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ABSTRACT

This thesis discusses the methodology for extracting concrete experimental pre-
dictions from compactified string theories. The primary difficulty encountered in
phenomenological studies of string theory is the presence of a “string landscape”,
which refers to the numerous physically inequivalent ground states (vacuaa) pre-
dicted by a particular string compactification. Without a mechanism for selecting
the “true” vacuum that describes nature, it is difficult to make predictions for
low energy physics purely from UV considerations. In this thesis, we will instead
leverage experimental constraints to isolate regions of the string landscape that are
consistent with all known experimental data. Given these restrictions on the string
landscape, it is possible to make concrete predictions for upcoming experiments.
We will carry out this procedure, and study the resulting phenomenology for col-
lider physics and dark matter predicted by realistic compactified string theories.
We will also discuss how these predictions can be tested with new experiments,
such as a future hadron collider operating at 100 TeV. Some parts of this work
(Chapters 2 and 3) are specific to a particular string compactification known as
the “G2-MSSM”, while other parts (Chapters 4 and 5) are applicable to string
compactifications in general.

x



CHAPTER 1

Introduction

This thesis discusses the methodology for making experimental predictions from an un-
derlying compactified string theory. In particular I will focus on how one can leverage
phenomenological constraints to sharpen experimental predictions for the string landscape.
Although much of this work is done in the context of M-theory compactifications whose
construction was pioneered in [1, 2, 3, 4, 5, 6, 7, 8], the philosophy and approach described
herein is in principle applicable to string compactifications in general. This thesis focuses
predominantly on three of my recently published papers which study string theory predic-
tions for collider physics [9, 10] and dark matter [11]. The purpose of this introduction is
to provide some context for the results discussed in this thesis and to outline the remaining
chapters of this work.

1.1 Preamble: The Standard Model and Beyond

The field of particle physics has always aspired to understand the fundamental interactions
which govern nature. Over the past century, particle physicists have made monumental
strides towards achieving this goal. The crowning achievement of this endeavor is the
Standard Model, a theory which elegantly encompasses nearly all experimentally observed
non-gravitational phenomena. The recent discovery of the Higgs boson [12, 13] at the
Large Hadron Collider (LHC) further cemented the Standard Model as a state of the art
model for particle physics, ending a decades long experimental search to understand the
origin of spontaneous symmetry breaking. There are however a variety of experimental
and theoretical reasons to believe that framework of the Standard Model + general relativity
(GR) does not give a complete description of the universe. Rather than give an exhaustive
list of these reasons, I will focus on the pieces of evidence for Beyond Standard Model
(BSM) physics which are central to the motivation of this thesis.

From a theoretical point of view, there is the question of how the Standard Model can
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be unified with general relativity to give a consistent theory of quantum gravity, and the
related problem of technical naturalness. In the context of a quantum field theory (QFT),
GR can be described as a long-ranged force mediated by massless gravitons. Such a theory
is inherently non-renormalizable, as gravitons couple to matter via higher dimensional op-
erators (suppressed by negative powers of the Planck mass). From our usual intuition with
effective field theories (EFTs), this implies that the QFT for gravitational interactions is the
low energy limit of some ultraviolet (UV) theory of quantum gravity. This motivates the
presence of BSM physics for two reasons.

The first reason is simply that a consistent UV completion of quantum gravity neces-
sitates some drastically new BSM physics which manifests at energies above the Planck
scale. The second reason is that incorporating any new high-mass scales within the Stan-
dard Model leads to the problem of technical naturalness (also known as the hierarchy
problem). Technical naturalness is the statement that in a QFT, any dimensionful cou-
plings which are not protected by symmetries1 will receive quantum (loop) corrections of
order the cutoff of the theory[14]. If nature is described only by the Standard Model +
quantum gravity, the cutoff for the Standard Model EFT is of order the Planck mass. The
problem then arises because scalar masses in the Standard Model + gravity are not pro-
tected by any symmetry, and would naively be of order the Planck mass. Thus without any
new physics below the Planck scale, all scalar particles would be expected to have masses
O(Mpl) ∼ 1018 GeV. This is obviously contradicted by the discovery of an O(100) GeV
Higgs boson mentioned above (along with the presence of O(100) GeV gauge bosons).
One way to address this problem is to suppose that the Standard Model is “fine-tuned”
and unnatural, such that all O(Mpl

2) contributions to the mass parameter L ⊃ −mH
2 |H|2

cancel up to one part in 1032. This explanation is disfavored by many in the field, as
such a cancellation seems quite ad-hoc in the Standard Model. Another way to address
the fine-tuning problem is to add BSM physics with non-trivial structure that enforces the
cancellation of dangerous loop corrections to scalar masses. This thesis will favor the lat-
ter explanation, focusing in particular on Supersymmetry as a new physics mechanism for
restoring naturalness to the SM. The precise mechanism for this is discussed in more detail
in Chapter 2.

There is also a litany of experimental evidence for new physics beyond the Standard
Model. In contrast to the above issues which are more theoretical and abstract in nature,
these experimental issues unequivocally demonstrate that the Standard Model is an incom-
plete description of nature. After all, the true unambiguous test of a physical theory is

1Here ”protected by symmetries” refers to couplings which enhance the global symmetries of the La-
grangian if the coupling vanishes.
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whether or not it agrees with experimental data. There are many experimental observa-
tions which can not be accounted for by the Standard Model2, notably neutrino oscilla-
tions/masses, the matter anti-matter asymmetry, and the presence of dark matter. Of these
issues, this thesis will focus on the question of dark matter and how it might arise from
attractive models for BSM physics.

In this thesis, I will explore the possibility that string theory is the UV completion of
the Standard Model that addresses both the theoretical and experimental concerns raised
above. String theory handily addresses the theoretical issues raised above, as it provides a
consistent UV complete theory of quantum gravity that solves the naturalness problem via
Supersymmetry. The study of string theory as a candidate for BSM physics is known as
string phenomenology. In the following, I will give a brief overview of string phenomenol-
ogy, and discuss the challenges encountered when attempting to formulate predictions from
string theory for experimental data.

1.2 An Overview of String Phenomenology

As evidenced by the preceding section, the motivations for studying BSM physics can
be divided into two categories: theoretical and phenomenological/experimental. This di-
chotomy is typified by the two approaches to BSM model building, known colloquially as
the “top-down” approach versus the “bottom-up” approach. In the “top-down” approach,
one is motivated primarily by the theoretical issues associated with UV-completing the
Standard Model. Given a seemingly salient UV completion to the Standard Model, one
determines to what extent the UV completion of interest is consistent with the multitude of
known experimental constraints. In the “bottom-up” approach, one instead remains agnos-
tic about the particular nature of the UV completion and focuses primarily on how BSM
physics manifests at low energies (compared to the scale of the UV completion).

Both of these approaches have their respective weaknesses. In the top-down approach,
a typical difficulty lies in the fact that concrete predictions for low energy phenomenology
are often technically challenging to extract from the UV theory. It is not uncommon to
begin with an a priori realistic UV completion of the Standard Model and put in signif-
icant effort to understand the resulting phenomenology, only to realize that the model is
completely ruled out by some combination of experimental constraints. The bottom-up ap-
proach avoids this problem, as the starting point for bottom-up model building is usually the
Standard Model itself plus some additional particles (dark matter, vector-like quarks, etc.).

2Honorable mention to the strong CP problem, which is similar to the hierarchy problem in that it can be
solved either by fine-tuning the Standard Model or by incorporating new physics such as axions[15].
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The weakness of “bottom-up” model building is that such models are usually motivated by
an (often fleeting) experimental anomaly, rather than some more fundamental theoretical
considerations. Thus it is often difficult to asses whether or not a “bottom-up” model can
be considered as a legitimate step towards formulating a consistent UV completion of the
Standard Model as discussed above.

As the reader might have anticipated, it is possible to combine the “top-down” and
“bottom-up” approaches to BSM model building in order to overcome the weaknesses of
each individual approach. Theoretical constraints from an underlying UV theory can be
combined with a plethora of experimental constraints in order to obtain a viable “bottom-
up” theory while still maintaining a deeper theoretical motivation. This, in essence, is the
guiding principle behind modern string phenomenology, much of which was pioneered by
my advisor Gordon Kane alongside other collaborators.

Before discussing string phenomenology, it is useful to review the motivation behind
string theory itself. As discussed in the preamble, one important open problem in particle
physics is formulating a UV complete theory of quantum gravity. Perhaps the most sig-
nificant success of string theory is that it indeed provides a consistent UV completion of
quantum gravity, which reproduces general relativity as its low energy limit. Furthermore,
string theory naturally predicts Supersymmetry 3 which provides an elegant solution to the
technical naturalness problem discussed in the preamble- this will be elaborated upon in
Chapter 2. A detailed technical discussion and formulation of string theory is beyond the
scope of my thesis, and I recommend [16, 17] for a pedagogical overview of such topics.

1.2.1 Extra Dimensions and Moduli Stabilizaion

An interesting consequence of string theory is that anomaly cancellation conditions imply
that string theory is only consistent for a fixed number of spacetime dimensions. Con-
cretely, type I, type II and heterotic string theories are only consistent in 10 spacetime
dimensions, while M-theory instead implies 11 spacetime dimensions. This immediately
begs the following phenomenological problem: if our universe is described by string the-
ory, why do we observe only 4 spacetime dimensions? A potential explanation for this
is that the extra spacetime dimensions become compactified due to some underlying dy-
namics. By compactified, we mean that the additional spacetime dimensions are finite and
sufficiently small in volume such that they are virtually unobservable in modern experi-

3There is a distinction between purely bosonic string theory and “superstring” theory which contains
bosonic and fermionic degrees of freedom. Phenomenological studies of string theory actually refer to su-
perstring theory, which gives much more realistic phenomenology than its purely bosonic counterpart (which
predicts tachyons). I will refer to superstring theory simply as string theory as is often done in the literature.
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ments.
An illustrative example is the original 5-D Kaluza-Klein theory (see e.g. [18]). In this

toy model, there are four non-compact spacetime dimensions and one compact circular
dimension with radius R. Integrating over the compact dimension gives an effective 4-D
theory where the presence of a 5th compact dimension is encoded in a “tower” of additional
particles with masses & R−1 (in natural units). To see this, consider a massless scalar field
φ in 5D with coordinates xM = (xµ, θ). We can write this scalar field in terms of its
Fourier modes along the compact dimension, resulting in φ(xµ, θ) =

∑
n φn(xµ)einθ. The

5D equation of motion ∂M∂Mφ(xµ, θ) = 0 then decomposes as4:

(
∂µ∂

µ −R−2∂2
θ

)
φ(xµ, θ) = 0 =⇒

(
∂µ∂

µφn(xµ) +
n2

R2

)
φn(xµ) = 0 (1.1)

which from the 4D point of view yields a tower of particles φn with mn = n/R. Thus
the presence of extra dimensions can only be directly observed when the energy scale of
a process exceeds the inverse compactification radius R−1 (in natural units). This is a
general feature of compactified theories. In the context of string compactifications, R−1 ∼
Mpl ∼ 1018 GeV, so the extra dimensions are unobservable to even our highest energy
experimental probes5.

Although the compact dimensions of string theory can not directly be observed, their
presence indirectly affects the 4D effective theory through fields known as moduli (see e.g.
[21]). Moduli are scalar fields in the 4D theory which arise as zero-modes of the met-
ric along the compact dimensions. Here “zero-mode” refers to the massless mode of the
Kaluza-Klein tower e.g. the n = 0 mode in (1.1). These moduli fields parameterize the
size and shapes of the compact dimensions. For example, in the 5D Kaluza-Klein model,
the zero-mode of the metric component gθθ gives a scalar field in 4D which corresponds to
the radius of the compact dimension. In realistic compactified theories, there must be some
dynamics to give the moduli fields non-zero expectation values and thus stabilize the struc-
ture of the compact dimensions. Such a mechanism is referred to as moduli stabilization,
and is required to prevent phenomenologically dangerous massless moduli in the 4D the-
ory. In compactified string theories with low-energy Supersymmetry6, moduli stabilization
often provides a direct link between the geometric structure of the compact dimensions and
the particle content of the 4D effective theory. This is because in a large class of string
models, moduli stabilization also breaks Supersymmetry and sets the mass spectrum of

4Using the mostly minus metric convention e.g. (+,-,-,...).
5The possibility of a much lower compactification scale withR−1 ∼ TeV has also been considered[19, 20]
6We remind the reader that we are considering superstring theories (see footnote 3) which yield a Super-

symmetric field theory as its low energy limit.

5



Supersymmetric particles. In fact, fairly general arguments show that moduli stabilization
must break Supersymmetry to allow axions to solve the strong CP problem[22]. Because of
this connection, the nature of the compact dimensions can be indirectly observed by mea-
suring the mass spectrum of Supersymmetric particles. This connection will be explored
more explicitly in Chapters 2 and 3 in the context of realistic M-theory compactifications.

1.2.2 Navigating the String Landscape

The dynamics of moduli stabilization as described above represent one of the greatest open
problems in string phenomenology. Many studies of string phenomenology simply as-
sume an ansatz for the compact dimensions (e.g. Calabi-Yau manifold[23] or a toroidal
orbifold[24, 25]), and treat moduli stabilization as stabilizing perturbations about such an
ansatz. The problem with this approach is that there are a multitude of different ways a
given string theory can be compactified to give low energy Supersymmetry7, and each dif-
ferent compactification geometry will yield different predictions for the Supersymmetric
particle spectrum. Without a better understanding of moduli stabilization, it is difficult
to a priori discern which of these different compactifications (if any) provide an accurate
description of the universe. Phrased differently, string theory contains numerous differ-
ent ground states or vacuaa corresponding to different compact geometries, and we do not
yet understand the mechanism through which string theory “selects” a particular vacuum
from these different possibilties. The presence of numerous inequivalent vacuaa with real-
istic phenomenology gives rise to what is known as the string landscape (see [26] for an
overview of this concept).

The string landscape exemplifies the problem with “top-down” approaches mentioned
in Section 1.1, namely that it is technically challenging to extract unambiguous phenomeno-
logical predictions from a purely UV standpoint. However, progress can be made if one
combines these UV considerations with “bottom-up” input from experimental data. The
idea behind this approach is that although numerous compactifications can reproduce the
Standard Model and yield seemingly realistic phenomenology, many would-be candidates
for BSM physics are inevitably excluded by some combination of experimental constraints.
Thus although we do not understand the UV dynamics for selecting a vacuum from the
string landscape, imposing all known experimental constraints will by itself rule out a sig-
nificant portion of the string landscape. This approach is the synthesis of the “top-down”
and “bottom-up” approaches to model building discussed earlier in this section. Using this

7We are interested in compactifications that yield a 4D theory with N = 1 Supersymmetry, as they
provide a solution to the naturalness/hierarchy problem discussed in Section 1.1.
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approach, one can then focus on the subset of string vacuaa that satisfy all known experi-
mental constraints and make correlated predictions for upcoming experiments.

