valley
and so on. There is even a non-zero probability to tunnel from a lower valley to a higher
one. This process can occur at different regions of the landscape simultaneously with each
tunneling following a different path to a lower vacuum which implies that all possible valleys
are visited. This means that all possible A.. values are sampled from O(1) ~ +Ap (at the
highest hills) to —Ap (say, at the bottom of the sea) where the label P is identified with
Planck energy, resulting in a highly dense distribution of possible vacuum energies. As a
result, in a landscape of ~ 10°%° flux vacua, only a small fraction of the total vacua will have
Aee ~ 0 —107129Ap which explains how such small vacuum energy values come about [50].

On the other hand, if the universe had A.. < 0, it would lead to a ‘big crunch’ and this can
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be seen by considering the Friedmann equation in units of ¢ = 1,

R\? 81Gp k  Ae
R\ L 4.2
(R) 3 R 3 (42)

where R is the Freidmann-Robertson-Walker (FRW) scale factor, p is the matter density, k
describes the curvature of space, while A is the cosmological constant. The solutions to this
equation can be viewed as in the Figure 4.3 from which we notice the impact of the different

values for the cosmological constant term. Therefore, it should not be surprising if many of the
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Figure 4.3: Solutions to the Friedmann equation for different values of A...

constants of nature take on environmentally determined values rather than being determined
by fundamental underlying principles. In the context of our observed 4 — D universe then,
we find ourselves in a fertile patch of the string landscape of vacua that is anthropically

favored on account of a small positive A.. which allows structure formation necessary for life

49



as we know it. Thus, each anthropically favored flux vacua then corresponds to a habitable
PU in the multiverse, remaining oblivious to the existence of the others in the ensemble.
However, each PU can decay to form daughter universes while itself undergoing eternal
expansion, as shown in Figure 4.2 frame (b). The expansion and decay rate is determined
by the value of the vacuum energy A.. and too large of a value would lead to extremely
vigorous expansion inhospitable to structure formation while a negative value would lead to
a big crunch with the universe collapsing onto itself [50], as can be seen by the red curve in
Figure 4.3. This implies that PU’s can go in and out of existence in many different places
in the multiverse analogous to an initial state flux vacuum tunneling through to different
vacua in the landscape. Thus, an observer in a PU similar to ours will find the universe to be
expanding facilitated by a small positive value of A.. which acts like an anti-gravity source
that counters the gravitational attraction of baryonic matter and causes the visible dimensions
to accelerate outwards. Consequently, A,. is identified as the source of the mysterious dark
energy which constitute ~ 68% of the visible universe according to observations. Thus,
Weinberg’s anthropic view serves multiple purposes: it is the only compelling explanation
for the observed value of A.. available while successfully merging with the landscape of flux
vacua in string theory enabling a predictive framework to emerge, as will be shown shortly.
Moreover, it also culminates in the only plausible framework to explain the observed dark

energy content in cosmology.

4.2 Anthropic Origin of the Weak-Scale

One of the most attractive features of 10 — D string theory is the existence of one length
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scale i.e. the string scale [y ~ [p, where [p is the Planck length. Associated to the length
scale is the mass scale, my; = 1/l,. This is the scale at which quantum gravitational effects
become noticeable. Observation tells us that the weak-scale is, however, very much smaller
than the Planck or string scale Mp ~ 10" GeV > muyear ~ mw zn ~ 100 GeV and this
astonishing hierarchy is termed as the BHP of the SM, as discussed earlier in Chapter 1.
Agrawal, Donoghue et.al [52, 53] applied anthropic arguments similar to what Weinberg did
for the cosmological constant, to address this issue. Based on nuclear physics calculations,
they observed that in order for complex nuclei to form and hence for atoms to exist, which
are necessary for life as we know it to emerge, the weak-scale magnitude should not be too
much bigger than what we measure it to be. This is known as the atomic principle. As
such, they identified a narrow range of allowed weak-scale values that are hospitable to atom
formation, which we would refer to as the ABDS window, and lead to habitable pocket
universes in the multiverse. From their calculation, the ABDS window extends roughly from
mPU ~0.5mOY — (2 —5)mPY, with mOY, being the measured value of the weak-scale in

weak weak weak weak

our universe; the ABDS window is shown in the Figure 4.4. If mfY, > (2 — 5)mSY  then

weak ~ weak?

;'\]—%DS window

GeV

1]

a1.

~ PU
H m
& : Z >

0.5y == 45.6 GeV bz = 365 GeV

Figure 4.4: A simplified picture of the ABDS window [54]. Any habitable PU
must have myeqr located within this window as required by the atomic principle.

the up-down quark mass hierarchy would be so large that neutrons will no longer be stable
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within nuclei. Consequently, the Coulomb repulsion would dominate rendering formation
of multi-proton nuclei impossible, thereby leading to a chemically sterile universe with only
single-proton states [54]. We will see how this anthropic notion plays a crucial role in the

phenomenological study of the string landscape in the following section.

4.3 Naturalness Re-examined

We have motivated the existence of a string theory landscape of vacua resulting from
appropriate flux compactification of Type IIB superstring theory and discussed how an
anthropic selection of parameters like A.. seem inevitable. The next logical question one
needs to ask is how can the string landscape framework lead to testable predictions and
is naturalness still a valid argument? Since Type IIB superstring theory exhibits N = 1
SUSY that is broken at some scale in the hidden sector, one inevitably is led to search for
supersymmetric particles. While non-supersymmetric constructs are possible, it has been
argued that such vacua likely give rise to Witten bubble of nothing instabilities [55]. Thus
far however, supersymmetric particles have evaded detection at the Large Hadron Collider
(LHC) or at Dark matter direct detection experiments [56] leading many to abandon SUSY
altogether. In fact current search limits from LHC Run 2 has pushed the gluino masses as
high as mj 2 2.25 TeV while the top-squark masses are expected to be mz 2 1.1 TeV. More
worrisome signals come from the supposed failure of naturalness which has conventionally
predicted sparticles around the weak-scale with mg < 0.4 TeV [57, 58, 59, 60]. This seemingly
implies that the soft SUSY breaking scale, myo s, lie in the multi-TeV range, far removed

from the weak-scale. Thus, one ends up with a Little Hierarchy Problem (LHP) [61]: why
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does the weak-scale not blow up to the energy scale associated with soft SUSY breaking i.e.
why is Muyear K Mgope! In this section we contextualize the naturalness notion in light of the
discovery of the string landscape of vacua and argue that the pessimism surrounding SUSY
mainly stem from misleading naturalness measures. The following discussion is derived from
two of our published work which can be found in Ref.[2, 54]. Before getting into the main
aspects of the discussion however, it is instructive to briefly elucidate the salient features of

two gravity-mediated SUSY models on which the rest of the chapter heavily relies on.

4.3.1 CMSSM / mSUGRA and NUHMn models

CMSSM / mSUGRA: CMSSM is an abbreviation of Constrained MSSM and is the
simplest class of models with SUSY breaking effects in the hidden sector communicated to
the observable sector via gravity mediation. This framework is built on the hypothesis of
undversality which implies all soft SUSY breaking terms have mass degeneracy at the GUT
scale, mgyr ~ 2 x 101 GeV. Universality of scalar masses can be obtained by choosing a flat
Kahler metric while universal gaugino masses may arise due to grand unification of gauge

interactions at mgyr [17]. Universality then implies,

2 _ 92 _ 2 _ 92 _ 92 _ 92 _ 92 _ 2
my = Mg, = My, = Mp, =My, =My = my, = my, (scalar masses)

my )y = My = My = Ms, (gaugino masses)
Ag = A, = Ay = A, (trilinear scalar coupling terms)

gour = g1 = g2 = g3 (gauge couplings).

Further, it is phenomenologically advantageous to replace the high-scale soft SUSY breaking
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B—parameter from the MSSM RGE’s with tan = Z—: is the ratio of the Higgs VEV’s.
Additionally, the magnitude of the superpotential u term is fixed by REWSB effects but not
its sign and thus the CMSSM parameter space is completely characterized by the parameter
set [17],

mo, Mys2, Ao, tan 3, sign(u). (4.3)

NUHMn: The universality hypothesis for soft SUSY breaking scalar mass, mg, is phe-
nomenologically motivated for matter scalars due to the fact that such universality notion
guarantees suppression of flavor changing neutral currents (FCNCs) via a super Glashow-I1-
iopoulos -Maiani (GIM) mechanism [62]. However, this is not quite true for the case of the
Higgs scalars in that there is no such motivation for these to have common GUT scale mass
myg. In fact, for the case of SUSY SO(10) GUTs, which are highly motivated from increasing
evidence for non-zero neutrino masses, the matter multiplets of each of the three generations
live in the 16 — D spinorial representation of SO(10) with a singlet neutrino superfield while
the Higgs multiplets belong to one 10 — D fundamental representation which imply unrelated
masses. Thus, we dub these models as Non-universal Higgs Model (NUHM). In the simplest

scenario, one assumes my = m%ld # m3 such that this is a one parameter extension from

the CMSSM model and is so known as NUHM1 model [63] which is completely defined by
the parameter set,

Mo, Mg, M1/2, A07 tanﬁ, Sigl’l([ﬁ), (44)

where my = sign(my; ) . }m%u d|. The more general NUHM2 model, that we will exten-
sively use for our phenomenological studies, has two independent mass parameters for the

MSSM Higgs scalars i.e. m%{u #+ m%{d. Furthermore, another generalization of this framework
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is the NUHM3 model wherein the third generation matter scalars are split from the first and
second generations i.e. mg(3) # my 5. For phenomenological studies, typically the high scale
parameters my, and mpy, are traded for weak-scale parameters p and the pseudoscalar Higgs

mass, m4. As such, the NUHM2 model parameter space is fully characterized by,

mo, My, Ao, tan 3, p, ma. (4.5)

and the parameter space for NUHMS3 is completely specified by [64, 65, 66, 67, 67, 68, 69],

m0(172)7 m0(3)7 mi/2, AOy tanﬁa ey A (46)

4.3.2 Practical Naturalness Measures
Traditionally, upper bounds on sparticle masses derived from naturalness were computed

using the EENZ/BG log-derivative measure [57, 58]: for an observable O,

dlog O
dlogpi

pi 00
O Ip;

Apa ((’)) = max; (4.7)

= max;

where the p; are fundamental parameters of the underlying theory. For an observable
depending linearly on model parameters, O = aip; + ... + a,p,, then 90/0p; = a; and
Aga ((9) just selects the maximal RHS contribution to O and compares it to O. In the case
where one contribution a;p; > O, then some other term(s) will have to be fine-tuned to
large opposite-sign values such as to maintain O at its measured value. Such fine-tuning of

fundamental parameters are deemed unnatural absent some symmetry or parameter selection
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mechanism. Thus, we infer that the log-derivative is a measure of practical naturalness [3|
defined as: An observable O is natural if all independent contributions to O are comparable
to or less than O. In the context of the LHP then, the observable O is conventionally
taken to be m% and the p; are taken to be the MSSM p and soft SUSY breaking terms.
As a result, practical naturalness then demands all independent contributions to m% to
be comparable to m%: this is the basis for expecting sparticles to occur around 100 GeV
(weak-scale). However, determining the correct choice of p; is ambiguous in computing Agg
[70, 71, 72, 73]. The ambiguity arises because soft terms are expected to be correlated with
one another in fundamental supergravity /superstring theories (in our universe) but they
may also be introduced as independent parameters in an effective 4 — D SUSY theory to
parameterize one’s ignorance of the SUSY breaking sector. Depending on one’s choice of
parameter co-dependence or lack-thereof, Apgg yields significantly different values.

Another measure of practical naturalness that is common in the literature is the High-Scale

measure or Agyg defined as,

om?
AHS = Hy s (48)
m,
which is applied in context of the Higgs mass,
mjy ~ my; (weak) + pi*(weak) + mixing + rad. corr. (4.9)

where the mixing and radiative corrections are both comparable to mj. Also, m3; (weak) =

m?, (A) + dm?%  where it is common to estimate dm? using its renormalization group
Hu Hu Hu
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equation (RGE)

(with ¢ = log Q?) by setting several terms in Eq.(4.9) to 0 so as to integrate in a single step,

3f2
5quu ~ —8—7;2(77%3 + m%]?, + Af) In (A2/m§0ﬂ). (4.11)

Taking A ~ mgyr and requiring Agg < 1 implies a natural SUSY framework. This measure
has been used in the past to predict three third generation squarks lighter than 500 GeV
(74, 75] (now highly constrained by LHC top-squark searches) along with small Higgs trilinear
coupling terms, A, (whereas m;, ~ 125 GeV typically favors A; to multi-TeV values [76, 77]
due to large mixing, notably in the stop sector, as we will examine shortly). The shortcomings
of Ayg measure of naturalness is rooted in assuming several terms to vanish in Eq. (4.9)
resulting in an oversimplification. A closer look at the X; term in Eq.(4.9) for instance,
highlights this: X, = mg_ (Q) + m,(Q) + m3, (Q) + AF(Q) [17]; in calculating dm7; , the
my; (Q) term in X, is set to 0 (Eq.(4.10)). Doing so, ignores the fact that dm3; is highly
dependent on m%; (Q). In fact, the larger one makes m3; (@), then the larger becomes the
cancelling correction dm3; meaning that these terms are not independent: one cannot tune
m3; (A) against a large contribution dm3; [2]. Thus, weak-scale top squarks and small A4,
are not required by naturalness.

To ameliorate these glaring issues in calculating naturalness, a more robust model-

independent measure Ay was introduced [78, 79]. In calculating this measure one employs
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the weak-scale SUSY Higgs potential minimization condition [17],

m_%:m%d%—Eg—(m%u%—Eq’j)tanQB_ )
2 tan? 8 — 1
~ —my — p = U(t), (4.12)

which relates the measured value of the Z—boson mass, that characterizes the weak-scale,

with various SUSY contributions. Then,

Apw = |(max RHS contribution) |/(m%/2) (4.13)

is low provided all weak-scale contributions to m%/2 are comparable to or less than m?% /2.
In Eq.(4.12), p is the superpotential parameter, qud, m%ﬂ are the soft breaking Higgs terms,
tan 3 = v, /vq is the ratio of the Higgs VEV’s and the X% and X¢ contain over 40 radiative
corrections which are listed in the Appendix of [79]. Model independence of this measure
means that one obtains exactly the same fine-tuning value whether the spectrum is generated
from multi- or few parameter model or whether calculations are done at the weak-scale or at
much higher scales. This feature is what distinguishes Agy, from the older measures Agg
and Apyg. A conservative estimate for a natural SUSY model is taken to be Agy, < 30 which
requires || < 350 GeV to offset negative contribution from m3; and radiative corrections at
the weak-scale such that the cancellations do not become too severe [80]. On the other hand,
with respect to the other measures of naturalness discussed, a value of Agg, Ags < (10—100)
has been considered in the literature for natural models depending on how much fine-tuning

is permitted. The implications of these measures of practical naturalness can be studied
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in Figure 4.5 [2] where we analyze practical naturalness in the unified scalar (mg) and
gaugino (m;/2) mass plane by comparing two popular classes of gravity-mediated SUSY
models. The SUSY spectrum generator, Isajet [81], that uses a Monte Carlo program to
simulate high-energy pp, pp,ete™ collisions, was employed for the analysis. Isajet is pre-
programmed to do the naturalness calculations that we are investigating, for a choice of input

parameters. In Figure 4.5 frame a) we plot naturalness contours in the mg vs. my /2 plane

1.0} m ~2.25 TeV

myz[TeV]

Mo EWSB

0 2 4 6 8
mO[TeV]
1.4+
1.2
1.0¢
% 0.8+
et «
‘—g_‘ my>123 GeV my<127 GeV
£ 06
0.4+
O 2 CCB minima
lF
0.0 b ‘ \ mge - = 1035 Gev \ / ‘
0 2 4 6 8
mg[TeV]

Figure 4.5: The mg vs. m,, plane of (a) the mSUGRA/CMSSM model with
Ap = 0 and (b) the NUHM2 model with A9 = —1.6mg, u = 200 GeV,my =
2 TeV. For both cases, we take tan 8 = 10. We show contours of the various
fine-tuning measures along with Higgs mass contours and LEP2 and LHC Run
2 search limits.
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of the CMSSM/mSUGRA model [82] for Ag = 0, tan§ = 10 and p > 0. The Ayg < 100
contour shows the region of the lighter top squarks for small Ay parameter in the low mg, low
my 2 region. The orange contour denotes where Apg < 30 while the green contour denotes
where Apy < 30 and the LHC limit on my 2 2.25 TeV is shown as the magenta contour.
This plane may result in a premature dismissal of weak-scale natural SUSY since the LHC
bounds seem to have covered most of the parameter space beyond the predicted naturalness
bounds. Moreover, in this plane the light Higgs mass my, is always below 123 GeV, in direct
conflict with observation. The crucial point from practical naturalness in the CMSSM plane
then is that more natural regions occur at the lowest mg and m, values, where the various
measures are smallest, and the sparticle masses are closest to the measured weak-scale. For
comparison, we show the same plane in Figure 4.5 frame b) for the NUHM2 model where
=200 GeV, my =2 TeV, Ay = —1.6my and with the same tan 5. In this case, Ayg is not
calculable since the lower left parameter space lead to CCB minima (blue contour) while
Apgg, although still calculable, the contour has shrunk to a tiny region in the lower left region
due to large Ay term contributions. However, we now see that the A gy values have expanded
out to much larger mg and m; 5 values since it is largely determined by the 25(51,2) values,
as p is fixed to be near the measured weak-scale. Noticeably a substantial amount of natural
SUSY parameter space remains unprobed beyond LHC gluino bounds. Nonetheless, practical
naturalness would still prefer the lower portions of the plane since those yield smaller Agy
values. Additionally, the allowed Higgs mass contours of m; = 123 GeV and m; = 127
GeV and the bounded region overlaps nicely with the natural SUSY region with plenty of
parameter space left to be explored but the further one is pushed towards the outer edges of

the Agw contours, less natural the model becomes. Therefore, Agy < 15 is more natural
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than Agy < 30 which implies that the most natural region is currently just beyond the LHC

gluino bound but not too far removed from present LHC reach.