An example of this approach was carried in the mid to late 2000’s in the context of
M-theory compactified on a manifold of G2 holonomy [27, 28, 29]. M-theory, unlike the
other 10D incarnations of string theory, is conjectured to contain 11 spacetime dimensions.
Here G2 refers to the holonomy group8 of the compact 7D manifold required to main-
tain superysmmetry in the 4D theory [30]. The resulting model, known as the G2-MSSM,
combined cosmological constraints from Big Bang nucleosynthesis (BBN) with UV con-
siderations to argue that the spectrum expected from compactified M-theory consisted of
heavy & 10 TeV scalar superpartners and lighter O(100 − 1000) GeV fermionic super-
partners. Furthermore, I was involved with a project that predicted a 120-130 GeV Higgs
boson in the G2-MSSM [31, 32]. This prediction was later experimentally validated by the
Higgs discovery [12, 13]. As discussed in Chapter 3, the Higgs boson discovery gives a
prime example of how we can incorporate new experimental data to help further narrow
the promising regions of the string landscape.

1.3 An Outline of this Thesis

The work presented in this thesis expands upon the “top-down meets bottom-up” approach
to string phenomenology discussed in the preceding section. In the following, I will ex-
plore in more detail the compactified string theory predictions for experimental signatures
of BSM physics. In particular I will discuss predictions for the LHC (Chapter 3), pre-
dictions for future hadron colliders (Chapter 4) and experimental searches for dark matter
(Chapter 5). Chapters 2 and 3 are specific to M-theory compactified on a manifold of G2

holonomy (hereafter referred to as the G2-MSSM), while Chapters 4 and 5 are applicable
to compactified string theories in general. I will now briefly outline the contents of each
subsequent chapter, and summarize the main results therein.

Chapter 2: Moduli Stabilization in the G2-MSSM

In this chapter, I will provide an overview of moduli stabilization and Supersymmetry
breaking in theG2-MSSM. This chapter can be thought of as a “primer” for theG2-MSSM,
and reviews the main results of the earlier pioneering papers [27, 28, 29]. First, I will give
a very brief overview of Supersymmetry and how it extends the Standard Model. I will

8Roughly speaking, the holonomy of a manifold corresponds to the group of transformations which result
from parallel transporting vectors along closed loops.
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then discuss how non-perturbative dynamics in a hidden sector can stabilize all of the G2

moduli fields, breaking Supersymmetry and giving masses to the Supersymmetric partners
of Standard Model particles. I will arrive at the result that in the G2-MSSM, the masses of
scalar superpartners are & O(20) TeV while the fermionic superpartners9 are roughly one
to two orders of magnitude lighter.

Chapter 3: Collider Predictions of the G2-MSSM

In this chapter, I will discuss in more detail the collider phenomenology of the G2-MSSM
given the Supersymmetry breaking parameters derived in Chapter 2. This chapter is largely
based on the results in [9]. I will show that imposing the measured Higgs mass constraint
reduces the dimensionality of the G2-MSSM parameter space to a single dimension. I will
then take a benchmark spectrum with a 35 TeV gravitino mass as a concrete example to
illustrate the LHC signatures of these models. This benchmark spectrum contains a 1.5
TeV mass gluino which is discoverable by the upcoming 14 TeV run of the LHC. Squarks
on the other hand are out of reach, but may be discoverable at a 100 TeV hadron collider
via the channels described in Chapter 3.

Chapter 4: Future Collider Probes of String Compactifications

In this chapter, I will discuss future collider signatures of compactified string theories. This
chapter is largely based on the results of [10]. In Chapter 3, we discussed collider signatures
in the specific model of the G2-MSSM. Here we instead consider collider signatures of
string compactifications in general, without making any assumptions regarding a particular
model. In many corners of compactified string theory, it is a fairly general result that one
expects & 20 TeV scalar superpartners andO(100−1000) GeV gauge boson superpartners
(gauginos); see [33] for a review. Given such a spectrum, scalar quarks (squarks) are well
out of kinematic reach of the LHC. I will instead discuss the prospects of observing heavy
squarks at a future hadron collider operating at a center of mass energy of 100 TeV. The
possibility of such a future collider has recently received significant attention within the
particle physics community. Although pair production of & 20 TeV squarks will not give
observable signatures even at 100 TeV, the production of a & 20 TeV squark in association
with a lighter gaugino is a promising method for observing such heavy squarks. I will
examine these future colliders signatures in detail, and show that squark-gaugino associated
production can discover squark masses up to ≈ 32 TeV in compactified string models

9Excluding the Higgsinos, see Chapter 2.
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with light gauginos10. This production channel is perhaps the only possibility for directly
observing the heavy scalar superpartners predicted by many compactified string models.

Chapter 5: Hidden Sector Dark Matter in String Compactifications

In this chapter, I will discuss dark matter phenomenology in compactified string theories.
This chapter is largely based on the results of [11]. Similar to the discussion in Chapter 4,
this section will discuss dark matter in string compactifications in general without focus-
ing on a particular model. I will argue that given the current constraints from dark matter
indirect detection experiments, dark matter in compactified string models can not couple
strongly to Standard Model particles. This implies that dark matter must reside in a “dark
sector” comprised of particles which couple very weakly to the Standard Model. I will
then perform a detailed study of the Boltzmann equations which govern the cosmological
evolution of dark sector particles, including the dark matter. This will allow us to identify
the potential production mechanisms for relic dark matter in this dark sector framework. I
will then map out the parameter space of these models, and show that most of the compact-
ified string theory parameter space results in an overabundance of dark matter. Thus the
measured dark matter relic abundance provides another important “bottom-up” constraint
for navigating the string landscape. I will then briefly discuss the experimental signatures
expected of such models. These dark matter models predict an absence of direct detection
and collider signatures for dark matter, but may allow for observable signatures in indirect
detection experiments.

10This reach assumes that a 2 TeV gluino is also present in the spectrum, see Chapter 4 for details.
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CHAPTER 2

Moduli Stabilization in the G2-MSSM

In Chapter 1, we discussed how the extra compact spacetime dimensions predicted by string
theory manifest as scalar moduli fields in the effective 4D theory. Moreover in a large class
of string compactifications, the geometric structure of these compact dimensions directly
influences the particle spectrum predicted in the 4D theory. This connection manifests
through moduli stabilization (i.e. giving vev’s to the moduli fields), which breaks Super-
symmetry and sets the mass scale for the Supersymmetric particles in the 4D theory. In this
chapter we provide a concrete example of this connection in a particular model, namely M-
theory compactified on a manifold of G2-holonomy (see Section 1.2.2 for an explanation
of this terminology). This model is referred to in the literature as the G2-MSSM.

This chapter is organized as follows. In Section 2.1, we provide a very brief overview
of Supersymmetry in order to provide some context for the reader. In Section 2.2, we
review the connection between moduli stabilization and Supersymmetry breaking in the
G2-MSSM. We show that the spectrum of Supersymmetric particles predicted in the G2-
MSSM is approximately calculable given certain well-motivated assumptions regarding the
UV theory. A key result which is crucial for the connection between compactified M-theory
and TeV scale physics is the fact that moduli stabilization fixes the gravitino mass (defined
in Section 2.1) to be 50 TeV, within a factor of 2 or so. The results of Section 2.2 will
largely be a review of previous work done in [27, 28, 29, 34].

2.1 A Crash Course in Supersymmetry

Supersymmetry (SUSY) describes a class of theories in which the Poincare symmetry of the
Lagrangian is enhanced by including additional spinorial and anti-commuting generators
Qi
α. This extends the Poincare algebra to the so-called “super-Poincare” algebra via the
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following relations:

{Qi
α, Q̄

j
α̇} = 2δijσµαα̇Pµ, {Qi

α, Q
j
β} = εαβZ

ij,

[Qi
α, P

µ] = 0, [Qi
α,M

µν ] = iσµναβ Q
i
β (2.1)

Here we have adopted two-component notation1 (see e.g. [35]) with indices α, β. Mµν are
generators of Lorentz transformations i.e. boosts and rotations. The indicies i, j run from
1 to N , where N is the total number of Supersymmetric generators in the theory. Zij is
an antisymmetric matrix containing the so-called central charges of the theory. Due to the
antisymmetry of Zij , centeral charges are absent in N = 1 theories.

The studies of SUSY theories defined by (2.1) is a very rich topic of significant the-
oretical interest. In this thesis we focus on SUSY as an extension of the Standard Model
that solves the naturalness problem discussed in Chapter 1. This restricts us to consider-
ing N = 1 Supersymmetry, as it allows for the chiral fermions observed in the Standard
Model. The topic ofN = 1 SUSY extensions to the Standard Model is itself quite deep. In
this section we will only review the relevant aspects in order to keep this thesis as concise
and self-contained as possible. There are many great comprehensive reviews on this topic,
for example [36, 37].

2.1.1 The Minimal Supersymmetric Standard Model

In SUSY theories, the transformations generated by Qi
α transform half-integer spin parti-

cles (fermions) into integer spin particles (bosons) and vice-versa. Thus each fermion has
a bosonic “superpartner”; these partners are related to one another via SUSY transforma-
tions. The field content of SUSY theories is organized into “superfields” which contain
both fermionic and bosonic degrees of freedom. In the N = 1 theories we are inter-
ested in, there are two types of superfields: chiral superfields and vector superfields. Chiral
superfields Φ contain a complex scalar and a left-handed Weyl fermion, while vector super-
fields V α contain a vector boson and a Majorana fermion2. As their names imply, Standard
Model fermions (i.e. quarks and leptons) are contained in chiral superfields while the gauge
bosons are contained within vector superfields. Superpartners to fermions are referred to
as sfermions, while superpartners to gauge bosons are referred to as gauginos.

Given this heuristic description, we can give a taxonomy of particles expected in the
minimal N = 1 extension to the Standard Model, also known as the MSSM. This taxon-
omy, along with the corresponding nomenclature, is given in Table 2.1. As can be seen

1Note that σµναβ ≡
1
4 [σµαα̇σ

ν
α̇β − σναα̇σ

µ
α̇β ].

2We are only considering the on-shell degrees of freedom within these superfields.
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SM Particle SUSY Partner Spin of SUSY Partner

Quark Squark 0

Lepton Slepton 0

SU(2)W gauge boson Wino 1/2

U(1)Y gauge boson Bino 1/2

Gluon Gluino 1/2

Up-type Higgs Hu Higgsino 1/2

Down-type Higgs Hd Higgsino 1/2

Table 2.1: Taxonomy and nomenclature of particles in the MSSM.

from this table, one immediate consequence of a SUSY Standard Model is the presence
of two SU(2)W doublet Higgs fields. This is because supersymmetrizing the Higgs field
introduces a Weyl fermion, the Higgsino, which is charged under U(1)Y . If only a sin-
gle Higgs superfield is included, the corresponding Higgsino induces a U(1)Y triangle
anomaly. Thus in order to preseve cancellation of gauge anomalies, we must introduce
another Higgs superfield with opposite U(1)Y charge. As will be shown below, the up-type
Higgs fields gives mass to up-type (up, charm, top) quarks while the down-type Higgs field
gives mass to down-type (down, strange, bottom) quarks and leptons. The SM Higgs is
typically identified as the lightest real scalar resulting from the Hu, Hd mass matrix.

Note that we have denoted the superpartners of electroweak gauge bosons in terms
of gauge eigenstates (SU(2)W × U(1)Y ) as opposed to mass eigenstates (Z,W±, γ). In
the presence of electroweak symmetry breaking, the SU(2)W triplet Wino will decompose
into a neutral gaugino and two electrically charged gauginos, while each SU(2)W doublet
Higgsino decomposes into a neutral and charged fermion. Combined with the neutral Bino,
we now have four neutral Majorana fermions (Bino, Wino and Higgsinos) and two charged
Dirac fermions (Winos and Higgsinos). These fermions will mix with one another in the
presence of a non-zero Higgs vev. In the mass eigenstate basis, the four neutral fermions
are referred to as “neutralinos”, while the charged fermions are referred to as “charginos”.
In compactified string theories the lightest Supersymmetric particle (LSP) is typically the
lightest neutralino. This has implications for collider physics as discussed in Chapter 3.

We now discuss the interactions of the MSSM. Interactions amongst chiral superfields
are encoded in a “superpotential” denoted byW . The superpotential is a holomorphic func-
tion of superfields i.e. only involves chiral superfields rather than anti-chiral superfields.
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The MSSM superpotential is given by3 4:

W = YuQHuU
c + YdQHdD

c + YlLHdE
c + µHuHd (2.2)

For simplicity we have suppressed gauge and generation indices. Yu, Yd and Yl correspond
respectively to up quark, down quark and lepton Yukawa couplings. Q and L denote the
SU(2)W doublet quark and lepton superfields, while U c, Dc and Ec denote the SU(2)W

singlet quark and lepton superfields. From the superpotential, one can derive5 the following
interaction Lagrangian:

LW = −1

2

∑
ij

(
∂2W

∂Φi∂Φj

ψiψj + h.c.

)
−
∑
i

∣∣∣∣∂W∂Φi

∣∣∣∣2 (2.3)

Here ψi denotes the left-handed Weyl fermion contained in the chiral superfield Φi. Note
that for the partial derivatives of W appearing in (2.3), one must replace all chiral super-
fields with their scalar components.

The kinetic terms for chiral superfields, along with their corresponding gauge inter-
actions, are encoded in a non-holomorphic function of superfields known as the Kahler
potential. In addition to the standard gauge interactions, the Kahler potential also encodes
supersymmetrized sfermion-fermion-gaugino gauge interactions. In compactified string
theories, the Kahler potential also includes couplings between moduli and chiral super-
fields through gravitionally suppressed higher-dimensional operators. For the purpose of
brevity we will not discuss the Kahler potential in more detail here, though it will be im-
portant for the SUSY breaking mechanism discussed in Section 2.2.

As stated in Chapter 1, one of the primary motivations for a SUSY extension of the
Standard Model is the naturalness/hierarchy problem. To reiterate, this problem arises in
theories with fundamental scalar fields and some UV cutoff ΛUV . In the Standard Model,
loop corrections will give a contribution to the Higgs mass parameter of order ∆m2

H ∼
Λ2
UV /16π2. This must be fine-tuned against other contributions to give the observed value

mH ∼ O(100) GeV. In the MSSM however, this cancellation of UV contributions to the
Higgs mass is actually enforced by Supersymmetry. For example, consider the SUSY
version of the top quark Yukawa coupling, W ⊃ ytQ3HuU

c
3 . Using (2.3) this results in the

3We omit the kinetic term for vector superfields which is also contained in the superpotential, see the
references [36, 37] for details.

4Note that we have assumed R-parity, a Z2 symmetry under which quark and lepton superfields are odd
while all other superfields are even.

5The most straightforward way to obtain this result is via the superspace formalism, in which LW =∫
d2θW . See e.g. the appendix of [38] for details.
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Figure 2.1: One-loop contribution to the Higgs mass involving the top and stops.

following interaction terms involving the SM Higgs:

L ⊃ −
(
yt h

0
u t t

c + h.c.
)
− yt2

∣∣h0
u t̃
∣∣2 − yt2 ∣∣h0

u t̃
c
∣∣2 (2.4)

where h0
u is the real scalar component of Hu, and t̃, t̃c are superpartners to the top quark

(also known as “stops”). Now let us consider the one-loop contributions of these couplings
to the Higgs mass squared. For simplicity we focus on the phase of the theory where the
electroweak symmetry is unbroken and the top quarks are massless. The relevant diagrams
are shown in Figure 2.1. Keeping only terms which are non-vanishing as ΛUV → ∞,
Figure 2.1.a gives [37]:

∆mh0
u

2 = −3yt
2

8π2
ΛUV

2, (2.5)

while Figure 2.1.b gives [37]:

∆mh0
u

2 =
3yt

2

8π2

[
ΛUV

2 − 2mt̃
2 log

(
ΛUV

mt̃

)]
(2.6)

where we have assumed that t̃ and t̃c are degenerate with massmt̃. Combining these contri-
butions, we see that the O(ΛUV

2) terms cancel exactly in ∆mh0
u

2. This exact cancellation
is not ad hoc; rather it is enforced by the underlying Supersymmetric structure of the the-
ory that relates the coupling in Figure 2.1.a to the coupling in Figure 2.1.b. Repeating this
exercise for the other couplings in (2.2), one obtains the general result that O(ΛUV

2) con-
tributions to ∆mh0

u

2 cancel in the MSSM. This shows explicitly that the MSSM solves the
naturalness/hierarchy problem discussed in Chapter 1.

One might have noticed that Figure 2.1 results in ∆mh0
u

2 ∼ O(mt̃
2). If mt̃ is much

greater thanO(100) GeV, the MSSM then suffers from its own naturalness/hierarchy prob-
lem. The increasing hierarchy between MZ ,MW and mt̃ implied by experimental bounds
on superpartners is referred to as the “little hierarchy problem”. See [39] for an explanation
of how this problem may be addressed in comapctified string theories.
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2.1.2 SU(5) Grand Unification

We briefly discuss the topic of grand unified theories (GUT’s). In the MSSM, it is well
known that the SU(3)× SU(2)W × U(1)Y gauge couplings precisely unify at high renor-
malization scales corresponding to Q ∼ 1016 GeV (typically referred to as the GUT
scale). Moreover, the chiral superfields which comprise the Standard Model fit neatly
into complete representations6 of SU(5) and form an anomaly-free set. This gives com-
pelling evidence that the MSSM descends from an SU(5) GUT which is broken to its
SU(3)× SU(2)×U(1) subgroup at the GUT scale. This is a well studied topic in particle
physics; see [40] for a review. For theG2-MSSM models discussed later in this chapter, we
will assume that the MSSM is embedded in an SU(5) GUT. For technical details regarding
this embedding we refer the reader to [5, 7].

2.1.3 Supersymmetry Breaking

If SUSY is unbroken in nature, SUSY particles would be degenerate in mass with their
Standard Model partners. This is in clear contradiction with a litany of experimental con-
straints. Thus for the MSSM to be phenomenologically viable, there must be some source
of SUSY breaking. The couplings which break SUSY must be dimensionful in order to
maintain the UV insensitivity discussed in Section 2.1.1; this is referred to as soft SUSY
breaking. One potential source of SUSY breaking is the Higgs mechanism. However if the
Higgs vev is the only source of SUSY breaking, the down-type squarks and sleptons would
be tachyonic. This leads us to the conclusion that some dynamics outside of the MSSM
must break SUSY to give an experimentally viable theory.

In general, most SUSY breaking models require two ingredients. First, there must be
some “hidden” sector in which dynamical SUSY breaking occurs. Second, there must
be some mediators that communicate this hidden sector SUSY breaking to the MSSM.
In string compactifications such as the model discussed in Section 2.2, dynamical SUSY
breaking is induced by moduli stabilization. SUSY breaking is then mediated to the MSSM
via gravitational interactions. These interactions manifest in the effective theory as Planck
suppressed Kahler potential operators coupling moduli fields to MSSM fields. This type
of SUSY breaking mechanism is referred to as gravity mediation in the literature. We will
give an example of this mechanism in Section 2.2 in the context of the G2-MSSM.

6This is not quite true for the Higgs fields, which require additional color triplets to form complete rep-
resentations of SU(5). These additional triplets must have masses of order the GUT scale to preserve gauge
coupling unification, while the Higgs fields must be much lighter. This is known as the “doublet-triplet
splitting” problem.
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2.2 Moduli Stabilization and Supersymmetry Breaking in
the G2-MSSM

In this section we discuss the mechanisms for moduli stabilization and SUSY breaking in
the G2-MSSM. As stated in Chapter 1, this model is inspired by M-theory compactified
on a 7D manifold of G2 holonomy. The compact 7D manifold must have G2 holonomy in
order to preserveN = 1 SUSY in the 4D theory [41]. Otherwise the compactification to 4D
would itself break SUSY, resulting in Planck scale superpartners. This would reintroduce
the naturalness/hierarchy problem as per the discussion in Section 2.1.

Given a compact 7D manifold with a G2 holonomy group, the additional geometric
structure required for a realistic 4D theory (non-abelian gauge group, chiral fermions, etc.)
was explored in [1, 2, 3, 4, 5, 6, 7, 8]. We will not discuss these subtleties, and instead
assume that the compact G2 manifold contains all the necessary geometric features to re-
produce the gauge and matter content of the Standard Model. This will allow us to focus
on the 4D effective N = 1 Supergravity (SUGRA) theory7, which in turn maps onto the
MSSM as its low energy limit. From this perspective we will show how the presence of
non-abelian hidden sectors can stabilize all moduli fields and break SUSY. As stated in
the beginning of this chapter, this section is mostly a review of previous work done in
[27, 28, 29, 34].

Of particular importance for gravity mediation is the gravitino, the spin-3/2 superpart-
ner to the graviton predicted by SUGRA. The gravitino mass M3/2 can be thought of as the
order parameter for SUSY breaking, as the gravitino would be degenerate with the mass-
less graviton if SUSY were unbroken. In models with gravity mediated SUSY breaking,
the soft SUSY breaking scalar masses are to lowest order equal to the gravitino mass [42].
In the following, we will approximately calculate M3/2 from moduli stabilization. For the
remainder of this section we will use Planck units i.e. mpl = 1.

2.2.1 Moduli and Matter Kahler Potential

In G2 compactifications of M-theory, the moduli fields si in the effective 4-D theory arise
from Kaluza-Klein (KK) zero modes of the covariantly constant 3-form Φ, which is uniquely
determined by the metric of the G2 manifold X . Note that the 3-form Φ is real, such that
the moduli fields si are real scalar fields in 4-D. The moduli Kahler potential can be inferred

7In simple terms, SUGRA can be obtained from SUSY simply by promoting Supersymmetry transfor-
mations to a local (as opposed to global) symmetry. This is reminiscent of how GR can be obtained by
promoting the global Poincare symmetry to a local one. In practice, the resulting SUGRA Lagrangian is
quite complicated; the technical details are beyond the scope of both this thesis and the author’s expertise.
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from the classical moduli space metric to be[43]:

K̂ = −3 log 4π1/3VX (2.7)

where VX is the volume of the G2-manifold in 11-d Planck units:

VX =
1

7

∫
X

Φ ∧ ∗Φ. (2.8)

Without explicit knowledge of the metric for a particular G2 manifold, the functional form
for VX in terms of the moduli fields si can not be determined. However, it is possible to
argue on general grounds that VX is a homogeneous function of degree 7/3 in the moduli
si, in other words VX → A7/3VX if the moduli are scaled by a common factor si → Asi.
Using this homogeneity property, one can derive the identity:

N∑
i=1

siK̂i = −7 (2.9)

where K̂i ≡ ∂K̂/∂si. We will use this homogeneity property in Section 2 to derive general
results from moduli stabilization without needing to specify a particular form for VX .

The Kahler potential for the matter fields is given by:

K = κ(si)
QQ†

VX
(2.10)

where Q represents some chiral matter supermuliplet and κ(si) is a scale-invariant func-
tion of the moduli si. This form for the Kahler potential was motivated in Section III
of [34] by three independent arguments: (i) dimensional reduction, (ii) locality of the
physical Yukawa couplings and (iii) matching KK threshold corrections to the 4-D gauge
coupling[44] in the effectiveN = 1 supergravity (SUGRA) theory. For brevity we will not
reproduce these arguments here.

2.2.2 Moduli Superpotential

In order to preserve N = 1 SUSY in the effective Lagrangian, the real moduli fields si
must have combined with some other scalar degree of freedom in order to form the complex
scalar component of some chiral mutliplet. Such scalar degrees of freedom arise from the
KK zero-modes of the real 3-form C-field present in 11-dimensional supergravity. The
complexified moduli zi can be expressed as the zero-modes of the “complexified” 3-form
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Φ + iC:

C + iΦ =

b3(X)∑
i=1

(ai + isi)φi =

b3(X)∑
i=1

ziφi (2.11)

where φi represent harmonic 3-forms φi ∈ H3(X,Z) and b3(X) is the 3rd Betti number of
the G2 manifold. From explicit constructions of smooth G2-manifolds we expect b3(X) ∼
O(100).

The ai, which are the scalar zero-modes of C, are axionic as they inherit a shift sym-
metry in the 4-D effective theory from the underlying higher-dimensional gauge symme-
try of the C-field. This provides a very important M-theoretic input for the 4-D effec-
tive lagrangian, namely that polynomials of the complexified moduli fields can not appear

in the superpotential, assuming that the axionic shift symmetry is violated only by non-
perturbative effects. In order to stabilize the moduli si, we must assume the presence of
non-Abelian “hidden sector” gauge groups in addition to the Standard Model one. In G2

compactifications of M-theory, non-Abelian gauge fields are localized along 3-dimensional
submanifolds which parameterize families of ADE orbifold singularities[45, 2]. Thus re-
quiring the presence of hidden sectors is equivalent to assuming that there are some other 3-
cycles in theG2 manifold which support non-Abelian gauge fields, in addition to the visible
sector 3-cycle which supports the SM gauge fields. Because two 3-cycles will generically
not intersect in a 7-dimensional space, we assume no light matter charged under both the
visible and hidden sector gauge groups and thus SUSY breaking will be gravity mediated.

In the presence of a pure SU(Q) super Yang-Mills (SYM) hidden sector8, non-perturbative
dynamics generate an effective moduli superpotential of the form W = Am3

ple
i2πbf where

f is the hidden sector gauge kinetic function f =
∑

iNizi and b = 1/Q. The integers
Ni are determined by the homology class of the 3-cycle. Such a superpotential will stabi-
lize all moduli; however the presence of only a single hidden sector may not yield vacuaa
which are within the supergravity approximation (VX � 1 in 11-D Planck units). Intro-
ducing another pure SYM hidden sector such that W = m3

pl

(
A1e

i2πb1f1 + A2e
i2πb2f2

)
will

stabilize moduli within the supergravity approximation, but gives only AdS vacuaa. In
order to obtain de Sitter vacua with moduli stabilized in a region where the supergravity
approximation is valid, at least one hidden sector SU(P + 1) gauge group with charged
matter is required. It was discussed in [46] how chiral matter charged under a particular
gauge group naturally arises from isolated conical singularities in the G2 manifold. Note
the introduction of the SU(Q) and SU(P + 1) gauge groups here; they will be referred to
extensively below.

8Super Yang-Mills describes Supersymmetric theories in which the only particles are the gauge bosons
and gauginos of a non-abelian gauge group.
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In the minimal setup, we assume that there are two hidden sectors; an SU(Q) pure
SYM hidden sector, and a SU(P + 1) hidden sector with Nf = 1 flavor of fundamental +
antifundamental chiral multiplets. The Affleck-Dine-Seiberg effective superpotential [47]
is then given by:

W = A1φ
−2b1 ei2πb1f1 + A2 e

i2πb2f2 (2.12)

where b1 = 1/P , b2 = 1/Q, f1, f2 are the gauge kinetic functions of the SU(P + 1) and
SU(Q) hidden sectors, and A1 and A2 represent instanton prefactors. φ represents the QQ
meson condensate in SU(P + 1) sector. There in principal will be other gauge groups
which also contribute non-perturbative superpotential terms. However their contribution to
W will scale like W ∝ ei2πf/(N−Nf), so hidden sectors with large N − Nf will provide
the dominant contribution to 〈W 〉 while other smaller rank hidden sectors will provide a
subdominant contribution to 〈W 〉 and can be neglected in the moduli stabilization analysis.

2.2.3 Moduli Stabilization and Determining M3/2

From the discussion in the preceding section, we have argued that in G2 compactifications
of M-theory motivate the following forms for the Kahler potential and moduli superpoten-
tial in the effective theory:

K = −3 log 4π1/3VX + κh(si)
φφ†

VX

W = A1φ
−2b1 ei2πb1f1 + A2 e

i2πb2f2 (2.13)

where again we take φ to be the SU(P + 1) hidden sector meson condensate. We have
neglected visible sector fields, as they do not develop vev’s at this stage and are thus irrele-
vant for the moduli stabilization analysis. In the following analysis we assume that 3-cycles
which support the SU(Q) and SU(P + 1) gauge groups are equivalent in cohomology so
that f1 = f2 ≡ f . This simplifies the moduli stabilization analysis; the more general case
is considered in [48]. Given W and K in (7), we can now compute the scalar potential for
the effective 4-D N = 1 SUGRA Lagrangian:

V = eK
(
gnmFnFm − 3 |W |2

)
(2.14)

where the Kahler metric gnm is obtained in the usual way by differentiating K with respect
to the moduli and meson fields. The resulting form of the Kahler potential in terms of the
moduli fields along with the minimization conditions are rather cumbersome, so we will
not reproduce them here. The details are provided in pages 21-25 of [34]. Here we simply

19



recapitulate the main points of the analysis, which in particular demonstrates that solutions
with stabilized moduli exist.