4.3.3 Stringy Naturalness

Thus far we have seen how naturalness measures developed over the years allow us to
predict upper bounds to sparticle masses in our search for SUSY, which could hint at an
underlying string theory. We have also seen how naturalness has come under increasing
stress from stronger bounds from LHC results. Moreover, the discovery of the discretuum of
flux vacua in string theory posed difficult questions about the predictive power of the string
landscape framework - how are we to identify one unique vacuum that fits observations in
our universe out of a choice of ~ 105%°? This led Douglas and collaborators [83] to introduce
a statistical program for determining BSM physics that altered the perception of naturalness.
They proposed the notion of stringy naturalness: “the value of an observable Oy is more
natural than a value O, if more phenomenologically viable vacua lead to O than to O;”.
This places Weinberg’s anthropics on a more agreeable setting with the idea of naturalness
in that if one contextualize this definition to A.., then phenomenologically viable implies
only those vacua to be habitable that allows galaxy condensation while vetoing all others.
Among the allowed vacua in the landscape then, A.. is expected to be as large as possible as
anthropically allowed since now one is left with a distribution in A.. space that is skewed
toward larger values. The next question that inevitably arises is what are the implications of

stringy naturalness for SUSY searches?

Soft term distribution and anthropic selection criteria for landscape SUSY The

distribution of string vacua in terms of SUSY breaking scales m3,,,.,, is given by the ansatz,
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deac [m%n‘ddwn Muyeak Acc} = fSUSY (miidden) . fEWFT . fcc . dmiidderm (4 14)

where the soft breaking scale, mg, e = M3, 4.,/ Mmp for gravity mediated SUSY breaking and

mp is the reduced Planck mass. It is instructive to analyze these distributions separately.

o feo: This is the distribution related to the cosmological constant fine-tuning penalty. In
a4 — D SUGRA EFT emerging upon flux compactification, the cosmological constant
is given by,

Acc - m;ln'dden - 36K/m%) |W‘2/m%’

where m}, ... = Y| Fi|* + %EQD?X is the hidden sector mass scale, which in SUGRA-
mediated models is assumed to be mpiggen ~ 102 GeV such that the gravitino gets a
Mass M3o ~ M40/ Mp- However, Susskind [1] and Denef and Douglas [84] observed
that the second term in the above expression is not correlated with the distribution
of the soft SUSY breaking terms F; and D,,, rather W was distributed uniformly as

a complex variable at the minima. Hence, setting A.. = 0 has no effect on the SUSY

4

. . . . . 4 .
breaking scale distribution and as a result one can easily replace my,; 4., With mg, ;..

in effect decoupling f,. from having any influence on the distribution of my,s in the

landscape.

e fsusy: Douglas, et al. also observed that flux compactification in II-B string theory
leads to a uniform distribution of the soft breaking F; and D, terms. The F; terms are

expected to be distributed as complex numbers while the D, terms are distributed as
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real numbers. Then, the soft SUSY breaking distribution scale expected is,

fSUSY<m%Lidden) ~ (mizzidden)QnFJrnDil (415>

where, np is the number of F-breaking fields and np is the number of D-breaking fields
while the factor of 2 is the volume factor in the space of SUSY breaking field values.
Consequently, if one assumes SUSY breaking via a single F' — term then one yields a
linear statistical draw towards large soft terms as fsysy ~ myg,; where n = 2np+np—1
and in this case n = 1. More complicated SUSY breaking contributions from various
hidden sectors are expected in string theory which implies the draw to large soft terms
can be even stronger that would lead to heavier sparticles, in contrast to practical

naturalness expectations.

OFy

Re (Fx)

Figure 4.6: Annuli of soft SUSY breaking F-terms in the complex plane. Soft
terms enjoy a mild statistical draw to larger values towards the outer (red)
annulus [85].

e fewrr: This is the anthropic fine-tuning factor which traditionally was assumed to
be My cqr/M2es, Which would penalize soft terms too far beyond the measured weak-
scale. However, we have seen how some parameter values may lead to CCB minima

(Figure 4.5) which must be forbidden for a PU that is hospitable to life as we know it.
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To determine a viable fgy pr function one needs to consider various phenomenologically
significant phenomena. Firstly, fgwpr must require that electroweak symmetry is
properly broken, like in our universe, which is accommodated by the RGE running of
the Higgs mass parameter m#; to negative values at the weak-scale (REWSB). The
landscape statistical draw to large values pull m%u(/\) as large as possible at the high
scale (such as the GUT scale) provided it just barely runs negative at the weak-scale

and does not make too big of a contribution to m% in Eq.(4.12). This phenomenon

NUHM2, my = 5 TeV, myp = 1.2 TeV, tanf=10
T T T T
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Figure 4.7: RG Evolution of m%,u vs. @ for several choices of m%{u (A) for a
given benchmark point for the NUHM2 model [2].

is illustrated by the green curve in Figure 4.7 for a NUHM2 model benchmark point

with unified scalar mass parameter, my = 5 TeV, unified gaugino mass parameter,

my/2 = 1.2 TeV, the trilinear coupling term, Ay = —8 TeV, for a selection of m#; (A)

values at the high scale A. One can notice that my, (A) cannot be too big since then
2

my, is not even driven negative, denoted as the red curve, at the weak-scale (¢ ~ 100

GeV). Such unphysical vacua with no REWSB must be vetoed. Thus, we find ourselves
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in a habitable vacuum of the landscape where electroweak symmetry is barely broken
radiatively - exactly what is required to gain a natural value of the weak-scale. This
predicament that we happen to find ourselves in has been dubbed as living dangerously
by Arkani-Hamed et.al [86, 87] since the selection of the soft terms is as large as possible
but stopping barely short of being drawn too big that would result in a violation of a
crucial feature of our low-energy world. This paradigm is known as radiatively-driven
naturalness, or radiative natural SUSY [78, 80]. If on the other hand, m3; (A) were
too small then m%{u runs deeply negative at the weak-scale which results in too large a

contribution to the weak-scale which are signified by the blue and yellow curves.

Radiative Corrections, ¥%(f;5): The largest cancellations takes place as a result of
large mixing in the top squark (stop) sector, provided that the trilinear coupling term A,

is big enough. This happens to be the dominant contributions in X ~ 23(5172). Large

2

stop mixing then renders the radiative correction terms in Eq.(4.12), S%(¢12) ~ m2, .,

facilitated by large A; terms. The situation is illustrated in Figure 4.8, where we
plot 25(51,2) vs. A; at the weak-scale for the same NUHM?2 parameter choices as in
Figure 4.7 but with fixed p = 200 GeV, m4 = 2 TeV and with A, varied over its allowed
range. The dotted lines at 355 GeV denote the ABDS window of allowed contributions
to Muyear. Here, we see that for small A; ~ 0 TeV, the Eg(t],g) contributions are large
negative with sign(X%(#12)) . y/|Z%(f12)| ~ —400 GeV. As A; becomes increasingly

negative, the radiative correction X%(#;) become smaller and at around A; ~ —5 TeV

ouU

one gets radiative contributions comparable to my, ;..

However, much larger negative

Ay beyond ~ —5 TeV rapidly drives us into the CCB region since the stop squared-mass
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NUHM2, my = 5 TeV, myz = 1.2 TeV, p=200 GeV, ma=2 TeV, tanf3=10
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Figure 4.8: Contributions of sign(X%(f12)) . 1/|S%(f12)| to the weak-scale vs.

Ai(weak) for the given NUHM2 model benchmark point [2].
soft terms are RG evolved to negative values which must be subject to anthropic
veto. As a result we see another instance of living dangerously in the string landscape:
A—terms are statistically preferred to be large (negative) values but not too large
as to land us in dangerous CCB minima. A testable consequence of this scenario is
depicted in Figure 4.9. Large mixing in the stop sector generated by large A; results
in maximization of the Higgs mass peaking around its measured value of my ~ 125
GeV, as can be seen from the plot. For smaller A; — 0, one expects my ~ 119 GeV
which is evidently too light. In summary, the landscape prefers a statistical draw of
soft terms to large values. However, for a habitable PU one must temper this draw
by imposing anthropic conditions which entail vetoing vacua with no EWSB, those
that exhibit CCB giving rise to tachyonic particles and those vacua that generate a
weak-scale value in excess of the ABDS allowed range. Taking all this into account,

we employ fepwrr = ©(30 — Agy) which corresponds to a conservative naturalness
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NUHM2, mq = 5 TeV, myz = 1200 GeV, u=200 GeV, m,=2 TeV, tanf=10
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Figure 4.9: my, vs. A; for the given NUHM2 model benchmark point [2].

measure Agy < 30.

4.4 Naturalness versus Stringy Naturalness

We are now ready to examine how the notion of stringy naturalness compares to con-
ventional naturalness expectations. When we studied Figure 4.4 in the context of practical
naturalness alone, the most natural region of parameter space arose for smaller values of
mg, my2. In contrast, the stringy naturalness draw to large soft terms would pick off the
largest possible mg,m;/2 values subject to anthropic veto on no EWSB and CCB vacua.
As such, more stringy natural parameter space would be pushed towards the edge of the
Apgw contours. To illustrate this, we choose the NUHM?2 model with the same parameter
choice as in Figure 4.7 and plot the my — m; 2 plane in Figure 4.10, but now the soft SUSY
terms scan as Douglas’ power law with n = 2ng +np — 1 for n = 1,2, 3,4 in accord with

the expected landscape distribution given by Eq.(4.14). The more stringy natural region of
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parameter space is then identified by the higher density of sampled points. In all frames,
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Figure 4.10: mq vs. my /o plane for the given NUHM2 model with Ag = —1.6my,
=200 GeV, my = 2 TeV. The four frames (a, b, ¢, d) elucidate landscape
expectations of soft terms for n = 1,2, 3,4 draws respectively [2].

there are no points below the lower left CCB contour since those vacua are anthropically
vetoed as discussed. Beyond the CCB region, the allowed solutions fill-up the parameter
space. A characteristic trend can be observed: the density of points increases with increasing
mgo — myp. This trend becomes increasingly noticeable with stronger power-law draws in
frames b — d so much so that only a few solutions lie below the LHC gluino search limit
shown by the magenta contour. An upper bound to how large the values my and m;/, can
assume in the landscape is inferred from the density of points dropping to zero in accordance
with ABDS constraints. The conclusion from stringy naturalness is then as follows: stringy

naturalness with n > 1 power-law draw on soft terms favors the largest soft terms tempered by
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the requirement that m%bY is not too far from m9V. This stands in sharp contrast to practical
naturalness expectations of lower values of soft terms. Thus, from the perspective of stringy
naturalness, one would expect to observe a Higgs mass around 125 GeV with sparticles beyond
current LHC reach [2]. Hence, while conventional naturalness notions would put increasing
doubt on the existence of natural SUSY, stringy naturalness paradigm actually re-invigorates

SUSY prospects since the detectors are just starting to probe the stringy natural parameter

space.

4.5 The Triumph of Natural SUSY in the Landscape

In this section, we compare different SUSY models in light of the emergent landscape
from string compactifications. The goal here is to identify the most likely SUSY scenarios
that are preferred by the string landscape, out of the numerous paradigms that have been

proposed in the literature.

4.5.1 Fate of the SM and CMSSM in the Landscape

To determine the likelihood of the SM being the low-energy EFT of an underlying string
theory in the landscape, we take a closer look at EWSB in the SM. The Higgs potential that

facilitates EWSB via the Higgs mechanism in the SM can be written as [2],

Ve = =30 d + Asmr (¢T¢)27 (4.16)

which, upon minimization ultimately yields the physical Higgs mass including quadratically
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divergent radiative corrections,

my; ~ mi(tree) + omy, (4.17)

3 g’ g’
where m7, (tree)= 2u%,,; and dmj, = m< — A+ 4 + 8 cos? Oy

denoting the mass scale cut-off beyond which the SM ceases to a valid low-energy EFT. As

+ )‘SM)A%'My with Agas

was discussed in chapter 1, to obtain the measured Higgs mass, my =~ 125 GeV, one needs
to tune m?% (tree) against the large corrections dm?%. Enabling such tuning of m?% (tree) for
Agpr > my, we check the required value of gy, which is the SM Higgs mass parameter, to

gain mpy = 125 GeV, as shown in Figure 4.11. We assume a uniform distribution of pgy; in the

1017 :
I — Agu=1TeV
1014; — Agy= 102 TeV |
Asy= 10% TeV
ﬁ1o”l — Asy=10%TeV
3 | ﬁ Agy= 1013 TeV
g 10° ]
10°- .
100 ,_ﬁ | ‘ 456 se\T < Myeak < 365 GeV ‘ ‘ |
1 100 10* 108 108 10'°

Hsm[GeV]

Figure 4.11: my vs. ugys for various theory cut-off values Agps. The ABDS
window is shown shaded as blue. [2].

landscape, since no particular value of p is favoured in the SM. Additionally, we highlight the
ABDS anthropic bound on the weak-scale by the blue shaded region in Figure 4.11. From the

figure, it is evident that for Agy, = 1 TeV, a significant range of gy, values lie in the ABDS
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allowed region. As Agys increases such that Agys > Myear, extremely tiny fine-tuned ranges
of ugyr values lead to a viable weak-scale. Thus, in the string landscape, for an anthropic
weak-scale to arise, the SM is likely an extremely rare occurrence as a low-energy EFT since
for Agpr > 1 TeV the anthropically allowed gy, becomes increasingly constrained [2]. This
is an instance where conventional naturalness is in agreement with stringy naturalness - large
fine-tuning is required to stabilize the Higgs mass which is considered unnatural even in the

conventional sense.

5000,

— Bew=40 Bew=640

1000 |

500 i \

100 |

m;"Y [GeV]

45.6 GeV < m;"Y < 365 GeV

500 ]

10 ]
1 10 100 1000 104
u[GeV]

Figure 4.12: mEY vs. p for various values of naturalness measure Agy. The
ABDS window is shown shaded as blue. [2]

One can also test for the frequency of PU with vacua that exhibit a 4— D low energy physics
described by the CMSSM framework. We have already seen how this model is increasingly
under stress from LHC bounds on sparticle and Higgs mass measurements. Certainly CMSSM
falls under the umbrella of unnatural models since one of its key features is the requirement of

2

universal scalars which usually means m7; is driven to deep unnatural values. Consequently,

in lifting the Higgs mass up to m; ~ 125 GeV, the model-independent Agy assumes values
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in the range 100 < Ay < 10? for detailed scans over CMSSM parameter space [72], in gross
violation of ABDS anthropic window. As such, we investigated the prospects of models like
the CMSSM with high Agy values in Ref.[2]. For simplicity, we take the limit of Eq.(4.13)

wherein the radiative corrections are small such that Eq.(4.12) becomes

2 2 2
my ~ —2my — 247,

and then consider SUSY models where quu is driven to large negative values at the weak-scale.

Then, one can happily replace —m3, (weak) by Agw . m%°Y /2 using Eq.(4.13) to calculate
the derived value of m%Y which is expected in SUSY models within the landscape, in terms
of Apw and pu. We show our results in Figure 4.12 wherein we plot mLY versus p for an
assortment of Agy values which ranges from natural values ~ 5 — 20 to unnatural values up
to ~ 640. The ABDS anthropic window is depicted as before by the light blue shaded region.
From the figure it is evident that, for p distributed uniformly on the landscape, low, natural
values of Agy yield significantly larger range of p values that lead to habitable values of
mbY. In contrast, as Agy gets larger, one is increasingly restricted to tinier (fine-tuned)
ranges of u for which the derived mLY lead to habitable PU’s. Thus, we would expect that
SUSY frameworks like the CMSSM/mSUGRA, for which Agy cannot attain natural values

to allow for my ~ 125 GeV, to be rare occurrences in our fertile patch of the landscape which,

by parsimony, contain the MSSM as the low energy EFT.