The stabilized moduli vev’s are given by the following ansatz:

si =
ai
Ni

3

7
VQ (2.15)

where VQ is the volume of the hidden sector gauge kinetic functions, VQ ≡ Im(f) =∑
iNisi. The ai are defined as 3ai ≡ −si ∂K̂/∂si, and given an explicit form for VX their

value at the de Sitter minimum can be obtained by solving the following transcendental
equation:

∂K̂

∂si

∣∣∣
si=ai/Ni

= −3Ni. (2.16)

Regardless of the form for VX , the homogeneity property (3) implies
∑
ai = 7/3. Given

the ansatz (9) for si, one can numerically solve for the value of VQ which satisfies the
moduli stabilization equations. A good approximation for VQ is given by:

VQ =
1

2π

PQ

Q− P
log

(
QA1φ

−2/P
0

PA2

)
(2.17)

in the limit where VQ � 1. In a regime where the supergravity approximation is valid
VX � 1; since the homogeneity properties of VX imply VX ∝ s7/3, we expect si � 1 and
thus VQ =

∑
Nisi � 1 if the supergravity approximation is valid.

Given the ansatz (9) along with the homogeneity property
∑

i ai = 7/3, the value of
the scalar potential (8) at the minimum to lowest order in O(1/Peff

2) is given by:

V0

M2
3/2

=
[( 2

Q− P
+
φ2

0

VX

)2

+
14

Peff

(
1− 2

3(Q− P )

)(
2

Q− P
+
φ2

0

VX

)
− 3

φ2
0

VX

]VX
φ2

0

(2.18)

where we have defined:

Peff = P log

(
QA1φ

−2/P
0

PA2

)
. (2.19)

Thus the superpotential coefficients A1 and A2 have been absorbed into our definition of
Peff . Note from (11) that VQ ≈ PeffQ/2π(Q− P ), so VQ � 1 ensures Peff � 1.

We now require that the minimization condition for the meson condensate φ0 causes
the tree level scalar potential (12) to vanish. To leading order in 1/P 2

eff , this imposes the
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requirement that9:

Peff =
14(3(Q− P )− 2)

3(3(Q− P ))− 2
√

6(Q− P )
. (2.20)

Thus given particular values of Q and P , imposing a vanishing cosmological constant
actually fixes the ratio A1/A2. Put another way, tuning the vacuum energy to zero at tree
level upon moduli stabilization is only possible for a particular value of A1/A2. Requiring
the si to be stabilized at positive values requires Peff > 0 as can be seen from (9) and (11),
which imposes the constraintQ−P ≥ 3. If (14) is satisfied, then the meson vev is obtained
by determining the value of φ0 which causes (12) to vanish:

φ2
0

VX
=

2

Q− P
+

7

Peff

(
1− 2

3(Q− P )

)
+O(1/P 2

eff ) (2.21)

Thus we have shown that φ0 and si are all stabilized by non-perturbative effects from hidden
sector strong dynamics. We can now compute the value of the bare gravitino mass from
(7)-(14):

M3/2 = eK/2 |W | = eφ
2
0/2VX

8
√
πV

3/2
X

|P −Q| A2

Q
e−Peff/(Q−P ). (2.22)

Thus given the ranks of the hidden sector gauge groups SU(Q) and SU(P + 1), the value
of M3/2 is completely determined up to the unknown instanton prefactor A2. Field theo-
retic computations[49] indicate that A2 = Q up to renormalization-scheme dependent and
threshold corrections, so we expect A/Q . 1.

Now we examine constraints on the possible values of Q − P , which fixes the expo-
nential factor in (16). As discussed, we require Q− P ≥ 3 so that VQ ≡ Im(f) =

∑
Nisi

stays positive. From (11), (13) and (14) we see that for Q− P = 3, VQ ≈ 3.37Q while for
Q − P > 3, VQ < 0.84Q. Recall that for the supergravity approximation to be valid we
require VX � 1 from which we expect si > 1. Thus we expect VQ =

∑
iNisi & Nmod,

where Nmod is the number of moduli fields. As mentioned in Section 1, from explicit con-
structions we expect Nmod = b3(X) ∼ O(100), so we roughly expect VQ ∼ O(100) if the
supergravity approximation is valid. Thus the larger the value ofQ−P , the more difficult it
is to stabilize moduli in a region where the supergravity approximation is valid. To ensure
the validity of the SUGRA approximation we focus on the case where Q − P = 3; the
general case will be discussed at the end of this section. This fixes the gravitino mass to be:

M3/2 ≈ 106 (TeV)
A2

QV
3/2
X

. (2.23)

9Note that we are neglecting the φ0 dependence of Peff , due to the smallness of 2/P along with the fact
that the dependence is logarithmic.
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The value of VX in (17) can be fixed from dimensional reduction arguments by requiring
that the 11-D supergravity theory gives the correct value for the 4-D visible sector gauge
coupling αGUT at the GUT scale[44]. This constrains VX to be:

VX ≈ 137L(Q)2/3 (2.24)

where L(Q) is a topological invariant, related to the analytic torsion of the 3-cycle Q on
which visible sector gauge fields are localized. The dependence of VX on L(Q) arises
from computing KK-threshold corrections to the visible sector gauge coupling. Moti-
vated by triplet-doublet splitting [5], the reference [44] assumes Q ∼= S3/Zq in which
case L(Q) = 4qsin2 (5πω/q). ω is an integer determined by the geometry of Q such that
Mod(5ω, q) 6= 0. The Poincare conjecture seems to imply that this form for L(Q) is fairly
general, but we are still currently working on understanding this issue in more detail. It
is also straightforward to compute the scale of gaugino condensation in the SU(Q) SYM
hidden sector:

Λ ∼ e−
2π
3Q
VQ

2π1/6V
1/2
X

≈ 1.1× 1014 GeV

L(Q)1/3
(2.25)

Assuming Q − P = 3 and L(Q) = 4qsin2 (5πω/q), we can combine (17) and (18)
to obtain some representative values for M3/2, given in Table 1 of [34]. Depending on
the values of ω and q, 20 TeV . M3/2 (A2/Q) . 100 TeV. Thus up to the ratio A2/Q

which we expect to be . 1, we have shown with a pure SU(Q) gauge group as well as an
SU(P + 1) gauge group with Nf = 1, setting Q− P = 3 and stabilizing moduli naturally
gives M3/2 ∼ O(50) TeV within about a factor of 2.

We have shown that there exists a generic class of compactified M-theories which nat-
urally give M3/2 ∼ 50 TeV upon moduli stabilization; however a crucial assumption we
have made is Q− P = 3 to ensure the validity of the supergravity approximation VX � 1.
It may be in principal possible to find valid solutions with Q − P > 3, which will greatly
change M3/2 due to the exponential sensitivity in (16). However, it is straightforward to
show from (14) and (16) that for Q−P ≥ 4, Peff ≥ 20, which results in M3/2 & 10−2Mpl.
Therefore Q− P = 3 is the only possibility which allows a solution to the hierarchy prob-
lem between M3/2 and Mpl. In other words, if one demands a solution of the hierarchy
problem from moduli stabilization in this framework, Q− P = 3 and M3/2 ∼ 50 TeV is a
robust prediction. If one takes the appropriate attitude for string phenomenology of looking
for a generic set of solutions that could describe our world, with stabilized moduli, the set
of solutions that emerges and solves the hierarchy problem has M3/2 ∼ 50 TeV!
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2.2.4 Hierarchy between Gaugino Masses and M3/2

We now briefly discuss the hierarchy between M3/2 and the soft SUSY breaking gaugino
masses, namely M1/2/M3/2 ∼ 10−2, which results from the moduli stabilization procedure
mentioned in Section 2. The universal tree-level contribution to the gaugino masses from
the supergravity Lagrangian is given by[42]:

M1/2 =
eK/2F i∂ifvis
2i Im(fvis)

(2.26)

where Fi are the F -terms for the moduli fields si and fvis is now the visible sector gauge
kinetic function, fvis =

∑
iN

vis
i zi. The suppression of M1/2 with respect to M3/2 arises

from a suppression of the moduli F -terms Fi with respect to the hidden sector meson
condensate F -term Fφ. In particular, the moduli stabilization procedure discussed in the
previous section yields the following F -term vev’s:

∣∣eK/2F i
∣∣ ≈ 2si

Peff
M3/2,

∣∣eK/2F φ
∣∣ ≈ φM3/2 (2.27)

The moduli stabilization procedure yields si ∼ φ, and therefore the moduli F -terms are
suppressed by 1/Peff with respect to the meson condensate F-terms; therefore the me-
son condensate F -terms dominate the vacuum energy. Since fvis does not depend on the
meson condensate φ, ∂φfvis = 0 and only the smaller moduli F -terms contribute to (20).
Consequently, (12) yields:

∣∣M1/2

∣∣ ≈ 1

Peff

(
1 +

2VX
(Q− P )φ2

0

)
M3/2. (2.28)

As discussed in the previous section, for solutions withQ−P = 3, Peff ≈ 61 and φ2
0/VX ∼

0.5, and thus M1/2 ≈ 0.03M3/2. Thus the universal tree level contribution to gaugino
masses from gravity mediation is suppressed relative toM3/2. There are also the usual non-
universal anomaly-mediated contributions to the gaugino masses, as well as non-universal
effects which arise from renormalizing parameters down to the electroweak scale, but they
are of the same order of magnitude as the tree level contributions from (20).

This result is significant for LHC phenomenology, as in gravity mediation the soft
SUSY breaking scalar masses are all O(M3/2) assuming no sequestering, as is expected
to be generic in M-theory compactifications. This implies that all scalar superpartners
will have masses m̃ ∼ M3/2 ∼ 10’s of TeV, while gauginos will have masses in the
200 GeV . M . 2 TeV range (depending on the particular gaugino in question). Thus
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the compactified M-theory framework yields a robust prediction that scalar superpartners
will be out of reach of the LHC, while the gauginos (the gluino in particular) should be
light enough to be within kinematic reach. As we have discussed, these predictions are
largely insensitive to details regarding the precise mathematical structure of compact G2

manifolds. In the following chapter, we will discuss in detail the collider signatures re-
sulting from G2-MSSM spectra, and make the above statements regarding discoverability
much more precise.
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CHAPTER 3

Collider Predictions of the G2-MSSM

In Chapter 2 we discussed moduli stabilization and Supersymmetry breaking in the G2-
MSSM, arriving at the important result that the gravitino mass will be ∼ 50 TeV with
gaugino masses suppressed by roughly 2 orders of magnitude. We however ignored some
technical subtleties which must be considered for a precise prediction of the SUSY mass
spectrum. First, we only considered the values of mass parameters at a high renormal-
ization scale, Q ∼ MGUT . These mass parameters must be renormalized down to the
electroweak scale for an accurate calculation of physical masses. Second, with respect to
the gaugino masses we only discussed tree-level contributions from moduli stabilization.
There are also anomaly-mediated contributions [50, 51] which are comparable to the tree-
level contributions. These corrections must be taken into account for an accurate prediction
of the gaugino mass spectrum.

In this chapter we will address the above subtleties in order to obtain precise bench-
mark spectra predicted by the G2-MSSM. This will allow us to perform a detailed study
of the collider signatures expected in these models. We also illustrate an example of the
“top-down meets bottom-up” approach outlined in Chapter 1 by imposing the measured
Higgs mass constraint on the spectra derived in Chapter 2. We discuss how the superpart-
ner spectrum is completely fixed by electroweak symmetry breaking (EWSB), once both
the gravitino massM3/2 and the superpotential µ-term are specified. Furthermore, the mea-
sured value of the Higgs mass picks out a particular slice in the (µ,M3/2) plane; thus all

sparticle masses can be fixed by determining either µ or M3/2.
To make the discussion of collider physics concrete, we focus on the benchmark value

M3/2 = 35 TeV, which gives a benchmark spectrum with a 1.5 TeV gluino. All sfermion
and heavy Higgs masses are of O(M3/2), while the Wino(Bino)-like lighter gauginos have
masses of 615(450) GeV. The hierarchy between gauginos and M3/2 follows from the dy-
namics of moduli stabilization discussed in Chapter 2. As will be discussed below, this
benchmark spectrum is not constrained by LHC-8. Both gluino pair production and direct
electroweak gaugino production should yield discoveries with . 300 fb −1 of LHC-14 data,
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particularly since electroweak gauginos yield distinctive signatures through χ0
2 → χ0

1 + h

which has a nearly 100% branching ratio. This bencmark spectrum predicts µ ≈ 1.4 TeV,
leading to heavy Higgsinos which are out of reach of LHC-14.

We will also discuss implications of the G2-MSSM for future colliders. Taking the
benchmark spectrum, we will show that 1.5 TeV Higgsinos are accessible at both 50 and
100 TeV colliders. Furthermore, the heavier squarks are also accessible at 100 TeV col-
liders, with hundreds of squark-gluino associated production events expected with & 1000

fb−1 of data. In particular, for a gluino mass of ∼ TeV, the cross-section for associated
stop-gluino-top production pp → g̃ + t̃1 + t, and potentially even sbottom-gluino-bottom
pp → g̃ + b̃1 + b, can be sizeable at 100 TeV colliders for stops and sbottoms lighter than
∼ 20 TeV. This is especially relevant for SUGRA-like theories with universal scalar masses
at the GUT scale, in which third generation squarks are expected to be lighter due to RGE
(renormalization group equation) effects.

Thus the benchmark spectrum has the remarkable feature that Higgsinos and squarks
are accessible at future colliders, despite the scale of SUSY breaking M3/2 being in the
tens of TeV range. Furthermore, the constrained relationship between SUSY breaking
parameters implies that within the G2-MSSM, the discovery of a single sparticle is enough

to actually measure M3/2. Given the discovery of a single sparticle, the rest of the G2-
MSSM spectrum is determined uniquely, resulting in a multitude of additional predictions
which can be readily confirmed or falsified in ongoing and upcoming collider experiments.
This point highlights the potential power of top-down approaches in greatly reducing the
naive parameter space of Supersymmetry.

This chapter is organised as follows. Section 3.1 gives a brief overview of the G2-
MSSM framework (overlapping slightly with Chapter 2), and discusses how the benchmark
spectrum corresponding to M3/2 = 35 TeV is obtained. Section 3.2 provides the sparticle
spectrum and relevant branching ratios corresponding to the benchmark spectrum obtained
in Section 3.1. Predictions for LHC-14 are given in Section 3.3, while predictions for future
colliders are given in Section 3.4. Finally, we summarize these results in Section 3.5. This
chapter is based largely on work done with collaborators in [9].

3.1 Theoretical Framework

We begin by reviewing some features and successes of the compactified M-theory frame-
work. G2-compactifications of M-theory provide a natural setting for full moduli stabilisa-
tion and broken N = 1 Supersymmetry in a deSitter vacuum while also solving the gauge
hierarchy problem, as discussed in Chapter 2. Additionally, EDM [52, 53] and flavour con-
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straints (such as Bs → µµ) [54] are avoided. However, it may not explain (g − 2)µ, while
the strong CP problem is solved by the axionic components of moduli fields [55]. The pres-
ence of late-decaying moduli results in a non-thermal cosmological history which solves
the moduli problem and the gravitino problem [56]. Since the baryon asymmetry and the
dark matter both arise from moduli decay (including axions), the ratio of baryonic matter
to dark matter is calculable [57]. R-parity conservation is expected [58]; thus consistency
with the observed DM relic abundance implies that the visible sector LSP will decay to
hidden sector DM particles [11]1. µ is incorporated into the theory following the proposal
of Witten [5] and including effects of moduli stabilisation [61]. Calculations in this frame-
work anticipated the mass and decay branching ratios of the Higgs boson observed at the
LHC [31].

A key result of the aforementioned references is that once moduli stabilization breaks
Supersymmetry and cancels the vacuum energy at tree level, the relationship between
SUSY breaking parameters becomes very constrained. Upon moduli stabilization and
SUSY breaking, the soft breaking parameters at the renormalization scale Q ∼ MGUT

are given by [34]:

m2
0 ≈M2

3/2 (1− C) , A2
0 ≈ 1.5M3/2 (1− C) ,

Ma ≈ [−0.032η + αGUT (0.034 (3Ca − C ′a) + 0.079C ′a(1− C))]×M3/2 (3.1)

where Ca = (0, 2, 3) and C ′a = (33/5, 7, 6). m0 and A0 are universal soft scalar masses
and trilinears, and “C” parameterizes higher order Kähler potential corrections arising
from higher dimensional operators as defined in [34]. The quantity η parameterizes KK-
threshold corrections to the unified gauge coupling; we will argue in Section 3.1.2 that
η ∼ 1, unless the geometry of the G2 manifold becomes incredibly complicated. The hi-
erarchy between gaugino masses and M3/2 arises because M3/2 feels contributions from
both hidden sector meson and moduli F-terms, while Ma feels contrbutions from only the
moduli F-terms which are suppressed by approximately αGUT ≈ 1/25 with respect to the
meson F-terms. See Section 2.2 for a more detailed discussion of this point. Note that (3.1)
is more precise than the results derived in Section 2.2, as here we have included both the
contribution from Kahler potential corrections as well as the anomaly-mediated [50, 51]
contribution to the gaugino masses.

Thus the entire sparticle spectrum is essentially fixed once M3/2, µ and C are specified.
We will show in Section 3.1.1 that imposing consistent EWSB along with the measured

1For non-thermal cosmologies, a stable Bino-LSP will overclose the universe, while a stable Wino-LSP
is in tension with indirect detection contraints [59, 60].
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value of the Higgs mass Mh = 125.2± 0.4 GeV [62, 63] reduces the 3D space of allowed
(M3/2, µ, C) values to an approximately one-dimensional space. As a result, the entire
sparticle spectrum is completely determined for a given value of M3/2. In Section 3.1.2 we
will use top-down considerations to approximately calculate M3/2, giving a central value
of M3/2 ≈ 35 TeV which we use to obtain the benchmark spectrum considered in Section
3.2 and onwards.

3.1.1 Imposing Constraints: EWSB and the Higgs Mass

In the previous section, we have stated that the sparticle spectrum is essentially determined
by three quantities: M3/2, µ, C, or equivalentlyM3/2, µ/M3/2, C. In principle, these quan-
tities are calculable from the full UV theory. In practice however, there are theoretical
uncertainties which preclude a full top-down calculation. Instead, we will show in this sec-
tion how bottom-up constraints of EWSB along with the measured Higgs mass provide two
independent constraints, reducing the naive 3D region to a one-dimensional strip. This il-
lustrates the power of combining top-down calculations with known bottom-up constraints
to increase the predictiveness of a particular theory.

A detailed discussion of how the constraints from EWSB and Mh = 125.2 ± 0.4 GeV
are imposed is given in Appendix A; the result is shown in Figure 3.1. One can see that
EWSB constraints restrict the region to an approximately 2D-slice. Imposing the constraint
Mh = 125.2 ± 0.4 reduces this slice to a thin band; the thickness of this band is due
primarily to experimental uncertainties on Mh, Mt and αs [31]. The range 0 < µ/M3/2 .

0.1 is motivated by both top-down [61] and little hierarchy [64] arguments; this is discussed
in more detail in Appendix A.

Upon imposing these bottom-up constraints, the entire sparticle spectrum becomes an
approximately one-dimensional strip in the original 3D space. In the next section, we
take the perspective that Figure 3.1 fixes the entire spectrum in terms of M3/2, and use
equation (2.23) to motivate the benchmark value M3/2 = 35 TeV and obtain the associated
benchmark spectrum.

3.1.2 Obtaining a Benchmark Spectrum

Having established that the entire Supersymmetric particle spectrum is essentially deter-
mined for a given value of M3/2, we discuss how M3/2 can be approximately computed
from the UV theory. Upon moduli stabilization and SUSY breaking, the standard Super-
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Figure 3.1: Upper Figure: The dark gray surface shows the slice of M3/2, c, µ/M3/2 pa-
rameter space which satisfies EWSB, while red points also satisfy the Higgs mass constraint
Mh = 125.2 ± 0.4 GeV. The blue shaded region corresponds to points which are incon-
sistent with µ/M3/2 . 0.1; see the Appendix for further discussion. In these plots, µ is
defined at the renormalization scale Q2 = mt̃1mt̃2 . The mesh lines are added for perspec-
tive, and do not have any physical significance.
Lower Figure: A projection of the upper figure onto the M3/2 − µ/M3/2 plane.
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gravity expression for the gravitino mass gives [34] :

M3/2 ≈
9× 105

V
3/2
X

(
A2

Q

)
TeV (3.2)

where Q is the rank of a hidden sector SU(Q) gauge group which undergoes gaugino
condensation, and A2 is the corresponding non-perturbative superpotential coefficient. VX
is the volume of the G2-manifold in 11-D Planck units. This expression was explicitly
derived in Section 2.2; see (2.23) and the surrounding text for details.

In principle, VX is a function of the moduli fields and is thus calculable once moduli
are stabilized. However the particular expression for VX in terms of moduli fields is not
fully known; we can instead fix VX by ensuring that dimensional reduction to 4D gives the
correct value for Newton’s constant [7]. This fixes VX to be [34]:

VX ≈ 137.4L(Q)2/3, L(Q) = 4q sin2

(
5πω

q

)
(3.3)

where L(Q) is a topological invariant which parameterizes threshold corrections from
Kaluza-Klein states. This form for L(Q) was computed in [7], assuming that the visi-
ble sector SU(5) gauge fields are compactified on a Lens spaceQ ∼= S3/Zq in the presence
of a non-trivial Wilson line. 5ω is an integer parameterizing the effect of the Wilson line,
as will be discussed below.

To proceed, we briefly review the motivation for considering SU(5) gauge theories
compactified on a Lens space Q. In G2-compactifications of M-theory, non-abelian gauge
fields arise from co-dimension 4 ADE singularities and thus propogate on a 7-dimensional
manifold H [1]. In our notation, we take H ∼= Q×M where M is our Minkowski space-
time. Starting from an SU(5) GUT theory, the issues of GUT breaking and doublet-triplet
splitting must be resolved for a realistic model. As pointed out by Witten, both problems are
elegantly solved in the presence of a non-trivial Wilson line background [5], which breaks
SU(5) to the SM while admitting a geometric symmetry which solves doublet-triplet split-
ting.

The resulting symmetry is determined by the fundamental group of Q, which for Q ∼=
S/Zq is simply Zq. The non-trivial Wilson line gives the

∫
d2θµHuHd superpotential term

charge 5ω under Zq, while
∫
d2θMTuTd is uncharged. However, realistic phenomenology

requires non-zero µ, which implies that Zq is broken once moduli with charge 5ω obtain
vev’s [61]. If Zq is completely broken, higher-dimensional Kähler potential operators will
generate dangerous lepton-number violating operators which generically violate neutrino
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mass bounds [58]. Thus Zq must be broken to a non-trivial subgroup Zp, where:

p = GCD(q, 5ω), p 6= 1 (3.4)

The simplest case which satisfies these requirements is therefore the case where p = 4

and 5ω = 2, corresponding to the Lens space S3/Z4 and an unbroken Z2 symmetry once
a non-zero µ term is generated. For our benchmark spectrum, we take these values and
obtain from (3.2), (3.3):

M3/2 ≈ 35

(
A2

Q

)
TeV. (3.5)

Note that this also fixes η in (3.1) [7]:

η = 1− 5αGUT
2π

ln

(
L(Q)

q

)
≈ 0.956 (3.6)

We see that 1− η is loop suppressed, and can only beO(1) for q & 100. This validates our
earlier claim that one naturally expects η ∼ 1.

The only remaining undetermined factor in our benchmark spectrum is A2/Q in (3.5).
In the context of Supersymmetric field theories, the precise normalization A2 = Q [47] in
the DR scheme was determined by requiring the consistency of various techniques used to
study non-perturbative SUSY gauge theories [49]. However, in the present context there
may be UV threshold corrections which modify the relation A2/Q = 1. To obtain the
benchmark spectrum, we retain A2/Q = 1, which gives M3/2 = 35 TeV. Imposing con-
straints from EWSB and Mh for this benchmark value fixes C ≈ 0.52 and µ ≈ 1.4,
resulting in the benchmark spectrum discussed in Section 3.2. Figure E.1 illustrates the
effect of relaxing this assumption; the gluino mass is plotted for 0.6 . A2/Q . 1.4, cor-
responding to 20 TeV . M3/2 . 50 TeV. M3/2 = 20 TeV may barely avoid tension with
BBN constraints [65], depending on the particular values of moduli couplings and TRH .

In order to obtain a very approximate lower bound on Mg̃, we use the FastLim [66]
package. The program currently only implements some of the possible event topologies,
and does not yet implement cascade decays such as g̃ → qqχ0

2 → qqhχ0
1. Therefore,

when using FastLim we treat the aforementioned cascade decays as g̃ → qqχ0
2 → qqχ0

1,
neglecting additional objects from χ0

2 → χ0
1 + h. This simplification obviously reduces

sensitivity to searches involving high (≥ 6) jet multiplicity. Using this method, we obtain
the approximate bound Mg̃ & 1.1 TeV in the compactified M-theory framework, though
clearly a more precise analysis is desirable. Nonetheless, the benchmark spectrum with a
1.5 TeV gluino mass sits comfortably outside the excluded region, as we will discuss in
Section 3.2.
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Figure 3.2: Gluino mass vs M3/2 for points which satisfy EWSB and Higgs mass con-
straints, i.e. the red points in Figure 3.1.

3.2 The spectrum and the branching ratios

In this section we present the benchmark spectrum that results from the theoretical frame-
work presented in Section 3.1. In the compactified M-Theory all scalars are generically of
order the gravitino mass, with the universal scalar mass given by m0 ∼ O(1)M3/2 . We use
the computing package SOFTSUSY [67] to do two-loop RGE evolution of the high scale
soft parameters to obtain sparticle pole masses.

We compute the branching ratios for the decays of some of the superpartners using
SDECAY [68], which are given in Table 3.1. We focus in particular on the superpartners
that we expect to see at the LHC or at future colliders.

Since the squark masses are of O(M3/2) at the high scale, they are not detectable at
the LHC. RGE running splits the squarks to give the physical spectrum shown in Fig. 3.3.
The neutralinos χ0

1 (χ0
2) are Bino (Wino)-like, while χ0

3, χ
0
4 are Higgsino-like. Note that

the mixing angles in the neutralino and chargino sectors are small, as µ � MW ,MZ .
In previous studies of the G2-MSSM, the LSP was taken to be Wino-like, as a Wino-
LSP serves as a good DM candidate in string-motivated non-thermal cosmologies [69].
However, obtaining a Wino-like as opposed to a Bino-like LSP requires large KK-threshold
corrections to GUT scale gaugino masses (see e.g. [70]), which we argued is unnatural in

2For details regarding how the Higgs mass is calculated, we refer the reader to Appendix A.
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Particle Mass (GeV)

m0 24200

M3/2 35000

q̃L,R 24000

t̃2 19300

t̃1 13500

b̃2 23900

b̃1 19300

g̃ 1500

χ0
1 450

χ0
2 614

χ0
3 1460

χ0
4 1460

χ±1 614

χ±2 1460

h 125.22

Figure 3.3: Spectrum given GUT scale input values calculated from the theory for the
central value M3/2 = 35 TeV. This spectrum has the GUT scale inputs m0 ≈ 24 TeV and
A0 ≈ 25 TeV, wherem0 andA0 are respectively the universal scalar mass and soft-breaking
trilinear. The GUT scale gaugino masses are M1 = −1020 GeV, M2 = −730 GeV, M3 =
−590 GeV. Details on how this spectrum was derived are presented in Section 3.1. For the
gaugino masses and trilinear, we take the sign convention opposite to that of SOFTSUSY .
This relative sign affects the 2-loop term in the gaugino mass RGE’s which is proportional
to At.

Section 3.1. In this chapter, we assume that any would-be Bino-like LSP relic abundance
decays to a hidden sector DM candidate, but the LSP is sufficiently long-lived to appear
stable on collider scales.