4.5.2 Radiative Natural SUSY emergent from the Landscape

In Ref.[54], we contrasted the prospects of natural and fine-tuned SUSY paradigms in
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a more robust manner. Thus far we have employed the SUSY spectra generator Isajet to
test various models and artificially imposed the ABDS constraints using the value of Agy, as
calculated in Isajet. Since all popularly available SUSY spectra generators carry out their
calculations with respect to a fixed weak-scale at m3Y = 91.2 GeV, accidental fine-tuning
of parameters conspiring to generate mZY # m9Y that nonetheless fall within the ABDS
window is impossible. For instance, one can estimate a value for m&Y from Isajet by the
following approximation resulting from Eq.(4.12) and Eq.(4.13) where myeqr is determined

by the maximal contribution on the RHS such that,

mbY ~ \/Apw /2 mQY. (4.18)

This then implies for Agy ~ 30 one obtains m5Y ~ 360 GeV ~ 4m$Y which happily sits
within the ABDS anthropic bound. To illustrate the general idea, by setting the radiative
corrections to zero in Eq.(4.12) for simplicity, we generate the plot, shown in Figure 4.13, of
the possible outcome we expect from the multiverse where the parameters are free to tune
and derive a weak-scale value that respects the ABDS criterion. In Figure 4.13, to generate
an anthropically allowed weak-scale, one must live between the the red and green curves.
Statistically speaking, one is most likely to occupy such a PU when the area between the
curves is largest. Immediately then we can appreciate the largest such area occurs for the
smallest values of pfV and —m3; (weak) i.e. when both values are < 360 GeV at the
derived weak-scale. Alternatively, as both these parameters become 2 360 GeV, the area
between the curves become increasingly smaller. This highlights the fact that it is expected

to be highly unlikely in a statistical sense, for habitable PU’s, with ABDS allowed weak-scale,
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model ignoring radiative corrections to the Higgs potential. The region between
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[54).
to form wherein the low energy EFT happens to be fine-tuned SUSY models like High-Scale
(HS) SUSY [88, 89], Split SUSY [90, 91] and Minisplit SUSY [92, 93] (models that have
been promoted in the literature). Moreover, the region above the red curve produces too big
a weak-scale that violates the atomic principle while for regions below the green curve we
generate PU’s with no EWSB or with CCB minima. However, this plot is an approximation
since radiative corrections are in fact non-zero and are often the dominant contributions to
the RHS of Eq.(4.12); additionally, m3; (weak), pY are not fundamental scale-invariant
parameters and as such it is not obvious that they should be distributed uniformly on a

2

log-scale as shown here. Rather m7, (weak), 'V

are determined from their RGE running
from the GUT scale and even though ;Y barely evolves, m%lu (weak) is highly distorted from
its RGE evolution and the requirement of REWSB. As a result, in an effort to explore these

connections more completely, we opted to write a computer code that could serve as a toy

74



simulation of the multiverse. The goal of the model is to simulate what is thought to occur
within the multiverse restricted to a subset of vacua containing the MSSM as the low energy
EFT. Our toy simulation is capable of solving the set of 26 coupled RGE’s via Runge-Kutta
method, listed in Chapter 9 of Ref.[17], by taking in input boundary conditions at the GUT
scale, mayr ~ 2 x 1016 GeV, and evolving them down to a low scale, @, which is determined
by the energy scale at which m%[u first runs negative provided that mY, < Q < mg(3) where
mo(3) is the third generation unified scalar mass. Altogether, the GUT scale parameters that
are used as input boundary conditions are: mg(1,2,3), mpu,, mm,, M2, Ao, tanf, and p.
We use the one-loop RGE’s but augmented by the two-loop terms from Eq. 11.22 of Ref.[17]
needed to set the upper bounds on the first/second generation scalar masses. If proper
REWSB occurs, we then employ Eq.(4.12) including radiative corrections, to calculate mbv.
If, on the other hand, there is no REWSB or if the RGE running generates negative weak-scale
values for charged or colored scalar squared masses such that we encounter CCB vacua, we

anthropically veto such solutions. To determine the input boundary conditions at mgyr the

parameters scan over the ranges:
mo(1,2) : 0 — 60 TeV
mo(3) : 0.1 — 10 TeV
mpy, - Mo(3) — 2mep(3) TeV
mu,(~ma):0.3—10 TeV
mijp 2 0.5 — 3 TeV

— Ap: 0—50 TeV
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peor 1 —10% GeV

tan 5 : 3 — 60
The soft terms scan according to fsysy ~ mioft as expected for SUSY breaking from a
single F'—term in the landscape, p scan as f, ~ 1/p (scale invariant choice) while tan /3

scan uniformly. The result of this simulation is depicted in Figure 4.14 by using the same

plane as Figure 4.13. The plot is generated for the NUHM2 model with fixed choices for

mp, = 1.3mg, Ag = —1.6mg and tan 3 = 10, while mg, m,/2 and p are allowed to scan. In
10% y [ s o y DA R v T e
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Figure 4.14: The ,/—mfgu (weak) vs. P’V parameter space wherein the green

points denote vacua with appropriate EWSB within ABDS constraints. The

blue points denote the vacua that generate mZY, > 4m9U  [54].

the figure, the green points are the ABDS allowed points with proper EWSB for which
mbY < 4m9Y, while the light blue ones are anthropically disfavored on account of yielding
too big a weak-scale value. We notice that the bulk of the allowed points live in the lower

left corner of p—space, in agreement with the expected parameter hypercube in Figure 4.13.
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Additionally, we also notice that the toy model simulation yield a few green points in the
tiny hypercube ranging up to high values for x*¥ and ,/—m3 (weak). These points can
be inferred as accidental fine-tuning of parameters to yield a habitable weak-scale. One
can surmise from the figure that natural SUSY models, represented by numerous green
points in the lower left corner of p—space, are much more prevalent than fine-tuned models,
in the landscape with the MSSM as low energy EFT. We can analyze this more closely
by contrasting natural SUSY model NUHM2 with the unnatural CMSSM framework, for
specific benchmark parameter choices. To this end, we plot the value of m4Y as generated
with our natural SUSY parameter choice but with varying u”Y using the usual distribution
fu ~ 1/pPY. The results are shown in Figure 4.15 for three sets of parameter and model
choices. In the top-most frame, we adopt a set of natural SUSY benchmark parameter values
with variable Y. We notice a large selection of uf'V values in the range ~ 100 — 210 GeV
which yield mEY < 4mQY | as denoted by the green points. For larger values of ufY, mZY
drops below the ABDS window lower bound and then hits the boundary where electroweak
symmetry is not properly broken. By contrast, in the middle frame we show a stringy
unnatural parameter choice with mp, (GUT) < mq which causes m7, to run deeply negative
at the weak-scale. This yields an extremely fine-tuned range at uY ~ 4 TeV that results
in anthropically allowed vacua. Thus, compared to the natural parameter choice as in the
top frame, we see that, given a uniform distribution of y parameters on the landscape, the
unnatural model - while logically possible - is highly improbable. Furthermore, in the bottom
frame, we analyze the scenario in the CMSSM/mSUGRA framework which, as has been

discussed, is a notable example of a fine-tuned model occurring, albeit rarely, in the string

landscape. Here again, for typical benchmark parameter values, we find an extremely tiny
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hypercube at Y ~ 2 TeV that yields m5LY < 4mQV. This reinforces our arguments in the
previous subsection in that vacua exhibiting CMSSM as the low energy EFT are extremely
rare in the landscape as compared to natural SUSY models with non-universal scalar masses

and mpy, (GUT) ~ 1.3mg which accommodates REWSB.
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Figure 4.16: The ,/—m%lu (weak) vs. pFY parameter space from Isajet wherein

the green points denote vacua with appropriate EWSB within ABDS constraints.
The blue points denote the vacua that generate mfzgak > 4mOU

weak- 1his run
implements mLY = \/Apw /2mPY [54].

To compare our results, we used Eq.(4.18) to compute the approximate weak-scale from
Apgw value generated by Isajet using NUHM2 model parameters as input with parameters
scanning as before. The main difference in this approach is that we have no accidental
fine-tuning of parameters since the weak-scale is derived from the maximal RHS contribution
in Eq.(4.12). We plot our results in Figure 4.16 in the same p—space as before. The results

are evidently in agreement with Figure 4.13 and Figure 4.14 with the most populous region
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of allowed weak-scale being the region of natural SUSY. Furthermore, since no allowance for
fine-tuning is made, we see the green points that were generated along the diagonal stretch to
the top right corner of the plane, has vanished. This plot emphasizes why event generators
like Isajet with frwsp = @(30 - A EW) produce good representations of expected sparticle
and Higgs mass spectra in scans over the landscape of string vacua, that we will explore

further in the following chapter.
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Chapter 5

String landscape guide to SUSY and DM searches

In this chapter, we aim to make comprehensive predictions from the string landscape.
We start by investigating different ways soft SUSY breaking terms may statistically scan
on the landscape. In the previous chapter, we assumed a mild statistical draw wherein all
soft terms are drawn as mg,,, with n =1,2,3,4. In the current chapter we study different
statistical scans for the gaugino masses, scalar masses and trilinear soft terms. To present our
results, we require stringy naturalness wherein the likelihood of values for the observables is
proportional to their frequency within a fertile patch of landscape including the parsimonious
choice of the MSSM as the low energy EFT. Thereafter, several numerical results for Higgs
and sparticle mass predictions for various SUSY models are presented. The contents of this

chapter are reliant on the following published papers in Refs. [3, 4, 5, 6, 94].

5.1 Soft terms in the low energy EFT

To motivate the topic to be discussed, we begin by briefly recalling the discussion on string
compactifications in Chapter 3. In string theory, we start with a 10/11—D UV-complete string
theory and then write the corresponding 10/11—D effective SUGRA theory by integrating out
the KK modes and other super heavy states. Then one compactifies the 10/11—D SUGRA
on a CY manifold that, as we have seen in our discussion of compactifications, preserves
N =1 SUSY in the ensuing 4 — D theory containing visible sector fields along with a plethora
of gravitationally coupled moduli fields grouped according to complex structure moduli, U;

and Kéahler moduli, T;, along with the dilaton field S. For the best understood Type 1IB
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constructions, the U; are stabilized by fluxes while the 7; has been shown to be stabilized
by various non-perturbative effects, for instance by the KKLT stabilization mechanism [41].
Realistically, of order ~ 100 moduli are expected but for simplicity one assumes only a single
or a few T} in explicit constructions. In principle, moduli stabilization allows for determination
of their VEV’s from which one obtains the parameters of the EFT. We want to be able to
identify which MSSM soft terms should scan independently within the landscape. To that
end, we assume C, to be the visible sector fields which consist of the usual MSSM fields. The
S,T;, U; together form the hidden sector of the 4 — D theory and provide the required arena
for SUSY breaking. The following discussion is presented in units of mp = Mp/v/87 = 1.
We start our discussion by taking a closer look at the SUSY breaking sector, the dynamics
of which determines the resulting soft SUSY breaking terms. To that end, we note that the
4 — D, N =1 SUGRA Lagrangian is determined by just two functions that depend on the

chiral superfields ¢;; of the model: the real gauge invariant Kéhler function,

G, Oar) = K(dar, &) + log [W (dar)?

and the holomorphic gauge kinetic function f,(¢as). The chiral superfields are distinguished
according to visible sector fields C,, and the hidden sector fields h,,. Following [41, 95, 96] we

begin by expanding the superpotential as a power series in terms of the visible sector fields:

. 1 1
W =W (hy,) + §Mc,éﬁ(hm)cf"cﬁ + éyam(hm)oaoﬁm + ... (5.1)
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followed by the expansion of the Kéahler potential as,
. _ - 1
K = K(hm, h%) + K 3(hm, h5)C*C*P + §Za5(hm, h:)CCP 4 hee.| + ... (5.2)

wherein the various coeflicients are functions of the hidden sector fields h,, which are to-be-
determined. Here, the Greek indices represent the visible sector fields and the lower-case Latin
indices correspond to hidden sector fields while the general chiral superfields are denoted

with upper case Latin indices. Additionally, the F'—part of the scalar potential is,
Vi, dly) = e (GMKMN Gy — 3) = (FN Ky FM - 3eG) (5.3)

from which one notes that if some of the h,, fields develop VEV’s such that at least one of the
auxiliary fields F™ = e“/2K™ G}, # 0, then SUGRA is spontaneously broken. Thereafter,

G/2 while the soft terms are generated by replacing the

the gravitino gains a mass ms;; = e
h., and their F); terms by their nonzero VEV’s in the 4 — D, N = 1 SUGRA Lagrangian
derived in Ref. [97] and taking the so-called flat limit mp — 0o, keeping mg/, fixed. One is
then left with the low-energy EFT which includes a renormalizable global SUSY Lagrangian

augmented by soft SUSY breaking terms. From the fermionic part of the SUGRA Lagrangian

[97], the canonically normalized gaugino masses are obtained as [98],
1 —1 M
M, = §(Re fo) T FOMfa (5.4)

along with the unnormalized Yukawa couplings,
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T *
, w

_ K/2
gy = ——e 7Y, 5.5
W B (5.5)
and the superpotential y contribution,
I wr K/2 M o _
Hog = |W|e Pap +Mgj2Zap — F Oy Zag. (5.6)

On the other hand, the scalar potential is expanded as,
Visoft = meQBC*é‘Cﬁ + (éA’aﬁvCo‘C’BC” + %BgﬁCaCﬁ + h.c.) (5.7)
from which one obtains the unnormalized scalar soft terms as,
M2, = (1 + Vo) g — F <8M6Nf<a5 _ aMzzwméaNkw) P (5.8)
and the trilinear parameter,

~
*

w* - .
Ao = G Y [BYogs ¥ = (K7t 0 0 9+ @) | 69)

while the rather lengthy expression for the bilinear B—term is left out since it is not required
in the discussion that follows. The next step is to analyze the equations and study their

implications for the string landscape.

Gaugino masses In Eq.(5.4), Re(f,) = 1/g> where f, is the gauge kinetic function. For

non-zero gaugino masses, f, must be a non-trivial function of the moduli fields and often in
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most 4 — D string constructs f, is taken as k,S where the k, is the Kac-Moody level of the
gauge factor. Gauge kinetic function of this form results in universal gaugino masses which
require SUSY breaking in the dilaton field S. The rest of the moduli can enter f, at the
loop level and lead to non-universal gaugino masses. Consequently, one possibility is that
the moduli contribution to M, can be comparable to the dilaton contribution, in which case
non-universal gaugino masses are expected and the gaugino masses scan as mg,, where the
precise value of n depends on the number of contributing moduli fields. Otherwise, when the
dilaton is the dominant contribution to M, then only a single hidden sector field contributes
and non-universality is expected to be negligible. In this case, fsysy ~ mioﬁ i.e. a linear
scan, is the expected distribution function for the gaugino masses. Shortly, we will see that
the landscape actually prefers gaugino masses to be smaller than scalar masses i.e. F'¥ < FM
where F'¥ refers to SUSY breaking by the dilaton while F'™ denotes the collective SUSY
breaking scale from all the moduli fields. This is another instance wherein non-universality
of gaugino masses maybe expected as a result of the loop-suppressed moduli-mediated terms
becoming comparable to the dilaton-mediated contribution. However, even if the moduli-
mediated contributions are suppressed, the anomaly-mediated contributions (arising from
anomalous violation of superconformal invariance [99]) might be as dominant as the universal
contribution. To address this issue, we will introduce the generalized [100] Mirage Mediation
[101] (gMM’) scheme for soft term masses wherein substantial non-universality of gaugino
masses are expected. Such non-universality leads to gaugino mass unification at a scale, fi,,;
(mirage scale) such that fi,;, < mgur ~ 2 X 10 GeV where mgyr is the scale at which the
gauge couplings unify [100]. As such, gaugino masses are expected to scan independently

of other soft terms and so hereafter n;/, will be used to denote the value of n in the fsysy
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distribution to distinguish gauginos from other soft terms.

Soft scalar masses The soft SUSY breaking scalar masses are obtained from Eq.(5.8).
Upon proper normalization, the first part of the equation gives the canonical kinetic terms
which lead to diagonal and universal scalar masses. This universality was an attractive feature
in the past since it offered a universality solution to the SUSY flavor problem [102]. The
second term in Eq.(5.8) involving the partial derivatives of the visible sector Kéhler metric,
leads to non-universal scalar masses. Specifically, non-universality is expected in the two
Higgs doublets m7; and mj; in addition to non-universal masses mq(1), mo(2) and mq(3) for
each of the generations. Lately, non-univerality has emerged as a desired feature in SUGRA
models since they accommodate RNS [78, 79] via RG running from large high scale values to
natural contributions at the weak-scale. The RNS framework finds a natural home in the
string landscape [103] and has been discussed in the previous chapter and how it results in a
scenario in which we are living dangerously close to violating a fragile but crucial feature of
the low-energy world in proper EWSB. This expected non-universality of soft scalar masses
for each generation in gravity-mediation was problematic for many years, as surveyed in Ref.
[102] and in fact provided strong motivation for flavor-independent SUSY mediation schemes
like gauge-mediation [104, 105] and anomaly-mediation [106, 107, 108, 109]. However, in the
face of LHC measurement of the Higgs mass at my ~ 125 GeV, the original incarnations of
these models has become highly disfavored due to their inability to reproduce the rather
large Higgs mass. As an aside, we briefly review the SUSY flavor and CP problems to gain

some insight on why these are significant model-building constraints to be considered.

o SUSY flavor problem: Qualitatively, flavor changing neutral currents (FCNC)’s are
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possible particle interactions that results in fermions changing flavor without altering
their electric charge. Such processes are extremely constrained in nature [110] and so
consistent models are required to provide suppression mechanisms for FCNC’s. In the
MSSM, FCNC sources arise from the many new parameters of the theory, especially in
the soft SUSY breaking sector. These include sfermion mass squared matrices of the

form [111],

Lot 3 — [} (mf) f]

where i,j = 1 — 3 are generation indices and the sfermion index f runs over the
various matter superfields Q, U ‘ ﬁc, ff, Ec, using notation of Ref. [17]. Additional

contributions to FCNC can arise from trinlinear soft terms,

»Csoft > (au)ijeabQ?Hg‘ﬂEj + (ad)ijeab()?HdaciEj + (ae)ijeabiﬁHdaéEj + h.c. .

In gravity-mediated SUSY breaking, the trilinear terms are expected to be proportional
to the corresponding Yukawa couplings such that these contributions are small for
the first /second generations. However, for the sfermion squared mass matrices m?, no
FCNC occurs only in the case when the squared sfermion mass matrices are diagonalized
by the same transformation that diagonalize the corresponding fermion mass matrices
[17]. In gravity-mediation though, no principle enforces such a mechanism and the

large off-diagonal mass matrix elements may lead to FCNC effects [111].

SUSY CP Problem: Many soft SUSY breaking parameters happen to be, in general,

complex valued which raises the possibility of TeV scale imaginary components to
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these which would give rise to large Charge (C) and Parity (P) (CP) violating phases.
Limits have been placed on these complex valued soft terms from measurements of
CP-violating decays of the kaon, K — 7w, and experimental upper limits from electric
dipole moments (EDMs) [17]. These constrain the CP-violating mass terms to be
extremely small and determining the physical principle behind the smallness of such
phases is known as the SUSY CP problem. Thus, a crucial element of consistent SUSY
models must include an explanation as to why SUSY contributions to CP violation are
small. As a result, a common feature of traditional SUSY models was to assume reality
and universality of the soft masses and that the trilinear a terms are proportional
to their corresponding Yukawa matrices; together these assumptions render FCNC
effects to be below experimental bounds while all CP-violating phases vanish save the

CP-violating phases in the CKM mixing matrix [17].

The string landscape provides its own solution to both the SUSY flavor and CP problems

arising from non-universal generations [111]. In the landscape, as has been discussed, soft

terms are statistically pulled to values as large as possible such that their contributions to the

weak-scale remain of order the weak-scale. The first/second generation squarks have smaller

Yukawa couplings while the third generation squarks e.g. the stops, have larger Yukawa

couplings. As such, the landscape pull on the first/second generation squarks is expected

to be stronger which results in their masses to be pulled into the 20 - 40 TeV regime while

the third generation squarks are more mildly pulled up to the few TeV regime. The upper

bounds on the first /second generation squarks are in fact a relic of two-loop RG effects which

restricts the third generation soft masses to smaller values (aiding naturalness by suppressing
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Y%(t12)) until these run tachyonic. Therefore, the first and second generation soft masses are
pulled to large values but to a common, flavor independent upper bound. This provides a
quasi-degenerate, decoupling solution to the SUSY flavor and CP problems [4]. Hereafter, the
landscape selection of scalar masses are denoted by ng to distinguish them from landscape

selection for gauginos, which one expects to scan independently on the landscape.

Trilinears The soft breaking trilinear terms, also called the A-terms, are given in Eq.(5.9).
All SUSY breaking moduli fields contribute to the A-terms and are of order mg .. Conse-
quently they scan as fspsy ~ ngft in the landscape, same as for the scalar masses. As such,
the A-terms enjoy a statistical draw to large values and this leads to maximal mixing in the
top squark sector thereby lifting the Higgs mass to my; ~ 125 GeV. However, the A-terms
are only drawn to as large (negative) values as possible subject to anthropic veto of CCB
minima of the scalar potential that results if the A-terms get too large, as was discussed in

Figure 4.9 [2] as another instance of living dangerously on the landscape.

w parameter The bilinear term %,uag(hm)CaOB in Eq.(5.1) is forbidden for all matter
superfields of the MSSM to ensure gauge invariance, save the vector-like pair of Higgs doublets
wH, H; due to their opposite hypercharges [4]. Since p is a superpotential SUSY preserving
term, dimensional analysis would indicate u ~ mp; on the other hand, in the context of string
theory being scale invariant, no mass terms are allowed for massless states such that one then
gets u = 0 [112]. Furthermore, proper EWSB in SUSY models require g ~ myeqr, which is
phenomenologically crucial. This conflict amongst the above issues pertaining to the value for

the p-term is known as the SUSY p problem. Notably, p ~ my.eqr is also motivated by stringy
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naturalness with proper EWSB but this also introduces a little hierarchy problem that has
to do with the large gap that opens up between p and mg, s, as discussed in the previous
chapter. Analysis of soft terms reveals two possible resolutions of the p problem, which could
potentially act simultaneously. The possible solutions rely on the mixing between observable
sector fields H,,, Hy with hidden sector fields h,,. In Eq.(5.6), if Z,5 ~ Ah,,,/mp gains a VEV
A 4qen/mp upon SUSY breaking, then a p ~ myg,p is generated [113]. Alternatively, a
value for the p parameter can also be generated from Eq.(5.1) if the hidden sector fields
hy, gain a VEV since ji,5 is a function of the hidden sector fields. The Kim-Nilles (KN)
mechanism [114] provides another solution in the context of the MSSM [115], wherein one
adds a singlet observable sector superfield X and upon SUSY breaking it gains a VEV and
generates a g term. If p,p contains non-renormalizable terms such as A\, X?/mp then one
obtains pu ~ Aumiidden/mp upon SUSY breaking such that g ~ myear — Mgope. The KN
mechanism originally relied on a Pecce-Quinn (PQ) symmetry to forbid the initial g ~ mp
term which also solves the strong CP problem via a supersymmetrized [116, 117] DFSZ
axion [118, 119]. However, a global PQ symmetry is inconsistent with gravity /string theory
[120, 121, 122, 123] and to get around this issue one might invoke a (gravity-compatible)
discrete gauge symmetry [124] Zy or a discrete R—symmetry Z& where the latter might
originate as a discrete remnant of 10 — D Lorentz symmetry breaking after compactification
[125]. Then the global PQ symmetry emerges as a result of the underlying discrete gauge or
R—symmetry. For the discrete R—symmetry case, Ref. [126] showed that in the NMSSM,
various Z% are anomaly-free and consistent with grand unification for N = 4, 6, 8, 12 and
24. Moreover, Z& symmetry is able to suppress non-renormalizable contributions to the

scalar potential up to powers of (1/mp)®, which consequently solves the strong CP problem
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while maintaining the strong CP angle § < 1071°. Thus, by invoking a discrete Z%, symmetry
one is able to solve the strong CP problem and the SUSY u problem by restricting p to
natural values, while conserving R—parity and suppressing dangerous dimension-5 proton
decay operators [127].

In the rest of the chapter, we will study these various terms in the context of several
SUSY models with both gravity-mediated and generalized mirage-mediated SUSY breaking
schemes. The results of the study will be analyzed against current data from SUSY searches

and will serve as general predictions from the string landscape.

5.2 Results from gravity mediated SUSY breaking schemes

We have already examined some landscape implications in the context of mSUGRA and
NUHM2 models when distinguishing between practical and stringy naturalness (see Figure 4.5
and Figure 4.10). Here, we employ the more general NUHM3 model wherein mq(1,2) and
mo(3) obtain independent masses in addition to independent Higgs MSSM scalars. Such a
setup is partially motivated from investigations of the mini-landscape picture of heterotic
string models compactified on an orbifold [128]. The first/second generation multiplets are
located near orbifold fixed points and obey localized grand unification [129] forming a 16 — D
spinor representation of SO(10). On the other hand, the third generation matter scalars,
Higgs multiplets and gauginos live in the bulk of the compactified orbifold and thus live in
the usual SM split multiplets [3]. To explore the NUHM3 parameter space and generate the
corresponding mass spectra, we employ the Monte Carlo event generator program Isajet 7.88

[81]. We choose a mild statistical draw for the soft terms such that mZ,7 to scan over the
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parameter space with the following ranges:

mo(1,2) : 0 — 55 TeV,

mo(3) : 0 —20 TeV,

m1/2 :0—-3.2 TeV,

—Ap:0—25TeV and

my:0— 10 TeV.

Moreover, the parameter ranges

tan 5 : 3 — 60 and

112100 — 360 GeV

are scanned over uniformly since these are not soft SUSY breaking terms. The lower limit for
the u term arises from the LEP2 limit in the lightest chargino mass, ¥i > 103.5 GeV. These
are then input into Isajet as the NUHMS3 parameters augmented by the requirement that
ABDS anthropic condition is satisfied (i.e. Agy < 30) and that EWSB occurs radiatively.
The first set of results are displayed in Figure 5.1 and Figure 5.2 where we show the locus
of n = 1 landscape scan points in the mg(3) vs. Ag and the my /5 vs. mg(3) planes for the
NUHMS3 model with = 100 — 360 GeV, respectively. We divide our scan points into three

sets. The yellow points are excluded by recent LHC Run 2 search limits:

o my 2> 2.25 TeV for g — tt + X9 [130],
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Figure 5.1: Regions of Agw > 30 Figure 5.2: LHC Run 2 limit for mg >
(blank) and CCB minima (lower left) 2.25 TeV is shown by the red contour.
in the scalar potential. The blue points 3]

are LHC Run 2 and DM-allowed. [3]

my, 2 1.1 TeV for t — ¢* + Y [131]

bounds from H/A — 777 in the tan 5 vs. my plane [132],

higgsino pair production [133]: points are beyond the recent LHC soft dilepton + jets

+ Missing transverse energy, f; constraints.

myp, = 12542 GeV (to account for the theory error of the calculation).

Next we have the blue shaded points which denote those parameter points that have acceptable
vacua and obey both LHC and WIMP search constraints. The red shaded points are allowed
by LHC search limits but excluded by XENONIT spin-independent (SI) direct WIMP
detection (DD) searches [56]. The takeaway lesson from from Figure 5.1 is that the acceptable
(blue) points lie in a very restricted regions where mg(3) and —A are correlated: if Ay gets
too large (negative), then the model is forced into CCB minima (gray) which is anthropically
vetoed. Likewise, for fixed Ay, if mo(3) gets too large, then the third generation contributions
to the weak-scale XU(#; 5) increase beyond a factor four allowed by ABDS bounds and we

run into blank regions of the parameter space. In Figure 5.2 the my/ vs. mg(3) plane is

93



depicted where the LHC Run 2 limit my 2 2.25 TeV is shown by the red contour. Here, we
see that bulk of the allowed points occur for m;/, ~ 1 — 2.5 TeV range which correspond
to mgz > 2.25 TeV, well beyond current search limits. We note that there are few surviving
scan points for mgy(3) < 2 TeV since the landscape n = 1 scan prefers linearly increasing soft
terms. However, the linear draw to large terms dies down due to the X%(#; ) contributions
to the weak-scale getting too big such that fine-tuning starts setting in. This situation is

exemplified by very few allowed points for mg(3) 2 12 TeV [3].
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Figure 5.3: Locus of n = 1 landscape Figure 5.4: Locus of n = 1 landscape
scan points for the NUHM3 model with scan points for the NUHM3 model with
@ = 100 — 360 GeV in the mg % Vs @ = 100 — 360 GeV in the mg % Vs
mg plane versus recent LHC Run2 con- myj, plane versus recent LHC Run2 con-
straints. [3] straints. [3]

The next set of results from n = 1 landscape scan is shown in Figure 5.3 and Figure 5.4.
In Figure 5.3 the results are presented in the Mmgo VS. Mg plane which is the usual simplified
model plane used to present LHC gluino search results. The current LHC Run 2 exclusion
contour based on 80 fb™! of integrated luminosity is shown as the black contour while the
projected search limit for the High Energy - LHC (HE-LHC) with /s = 27 TeV and 15 ab™*
computed to 95% CL is also shown by the purple dotted line. From the figure we note that
the XENONIT DM search also excludes significant regions of the lighter LSP masses for

gluino masses of order 2 - 3.5 TeV. The High Luminosity - LHC (HL-LHC) is expected to
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cover points with gluinos only up to 2.8 TeV via the gluino pair production search channel
[134] while the HE-LHC reaches up to 6 TeV. Evidently, a complete examination of the n = 1
landscape points in the gg search channels will require HE-LHC.

In Figure 5.4 on the other hand, we examine the n = 1 landscape in the mg vs. my,
simplified model plane with current LHC limit shown by the black contour while the projected
HE-LHC limit is shown in purple as before. Additionally we include the projected HL-LHC
search limit with /s = 14 TeV and 3 ab™!, by the red dotted line. Notably, there is a high
density of LHC-allowed (blue) points in the range m;, ~ 1.1 — 2.7 TeV, which is significantly
explored by the HL-LHC. Nevertheless, to exhaust the complete set of n = 1 landscape points

in this search plane, an upgrade to HE-LHC is required [3].
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Figure 5.5: Locus of n = 1 landscape
scan points for the NUHM3 model with
p = 100 — 360 GeV in the m; vs.
mg plane versus recent LHC Run2 con-

Figure 5.6: Locus of n = 1 landscape
scan points for the NUHM3 model in
the mp(1,2) vs. mo(3) plane for p =
100 — 360 GeV. [3]

straints (black) and projected HE-LHC
95% CL reach contours (purple-dashed).
3]

In Figure 5.5 we examine the m; — m; plane with the landscape n = 1 statistical draw
on soft terms. The crucial feature that this plane exhibits is that points with the largest
values of mg have the smaller range of m;, and vice-versa. Therefore if, for example, gluinos

were able to evade LHC detection on account of being too heavy, the top squarks would
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most likely be detected since they are expected to be much lighter (and vice-versa). The
LHC energy reach appear to stop just short of the landscape allowed points (blue) in this
parameter plane and a complete coverage of the n = 1 landscape parameter space will require
an upgrade to the HE-LHC [3].

Additionally, in Figure 5.6 we show the mg(1,2) — mo(3) plane of the NUHM3 model
for the n = 1 landscape. Evidently from this plane, one can see that the landscape picture
prefers first /second generation matter scalars at the 10 — 30 TeV range while third generation
scalars happen to be much lighter, typically below 10 TeV. RG running and mixing effects
then cause the third generation squarks/sleptons to lie in the few TeV range so that their
loop-contributions (3!’s) are suppressed to be near the weak-scale, while the first/second
generation squarks and sleptons masses (mg, mj ~ mg(1,2)) can be pulled much higher into
the tens of TeV range which results in a partial decoupling solution to the SUSY flavor and CP
problems. They can be so heavy because the first/second generation sfermion contributions
to the weak-scale are D-term contributions which largely cancel [135, 3].

A further plane of interest for LHC searches is the p—my+ plane shown in Figure 5.7, which
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presents results from same-sign diboson (SSdB) production arising from wino pair production
in SUSY models with light higgsinos. The reaction is pp — X3 X4 where Y3 — W*x{, and
X9 — WTXT so that half the time the resultant final state consists of two same-sign W bosons
plus large Fp. This decay channel is illustrated in Figure 5.9. Another possibility occurs
for leptonically-decaying W bosons wherein the final state consists of same-sign dilepton +
Fr signature which is relatively jet free with rather tiny SM backgrounds [136, 137, 138] as
compared to same-sign dileptons originating from gluino and squark pair production. Thus
far, no search results have been presented by ATLAS or CMS. From Figure 5.7, one can
notice that LHC-allowed points only start appearing at wino masses Myt ~ 800 GeV and
then extend out to Mgz ~ 2300 GeV which is mostly beyond even HL-LHC reach shown by

the brown contour [138].

Figure 5.9: The SSdB decay signature. Here, Z; = 1Y and WfEQ = >~<f2~

In Figure 5.8 we present our n = 1 landscape scan results in the Am = mygo —myo against
mgg plane which is another significant plane of interest for light higgsino searches. The
corresponding reaction is pp — ¥9x0 (and ¥9xT) where ¥ — I11-x? which gives rise to a
soft opposite-sign dilepton pair + jet + Fr (OSDLIJMET) whose invariant mass is bound

by mgg — myo [139, 140, 141]. The Feynman diagram for this decay channel is depicted in
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Figure 5.10. The hard jet radiation from the initial state recoiling against the soft dileptons
provides a trigger for such events inside the detector. Recent LHC search limits and projected
search limits for the HL-LHC [142] for both the ATLAS and CMS detectors are labelled in
Figure 5.8. The main result we infer from this plane is that the n = 1 landscape scan favors
heavier gauginos while x4 must not be too far from the weak-scale [3]. This combination
squeezes down the inter-higgsino mass gap Am = Mgy — Mo, such that in this case all the
LHC-allowed points have Am < 10 GeV. The HL-LHC ATLAS contour (dashed red) appears
to be a very promising avenue for SUSY searches since it seemingly covers almost all of the
parameter space in this plane. The OSDLJMET is the only channel which is expected to
be completely examined by the HL-LHC since, as has been discussed above, gluino and top
squark masses are likely pulled to heavier values in the string landscape that possibly draws
them beyond HL-LHC projected limits. Thus, we would expect a SUSY signal in this channel
to emerge slowly but conclusively in the next 15 years as LHC acquires its full complement
of 3 ab™! of integrated luminosity [3]. We will explore this search plane in more detail when

discussing search prospects for DM from the string landscape.

Figure 5.10: Feynman diagram for the OSDLJMET decay signature.

Another natural SUSY search channel occurs in the Higgs sector by examining pp —
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A, H — 777~ events. The results of these searches are typically presented in the tan 3 against
m4 plane, as shown in Figure 5.11. Following our earlier plots, here too we show the LHC
excluded region is labelled by the black contour [131]. This contour assumes only SM decay
modes for the A and H but in the string landscape decay modes like H, A — higgsinos should
almost always be present as well, which might lead to 4/ + F; signatures [143]. However,
the latter decay modes barely affect the search limits since a diminution of Higgs to SM
branching fractions can be offset by increasing the Higgs production cross sections by choosing
somewhat larger tan 5 [144]. Evidently, Figure 5.11 shows that the LHC-allowed points lie
typically well beyond current LHC search limits and the highest density of landscape points
occur in the region my ~ 2 — 5 TeV and at lower values of tan 8 for which the dominant
Higgs production cross section contribution from bb fusion is not too big [3]. Thus, we expect

the likelihood of a SUSY signal emerging is this channel to be quite small.
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Figure 5.11: Locus of n = 1 landscape scan points for the NUHM3 model
with g = 100 — 360 GeV in the tan 8 vs. m4 plane versus recent LHC Run2
constraints. Blue points are LHC Run 2 and DM-allowed while red points are
LHC-safe but excluded by XENON1T WIMP search limits. [3]
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5.3 Results from Generalized Mirage-Mediation (GMM’)

We begin this section by giving a brief outline of the salient features of the GMM’ model.
Then we go on to discuss what outcomes can manifest in the low energy EFT via such SUSY

breaking scheme from string landscape arguments.

5.3.1 GMM' model and parameter space

The mirage-mediation (MM) model is built out of comparable contributions from moduli-
and anomaly-mediated SUSY breaking terms. The anomaly-mediation arises from one-loop
contributions to the soft SUSY breaking parameters which always accompany the tree-level
gravitational interactions in SUGRA models. Such corrections to the leading tree-level
soft SUSY breaking parameters originate in the super-Weyl anomaly, thus named anomaly
mediated SUSY breaking (AMSB) [17]. Furthermore, moduli/gravity-mediation effects on soft
SUSY breaking masses are believed to be communicated via the moduli. The earliest rendition
of mirage mediation grew out of the KKLT moduli stabilization construct [41]. As previously
discussed, stabilization of the Kéhler modulus, T', requires non-perturbative effects such
as gaugino condensation with my ~ mgz/slog (m p/ms /2) which results in a supersymmetric
AdS vacuum which is then uplifted to a dS vacuum by introducing an anti-D3 brane [145].
The complex structure moduli and the dilaton, on the other hand, could be stabilized by
introducing three-form fluxes, obtaining masses near the string scale. A little hierarchy was

expected in the KKLT scheme such that [101, 146],

my ~ (47r2)m3/2 ~ (47T2)2m50ft
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wherein mg, s is the expected scale of moduli-mediated soft terms while log (m p/ms /2) ~ A2,
Here, my,p is suppressed relative to ms/, while AMSB contributions to m,.s are also
suppressed by a loop factor of 1/167* relative to mge [17], which justifies the comparability
of the two contributions. The model derives its name from the distinctive feature that RGE
running of non-universal gaugino and scalar masses at mgyr ~ 2 x 106 GeV to ultimately

unify at some intermediate scale,

Hmir = MGUT 8/
known as the mirage scale, where o parameterize the relative moduli- to anomaly-mediated
contributions to the soft terms [4]. One can then note that a — 0 yields pure AMSB and
moduli-mediation is recovered with o — oo. Thus, the smoking gun signature of mirage
mediation is that gaugino masses unify at this intermediate p,,;. scale rather than at mgyr
[4] and this can be tested at eTe™ colliders operating at collision energy, /s > 2m(higgsino)
(147, 148].