Of note is the 100 % branching ratio of χ±1 → χ0
1W

±, and the 98.7 % branching ratio of
χ0

2 → χ0
1h. Note that the χ0

2 → χ0
1Z decay width is subdominant to that of χ0

2 → χ0
1h. This

can be explained as follows. The χ0
2χ

0
1h coupling arises from couplings of the form W̃ 0H̃h

and B̃0H̃h in the gauge eigenstate basis. Since χ0
1 and χ0

2 are Bino and Wino-like, the
χ0

2 → χ0
1h amplitude is suppressed by a single power of gaugino-Higgsino mixing angles,

O(MZ/µ). In contrast, in the gauge eigenstate basis only Higgsinos couple directly to Z
via couplings of the form ZµH̃

†σµH̃ . Thus the Zµχ0
1
†
σµχ0

2 coupling is suppressed by two
powers of gaugino-Higgsino mixing angles, resulting in a suppresion of the χ0

2 → χ0
1Z
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Decay BR (%)

g̃ → χ+
1 q1,2q̄1,2 25

g̃ → χ±1 bt̄, tb̄ 23

g̃ → χ0
1tt̄ 20

g̃ → χ0
2q1,2q̄1,2 12

g̃ → χ0
1q1,2q̄1,2 8

g̃ → χ0
2bb̄ 7

g̃ → χ0
2tt̄ 4

g̃ → χ0
1bb̄ 1

Decay BR (%)

χ0
4 → χ±1 W

∓ 60

χ0
4 → χ0

2h 27

χ0
4 → χ0

1h 8

χ0
4 → χ0

2Z 4

χ0
4 → χ0

1Z 2

χ0
3 → χ±1 W

∓ 60

χ0
3 → χ0

2Z 26

χ0
3 → χ0

1Z 8

χ0
3 → χ0

2h 4

χ0
3 → χ0

1h 2

χ0
2 → χ0

1h 98

χ0
2 → χ0

1Z 2

Decay BR (%)

χ±2 → χ±1 h 31

χ±2 → χ±1 Z 30

χ±2 → χ0
2W

± 30

χ±2 → χ0
1W

± 9

χ±1 → χ0
1W

± 100

Table 3.1: Branching ratios of gluino, neutralinos and charginos. The numbers don’t add
to 100 in the case of the χ0

4 branching ratios due to rounding errors.

amplitude by O(M2
Z/µ

2).
Note that this spectrum with a 1.5 TeV gluino should not have been discovered at LHC-

8. In simplified models with decoupled squarks, the strongest limits on the gluino produc-
tion come from multijet + MET searches, which place the bound Mg̃ & 1.35 TeV. When
setting limits on simplified models, the gluino is assumed to have a 100% branching ratio
into either qqχ0

1 or ttχ10 final states. For more realistic spectra such as the one considered
here, the gluino mass bound will weaken significantly due to branching ratio factors.

3.3 LHC-14 Predictions

In this section, using the spectrum derived and presented above, we discuss the channels
we expect to be observable at the LHC. We expect to see three channels, pp → g̃g̃, pp →
χ0

2χ
±
1 and pp → χ±1 χ

∓
1 , and only these. The fact that only these three channels would be

apparent is a feature of the M-theory construction. The scalars being heavy makes them
kinematically inaccessible. The hierarchy between µ and the gaugino masses Ma (and
µ�MZ) results in a Bino-like LSP and Wino-like NLSP with heavy Higgsinos, meaning
that only two neutralino/chargino direct production channels are accessible at LHC-14.
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We computed using the production cross-sections to leading order for the three channels
listed above using MadGraph5 [71] and multiplied them by K factors calculated using
Prospino [72, 73, 74]. The results, including the expected number of events N given
300 fb−1 of data, are tabulated below.

Channel σ (fb) N

pp→ g̃g̃ 19 5800

pp→ χ0
2χ
±
1 19 5800

pp→ χ±1 χ
∓
1 10 3000

Given the LSP mass of 450 GeV, a 1.5 TeV gluino is expected to be discoverable at the
5σ level at LHC-14 given 300 fb−1 of data [75]. The gluino mass and cross-section allow
immediate deduction of the gluino spin [76] and therefore confirmation that the discovery
is indeed Supersymmetry. With squarks heavy, that procedure is straightforward. Further-
more, the χ0

2 → χ0
1h decay mode allows for discovery potential in the chargino/neutralino

direct production channels. For the benchmark spectrum considered here, direct χ0
2, χ

±
1

production should be discoverable at LHC-14 with 1000 fb−1 of data [77]. We understand
that careful background studies need to be done to be sure these processes can be observed.
The signatures are distinctive and event numbers large enough so it seems likely signals can
be seen, but people more expert than us need to demonstrate the signals are really robust.

3.4 Future Collider Predictions

In this section, we briefly discuss the possible discoveries to be made at future colliders
given the spectrum under consideration. We focus in particular on two possible proton-
proton colliders, one with

√
s = 50 TeV, and the other with

√
s = 100 TeV. Prospects

for Supersymmetry at such higher energy colliders has been studied recently [75, 78, 79],
although not in the context of a top-down, UV complete theory.

Given the spectrum, we find that some crucial new channels are accessible, namely
pp → tt̃1g̃, pp → bb̃1g̃, pp → q̃1(L,R)g̃, pp → χ0

3χ
0
4, pp → χ0

3χ
±
2 , pp → χ0

4χ
±
2 and

pp → χ±2 χ
∓
2 . Unfortunately, scalars are too heavy to be pair-produced [78]. However,

we note that associated production of first family squarks with gluinos is accessible. The
splitting of the light stop and the heavier first family squark masses, plus the kinematic
measurement of the first family squarks, combine to give a precise measurement of the
gravitino mass, the fundamental quantity that determines all masses in the theory, and thus
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deeply probes Supersymmetry breaking!
The associated production of stops and sbottoms can come from gluon splitting, or from

the top (bottom) quark being considered as a parton. The question of when the top quark
parton distribution function (PDF) becomes important has been studied recently [80], and
it has been found that using a top PDF has only a small effect at

√
s = 100 TeV. Therefore

we simulate the production of stop gluino by looking at diagrams where the gluon splits
and emits a top quark also. The bottom PDF is better known, and has a more significant
effect at the energies in question, but for the purposes of this calculation, we present results
using gluon splitting for the associated production of sbottoms. The dominant Feynman
diagram for top stop gluino production is shown in fig. 3.4. The diagram for sbottoms is
identical with b, b̃ swapped for t, t̃. We recognise that careful studies of bottom and top
PDFs need to be done to get fully reliable numbers.

t

t̄

t̃1

g

g g̃

g̃

Figure 3.4: Dominant Feynman graph for stop associated production by gluon splitting.

We computed using MadGraph5 [71] the production cross-sections to leading order
for these channels for both

√
s = 50 TeV and 100 TeV. The results are tabulated below,

including the number of events N expected given 3000 fb−1 of data.

Channel σ50 TeV (fb) N50 TeV σ100 TeV (fb) N100 TeV

pp→ tt̃1g̃ 7.1× 10−5 0 1.6× 10−2 47

pp→ bb̃1g̃ 2.6× 10−6 0 3.0× 10−3 9

pp→ q̃1(L,R)g̃ 3.2× 10−4 1 3.0× 10−1 900

pp→ χ0
3χ

0
4 9.2× 10−1 2800 3.4 10200

pp→ χ0
3χ
±
2 1.8 5400 6.4 19200

pp→ χ0
4χ
±
2 1.8 5400 6.4 19200

pp→ χ±2 χ
∓
2 1.0 3000 3.7 11100
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Although the number of stop events is not large, the gluino mass will already be known
from LHC, which makes the stop and bottom search significantly simpler. The sbottom
production cross-section is expected to be greater given that we make the approximation
of gluon splitting rather than using the bottom PDF. We expect 15 or so stop events should
already be found given 1000 fb−1 of data, as well as 300 first generation squark events. The
relatively large number of first family squark associated production events means these
should be detectable. We also expect the heavy neutralinos and chargino to be detected,
already at a 50 TeV, and certainly at a 100 TeV collider. Note there are other electroweakino
production channels e.g. χ0

2χ
±
2 which have subdominant production cross-sections, two

or more orders of magnitude smaller than those presented here. Because of their small
production cross-sections, we do not list those channels here.

3.5 Conclusion

In this chapter, we have examined predictions for Supersymmetric particle masses in the
G2-MSSM, motivated by phenomenogically realistic compactifications of M -theory. By
combining top-down constraints from moduli stabilization with bottom-up constraints from
EWSB and the measured Higgs mass, the sparticle spectrum is completely determined by
M3/2. Furthermore, given reasonable assumptions regarding the topology of the G2 mani-
fold, the gravitino mass is approximately calculable, giving a benchmark value M3/2 = 35

TeV.
The benchmark spectrum corresponding to M3/2 = 35 TeV is not constrained by

LHC-8, and turns out to provide exciting phenomenology for LHC-14 and future collid-
ers. The gluino mass is expected to be about 1.5 TeV for this benchmark spectrum, while
the Wino(Bino)-like gaugino mass is about 614(450) GeV. The hierarchy between gaugino
masses andM3/2 arises becauseM3/2 feels contributions from both the hidden sector meson
and moduli F-terms, while gaugino masses only feel contributions from the moduli F-terms
which are suppressed by about αGUT ≈ 1/25 with respect to the meson F-terms. Three and
only three production channels should discoverable at LHC-14: pp→ g̃g̃, pp→ χ0

2χ
±
1 and

pp→ χ±1 χ
±
1 where χ0

1 and χ0
2 are respectively Bino and Wino-like. The expected signature

of the χ±1 χ
±
1 channel is χ+χ− → W+W− + MET. The χ0

2χ
±
1 production channel gives

the final state χ0
2χ
±
1 → W± h + MET, which should be quite a clear channel at the LHC

[77].
We have also investigated the prospects for the discovery of the heavier stops, first

family squarks and Higgsinos at future colliders. We find that associated production of
gluino stop pp → g̃t̃1t, gluino sbottom pp → g̃b̃1b as well as gluino squark production
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pp → g̃ũ, d̃ should be seen at a 100 TeV collider, with leading-order production cross-
sections of 1 × 10−2, 3 × 10−3 and 3 × 10−1 fb respectively. This leads to hundreds of
gluino-squark events given 3000 fb−1 of data; precise knowledge of the gluino mass can
help seperate these events from SM background. The heavy Higgsinos should also be
detectable at a 50 TeV collider, and produced in relative abundance at a 100 TeV collider.
The relevant Higgsino production channels are pp → χ0

3χ
0
4, pp → χ0

3χ
±
2 , pp → χ0

4χ
±
2 and

pp → χ±2 χ
±
2 . The relevant production cross sections at 50 (100) TeV are σ ∼ 1.8 (6.4)

fb for pp → χ0
3,4χ

±
2 , and σ ∼ 1.0 (3.5) fb for pp → χ0

3χ
0
4 and pp → χ±2 χ

±
2 . Thus given

3000 fb−1 of data, we expect of order a few thousand events for each channel at a 50 TeV
collider, and of order tens of thousands of events at a 100 TeV collider.

To summarize, we have shown that the G2-MSSM provides a constrained top-down
framework, in which gluinos and some electroweakinos should be discoverable at LHC-
14. The discovery of a single sparticle uniquely determines the remainder of the sparticle
spectrum. Thus given a discovery of gauginos at LHC-14, a discovery of squarks and Hig-
gsino at 100 TeV colliders within the predicted mass range would give strong evidence
towards Supersymmetry and an UV completion like the compactified M-theory construc-
tion presented here.
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CHAPTER 4

Future Collider Probes of String
Compactifications

In Chapters 2 and 3 we have focused on a particular compactified string model, namely
M-theory compactified on a manifold with G2 holonomy (the G2-MSSM). A key result
in these chapters is that the scalar superpartner masses in the G2-MSSM are expected to
be & 20 TeV, while the gluino (Wino, Bino) masses are expected to be ∼ 1.5 TeV (∼ 500

GeV). Such a spectrum with heavy scalars and hierarchally lighter gauginos are generically
expected in many compactified string models, see [33] for a review. If nature is described
by a compactified string theory with such a spectrum, one generically expects that only
gauginos are discoverable at the 14 TeV run of the LHC. However as alluded to in Section
3.4, future hadron colliders operating at much higher center of mass energies can provide
a probe of the heavy squarks which are inaccessible at the LHC.

There has recently been considerable interest in the SUSY discovery potential of a
future hadron collider operating at a center of mass energy of 100 TeV [75, 81, 79, 78, 9, 82,
83, 84, 85, 86, 87]. These studies of SUSY at future hadron colliders have focused primarily
on pair production, either of colored superpartners [75, 81, 78] or of electroweak-inos1

[79, 82, 83, 84, 85, 86]. In this chapter, we will instead examine the reach of a
√
s = 100

TeV collider for associated production of a heavy squark along with a lighter gaugino. This
production channel is particularly noteworthy if the squark masses are O(10)’s of TeV,
such that squark pair production is kinematically inaccessible at

√
s = 100 TeV. Spectra

where squarks are hierarchically heavier than the gluino/electroweak-inos are predicted in
many SUSY breaking models such as anomaly mediation [50, 51] or more general “mini-
split”-type scenarios [88, 28, 89] such as the compactified string theories described above.
Moreover, multi-TeV squark masses can naturally accommodate the stop masses required
to achieve a 125 GeV Higgs boson within the MSSM.

1Here electroweak-ino refers to any admixture of the Wino, Bino and Higgsino.
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The main results of this chapter are summarized in Figures 4.1-4.5, which show the
reach of a

√
s = 100 TeV p-p collider with 3 ab−1 integrated luminosity for squark-gaugino

associated production in various spectra 2. Squark-gluino production can discover squark
masses up to 32 TeV for . 4 TeV gluino masses in spectra with a large gluino-neutralino
LSP mass splitting (Fig 4.1). For spectra with a small gluino-neutralino LSP mass splitting,
squark masses up to 37 TeV can similarly be discovered (Fig. 4.2). For squark-Wino (Bino)
LSP production, Wino (Bino) masses up to 4 (1.7) TeV can be discovered for squark masses
. 7 (5) TeV (Figs. 4.3-4.4). We find a similar reach for squark-Wino NLSP production
(Fig 4.5), even without utilizing objects resulting from NLSP→ LSP decay. These results
indicate that squark-gaugino production represents a SUSY discovery mode at a

√
s =

100 TeV p-p collider in a wide variety of models with heavy first- and second-generation
squarks. Currently, the construction of such a future collider is the only known way of
directly observing the presence of the heavy squarks predicted by the compactified string
theory models discussed in this thesis.

The remainder of this chapter is organized as follows. Section 4.1 discusses our gen-
eral methodology and simulation strategies. Section 4.2 presents in detail our analysis of
squark-gluino associated production, while Section 4.3 presents our analysis of squark-
Wino/Bino associated production. Section 4.4 contains a summary of these results. This
chapter is based largely on [10] which was done in collaboration with Sebastian Ellis.

4.1 General Methodology

In this section we briefly discuss the general methodology of the analyses presented below.
Event topologies arising from heavy squark - light gaugino associated production are char-
acterized by a hard leading jet and significant /ET . These objects result primarily from the
squark decay products, as the associated gaugino is produced at relatively low transverse
momentum. The dominant SM background for such events is in the tt+ jets and vector
boson + jets channels [75], which fall off rapidly with increasing leading jet pT , /ET , and
/ET/
√
HT (HT is defined as the scalar sum of the jet transverse energies).

In the following analyses, we consider the reach of a
√
s = 100 TeV proton-proton col-

lider given 3 ab−1 integrated luminosity. The minimum production cross section yielding
& 10 events is roughly ∼ 10−2 fb, corresponding to mq̃ + mg̃ ∼ 35 TeV (mq̃ + mW̃ ∼ 15

TeV) for squark-gluino (squark-Wino) associated production. For such masses, good back-

2Note that a recent study in [90] calls for an integrated luminosity of between 10 and 20 ab−1 at a future
100 TeV p-p collider. We present here results for 3 ab−1 as a conservative estimate, and so as to be directly
comparable with the current literature.
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ground discrimination is achieved with hard leading jet pT cuts for squark-gluino produc-
tion, and with hard /ET/

√
HT cuts for squark-Wino/Bino production. Our strategy is as

follows: for each analysis we impose a set of baseline cuts catered to a set of spectra.
We then scan over leading jet pT and /ET cuts (squark-gluino) or /ET/

√
HT cuts (squark-

Wino/Bino) to maximize significance σ, defined by

σ ≡ S√
1 +B + λ2B2 + γ2S2

. (4.1)

S (B) is the number of signal (background) events passing cuts, and γ (λ) parameterize
systematic uncertainties associated with signal (background) normalization. Details of the
event generation and collider simulation are given in Appendix B. Like most future collider
studies, our simulated σ values are subject to O(1) uncertainties associated with e.g. the
performance of a detector which is yet to be designed. However, this translates to a com-
paratively mild uncertainty for the predicted reach, due to the rapid falling of production
cross sections with increasing mass.

4.1.1 Simplified Models

In the analyses presented below, we consider the following SUSY simplified models:

Model Particle Content Fig.

Squark-Gluino q̃, g̃, χ0
1 = B̃

Non-compressed M1 = 100 GeV Fig. 4.1

Compressed mg̃ −mχ0
1

= 15 GeV Fig. 4.2

Squark-Wino LSP q̃, χ0
1 = W̃ Fig. 4.3

Squark-Bino LSP q̃, χ0
1 = B̃ Fig. 4.4

Squark-Wino NLSP q̃, NLSP = W̃ , χ0
1 = B̃/H̃ Fig. 4.5

Split M1/µ = 100 GeV

Non-split mW̃ −mχ0
1

= 200 GeV

Table 4.1: Simplified models considered in this chapter.

which encompass a wide array of potential event topologies arising from squark-gaugino
production. We take degenerate first and second generation squark masses, and decouple
all sparticles not listed in Table 4.1. For the squark-gluino non-compressed model, our
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results are not sensitive to the choice of M1 = 100 GeV as the LSP is effectively massless
formχ0

1
� mg̃. The squark-gluino compressed model is motivated by the gluino-neutralino

coannihilation region [91, 92]. We choose mg̃ −mχ0
1

= 15 GeV as a fiducial value, though
the leading jet pT -based analysis presented below is robust as long asmg̃−mχ0

1
� mg̃. For

the Wino NLSP models, we choose two spectra with differing LSP masses to illustrate the
effects of increasing the NLSP-LSP mass splitting. In the “non-split” case, we have chosen
an NLSP-LSP mass splitting of 200 GeV so that the NLSP decays to the LSP + on-shell
SM bosons.

4.2 Squark-Gluino Associated Production

In this section we discuss squark-gluino associated production. As this process only in-
volves αs, it can be important at a

√
s = 100 TeV p-p collider even if mq̃ +mg̃ & 35 TeV.

If a heavy squark of order tens of TeV is produced in association with a gluino of mass
. 10 TeV, the leading jet from the squark decay will be very hard, pT ∼ mq̃/2. Further-
more the neutralino resulting from the decay chain q̃ → qg̃ → 3 qχ0 will be very boosted,
resulting in large /ET . These kinematic features result in a striking collider signature with
very low SM background.

We explore the reach in squark-gluino production at a
√
s = 100 TeV p-p collider for

the two types of squark-gluino spectra listed in Table 4.1. For simplicity we assume the
LSP is a Bino, and all other neutralinos/charginos are decoupled. Relaxing this assumption
allows squark decays to intermediate neutralinos/charginos, resulting in additional final
state objects which can be used for background discrimination.

For both non-compressed and compressed spectra, we impose the following baseline
cuts:

HT > 10 TeV, /ET/
√
HT > 20 GeV1/2

while for the non-compressed spectra we impose the additional cut:

8 jets with pT > 50 (150) GeV

The softer cut is optimized for heavier squarks and lighter gluinos, while the harder cut is
optimized for lighter squarks and heavier gluinos. Upon imposing these baseline cuts, we
then scan over leading jet pT and /ET cuts in order to maximize significance σ as defined
in (4.1). We have verified that the optimal cuts render any “background” from gluino pair
production subdominant to the SM background.

The results of this analysis are depicted in Figs. 4.1 and 4.2, which show the reach
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Figure 4.1: Experimental reach for squark-gluino associated production at a 100 TeV pro-
ton collider with 3 ab−1 integrated luminosity, for spectra with a∼ 100 GeV LSP mass. The
solid, long dashed and short dashed lines are for and 5, 10, 15% systematic uncertainty for
the signal respectively. Blue lines indicate 5σ discovery reach and red lines indicate 95%
exclusion limits. We assume 20% systematic uncertainty in the background.

of a
√
s = 100 TeV proton collider with 3 ab−1 of integrated luminosity. The solid, long

dashed and short dashed lines correspond respectively to systematic uncertainties of 5, 10

and 15% for the signal normalization, while the background systematic uncertainty is fixed
to 20%. The projected reach is fairly insensitive to background systematic uncertainties, as
the number of background events is quite low due to the hard leading jet pT and /ET cuts.

As is evident from Figs. 4.1 and 4.2, a
√
s = 100 TeV collider with 3 ab−1 integrated

luminosity can begin probing much of the “mini-split” parameter space for sufficiently low
gluino masses. Final states in the compressed spectra yield more /ET compared to the non-
compressed spectra, resulting in the greater reach depicted in Figure 4.2. Notably, with 3
ab−1 integrated luminosity the entire neutralino-gluino coannihilation region (whose upper
endpoint lies at mg̃ ≈ mχ̃ ≈ 8 TeV [92]) can be excluded if the squark masses are . 28

TeV.
It is worthwhile to compare Figs. 4.1 and 4.2 to projected reaches for gluino pair
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Figure 4.2: Experimental reach for squark-gluino associated production at a 100 TeV pro-
ton collider with 3 ab−1 integrated luminosity for spectra with mg̃ −mχ0

1
= 15 GeV. The

different lines follow the conventions of Fig. 4.1. We assume 20% systematic uncertainty
in the background.

production. Our results for non-compressed spectra have some overlap with [75]3, which
considered both pair production and associated production in similar spectra with squark
masses . 24 TeV. The results of [75] indicate that gluino pair production will likely be the
discovery channel for colored superpartners for the spectra in Fig. 4.1 provided mg̃ . 14

TeV. On the other hand, if the gluino and the LSP are nearly degenerate, searches for gluino
pair production rapidly lose sensitivity [75]. Thus if the gluino and the LSP are nearly
degenerate as in the gluino-neutralino coannihilation scenario, squark-gluino associated
production would be a potential discovery channel for colored superpartners.

3A search optimizing over HT cuts as opposed to leading jet pT cuts was done in [75]. For the spectra in
Fig. 4.1, the HT cut based analysis has a 3-5 TeV weaker reach in mq̃ + mg̃ with respect to squark-gluino
associated production.
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4.3 Squark-Wino and Squark-Bino Associated Production

In this section we discuss squark-Wino and squark-Bino associated production. These
channels are particularly important if squark-gluino associated production is inaccessible
due to a sufficiently heavy gluino mass4. The event topology is qualitatively similar to
squark-gluino production, as the squark will decay to a boosted jet and boosted Wino/Bino
while the associated Wino/Bino is produced at relatively low pT . However as noted in
Section 4.1, associated squark-Wino/Bino production probes significantly lighter squark
masses than squark-gluino production. Consequently, multi-TeV leading jet pT and /ET

cuts are not as effective for background discrimination in squark-Wino/Bino production.
Instead, we find that hard /ET/

√
HT cuts are quite effective at reducing the tt+ jets and

vector boson + jets background without rejecting too many signal events.
In order to determine the projected reach for squark-Wino/Bino production at a

√
s =

100 TeV pp collider with 3 ab−1 integrated luminosity, we impose the following baseline
cuts:

pT (j1) > 2 TeV, /ET > 3 TeV, ∆φ(j, /ET ) > 0.5

where the ∆φ cut is imposed only on the two leading jets. We then scan over /ET/
√
HT

cuts for each spectrum to maximize σ as defined in (4.1).
Our focus is on spectra listed in Table 4.1 where at most one of the gaugino/Higgsino

mass parameters M1, M2, µ are . 1 TeV, such that the gauge eigenstates are approxi-
mately aligned with the mass eigenstates in the neutralino/chargino sectors. We omit the
“compressed” region mq̃ −mχ̃ < 1 TeV, as in this region the event topology of associated
squark-Wino/Bino production is similar to squark pair production, only with a substantially
smaller cross section. Assuming a systematic uncertainty of 10% for the signal normaliza-
tion, the results of the above analysis for the various spectra in Table 4.1 are depicted in
Figures 4.3-4.5.

Figure 4.3 shows the reach for squark-Wino production with a pure Wino LSP; the solid,
short-dashed, long-dashed lines correspond to background uncertainties of 1%, 2% and 3
%. In Figure 4.4 we show the reach for squark-Bino production with a pure Bino LSP. The
solid, short-dashed, long-dashed lines correspond to background systematic uncertainties
of 0.5%, 1% and 1.5%. Compared to squark-Wino production, the reach for squark-Bino
associated production is quite sensitive to background uncertainties. This is because the 5σ
contours for squark-Bino production correspond to significantly lower masses due to the
smaller production cross-section, resulting in lower optimal /ET/

√
HT cuts and thus larger

4In the MSSM, a gluino which is hierarchically heavier than the squarks requires fine-tuning of the soft
masses. This can be avoided however in a model with Dirac gluinos [93, 94].
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Figure 4.3: Experimental reach for squark-Wino LSP associated production at a 100 TeV
proton collider with 3 ab−1 integrated luminosity. The solid, long dashed and short dashed
lines are for 1, 2, 3% systematic uncertainty for the background respectively. Blue lines
indicate 5σ discovery reach and red lines indicate 95% exclusion limits. We do not consider
the grey shaded region (mq̃ −mW̃ < 1 TeV) for reasons given in the text. We assume 10%
systematic uncertainty for the signal.

backgrounds.
In Figure 4.5 we show the reach of the /ET/

√
HT based monojet analysis for squark-

Wino production with a Wino NLSP, with background uncertainties fixed to be 1%. The
green lines correspond to MNLSP − MLSP = 200 GeV, while the red lines correspond
to MLSP = 100 GeV. For comparison, the blue lines show the reach for squark-Wino
production when the Wino is the LSP. Away from the mq̃ ∼ mW̃ region the sensitivity is
lower for a Wino NLSP, as /ET is being traded for W,Z and higgs bosons arising from the
NLSP→ LSP decay. Note that the analysis considered here does not exploit the additional
SM bosons present in the Wino NLSP scenario. Thus the reach for the Wino NLSP scenario
depicted in Figure 4.5 applies regardless of whether the LSP is Bino-like or Higgsino-like.
Exploiting the additional SM bosons could extend the reach for the Wino NLSP scenario,
so the result presented here is a conservative estimate.

We close this section by comparing the results of Figures 4.3-4.5 to studies of pair
production at

√
s = 100 TeV. Given 3 ab−1 integrated luminosity, squark pair production

can discover squark masses up to 2.5 TeV [75] (assuming a conservative 20 % background
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Figure 4.4: Experimental reach for squark-Bino LSP associated production at a 100 TeV
proton collider with 3 ab−1 integrated luminosity. The solid, long dashed and short dashed
lines are for and 0.5, 1, 1.5% systematic uncertainty for the background respectively. Blue
lines indicate 5σ discovery reach and red lines indicate 95% exclusion limits. We do not
consider the region (mq̃ − mB̃ < 1 TeV) for reasons given in the text. We assume 10%
systematic uncertainty in the signal.

systematic uncertainty). In the pure Wino case, searches in VBF channels can discover
Winos up to 1.1 TeV [86]. Disappearing tracks can also provide a collider probe of pure
Wino LSP pair production. Extrapolating the disappearing tracks background from the 8
TeV ATLAS study [95], the projected reach is 2-3 TeV for pure Winos [79]. However,
the data-driven disappearing-track background at 100 TeV is difficult to estimate, making
this projected reach less reliable than the reach in the VBF channel or the reach depicted
in Figure 4.3. Finally, pair production of Wino NLSPs has been considered in [82, 83].
Assuming no systematic uncertainties, for a Higgsino LSP the projected discovery reach
is 2.3 TeV, while for a Bino LSP the reach is 1-3 TeV depending on the NLSP→ Z LSP
branching ratio. Comparing these reaches to Figures 4.3-4.5, we see that squark-Wino/Bino
associated production can provide a SUSY discovery mode provided the squark is not too
much heavier than the Wino/Bino.
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Figure 4.5: Experimental reach for squark-Wino associated production at a 100 TeV proton
collider with 3 ab−1 integrated luminosity. Solid lines indicate 5σ discovery reach, and
dotted lines indicate 95% exclusion limits. Blue curves correspond to a Wino LSP, while
the green (red) curves correspond to a Wino NLSP with MNLSP − MLSP = 200 GeV
(MLSP ∼ 100 GeV). The results are applicable for both Bino- and Higgsino-like LSP. We
do not consider the grey shaded region (mq̃ −mW̃ < 1 TeV) for reasons given in the text.
We assume 1% systematic uncertainty in the background and 10% in the signal.