Integrating out the heavy dilaton and the complex structure moduli results in an effective
theory with broken SUGRA consisting of the observable sector fields Q and the Kéahler
modulus 7. The location of the matter and the Higgs superfields in the compactified
dimensions influence the Kéahler potential via their modular weights n; = 0 (1) for the matter
fields living on D7 (D3) branes, or n; = 1/2 for chiral multiplets located on the brane
intersections. Additionally, the gauge kinetic function f, = T', where a labels the gauge
group, is determined by the corresponding location of the gauge supermultiplets, since [, =1

(0) for gauge fields living on D7 (D3) branes [145, 149, 150]. Thus, the parameter space for
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the MM model is specified by,

mzy2, @, tanf, sign(p), ni, l (5.10)

and grand unification implies that modular weights for the matter fields in the same GUT
multiplet are common which means the [, are universal. Defining ¢; = 1 — n;, for simplicity
one can therefore assume, ¢, = ¢,,3 for the matter scalars but the modular weights for the
two Higgs doublets cp, and cp, are necessarily different, as motivated by, for instance, SO(10)
SUSY GUT models. Recent studies of the MM phenomenology by scanning over the MM
parameter space with the added requirement of m;, = 125 42 GeV deem these models to be
highly fine-tuned according to the Agy measure [72]. A more robust generalization of the
MM framework is the GMM’ model, discussed below.

The soft SUSY breaking parameter expressions have been calculated in Ref’s [149, 150,
151, 152] for simple flux compactifications of 1I-B string theory with only a single Kahler
modulus. In realistic compactifications however, numerous Kéahler moduli can be present and
in that case the discrete-valued modular weights are generalized to be continuous parameters
constituting the generalized or GMM’ model [100]. Thus, in the GMM’ framework the set of

soft SUSY breaking gaugino, scalar and Higgs masses are given by,

msy/o )
M, = b
a 167T2 (a+ aga)7
2
2 o m3/2 2 .
2
msz/2 .
m?(g) = — (167?2) (cm3a® + 4ag; — %), (5.11)

2
m, .
my, = ( Z;) (cm, 0 + 40y, — Am,),

2
msg/2 .
m%{d = ( 71/' > (CHda2 + 4a€Hd - 7Hd>>
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while the set of soft breaking A parameters are,

ms3/2

AT - 167T2 (_a’3a + ,ng + ’de + ’yEs)a
ms/o

Ap= L (—aza + g, + Ya, + Vny); (5.12)
167
ms/2

At - 167'('2 (—agOé + 7Q3 + YH, + 7U3))

Here, the index i runs over the first/second generation MSSM scalars i = 12, Ui 2, D12, L1 2
and Ej 5 while j runs over third generation scalars j = @3, Us, D3, L3 and E3. Due to quasi-
degeneracy, wherein first /second generations can be mass degenerate at the mirage scale while
the third generation is separate, we choose independent values for ¢,, and ¢;,3 for first/second
and third generation scalars respectively. Moreover, the independent values of ¢, and
Cr, which set the moduli-mediated contribution to the Higgs mass-squared soft terms, can
be traded for weak-scale values of u and m 4 akin to what we generally do for the NUHM?2
model. Doing so enables a more direct exploration of stringy natural SUSY parameter space
where most landscape solutions fall within g ~ 100 — 360 GeV in anthropically-allowed pocket

universes [2]. Therefore, the GMM’ parameter space can be defined by

Q, Mg3/2, Cm, Cm3, a3, tanﬁ? Hy A (513)

5.3.2 Results in the my'" vs. m{)}" plane

Before we do a thorough scan of the GMM’ model parameter space, we opt to present
some of the main results in the my'"" against m77)" plane analogous to the mg — my/, plane

we examined previously in the context of the CMSSM or NUHM2, 3 models. To display our
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results we define the following parameters which outline the moduli-mediated contributions

to soft terms in terms of mirage mediation parameters,

MM _ T183/2

m, = Cn O
0 1672 ’
m
MM _ ''43/2
my, = a,
1672

(5.14)
az = 1.6+/Cpy,

Cm = Cm3-

We employ the Monte Carlo event generator program Isajet 7.88 [81] to generate the
corresponding mass spectra using the defined parameter set as inputs. The main objective
here is to investigate how the my — my/, plane compares between gravity mediated SUSY
breaking with all soft terms having a common statistical draw mg, ., with n = 1,2,3,4 and
mirage mediated SUSY breaking with gauginos and scalars scanning with different statistical
draws (i.e. n/2 # no) in the landscape. Our results are displayed in four frames of Figure 5.12
with all four frames produced with n;/; = 1 but with ny = 1,2,3,4 in frames a, 0, ¢, d
respectively. Here, the dots denote the expected statistical result of scanning the landscape
and larger density of dots correspond to greater stringy naturalness. The lower-left yellow
region in all frames depict the parameter space for which Mgt < 103.5 GeV in violation of
LEP2 constraints while the orange box shows regions of parameter space for which the older
naturalness measure Ags < 30. Additionally we indicate by the blue contour, regions of
CCB which must be anthropically vetoed and the magenta contour denotes mz = 2.25 TeV
below which is excluded by LHC gluino pair searches [153, 154]. In plane a), bulk of the

low my /2 Tegion here leads to tachyonic top squark soft terms due to large trilinear terms
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Figure 5.12: m}™ vs. mi\//[é‘/[ plane of the GMM’ model for a value of nijg =

but with a)ng = 1, b)ng = 2, ¢)ng = 3, d)ng = 4. For all frames, we take
mgjp = 20 TeV, u =200 GeV, my = 2 TeV, tan f = 10 and ag = 1.6,/¢;, and
require m5Y < 4mQV. [4]

mg/2
1672

AMM = . This region is almost flat with increasing mg mainly because the larger
one makes the GUT scale top-squark squared mass soft terms, the larger is the cancelling
contribution from RG evolution. As mf%” gets bigger, we obtain phenomenologically viable
electroweak vacua since large M3 enhance top squark squared mass running to large positive
values. We also show on the figure LHC Higgs mass constraints: m;, ~ 125+2 GeV, indicated
by the red contours. The green points are consistent with LHC sparticle search limits and the
Higgs mass measurements. We can infer from all four frames that the regions of high stringy
naturalness remain safely beyond current LHC sparticle search limits while at the same

time yields the proper Higgs mass m;, ~ 125 GeV. Thus we can see, while early naturalness

measures preferred smaller values for mg and my o [57, 58, 59, 60], stringy naturalness prefers
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the opposite [2]: as large as possible values of m)™ and mi\%w subject to the anthropic

PU

toak 18 within a factor four of our measured value (lest the atomic principle

condition that m
be violated) [4]. This then implies the most stringy natural parameter space statistically
prefers a light Higgs mass m;, ~ 125 GeV while sparticles are pulled beyond LHC Run 2
search limits. As comparison, as ng is increased to 2,3, 4 in frames b, ¢, d respectively (which
corresponds to more moduli fields contributing to SUSY breaking in the scalar sector), we
note a shift of the stringy natural region to higher values of m}* and m{‘%” and a sharpening
of the Higgs mass prediction that mj, ~ 125 GeV. In fact, as seen in frame d) for ny = 4 there
are only a handful of dots with m; < 123 GeV. This fact is emphasized in Figure 5.13 where
we show the Higgs mass probability distribution for the same scan of the GMM’ parameter

space. An anti-intuitive conclusion that can be drawn from our calculations is that a 3 TeV

gluino is more stringy natural than a 300 GeV gluino [4].
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Figure 5.13: Probability distribution dP/dmy, vs. my, for ny, = 1 and ng =
1,2, 3,4 for scans of the GMM’ model for mgj = 20 TeV, u =200 GeV, mg = 2
TeV, tan 8 = 10 and a3 = 1.6,/¢,, while enforcing m5Y < 4mQV. [4]
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5.3.3 Higgs and sparticle mass distributions in the GMM’ model for varying ng
Using Isajet, we scan the GMM’ parameter space as follows:

e Fix mg/y = 20 TeV which fixes the AMSB contribution to SSB terms.

o Fix p =200 GeV for a natural solution to the SUSY p problem. Doing so enables for
arbitrary values of m5Y to be generated but disallows any possibility of fine-tuning

to gain the measured value of the weak-scale in our universe, i.e. m$.

Then we invoke Douglas et al’s power law selection [1, 86, 155] of moduli-mediated SSB terms
relative to AMSB contributions within the GMM’ model. Therefore, for assumed values of

ni/2 and ng we generate

a™/2 with a: 3-25, corresponding to a power-law draw for moduli/dilaton mediated

gaugino masses M, (a =1 — 3 over the gauge groups),
e (asza)™: 3-100, which corresponds to a power-law draw of moduli mediated A—terms,

o (Vemza?)™: 3-80, corresponding to a power-law draw on third generation scalar masses

m0(3),

o (Vema?)™: (Vemsa?)™0-320 which corresponds to a power-law draw on first/second

generation scalar masses mg(1,2),
o a power-law statistical selection on m%{d via my with my4: 300-10,000 GeV,

o a uniform selection on tan : 3-50 since it is not a soft term.

Furthermore, similar to all other scans presented thus far, the statistical preference to large

soft terms is tempered with the ABDS anthropic bound on the weak-scale such that in any
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PU, mZY < 4m%Y and that any livable PU must exhibit proper EWSB. Thus, the soft terms
can be as big as possible but not too big which would result in a violation of the ABDS
condition or lead to no EWSB at all.

To begin exploring our results, we first analyze the probability distribution for the light
Higgs mass dP/dmj, vs. mj, generated by a general landscape scan with fixed ny/, =1 but

with ng = 1 (blue) ng = 2 (red), as depicted in Figure 5.14. We see that both distributions
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Figure 5.14: Probability distribution dP/dmy, vs. my, for nijp =1 and ng =
1 blue, 2 red for general statistical scans over the GMM’ model for mg 2 =20
TeV, p =200 GeV. [4]

peak at around my, ~ 125 GeV but the general scan with the stronger statistical draw ng = 2
on scalar and trilinear soft terms peaks more sharply than with the milder draw of ng = 1.
This reaffirms our results for the case ng = 1 and 2 from the more restricted scan as depicted
in Figure 5.13. General scans were also performed with n = 3,4 but these tend to become
increasingly inefficient since with such strong power-law draws, one almost always gets pushed
into no EWSB or CCB minima or with minima which are vetoed by the ABDS condition,
thereby yielding poor statistics to generate reliable distributions [4]. In Figure 5.15 we

present mass distributions for a) dP/dmg vs mg, b) dP/dmz vs. m;,, ¢) dP/dmg, vs. mg,,
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Figure 5.15: Probability distributions of a) mg, b) ms, c) m;,, d) ma for a
general landscape scan over the GMM’ model for a value of n, s2 = 1 but with
a)ng = 1( blue), b)ng = 2( red). For all frames, we take mg/,, = 20 TeV, u = 200
GeV and ng = 1 selection is denoted by blue while ng = 2 selection is denoted
by red. [4]

and d) dP/dm 4 vs. ma. In frame a), we observe that for the case with ng = 1 the landscape
prediction for my is that it most likely lie in the fairly broad 1.5 — 5 TeV range with a peak
at ~ 2.5 TeV. For the nyg = 2 case, the landscape prediction exhibits a peak at ~ 4.5 TeV
while the broader prediction range is still pretty similar. Thus, contrary to conventional
naturalness which would favor much lighter values for mg, stringy naturalness seem to favor
gluinos to be heavier and beyond current LHC reach and even possibly beyond (50) HL-LHC
reach which has been computed to be capable of reaching m; ~ 2.8 TeV. Thus, an energy

upgrade to the HE-LHC !, with reach computed with 95% CL to be m; < 6 TeV, may well

Lwhile this dissertation was being written, CERN decided to abandon the HE-LHC concept and proceed
with the Future Circular Collider (FCC) which could operate at /s = 50 — 100 TeV.
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be required to discover SUSY in the pp — ggX channel. The distributions for mg are hardly
changed if ng is varied since the gaugino mass distribution depends on n4, instead [4]. In
frame b), we see that the landscape probability distribution lies in the 1 —2 TeV range with a
common peak probability around mj ~ 1.5 TeV for both ng = 1 and ng = 2 cases. Current
limit from LHC Run 2 is m;, > 1.1 TeV [131, 7] which implies that we have just only began
to explore the stringy natural parameter space via stop pair production. For comparison, the
HE-LHC possibly reaches stop masses up to ~ 3 — 3.5 TeV based on 50 (95% CL) predictions.
Thus, again an energy upgrade to the LHC is likely required to encompass the full range
of stop masses in landscape SUSY. These distributions are barely influenced by altering ng
since for fixed g ~ Myear, the largest contribution to Mmyeqr typically comes from Eg(fl, 52)
which determines the upper bound on m;, [4]. From frame c) we observe that the landscape
prediction for my, lies in the 2 — 5 TeV range. Assuming similar reaches of HL- and HE-LHC
for m;, as that for m; , we would expect the HE-LHC to cover only about half the expected
mass range for the heavier top squark eigenstate, to. With larger value of ny we notice, in this
frame, that the predicted statistical distribution for mg, shifts to higher mj, values, as might
be expected [4]. Lastly, in frame d), we find the distribution for m 4 to lie between m4 ~ 1—8
TeV with a peak around m 4 ~ 3 TeV for both ng = 1 and ny = 2. The upper bound on m4
arises from the m%{d/ (tan? 8 — 1) term in the Higgs scalar potential minimization condition

(Eq.(4.12)) which is itself restricted by the ABDS condition to not be too far removed from

PU

Moyeak:

From this perspective, it is not surprising that the Higgs sector appears to be highly
SM-like at the LHC thus far since there is a decoupling of heavier Higgs particles embedded
primarily in the H; multiplet while H, multiplet very closely resembles the SM Higgs [4].

Finally, in Figure 5.16 we show the string landscape prediction for first/second generation
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Figure 5.16: Probability distribution dP/dmg, vs. mg, for ny, =1 and ng =
1 blue, 2 red for general statistical scans over the GMM’ model for ms /2 =20
TeV, p =200 GeV. [4]

scalars as typified by mg, . For the case ny = 1, then we see that my, lie in the range 10 — 35
TeV with a distribution peaking at around mg, ~ 22 TeV. The upper bound on first/second
generation scalars arises from 2-loop RGE contributions which can drive top-squark soft
terms tachyonic if they get too big, rather than from Yukawa terms (tiny) or D—terms
(which largely cancel). As ng is increased to 2, then the distribution in mg, hardens even
further with a peak around m;, ~ 30 TeV. Both first and second generation matter scalars
are drawn to a common upper bound since the 2-loop RGE terms are flavor independent
[4]. This provides a mixed quasi-degeneracy/decoupling solution to the SUSY flavor and CP
problems [111], as discussed earlier. All results from general scans of the GMM’ parameter

space are summarized in the Table 5.1.

mass ng =1 ng = 2
mn 1257 GeV 12573 GeV
mg 3.5 £2.5 TeV 442 TeV
mz, 16408 TeV  1.640.8 TeV
mz, 35415 TeV  3.5+1.5 TeV
ma 442 TeV 442 TeV
mi(1,2) | 22£10 TeV 3070

Table 5.1: Expected range of Higgs and sparticle masses in the GMM’ model
from the string landscape with ny/, =1 but with ng =1 or ng = 2.
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5.4 Results from Dynamical SUSY breaking in the landscape

From observing nature at a fundamental level we notice different mass scales which
seem to obey a hierarchy such that Mp > mgur > Myear Where Mp is the Planck mass.
Looking for an answer as to why this hierarchy is observed is one of the principle goals of
particle physics. In QCD, we have an answer: the hadronic mass scale can arise when the
gauge coupling evolves to large values such that the fundamental constituents, the quarks,
condense to form bound states. From dimensional transmutation, the proton mass can be
found even in terms of the Planck mass Mp via myroron ~ Mp exp(—872/g?) which yields
the correct answer for g? ~ 1.8 [5]. We have already seen how supersymmetrization of the
SM lead to cancellation of quadratic divergences in m; which otherwise would cause the
Higgs mass to blow up to the highest mass scale A. Upon implementation of SUSY one is
left with only logarithmically divergent contributions to mj and in fact the MSSM can even
be valid up to the GUT or even the Planck scales. Additionally, the weak-scale emerges
as a derived consequence of the visible sector SUSY breaking scale m,s; which then shifts
the concern with the origin of the weak-scale to the origin of the SUSY breaking scale. In
gravity-mediated SUSY breaking models, it is common to impose the condition that SUSY is
broken spontaneously at the tree level in the hidden sector, possibly via the SUSY breaking
Polonyi superpotential: W = m2,,,.. (ﬁ + ) where h is the only hidden sector field. For
B=(2- \/g)mp (with mp as the reduced Planck mass mp = Mp/v/87) and mpigden ~ 10
GeV, one determines myope ~ M3j2 ~ Myear- Lhus, the exponentially-suppressed hidden
sector mass scale must be put in by hand so that SSB can only accommodate the magnitude

of the weak-scale without providing any explanation [5].
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A more attractive approach to address the issue of the apparent hierarchy between mass
scales follows from the wisdom of QCD, whereby one generates the SUSY breaking scale from
dimensional transmutation which then automatically yields an exponential suppression. This
is especially desirable in string models where there is only a single mass scale i.e. Mp. Then
one could arrange for dynamical SUSY breaking (DSB) [156, 157, 158, 159] wherein breaking
of SUSY occurs non-perturbatively. One possibility that enables DSB is via hidden sector
gaugino condensation [160], where a hidden sector gauge group SU(N) becomes confining at
the scale Agec and a gaugino condensate occurs with <)\)\> ~ A}, leading to SUSY breaking

with the soft terms mg,p ~ AL /m?%. The associated mass scale [161] is then given by,

mi%idden ~ m% €xp ( - 87T2/gi21idden) (515>

where m2, .., ~ A& /mp. In this case, ghiggen is the coupling constant of the confining
hidden sector gauge group. It has been shown by Denef and Douglas [84] and by Dine et al.
[162, 163] that the coupling g2, ,,.,, is expected to scan uniformly on the landscape, as depicted
in Figure 5.17. From Figure 5.17 we can infer that a uniform distribution of soft breaking
terms on a log scale are expected i.e. each possible decade of values for mg, s is as likely as

any other decade [5]. Thus, with msop ~ M3i000n/Mp ~ Adc, we would expect [164]

SPT}SSBY ~ 1/(msoft 10g<msoft)) ~ 1/msoft (516)

which provides a uniform distribution of my.s; across the decades of possible values. Such a

distribution of course favors the lower range of soft term values [5].
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Figure 5.17: Expected SUSY breaking scale mpiqden, vs. hidden sector coupling g2 from DSB. [5]

Another possibility is non-perturbative SUSY breaking via instanton effects which similarly
leads to an exponential suppression of mass scales [165]. Evidently, at this point the mass
scale selection problem has been transferred to the selection of an appropriate value of g2, ., ..
[5].

The string landscape picture also proposes its own solution to the origin of mass scales that
relies on analyzing the vast array of string vacua of estimated order ~ 10°%° — 1027299 [84 166]
in II-B flux compactifications [34]. As we have extensively studied in this work thus far, in the
landscape with spontaneous SUSY breaking, the F; and D, breaking terms are distributed
uniformly with the soft terms enjoying a statistical power-law draw f§7§, ~ m?,, such that
n = 2np +np — 1 determine the overall SUSY breaking scale. Such a distribution would tend
to favor SUSY breaking at the highest possible mass scales for n > 1. In fact, it was analyzed
in Ref. [167] that the distributions of SUSY breaking scales from vacua for KKLT [41] and

LVS [168] flux compactifications resulted in fsygy ~ mioft and Mmgop ~ 1/mgop respectively
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[6]. Furthermore we require an anthropic veto of landscape vacua with no EWSB, those
with CCB and those vacua that result in a weak-scale that violates the ABDS anthropic
constraint. Thus restricting to such livable vacua tempers the draw to large soft terms such
that these terms are not drawn too large such that one ends up in a phenomenologically
un-viable vacua with too large a weak-scale or with no EWSB or with CCB.

In this section, we examine the likelihood of habitable vacua exhibiting DSB in the

landscape and compare it with the case of SSB in the landscape.

5.4.1 Higgs and sparticle mass distributions in the landscape with DSB

We present the results of calculation of the string landscape probability distributions for
the Higgs and sparticle masses under the assumption of fH25, ~ 1/mg, s along with the
anthropic condition fpwrr = O(30 — Agy ) while also vetoing CCB or no EWSB vacua.

Our calculations are done within the gravity-mediated three extra parameter Higgs model

NUHM3 with the parameter space given by [64, 65, 66, 67, 67, 68, 69]

m0(1a2>7 m0<3)a miy2, AOa tanﬁ? My M (NUHM?))

We again choose the Isajet [81] SUSY spectrum generator to analyze this parameter space.

We then compare our results with similar calculations performed using the statistical draw
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S5B ~m?2, ¢ motivated from [85]. Both these scans are performed over the same space

mo(1,2) : 0.1 — 60 TeV
mo(3) : 0.1 — 20 TeV
myjz 2 0.5 — 10 TeV

— A : 0—50 TeV

my : 0.3 —10 TeV
tan 5 : 3 — 60

=150 GeV.

The upper limits to our scan parameter were chosen such that these lie beyond upper bounds
imposed by anthropic selection from fpy pr. Lower limits are motivated by current LHC search
limits, but must also stay clear from the singularity in the f278, distribution. Furthermore,
fixing p barely affects our final results since it is chosen to be close to myy, z, ~ 100 GeV while
the soft terms scan as expected in DSB (i.e. f&?& ~ 1/mop) and SSB (ie. f§58, ~ ml,y,
with n = 2) in independent scans.

The first set of results are presented in four frames shown in Figure 5.18 where we show
the distributions for the input Isajet [81] soft parameters. In frame a) we show the probability
distribution of soft breaking first/second generation scalars mg(1,2) from a scan over the

NUHMS3 parameter space with soft term scanned as f&25, (in gray) and f535,. From this

plane we notice that for the case with f272, the peak distribution occurs at the lowest allowed

mo(1,2) values with a tail extending to about mg(1,2) ~ 10 TeV. Thus, one would expect
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Figure 5.18: Probability distributions of a)mo(1,2), b)mo(3), ¢)my s, d)Ag for

a landscape scan with fsp[jqu ~ 1/mgop distribution of soft terms (in gray) with

u = 150 GeV. For comparison, we also show the probability distribution for

f ggsBY ~ mgoft' [5]
relatively light, LHC accessible squarks and sleptons from gravity mediation with DSB in the
hidden sector. On the contrary, for f$55,, the peak occurs at mg(1,2) ~ 25 TeV but they
can also be heavier, as signified by the distribution tail extending beyond 40 TeV [5]; such
heavy mg(1,2) states reflects the mixed decoupling/quasi-degeneracy solution to the SUSY
flavor and CP problems [111]. In frame b) we see the third generation scalar mass probability
distributions scanned with 278, and with 335, . Here again, gravity mediation with DSB
in the hidden sector seem to prefer lighter third generation squarks and sleptons signified by
the gray distribution peaking around mg(3) ~ 1 TeV with a tail barely extending to ~ 4 TeV
(lest X¥(t159) becomes too large). In contrast, gravity mediation with f$55, in the hidden

sector prefers heavier third generation scalars with distribution peaking at mg(3) ~ 7 TeV
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with a tail extending to beyond 12 TeV [5]. Next, in frame ¢) we show the universal gaugino
mass 1,2 probability distributions for the two cases. Like the previous soft terms, DSB
prefers light gauginos as compared to SSB with the gray distribution peaking at much smaller
values than is the case with the n = 2 (red) distribution peaking just below 2 TeV. Finally, in
frame d) showing the probability distribution for the trilinear soft terms — A, shows a similar
trend. In the DSB scenario, the most likely expectation from gravity mediation is Ay ~ 0 TeV
while in the case with n = 2 SSB peak probability arises at Ag ~ —4 TeV and — 7 TeV with
tails extending higher up to ~ —15 TeV. Larger (negative) values of Ay as preferred by SSB
with n = 2 power law draw, allows for large mixing in the stop sector which consequently

gives rise to larger my, [5].
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Figure 5.19: Probability distributions of a) mpigqs, and b) ma, for a landscape
scan with f?fgy ~ 1/mgop distribution of soft terms (in gray) with p = 150 GeV.
For comparison, we also show the probability distribution for fﬁggy ~ mgoft.

[5]

The light and heavy Higgs mass probability distributions are presented in Figure 5.19 in

fL28, we notice the light Higgs mass

frames a) and b) respectively. In frame a), for the case of
peaking at mj, ~ 118 GeV with almost no probability extending to ~ 125 GeV, in obvious

contradiction with observation. On the other hand, for the case of SSB the distribution
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exhibits a sharp peak at my, ~ 125 — 126 GeV which is a result of large trilinear soft terms [5].
The pseudoscalar Higgs mass distributions are depicted in frame b) where again DSB seems
to predict much lighter m 4 ~ 100 — 200 GeV leading to large mixing in the Higgs sector and
consequently observable deviations in Higgs couplings (see Ref. [144]). Alternatively, the
SSB n = 2 distribution peaks at m4 ~ 4 TeV with a tail extending to ~ 8 TeV. In the latter

case, we would expect a decoupled Higgs sector with a very SM-like lightest Higgs scalar h,

as suggested by ATLAS/CMS data [5].
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Figure 5.20: Probability distributions of a) mg, b) ma,, ¢) m;, d) m;, for a
landscape scan with ng%BY ~ 1/mgop distribution of soft terms (in gray) with

1 = 150 GeV. For comparison, we also show the probability distribution for
1558y ~ m2, - 5]

The final set of results from this analysis is depicted in Figure 5.20. In frame a), we show

the gluino mass probability distribution; of note here is that the DSB distribution peaks at
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~ 1 TeV in sharp contrast with current LHC exclusion limit mg < 2.25 TeV [153, 154]. The
SSB distribution however peaks at ~ 4 — 5 TeV. The tail of the DSB distribution barely
extend beyond ~ 3.5 TeV whereas the SSB distribution tail reaches ~ 6 TeV with almost all
of the most likely regions of parameter space lying safely beyond LHC reach. In frame b) we
show the mass distribution for first generation squark mass m,,, which typifies all first/second
generation matter scalars. We see the DSB distribution peaking around ~ 0 — 3 TeV range
with a tail extending to ~ 10 TeV, which also seemingly excludes them based on LHC limits.
The SSB distribution with n = 2, on the other hand, peaks = 20 TeV with a tail reaching
beyond ~ 40 TeV, rendering these too heavy for the LHC. Frame ¢) depicts the lighter top
squark mass mg, distribution with DSB yielding peak ~ 1 TeV with reach up to ~ 2.5 TeV.
This is stringently bounded by LHC search limit of m; 2 1.1 TeV. The SSB distribution for
my, in contrast exhibits peak at ~ 1.6 TeV with most of the SSB parameter space still open
to explore for the LHC. Finally, the heavier top squark m;, distribution is shown in frame d)
where the DSB peak occurs at mz, ~ 1.5 TeV whilst the SSB peak occurs at heavier mj, ~ 4
TeV. Thus, substantially heavier ¢, squarks are expected from SSB as opposed to DSB [5].
The common feature that emerges from our exploration of the DSB parameter space (in
gravity mediation) suggests much lighter squarks and gauginos, as opposed to SSB parameter
space. Furthermore the DSB Higgs mass seems to be much lighter as opposed to observation.

Therefore, currently available LHC data seems to rule out almost all of the DSB parameter

space while most of the SSB parameter space remains well beyond current search capabilities.

120



5.5 Examination of soft terms drawn logarithmically on the land-

scape

As seen in the previous section, for a DSB type scenario in the context of the landscape, the
hidden sector gauge coupling g2,,,.,, is uniformly distributed within various pocket universes
[84] such that the resultant SUSY breaking distribution fsygy is distributed somewhat
uniformly over the decades of values, as shown in Figure 5.17. Then it might also be expected
that the soft terms are distributed as a slowly rising (log) distribution. Similar log or log
times a power law distribution of soft terms has been advanced by Dine et al. previously
(163, 164, 169, 170] and has also been an expectation arising out of non-perturbative SUSY
breaking due to instanton effects [165]. Motivated by these arguments, it might be interesting
to investigate the case in which one employs a milder statistical draw of soft terms on the
landscape. As such, in this section we choose a logarithmic draw on soft masses which is
indeed much milder than power law draws but still stronger than the fsysy ~ 1/mgop draw
expected from the DSB case investigated in the previous section. Given these, we calculate
the statistical distributions of Higgs and sparticle masses in the NUHM3 gravity mediation
model assuming a log draw on soft terms i.e. fsysy = log(mses). In this study we again use

the SUSY spectrum generator Isajet [81] for our calculations.

5.5.1 Higgs and sparticle mass distributions in the landscape with logarithmic

draw on soft terms

For the study, we want to compare our results with similar calculations performed by

assuming fsysy = my,;, in Ref. [85] and to that end we use the same parameter range as in
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the last section for our scan,
mo(1,2) : 0.1 — 60 TeV
mo(3) : 0.1 — 20 TeV
myjz : 0.5 — 10 TeV
— A : 0 —50 TeV
my : 0.3 —10 TeV
tan 3 : 3 — 60

=150 GeV,

wherein all soft parameters are scanned assuming fsysy = log(msos:) while the superpotential
1 term is fixed and tan § is scanned uniformly. The motivations for the selection of upper
and lower limits of our scan ranges are the same as for the last section. Furthermore, only
the parameter value that successfully create a phenomenologically viable vacua with no
CCB, proper EWSB and with m2Y, < 4m%/, — Apgy < 30 are considered relevant
for our purposes. The first set of results are shown in Figure 5.21 where we present the
probability distributions of input parameters mg(1,2),mo(3), m1/2, and Ag. The fsygy =
log(mese) distributions are shown as shaded histograms and are compared to scans done for
fsusy = mig,p withn =0 (typical uniform scan shown in green) and the simplest power law
scan with n = 1 shown in red. A general trend can be observed from the set of results as
expected: the logarithmic draw on soft terms is much milder than the n = 1 power law draw
but stronger than the uniform selection of soft terms with n = 0. In Figure 5.21 frame a) we

present the probability distributions of first/second generation scalar masses mg(1,2) and

from the plot one notes that the peak distribution for the log draw occurs at ~ 10 — 20 TeV.
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Compared to this, the n = 1 draw pulls the distribution more strongly obtaining peaks at
~ 15 — 20 TeV whereas the n = 0 uniform draw is much milder with peaks < 10 TeV. All
three distributions exhibit a long tail extending to 2 40 TeV implying that such large values
still potentially provide the mixed decoupling/quasi-degeneracy landscape solution to the
SUSY flavor and CP problems, albeit with a small probability. In frame b) we depict the
third generation scalar mg(3) probability distributions and again notice that the distribution
with fspsy = log(msest), with peak probability at ~ 4 TeV, is intermediate between the
n =0 and n = 1 histograms. Frame c) shows a similar trend for the unified gaugino mass

my e distribution with the log draw yielding peaks at ~ 1.2 TeV with a tail extending to
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Figure 5.21: Probability distributions of a) mq(1,2), b) mo(3), c) my 9, d) Ao for
a scan over the NUHM3 model from a log distribution of soft terms in the string
landscape (shaded blue) as compared to distributions with n = 0 green , 1 red.
For all frames, we fix u = 150 GeV and [6].
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~ 2.5 TeV; comparatively, the n = 0 draw exhibits peaks at only a few TeV range while
the n = 1 draw shows peaks at much heavier m;,, ~ 1.5 TeV, with long tails extending to
mq /2 2, 2.5 TeV. Finally, in frame d) the distribution in —A, is shown where we see a clear
preference for small |Ay| for the n = 0 peak occurring at much smaller |Ay| values than for
n = 1 with peaks at ~ —3.5 TeV and a significant bulge at ~ —7 TeV or for log distribution
wherein peak probability occurs at a higher (negative) value of Ay than was the case for
n = 0 draw. The smaller Ay values signal a small mixing in the stop sector which lead to too
light of a Higgs mass while large Ay values seem necessary for maintaining mZY < 4m$¥ on
account of large cancellations occurring in the X terms. However, anthropic veto of CCB
vacua constrains how large Ay can be and so the distributions in all three cases diminish

beyond the peak Ag values [6].

0.25 a

o
)
<)

o
N
(9]

o
N
o

dP/dMyges (GeV™)

o
o
Sl —

0.00=16

120 122 124
mhiggs (GeV)

18

0.00 10 20 30 40 50 60 ' 5 10 15 20 25 30

tan 8 Am® = Mgs_go(GeV)

Figure 5.22: Probability distributions of a) my, b) ma, c) tanj, d) Am® =
mg9_ 5o for a scan over the NUHM3 model from a log distribution of soft
terms in the string landscape (shaded blue) as compared to distributions with

n = 0 green , 1 red. For all frames, we fix = 150 GeV and [6].
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Furthermore, in Figure 5.22 we show various probability distributions pertaining to the
Higgs/higgsino sector. In Figure 5.22 frame a) we present distributions of the resulting
light Higgs mass distributions for the three types of statistical draws on soft terms. We
notice that with a log distribution of soft terms, the m; distribution almost has a two-peak
structure: a dominant peak aroung my ~ 125 GeV and a sub-dominant m;, ~ 120 GeV. The
dominant large my, peak coincides with the large |Ag| bulge of Figure 5.21 frame d) which
leads to large stop mixing lifting the light Higgs mass up to ~ 125 GeV. Thus, for habitable
PU with no CCB and proper EWSB with the weak-scale within ABDS bounds, to have
a light Higgs with mass similar to what is observed at the LHC, the Ay term is drawn to
as large as possible without violating the aforementioned features of the observable world.
This situation is further illustrated in the my vs. Ag plane in Figure 5.23 where we explicitly
see a correlation between large — Ay and large my,, ~ 125 GeV. This is a testable prediction
of the string landscape picture: a value of m; ~ 125 GeV is reflective of large stop mixing
which can be untangled for instance at an ete™ collider operating at /s > 2m; [171]. Other
stringy scenarios - such as G2MSSM [172] or mini-split SUSY [92, 93] obtain my, ~ 125 GeV
via very heavy (unnatual) top squarks but with rather small stop mixing. The low my, ~ 120
GeV bump comes from small stop mixing with —Ay < 1 TeV [6].

In Figure 5.22 frame b) we show the pseudoscalar m, mass distribution where we see
peaks around m4 ~ 1.5 — 2 TeV with a long tail extending as high as 8 TeV. The upper limit

on my arises from the mj /tan® § contribution to the weak-scale in,

m%, m%d + X4 — (m%u + E;j) tan? 3 )

2 tan? 3 — 1

~ —m%,u — [,62 — Zz (2?172).
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Figure 5.23: Scatter plot of models with appropriate EWSB and mgU < 4mgU

in the my, vs. Ag plane with p = 150 GeV. [6]
For tan 8 ~ 10, then ms < 3 TeV but as tan 8 gets larger my ~ mpy, can become much
bigger, as depicted explicitly in Figure 5.24 in the tan  — m4 plane. Such large values of
ma > my, (and consequently my and mpy+) predict that the Higgs sector looks decoupled,
with h behaving largely as a SM-like Higgs boson. Thus, the landscape SUSY prediction is
that precision Higgs measurements at HL-LHC or an e*e™ Higgs factory will see at best only
small deviations from SM Higgs properties [6]. Next, in Figure 5.22 frame ¢) we show the
probability distribution for tan S which is scanned uniformly in the landscape. The observed
trend shows the most probable tan § value lies in the range tan 5 ~ 10 — 20 with a falling
tail towards larger values. Large values for tan  yields large bottom squark 23(51, 52) and
tau-lepton contributions to the weak-scale and so is disfavored [6].

In Figure 5.22 frame d) we show the light higgsino mass gap Am° = Mgy — Mygo, which

is relevant to light higgsino pair production at the LHC via the soft OSDLJMET channel

[94, 133, 139, 140, 141, 173, 174, 175]. The prediction with regards to this plane is that a
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broad peak probability occurs in the Am® ~ 8 — 10 GeV range with a tail extending to
15 — 25 GeV for the case with logarithmic draw on soft terms. However, the large Am® > 14
GeV tail corresponds to models with too small a light Higgs mass i.e. m; < 123 GeV in
addition to yielding my < 2.25 TeV, as can be seen by the orange dots in the scatter plot for
the same scan presented in the my vs. AmP plane in Figure 5.25. We see that only the blue
points occurring for the smallest Am® ~ 5 — 12 GeV are LHC safe and as the mass gap gets
larger we are pushed into regions ruled out by the LHC. In contrast, the n = 0 draw predicts
much larger mass gaps while for n = 1 power law draw on soft terms predicts Am°® < 10 GeV
6].

In Figure 5.26 we present probability distributions for various strongly interacting sparticles

which are relevant for LHC SUSY searches. Frame a) depicts the gluino mass probability

distribution dP/dmg; we see the log distribution peaking at ~ mg 2 2.5 — 3 TeV, somewhat
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beyond current LHC limits that require my 2 2.25 TeV. Thus, a small portion of the log
parameter space seems excluded by the present gluino mass limit so that from the perspective
of the landscape, it is not surprising that gluino has eluded LHC detection so far. The
distribution tails off to mg ~ 5 — 6 TeV which implies that an exhaustive search for landscape
gluinos would require an energy doubling upgrade to HE-LHC [176, 177]. In the next frame
b), an example of the first /second generation squarks typified by m;, where we notice a broad
peak structure at mg, ~ 10 — 20 TeV with a tail extending to ~ 40 TeV. Such high values
for the first/second generation squarks are possible since these soft masses are pulled as
high as possible in the landscape until their 2-loop RGE contributions to the top squark
sector cause these soft terms to run tachyonic resulting in CCB vacua [6]. In frame ¢) we
show implications of a log draw on soft terms for third generation squark mass distributions
dP/dm;, , compared with n = 0 and n = 1 draws. For the log distribution we notice a peak
at ~ 1.5 TeV which is again beyond current LHC mass limit of m;, 2 1.1 TeV. Thus, from

the point of view of the landscape it is not surprising that LHC has not observed top-squarks
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For all frames, we fix u = 150 GeV [6].
since they can be as heavy as = 2.5 TeV as typified by the distribution tail [6]. Frame d)
depicts the distribution dP/dm;, (the heavier top squark eigenstate) which exhibits peaks at
mg, ~ 3 TeV with a tail ranging upwards of 2 6 TeV [6].

Thus, we now summarize landscape expectations from various statistical distributions

of soft terms arising from employing different moduli stabilization schemes, in Table 5.2.
Our calculation show that the landscape prefers power law distribution on soft terms i.e.
fsusy ~ Mgy 1 with n = 1, or 2 rather than a uniform distribution of soft terms for which

n = 0. Furthermore, we see a general trend in our results in that the case for which

fsusy ~ log(msope) is intermediate between n = 0 and n = 1 draw. As such, we see from
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model KKLT [41] LVS [168] PS [178]
soft terms mirage gravity gravity
soft dist. Mg, 1 ms_olft Mg,
mass dist’ns [145] 6] [85]

Table 5.2: Three models of moduli stabilization along with expected form of soft

terms, expected soft term distribution in string II-B landscape and reference for

associated statistical distributions of Higgs and sparticle masses. [6]
Figure 5.22 frame a), expectations for mj, ~ 125 GeV still holds for a log distribution of soft
terms although the Higgs peak at 125 GeV is not as sharp as that observed for power law with
n =1 or n = 2. Moreover, a log draw of soft terms in the landscape is mostly consistent with
power-law draw landscape predictions that sparticles (other than higgsinos) should be out
of reach of the current LHC limits, as demonstrated by peak probabilities of sparticle mass
distributions occurring beyond current search limits (albeit not as sharply as power-law case)
[6]. However, it would seem that LVS type moduli stabiliztion in the landscape is severely
constrained by curent LHC data since the expected m;)lft draw in this model produces too
light a Higgs along with very light SUSY particles, that seem ruled out by experiment.

Evidently, if experiment confirms SUSY particles within the ranges depicted in our results,

one will be able to distinguish mirage mediation from gravity mediation, for instance by
extracting running gaugino masses at an e™e~ collider and checking at what scale they might
unify [148]. But as Table 5.2 shows, for the case of gravity mediation based on a single data
point of SUSY spectra, there will be no way to differentiate between the different stabilization

mechanisms LVS or PS [6].
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5.6 Landscape predictions for SUSY Dark Matter

In this section we will present landscape predictions specifically pertaining to super-
symmetric DM searches. We have seen that solving the weak-scale naturalness problem
requires the introduction of weak-scale SUSY while on the other hand, solving the QCD
naturalness problem requires the Peccei-Quinn-Weinberg-Wilczek (PQWW) invisible axion
[118, 119, 179, 180, 181, 182]. The SUSY DFSZ axion naturally solves the SUSY p problem
while yielding a little hierarchy i.e. p < mgop. A gravity-safe axionic solution to the strong
CP problem can emerge from a strong enough anomaly-free discrete R—symmetry: ZZ [183].
Consequently, both U(1) pg and R—parity emerge as accidental, approximate symmetries from
the more fundamental discrete R—symmetry which in turn may emerge from compactification
of 10 — D string theory to 4 — D [125]. Thus, in this very attractive scenario the dark matter
is expected to consist of two particles: a higgsino-like WIMP which is the LSP and a SUSY
DFSZ axion. Typically, the higgsino-like WIMPs are thermally under-produced with relic
density Q%{Dm ~ (0.1 = 0.2) x 0.12 such that the bulk of the DM content is made of SUSY
DFSZ axions. However, one needs also include the axion superpartners, the so-called azino
(@) and the sazions (§) into the relic density calculation (along with gravitinos) [184]. A full
examination of mixed WIMP-axion DM requires one to calculate the relic density of mixed
axion-WIMP DM [185] via solving eight coupled Boltzmann equations starting at re-heating
temperature (at the end of inflation) Tp until the era of entropy conservation [186]. The
coupled Boltzmann equations track the energy densities of radiation (SM particles), WIMPs,
axinos, saxions, gravitinos and axions. Axions and saxions produced as a result of coherent

oscillation (CO) and those produced thermally or via heavier particle decays, are treated
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separately [184].

5.6.1 Landscape implications for WIMP DM search results from Direct Detec-

tion (DD) and Indirect Detection (IDD) Experiments

Firstly, we evaluate the WIMP search limits via ton-scale noble liquid experiments using
targets such as Xenon or Argon. To compare WIMP search limits to landscape projections,
one must calculate the fractional abundance of WIMPs among the mostly-axionic DM given
by €07 (X9, p) = Q0h?/0.12. Our results are displayed in Figure 5.27, where we show the
locus of landscape points with a n = 1 landscape draw on soft terms in the &7 (5((1), p) —Mgo
plane using the NUHM3 model. We also include the current search limits from the XENON-

100 experiment [187] (black contour) and the XENONIT experiment [56] (red contour), in

the plot 2. We see that a subset of LHC-allowed points are already excluded (denoted by
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LHC exc. |
10-4 @ allowed
o KENON100 4L
a5 REN e T AL
E‘D ¥ L .}:‘?..*fo}."-."'::
C_E!- m_dﬁ }{ENGN"T
7, 10~ ' XENONAT & LUX-ZEPLIN_|
ton I _
1074 GADMC Detector (3KLYT). |
1074 neutring flocr .
50 100 150 200 250 300 350
m-= [GeV]

Figure 5.27: Locus of n = 1 landscape scan points for the NUHM3 model in the
coSt ()2(1], p) VS. Mgo plane versus recent WIMP search constraints g = 100 — 360
GeV. Red points are excluded by XENONI1T search limits but not by LHC Run
2 constraints. Projected reaches from several future SI DD experiments are also
shown. [3]

2After completion of this work, the LZ experiment published even stricter bounds on WIMP DM [188]
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red), however the bulk of n = 1 landscape points are still allowed, and extend down to an
order of magnitude below present limits [3]. These points do not extend all the way to the
neutrino floor since in SUSY the WIMPs couple to nucleons primarily via light Higgs exchange
and this coupling involves a production of gaugino times higgsino components [189]. For
natural SUSY, the WIMP is mostly higgsino albeit with a small but non-negligible gaugino
component since gaugino contributions are restricted such that the weak-scale does not
exceed the ABDS bound. Thus, from the plot we can infer that projected search limits from
XENONT (multi-ton Xenon detector), with LUX-ZEPLIN (LZ) and other multi-ton-scale
detectors should cover the entire n = 1 NUHM3 landscape parameter space, even if WIMPs
comprise only a portion of the total DM [3].

Next, in the top frame of Figure 5.28 we plot the spin-dependent (SD) direct detection
scattering rate in the £o°7 ()2(1), p) vs. mgo plane along with projected n = 1 landscape rates.
Recent limits from the PICO-60 experiment [190] and IceCube in the W*W ™~ annihilation
mode [191] are shown. In this plane, we see that the LHC-allowed landscape points tend to
lie about an order of magnitude below the current limits. Additionally, the projected future
reach of LZ [192], included in the plot, does not quite reach the expected theory region [3].
In the bottom frame of Figure 5.28 we show the indirect WIMP detection rates (IDD) in the
§2<USI v> vs. mgo plane, where &% is required since these signals arise from WIMP-WIMP
annihilation in the cosmos and is thus suppressed by the fractional WIMP abundance squared
[3]. Included on this plot is recent limits from the Fermi-LAT + MAGIC observation of dwarf
spheroidal galaxy Segue-1 [193]. The current limit is evidently over an order of magnitude
above the expected LHC-allowed non-thermal production of WIMPs which arise from decays

of axions/saxions in addition to the thermally-produced neutralinos [3].
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Figure 5.28: Locus of n = 1 landscape scan points for the NUHM3 model in the
a) £o°P ()Z(l),p) VS. Mgo and b) £2<JSIU> VS. Mgo planes versus recent WIMP
search constraints [3].

Therefore, with regards to WIMP searches, it appears that a full complement of data from
multi-ton noble liquid SI direct detection experiments should cover the entire n = 1, NUHM3
landscape parameter space. This can occur even though in natural SUSY the higgsino-like
WIMPs constitute only a portion of parameter space occupied by the n = 1 landscape model.

On the other hand, even upgraded SD detectors may well fall short of covering the portion of

parameter space occupied by the n = 1 landscape model. Moreover, it seems highly likely
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that IDD WIMP search experiments will also fail to cover the full parameter space since in
this case, the expected signal rates are diminished by the square of the fractional WIMP
abundance. A similar fate seem probable for SUSY DFSZ axion searches [194] since their

coupling ay7 is suppressed to much lower values by higgsinos [3].

5.6.2 LHC higgsino discovery plane

Our analysis has shown that a little hierarchy is opening up in that the weak-scale seems
to be fairly removed from the scale at which SUSY is softly broken in a hidden sector i.e.
Msore > M, zn ~ 100 GeV. In fact, a landscape pull on soft terms to large values successfully
validates the Higgs mass measurement while still rendering the theory natural in the context
of the model independent naturalness measure Agy extracted from the scalar potential
minimization condition,

m_2Z — m%Id + Eg B (m%{u + zz) tanQﬂ . M? ~ _mQ o /sz o EU(E )
2 tan? 8 — 1 - w2/

such that,

Apw = |(max RHS contribution) |/(m3/2).

In this scenario, the natural SUSY parameter space is significantly expanded than was
typically expected from older naturalness measures such as Agg [58] or Ayg [74, 75]. Since
top squarks enter the minimization condition at one-loop level, they can attain masses into
the several TeV regime while remaining natural, with Agy < 30. Gluinos, which enter

the minimization condition at two-loop level, can be as heavy as ~ 6 TeV at little cost to

naturalness [80, 177]. However, the SUSY conserving Higgs and higgsino mass parameter p
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enters the minimization condition directly which necessitates the Higgs and its superpartner to
have comparable masses. Thus, from Agy naturalness in the string landscape, we expect the
four higgsinos, )2(1],2 and X7, to be the lightest SUSY particles (LSPs) with mass ~ 100 — 350
GeV, while other sparticles that gain masses from soft breaking most likely get pulled beyond
present LHC capabilities [94]. In this subsection we analyze the search prospects of these
LSPs at the LHC and examine the most likely channels from which higgsino signals are likely
to emerge slowly over the next few years amid projected luminosity and energy upgrades to
the LHC.

The search for higgsino pair production at the LHC is riddled with difficulties. These
difficulties mainly stem from distinguishing very small gaps between the various higgsinos.

Specifically mass gaps, Am® = m.

o — mgo and AmT = m_+ — myo (following Guidice
X2 X1 1 X1

X
and Pomarol notation [195]), means that the production of %3, ¥iX5 and Y X7 leads to
very soft visible decay products, and where most of the energy goes into making the two
LSP’s rest mass. In addition, Y?¥?j production provides a monojet at the level of 1/100
signal /background, where the dominant background comes from Zj production [196]. The
reaction pp — Y9 with Xy — uTp~x? was proposed in Ref. [173] which would require a soft
dimuon trigger to record the events. It was further proposed [139, 141, 196, 174] to investigate
the x9x97 production where an initial state radiation (ISR) jet at high pr = 100 GeV could
provide either a jet or MET trigger. Indeed, ATLAS [7] and CMS [175] have followed up on
the OSDLJMET signature, which we discussed briefly earlier in section 5.2, and provided
limits on such reactions in the mgy vs. Am? plane. The prospects of a higgsino discovery

looks promising in this plane and henceforth we will label this as the LHC higgsino discovery

plane [94]. In fact, a recent ATLAS analysis from LHC Run 2 with 139 fb~! finds some

136



excess of events with low dilepton invariant mass m(I*17) ~ 5 — 10 GeV in their SR-E-med

analysis shown in Figure 5.29.
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Figure 5.29: ATLAS Collaboration results presented in Fig. 1la of Ref. [7]
depicting number of events against the dilepton invariant mass.

The ATLAS and CMS searches in the higgsino discovery plane take place within simplified
models which are appropriate for the OSDLJMET search. Here, we want to place the higgsino
discovery plane within the context of natural SUSY models and landscape SUSY models so
as to provide theoretical context for this plane. To that end we investigate which features
of the plane are model-dependent or model-independent, and which portions of the plane
are favored by the naturalness and by the string theory landscape. Identifying such regions
should help focus OSDLJMET searches onto the most promising portions of the parameter
space and also aid in prioritizing searches in the most promising regions over searches with
implausible parameter choices [94].

We work with two well-motivated models already examined in the dissertation, namely

the NUHM2 and the GMM’, to compare the simplified model of the higgsino discovery plane
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with expectations from theory. Recall that the parameter space for the NUHM2 model is
defined by

mg, Mi/2, AOa tanﬁa Hy ma,

while for the GMM’ the parameter space is given by

a, M3/2, Cm, Cm3, @3, tanﬁ? My mAa.

Both the NUHM2 and GMM’ models are programmed into the spectrum generator Isajet
[81] which we use for our analysis. For simplicity we take ¢,, = ¢;3 = (5 TeV/aM)? so that
matter scalar masses are ~ 5 TeV, equal to the benchmark parameter choice of mg =5 TeV
in the NUHM2 model. One virtue of the LHC higgsino discovery plane is its relative model
independence. Given a certain SUSY model, then for a given set of input parameters one
can calculate the (loop-corrected) values [195, 197, 198] of myg and Am® and always locate
a point on the discovery plane. Model dependence enters via the assumed value of Mg
and the ATLAS and CMS groups assume m;ﬁ(li = (mig + mi?) /2 which approximately holds
at leading order in the deep higgsino region [195]. Upon inclusion of higher order effects
into the calculations, deviations to this ansatz begin to set in. However, the details of the
relative chargino mass hardly affect the OSDLJMET signature and as a result the higher
order effects are not very relevant unless one begins leaving the nearly pure higgsino region
where |p] < mgop [94].

As an illustration, we plot contours of mass difference Am ()Zli) = Mg — m;i’ between
the full one-loop corrected chargino mass from Isajet and the ATLAS/CMS ansatz m;“z1+ in

Figure 5.30 for the NUHM2 model in the upper frame a) and the GMM’ model in the lower
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Figure 5.30: Deviations in loop-corrected chargino mass as compared to simplified

model value Am()ﬁc) a) in the NUHM2 model with varying p and my, but

with mg =5 TeV, Ag = —1.6myg, tan 8 = 10 and my = 2 TeV, and in b) in the

GMM' model with varying p and a but with ms/; = 20 TeV and ¢, = cm3.

Both models take m4 = 2 TeV and tan § = 10. [94]
frame b). The blue contour has mass difference zero so is an excellent fit to the ATLAS/CMS
ansatz. However, with increasing p then the mass gaps typically become greater than zero

leading to chargino mass becoming larger than the average of the two light neutralinos. In the

case of very large u, then one leaves the light higgsino region and the ansatz no longer holds.
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The observed deviation from the simplified model values is not very relevant for the monojet
plus soft dilepton searches being considered in this discussion but would be significant for
signals like the golden trilepton signal for SUSY that originate from chargino-neutralino
production [137].

Next, some aspects of the higgsino discovery plane are shown in Figure 5.31 that are
beyond the scope of the ATLAS/CMS simplified models and which depend on the entire
SUSY particle mass spectrum. In the top frame a), the plot resulted from a scan over the
NUHM2 parameters p : 50 —1000 GeV (which fixes the higgsino masses) and m; 5 : 100 —2000
GeV (which for a given p value varies the mass gap Am?). Since the entire SUSY spectrum is
calculated, we can then compute corresponding value of Agy for each point in the higgsino
discovery plane. The green points have Agy < 15 while the magenta points have Agy < 30
and hence qualify as natural. Yellow, blue and purple points have Agy, < 100,200 and 300
respectively. The grey-shaded region is already excluded by LEP2 searches for the chargino
pair production. From the plot, we see that the natural region is bounded by myg < 350 GeV
as expected. For small my/, and p > 350 GeV, then the X3 is wino-like and the model can
become unnatural even for lower values of mgg ~ 100 — 300 GeV (which makes up the upper
edge of the naturalness envelope in Figure 5.31 frame a). For fixed values of y ~ 100 — 300
GeV but as m, ; increases, then the lightest electroweakinos become increasingly higgsino-like
and the mass gap Am® drops below ~ 8 GeV. Precisely where the mass gap value becomes
unnatural is partially sensitive to the assumptions of the NUHM?2 model. Indeed somewhat
lower values of the neutralino gap would have Agy, < 30 if one allows generation-dependent
matter scalar mass parameters, or if gaugino unification assumption is discarded. The main

point, however, is that for small mass gaps, the points become increasingly unnatural in
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Figure 5.31: Regions of naturalness Agy in the light higgsino discovery plane
mgg VS, AmP = Mgy — Mgo from a) the NUHM2 model with varying p and
my /o but with mo = 5 TeV, Ag = —1.6mg and b) the GMM' model with varying
p and « but with mg/s = 20 TeV and ¢y, = ¢p3. For both models, we take
tan S = 10 and my4 = 2 TeV. We also show the present reach of the ATLAS
experiment with 139 fb~! and the ATLAS (soft lepton A) and the CMS (soft
lepton B) projected future reach at the HL-LHC and also CMS at HE-LHC.
The region above the mg = 2.25 TeV contour is excluded by current LHC Run
2 gluino search analysis. The Higgs mass my ~ 125 GeV throughout the plane

while m; > 1.1 TeV everywhere. [94]

the NUHM2 case since large my /, increases mg which feeds into the squark masses which

causes X%(#;2) to become too large. Additionally, the two-loop contributions from m; and
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mg, , can become large as well [199]. This yields an important result: the region of higgsino
discovery plane with mass gaps Am® < 5 GeV becomes increasingly unnatural and hence
less plausible. As previously mentioned, the naturalness lower bound on Am? is somewhat
model-dependent and as such can reach < 4 GeV in models like the NUHM3 where the
first /second generation scalars take values in the 20 — 40 TeV range. In that case, two-loop
RGE effects suppress top squark soft term running, thus allowing for large m; /, values to be
natural. Such large m,/, values lead to smaller neutralino mass gaps AmP. While searches in
this unnatural region of very low Am? are always warranted, spending an inordinate amount
of effort probing such tiny mass gaps should be given lower priority in this rather implausible
region. Another feature displayed on the plot in frame a) is the LHC gluino exclusion limit
shown by the dotted red contour; the region above the contour has my < 2.25 TeV and hence
is largely excluded by LHC searches in the NUHM2 framework. This exclusion however
directly depends on our assumption of gaugino mass unification and in more general models,
the allowed natural region might be considerably larger. Also shown is the present ATLAS
search contour (brown) for the OSDLJMET signature and the region on the left of this
contour is inferred to be excluded. Thus, the allowed NUHM2 natural search region has
mass gap ~ 7 — 20 GeV range, and this is the most plausible region where a SUSY signal
may be expected [94]. The lower bound depends on the specific parameter choices adopted
and can range down to 4 — 5 GeV for other parameter choices and the current limits do
cut well into the natural region of the NUHM2 model. The projected reach of HL-LHC
for CMS is denoted by the red contour, while the ATLAS HL-LHC projection is shown by
the blue contour. Some of the natural region of the higgsino discovery plane evidently lies

beyond the HL-LHC projections. The ATLAS reach extends to lower mass gaps due to the
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geometry of the ATLAS detector which allows for the resolution of lower pr leptons than
CMS. Furthermore, the projected HE-LHC reach with /s = 27 TeV for CMS is depicted by
the red-dashed contour [200]. At face value, it appears as such that the projected HE-LHC
reach covers all the natural region of the NUHM2 model for the assumed set of parameters
[94].

In the lower frame b) of Figure 5.31, we show the same higgsino discovery plane but
for the GMM' model where the mirage mediation (MM) value m{/}’ = aM; varies between
100-2000 GeV. When m]l\%” is at the lower end of the range, one obtains a tachyonic spectra
(see Fig. 8 of Ref. [145]) so that no upper edge of unnaturalness ensues as it did for the
NUHM?2 model case shown in frame a) of Figure 5.31, until mgy 2 400 GeV. For GMM/,
depending on «, we expect a compressed spectrum of gaugino masses which means that for a
given value of mg, the wino and bino masses can be much larger than in the corresponding
NUHM2 case with unified gaugino masses. The large wino/bino masses in GMM’' results in
smaller mass gaps and we find the natural spectra with mass gaps as small as Am° ~ 6 GeV.
We notice that more of the natural region is probed by ATLAS rather than the CMS cuts, in
this case. And in fact, more of the natural GMM’ parameter space appears to be beyond
reach of the HL-LHC. Moreover, a tiny fraction of the magenta region (with Agy < 30) lie
beyond even the HE-LHC projected reach shown by the dashed red contour. Similar to the
NUHM2 case depicted in Figure 5.31 frame a), we see that the region with Am° < 4 —5 GeV
becomes increasingly unnatural (the yellow region) [94].

Figure 5.31 suggests therefore, that most of the natural SUSY parameter space is now
excluded, including the values with the lowest Agy,. This is a reflection of the Agy measure

which is a bottom-up measure of practical naturalness wherein smaller A gy indicates a more
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natural observable O. In contrast, for an observable O; to be considered more stringy natural
as compared to observable Oy, then O; must lead to more phenomenologically viable vacua,
which may be characterized by the weak-scale in a PU. This corresponds to O, leading to more
vacua with m2Y, < (2 — 5)mSY, which in turn amounts to Agy < 8 — 50. For simplicity,
we adopt an intermediate value in this range, Agy < 30 to yield a phenomenologically viable
weak-scale.

To explicitly analyze the stringy natural SUSY parameter space in the higgsino discovery
plane, we adopt an n = 1 power law draw on gaugino masses since in a wide variety of
string models the gaugino masses depend solely on the dilaton field gaining a non-zero VEV,
whereas the various moduli contribute subdominantly [4]. Then, for a uniform scan of x> 100
GeV, with soft terms fixed at mg = 5 TeV, Ay = —1.6mg, m4 = 2 TeV and for a choice of
tan 8 = 10, we generate the corresponding SUSY spectrum in the NUHM2 model. The results
are shown in the upper frame a) of Figure 5.32 where a higher density of dots correspond to
greater stringy naturalness. It is evident from the plot that the region with small mass gap is
favored by stringy naturalness over regions with larger mass gap. Thus, much of the stringy
natural region still resides well beyond current LHC reach. A similar trend is observed in
the case of a landscape scan with the GMM’ model shown in Figure 5.32 frame b) in that
the most densely populated region of parameter space is the low mass gap region making
that region more stringy natural. This is consistent with the statistical predictions of stringy
naturalness for the sparticle mass spectra in that.stringy naturalness pulls the Higgs mass
my, to a peak ~ 125 GeV while gluinos can be pulled as high as mz ~ 4 &2 TeV and stops as

high as m;, ~ 1.5+ 0.5 TeV [85, 103, 145]. For a fixed value of y, since stringy naturalness

PU

ear tO DOt get too far

pulls gaugino masses as large as possible - subject to maintaining m
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Figure 5.32: Regions of stringy naturalness in the higgsino discovery plane mgy
vs, Am® = Mgy — Mo from a) the NUHM2 model with varying p and m; /o but
with mg =5 TeV, Ay = —1.6mg and b) the GMM’ model with varying p and «
but with mg/, = 20 TeV and ¢, = ¢p3. For both models, we take tan = 10
and my = 2 TeV. We also show the present reach of the ATLAS experiment
with 139 fb~! and the ATLAS (soft lepton A) and the CMS (soft lepton B)
projected future reach at the HL-LHC and also CMS at HE-LHC. The region
above the mg = 2.25 TeV contour is excluded by current LHC Run 2 gluino
search analysis. The Higgs mass my ~ 125 GeV throughout the plane while

mz, > 1.1 TeV everywhere. [94]

ouU
weak

beyond m - then we expect the myy — mgo mass gap to be favored on the low allowed

side: Am® ~ 5 — 10 GeV, in both cases.
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One can highlight the similarities and differences between the two naturalness consid-
erations made in Figure 5.31 and Figure 5.32. The bottom-up measure Agy is universal
and applies independently of the details of UV physics. Stringy naturalness however, hinges
on the existence of string vacua and their distribution as well as on the atomic principle
that led to the cut-off mf7, < (2 — 5)m9Y, . These additional hypotheses about the nature
of UV physics lead to a preference for lower values of Am®. In spite of these differences
however, stringy naturalness augmented with the atomic principle, is entirely compatible
with electroweak naturalness. This is reflected in the fact that the envelope of points in
Figure 5.32 is essentially the same as that in Figure 5.31. Therefore, even if one does not
subscribe to the notion of stringy naturalness, they can simply disregard the preference for
points with lower Am® apparent in Figure 5.32. However, the takeaway conclusion that
naturalness considerations require the neutralino mass gap to be not much below 4 — 5 GeV
remains unaltered [94].

Thus, from both notions of naturalness, it may well be that gluinos and squarks are
drawn to heavy masses beyond reach of the LHC while the LSP is expected to be mainly
higgsino-like with mass around the observed weak-scale. With higgsino pair-production
expected to occur at considerable rates at the HL-LHC, the problem lies in identifying the
visible energy range. The small mass gaps Mg+ — Mgy and especially mgg —myo are expected
to be in the 5 — 10 GeV range and most of the reaction energy goes into making the LSP
masses 21mgo. As such, it appears that the OSDLJMET signature is the most promising

channel for a higgsino DM signal to emerge at the LHC, amid scheduled luminosity and

energy upgrades to the ATLAS and CMS detectors.

146



Chapter 6

Summary and Outlook

The completion of the SM with the discovery of the Higgs at the LHC in 2012 has given
rise to a wide variety of perspectives concerning the future of particle physics. According to
many physicists, the much anticipated discovery should propel our search for physics beyond
the SM, while some, it would seem, have prematurely given up on the prospects of a BSM
discovery at the LHC due to its inability to produce results beyond the Higgs thus far. The
latter notion mainly arose from some ill-perceived ideas about popular BSM theories such as
SUSY and due to older naturalness measures that guided SUSY searches often being guilty
of over-simplification that would lead to predictions putting sparticles not too far from the
weak-scale. In this dissertation, we have addressed such concerns and attempted a sketch of
an illustrative map that could lead to potential SUSY discovery in the next decade or so,
based on current data, future projections and a more nuanced understanding of previously
motivated ideas.

The emergence of the vacuum multiplicity in superstring theory lead to more question
marks on the validity of string theory as a probable theory of everything: how is one to find
a unique vacua among an almost infinitely large number, that could hopefully explain the
physical laws of our universe? Here, we have examined how Bousso and Polchinski revised
the idea of a habitable landscape consisting of ~ 10°% string vacua [50], any of which could
support observers like us, provided some pre-existing environmental selection of physical
observables such as the value of the cosmological constant. Such anthropic reasoning was

successfully employed by Weinberg to calculate the value of the cosmological constant to an
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incredible precision [45, 46], a decade before observed measurements were published. The
principle argument of Weinberg relied on what is known as the structure principle which
restricts the value of A.. to be extremely tiny and positive which then allows for galaxy
condensation and structure formation leading to habitable pocket universes in an eternally
inflating multiverse. This idea finds a home in the string landscape of vacua with each
vacua signifying a pocket universe and we have seen how augmenting it with more anthropic

conditions such as,

« ABDS bound on the observed weak-scale (i.e. mLY, < 4m9Y ) - the condition that

weak ~o weak

allows proper atom formation,
« habitable PU’s must exhibit proper breaking of electroweak symmetry,

» vetoing PU’s exhibiting charge and colour breaking,

allow us to make robust predictions pertaining to current and future SUSY searches at
particle colliders. The next problem to address then becomes how the compact dimensions
of the superstring theory are arranged and if it leads to observed phenomena. Of the five
superstring constructs available, currently the best understood compactification schemes exist
for Type IIB. We have made rather general comments on how even the simplest form of
compactifications involving fluzes and branes lead to hundreds of massless scalar fields (i.e.
moduli) that have so far eluded detection. To address this issue, various moduli stabilization
methods have been developed such as KKLT [41] and LVS [168]. We have also discussed
how SUSY must be a broken symmetry in nature and so, for any potential discovery, one
must identify the SUSY breaking scale and each of KKLT and LVS schemes has their own

preferences. Soft breaking of SUSY (i.e. without re-introduction of quadratic divergences) in
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the hidden sector via KKLT scenario suggests a power-law draw on soft breaking terms (i.e.
fsusy ~ mi,z), as also promoted by Douglas et.al [1, 86, 155] in a more general form e.g.
fsusy ~ml o while in the LVS scenario soft term distribution are expected to assume the
form, fsysy ~ m;olft. If soft terms are indeed distributed as a power law in the landscape,
then we have seen how it pushes most of the particles in the SUSY spectrum well beyond
the observed weak-scale. On the other hand, the 1/my,; distribution still expects the SUSY
spectrum not too far removed from the weak-scale and a Higgs mass m;, < 123 GeV, which
stands in sharp contrast to experimental observations thus far.

As its name suggests, superstring theory includes supersymmetry in its formulation and
thus even though it seems highly unlikely to directly detect fundamental strings with current
energy capabilities of colliders, a robust litmus test for existence of an underlying string
theory is manifestation of SUSY in nature. However, exactly how SUSY is broken in the
hidden sector is still a mystery and SUSY models promoted in the literature assumes various
mechanisms via which SUSY breaking is communicated to the visible sector. We have
primarily analysed models based around two of the most motivated mechanisms namely,
gravity mediated SUSY breaking and mirage mediated SUSY breaking while also briefly
touching on aspects of dynamical SUSY breaking (DSB) wherein SUSY breaking occurs
non-perturbatively either via gaugino condensation or via instanton effects. However, not all
models are made equal and we have seen how some models are more natural than others and
the more natural model is in turn a more likely occurrence in the string landscape than an
unnatural one. To this end, we have thoroughly discussed how the principle of naturalness
has traditionally been implemented with considerable success in terms of discovering new

particles such as the charm quark [47]. Moreover, we have compared and contrasted different

149



naturalness measures and seen how the Agy measure is a more accurate measure rather than
older measures like Ags and Ags due to some crucial details glossed over in the calculation
of the latter measures. Consequently, a low value of Agy, signifying a more natural model,
successfully allows for the experimentally observed values of the Higgs mass while limits
for other measures are not expected to be meaningful. Alternatively, in the context of the
landscape, we have required mLY, to be within the ABDS window which, in the absence of
fine-tuning, corresponds to Agy < 30.

Additionally, in this dissertation, we have examined the concept of stringy naturalness
which is a more nuanced notion of naturalness that prefers sparticle masses to be as heavy as
possible provided one yields viable phenomenological results such as proper EWSB and no
CCB on top of the anthropic requirement of m2Y, < 4m@Y, . Using this construct, we have
concluded that spontaneous SUSY breaking via gravity or mirage mediation (i.e. models
like NUHM2, NUHM3 and GMM’) in Type IIB superstring theory with KKLT type flux
compactification is more stringy natural and hence is the more likely outcome in the string
landscape rather than DSB or LVS type scenarios. This conclusion can be drawn based off
of all current data available. Furthermore, we have built on future projected data to make

specific predictions for collider SUSY and DM searches. The following list is a summary of

the most important predictions that has been made in the dissertation,

o The lightest SUSY particle known as the higgsino, which is a DM candidate along with
the axions, is the only particle in the SUSY spectrum of natural models that should
be expected to have mass around the weak-scale (i.e. mg ~ 100 — 350 GeV). This

expectation stems from the fact that the higgsino (and Higgs) superpotential mass
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parameter p is related to the weak-scale magnitude as,

mz/2 >~ —my, = Sy(he) — 4’

which is used in Agy calculation such that,

Apw = |(max RHS contribution)|/(m%/2)

is low meaning that g must not be too far removed from the magnitude of the observed

weak-scale since it enters directly into the equation.

Even though higgsinos are expected to be around the weak-scale, searches face difficulties
due to the four eigenstates of the higgsinos - two neutralinos and two charginos - being
almost mass degenerate. Therefore, higgsino searches rely on identifying very small

mass gaps (e.g. myg —myo ~ 4 —10 GeV) to make a discovery. The most promising

X
search channel for this purpose is the pp — x5 — X9 — ITI7x{x? which leads to the
OSDLJMET signature which produces opposite-sign dileptons along with two higgsinos
(identified as F7) in the final state. The dilepton invariant mass is bounded by the
difference in neutralino masses which is expected to be tiny and stringy naturalness

expects the most probable discovery in this channel being in the range Am ~ 5 — 10

GeV, but not much below 5 GeV, which is currently being explored by the LHC.

The third generation squarks #; 5 are expected to be in the 1 — 3 TeV range, with
current limits of exclusion at the LHC set at mj, 2 1.1 TeV but with projected reach

of the HL-LHC to be up to ~ 1.7 TeV, a significant portion of the landscape allowed
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top squark parameter space will be probed.

First and second generation squarks can be heavier still, with masses ranging upwards
of tens of TeV’s. Such heavy masses for the first/second generation squarks are brought
about due to their small Yukawa couplings (leading to small contributions to the
weak-scale). This then enables a mixed decoupling quasi-degeneracy solution to the

SUSY flavor and CP problems.

Current gluino search exclusion limits are set around ~ 2.25 TeV but the landscape

can allow these to be as heavy as 6 TeV.

Crucially, what all these observations indicate is that all present LHC observations are
in accord with landscape predictions: i.e. a SM-like Higgs with mass ~ 125 GeV but
no sign of sparticles as of yet since most of these should be beyond current limits, apart

from the light but notoriously elusive higgsinos.
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