4.4 Summary

We have examined in this chapter the kinematic reach for squark-gaugino associated pro-
duction at a 100 TeV proton proton collider. In models where squark pair production is
kinematically inaccessible at a 100 TeV collider, squark-gaugino associated production
may be the only possible channel for observing heavy squarks. This is of considerable im-
portance for compactified string models discussed in this thesis, which predict heavy & 20

TeV squark masses that are well out of reach of the LHC.
We have considered the various simplified models listed in Table 4.1. For squark-

gluino production with O(TeV) gluinos, the discovery reach for first-generation squarks
can be up to 37 TeV for compressed spectra (small gluino-LSP mass splitting), and up to
32 TeV for non-compressed spectra, subject to systematic uncertainties. For squark-Wino
LSP production, we have shown that the discovery reach for the Wino is almost 4 TeV for
squarks of∼ 7 TeV, subject to systematic uncertainties. For squark-Wino NLSP production
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we have analysed two scenarios: one where the NLSP-LSP mass difference is 200 GeV,
and one where the LSP mass is ∼ 100 GeV. In the first scenario, the Wino discovery reach
is about 3.5 TeV for squarks of ∼ 7 TeV. In the second scenario, the Wino reach extends
up to 6 TeV. Our results in the Wino-NLSP scenario are insensitive to the nature of the
LSP. For . 9 TeV squark masses, squark-Wino associated production marks a significant
increase in the Wino reach compared to pair production channels. We also consider squark-
Bino associated production, and find that the kinematic reach for the Bino is up to 1.7 TeV
for squarks of mass ∼ 5 TeV, subject to systematic uncertainties.

The results presented here raise the exciting prospect of directly probing a region of
parameter space that so far has been the exclusive domain of indirect searches through low-
energy FCNC observables. The squark-gaugino associated production channels studied
here, coupled with studies of Supersymmetry at 100 TeV colliders already undertaken [75,
81, 79, 78, 9, 82, 83, 84, 85, 86, 87], provide a strong physics case for the construction of
such a collider.

49



CHAPTER 5

Dark Sector Dark Matter in String
Compactifications

In Chapters 3 and 4, we focused primarily on collider physics as an experimental probe of
compactified string theories. This chapter instead focuses on dark matter and its implica-
tions for string-motivated models. Like Chapter 4, this chapter attempts to be as general
as possible regarding compactified string theories, and does not focus on any particular
model.

Apart from its existence (see e.g. [96]), the nature and non-gravitational interactions of
dark matter (DM) are still very uncertain. The most popular class of dark matter models
- Weakly Interacting Massive Particles (WIMPs) - rely on two key assumptions to repro-
duce the observed relic abundance (see e.g. [97]). First, WIMPs are assumed to annihilate
into Standard Model (SM) particles with an electroweak-scale cross section. Second, the
universe is usually assumed to be radiation dominated between the end of inflation and
matter-radiation equality. However, there are no clear indications that either of these as-
sumptions are valid. With regards to the former, large regions of WIMP parameter space
have been ruled out by various direct and indirect detection experiments. With regards to
the latter, the earliest evidence for a radiation dominated universe arises during Big Bang
Nucleosynthesis (BBN), which occurs at temperatures of order an MeV. The energy bud-
get of the Universe has not been probed for temperatures above that at the time of BBN.
Of course, it is still possible that dark matter is a simple WIMP, but because of the above
reasons it is well-motivated to go beyond the traditional WIMP paradigm, both in terms of
DM candidates as well as the production mechanisms for DM.

A well-motivated alternative to the standard “thermal” cosmological history mentioned
above is that of a non-thermal cosmological history, in which BBN is preceeded by a phase
of pressureless matter domination. A non-thermal cosmological history is naturally pre-
dicted by compactified string theories, as the moduli discussed in Chapters 1 and 2 signifi-
cantly influence early universe cosmology. When the Hubble parameter drops below mod-
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uli masses, moduli begin coherent oscillations and behave as pressure-less matter, domi-
nating the energy density of the universe until the longest-lived one (φ) decays to reheat
the universe. In these cosmological histories, an electroweak-scale Wino provides a nat-
ural candidate for SUSY dark matter, provided that the modulus dominated phase ends at
temperatures below a GeV or so [69, 98]. However, recent FERMI-LAT and HESS obser-
vations of Galactic Center photons have placed severe limits on Wino DM [59, 60]. If the
Wino is stable, satisfying these constraints in the cosmological histories mentioned above
requires a large hierarchy between the modulus and gravitino masses [59]. This hierarchy
is quite unnatural for a broad class of models in which moduli stabilization sets the scale of
Supersymmetry breaking [33, 65, 99, 100], such as the G2-MSSM model discussed in pre-
vious chapters. This conclusion also holds if the lightest superpartner is some more general
admixture of MSSM particles [101]. A simple way to avoid these constraints is to assume
that the lightest visible sector superpartner, hereafter referred to as the LOSP, is unstable.

Motivated by the above statements, this chapter provides a comprehensive study of
relic DM production in cosmological histories with a late phase of modulus domination.
To perform as general an analysis as possible, we go beyond the standard WIMP picture by
i). allowing for a wide range of DM masses and annihilation cross sections and ii). allowing
for the possibility that DM is in kinetic equilibrium with some sector other than the visible
sector. These two assumptions are well motivated in SUSY theories with an unstable LOSP,
but can also be true in general. If the LOSP decays, DM is not a visible sector particle; a
priori there is no reason to expect its DM mass or annihilation cross section to be near
the electroweak scale. Moreover, if the DM resides in a sector that couples weakly to
the visible sector, DM could be in kinetic equilibrium with a “dark sector” instead of the
thermal bath of visible sector particles.

The primary goal of this chapter is to classify production mechanisms for dark matter
particles that resides in a “dark sector”. This dark sector need not be in thermal equilibrium
with the visible sector, and must therefore be tracked seperately in the Boltzmann equa-
tions1. We will solve the relevant system of Boltzmann equations, and classify all potential
mechanisms for the production of relic DM into four different parametric regimes. This
will allow us to map out the viable regions of parameter space in the context of compact-
ified string theories. Much of this parameter space is excluded due to overproduction of
dark matter, illustrating the importance of dark matter constraints as a bottom-up input for
studying the string landscape. We then briefly discuss potential experimental signatures
of these DM models. Notably, there are a class of DM models in which the DM power

1We refer here to the Boltzmann equations which govern particle number density in an expanding uni-
verse, see e.g. [97].
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spectrum is sensitive to the linear growth of subhorizon DM density perturbations during
the modulus dominated era. This can lead to interesting astrophysical signatures, such as
an abundance of earth-mass (or smaller) DM microhalos which are far denser than their
counterparts in standard cosmologies [102].

This chapter is organized as follows. Section 5.1 provides an overview of the two-
sector cosmology analyzed here. Section 5.2 provides a classification of the DM produc-
tion mechanisms in this framework, and provides semi-analytic expressions for ΩDMh

2.
Section 5.3 maps out viable regions of parameter space for UV-motivated SUSY theories
such as the compactified string theories discussed in preceeding chapters. Section 5.4 de-
scribes the experimental consequences of these models. Section 5.5 presents a summary
of this chapter. Note that this chapter is largely based on work done with collaborators in
[11].

5.1 Overview of Two-Sectors - Models and Cosmology

The framework considered here consists of two sectors: a visible sector containing SM
(and perhaps MSSM) particles and a dark sector containing the DM. Both the visible and
dark sectors are assumed to have sufficient interactions such that thermal equilibrium is
separately maintained within the two sectors, whose temperatures are T and T ′ respectively.
We assume that there exist very weak portal interactions between the two sectors, so that T
and T ′ may not be equal to each other. Finally, we assume that the Universe is dominated by
the coherent oscillations of a modulus field φ at some time which is much earlier than when
BBN occurs2. The cosmological framework described above is depicted schematically in
Figure 5.1. The results of our work will be straightforward to reduce to the single sector
case, see the discussion in Section 5.2.5.

As denoted in Figure 5.1, the visible sector contains radiation degrees of freedom R,
comprised of relativistic particles in equilibrium with the SM bath at temperature T . We
also track the abundance of an unstable WIMP-like particle X which is in equilibrium with
the visible sector. X corresponds to the LOSP in the SUSY theories discussed in the in-
troduction. The dark sector is assumed to contain a stable DM candidate X ′, along with
dark radiation R′. “Dark radiation” refers to dark sector particles which are in thermal
equilibrium and are relativistic at a given dark sector temperature T ′. Henceforth, visible
(dark) sector quantities are denoted using unprimed (primed) variables. For simplicity and

2In general, there could be many moduli present in the early Universe. In this case, φ should be thought
of as the longest-lived modulus. DM produced from shorter-lived moduli will be diluted by entropy produc-
tion [56].
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Figure 5.1: Schematic representation of the Two-sector Framework under consideration.

concreteness, we assume that no DM asymmetry is present, so DM particles and antiparti-
cles need not be separately tracked in the Boltzmann equations. Relaxing this assumption
is worth exploring in future studies, see for example [101]. Finally we make the assump-
tion that MX , MX′ � mφ, which is naturally expected for the Supersymmetric theories
discussed in the introduction and in Section 5.3.

Before moving on to study the cosmological evolution of this system, it is worth men-
tioning that there are constraints on hidden sector relativistic degrees of freedom during
BBN and during recombination, through their contribution to the expansion rate of the
Universe. These constraints are typically presented in terms of the number of effective
extra neutrino species ∆Neff , which is related to the number of relativistic hidden sector
degrees of freedom g′∗(T

′) by:

∆Neff(TBBN) = 0.57 g′?(T
′
BBN) ξ4(TBBN), ∆Neff(TCMB) = 2.2 g′?(T

′
CMB) ξ4(TCMB)(5.1)

where TBBN ∼ 1 MeV, TCMB ∼ 1 eV and ξ(T ) ≡ (T ′/T )4. The current 95% CL bounds
are ∆Neff(TBBN) ≤ 1.44 [103] and ∆Neff(TCMB) ≤ 0.4 [104]. We will discuss the impli-
cations of these constraints for the two sector models considered here in Section 5.2.1.2.

5.1.1 Cosmological Evolution

The cosmology of the framework can be studied by writing down the Boltzmann equations
for the time evolution of the relevant quantities which comprise the total energy density
of the Universe. This includes the modulus energy density ρφ, the energy density arising
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from X and X ′ with number densities nX and nX′ respectively, and the energy densities of
radiation in the visible and dark sector, denoted by ρR and ρR′ respectively. The relevant
parameters in the Boltzmann equations turn out to be:

{TRH ,ΓX ,MX ,MX′ , 〈σ v〉, 〈σ v〉′, BX , BX′ , η, g∗(T ), g′∗(T
′)}. (5.2)

Here ΓX is the decay width of the unstable X particle, MX and MX′ denote the masses of
X and X ′ respectively, while 〈σ v〉 and 〈σ v〉′ denote the thermally averaged annihilation
cross-section of X and X ′ respectively. g∗(T ) and g′∗(T

′) are the relativistic degrees of
freedom in the visible and dark sectors at a given temperature T, T ′. The quantities BX and
BX′ denote the branching fractions of the modulus to X and X ′ respectively3. Given the
assumption MX , MX′ � mφ, η approximately denotes the fraction of the energy density
from the modulus going to dark radiation, with the remaining fraction (1 − η) going to
visible radiation. Finally, following established convention we define TRH in terms of the
decay width of the modulus Γφ as follows:

TRH ≡
√

ΓφMpl

(
45

4π3g∗(TRH)

)1/4

, (5.3)

whereMpl = 1.22×1019 GeV is the Planck scale, and g?(TRH) is the number of relativistic
degrees of freedom in the visible sector at TRH . We will discuss the physical intepretation
of TRH in Section 5.2.1.2.

A priori, the nine parameters in (5.2) can vary over a wide range of values, and could
affect the computation of the DM relic abundance in a variety of ways. However, we will
show that for ΓX > O(1)Γφ, the DM production mechanisms only depend on a subset of
the parameters in (5.2), in particular:

{TRH , Btot, mφ, η,MX′ , 〈σv〉′, g?(T ), g′?(T
′)}, (5.4)

where Btot ≡ BX + BX′ if X decays to X ′ and Btot ≡ BX′ if X does not decay to X ′.
Note that there is no dependence on parameters measuring the attributes of the LOSP X–
{ΓX ,MX , 〈σv〉}! Furthermore, as will be discussed in Section 5.3, the parameters TRH and
mφ are completely determined by the masses and couplings of the modulus φ. Thus these
parameters are insensitive to the details of the dark sector. In the forthcoming analysis, we

3Note thatBX also includes channels in which φ decays toX through intermediate states;BX′ is similarly
defined.
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find it useful to choose benchmark values for the following parameters:

Benchmark : TRH = 10 MeV, Btot = 0.1, mφ = 50 TeV, η = 0.1,

g?(T ) = 10.75, g′?(T
′) = 10.75 (5.5)

The theoretical motivation for these benchmark values will be clear from the discussion in
Section 5.3. With these parameters fixed, the DM abundance will depend only on MX′ and
〈σv〉′, and we will see that these can take a wide range of values for viable DM production
mechanisms. As mentioned above, for most of the analysis we take ΓX > Γφ since this is
naturally obtained if ΓX is not Planck suppressed. In Appendix D, however, we will briefly
discuss the case ΓX . Γφ.

The Boltzmann equations which describe this system are a natural generalization of
those which are applicable to a single sector framework within a modulus dominated Uni-
verse, as studied in [105, 106]. As pointed out in these papers, it is more convenient to
define dimensionless variables corresponding to the energy and number densities and also
to convert derivatives with respect to time to those with respect to the (dimensionless) scale
factor A ≡ a

aI
, with aI ≡ T−1

RH . Thus, following [105, 106] we define:

Φ ≡ ρφA
3

T 4
RH

, R ≡ ρR
A4

T 4
RH

, X ≡ nX
A3

T 3
RH

, R′ ≡ ρR′
A4

T 4
RH

, X ′ ≡ nX′
A3

T 3
RH

,

H̃ ≡
(

Φ +
R +R′

A
+
EX′X

′ + EXX

TRH

)1/2

. (5.6)

EX ≈ (M2
X + 3T 2)1/2 and EX′ ≈ (M2

X′ + 3T ′2)1/2 are the thermally averaged X , X ′

energies assuming that X and X ′ are in kinetic equilibrium. The Boltzmann equations in
terms of these comoving dimensionless variables are:

H̃
dΦ

dA
= − c1/2

ρ A1/2Φ

H̃
dR

dA
= c1/2

ρ A3/2
(
1− B̄

)
(1− η)Φ + c

1/2
1 Mpl

[
2EX 〈σv〉
A3/2

(
X2 −Xeq

2
)

+ A3/2Λ
〈
ΓRX
〉
X

]
H̃
dX

dA
=

c
1/2
ρ TRHBX

mφ

A1/2Φ + c
1/2
1

MplTRH
A5/2

〈σv〉
(
Xeq

2 −X2
)
− c

1/2
1 Mpl

TRH
2 A1/2X 〈ΓX〉 (5.7)

H̃
dX ′

dA
=

c
1/2
ρ TRHBX′

mφ

A1/2Φ + c
1/2
1 MplTRHA

−5/2 〈σv〉′
(
X ′eq

2 −X ′2
)

+
c

1/2
1 Mpl

TRH
2 A1/2X 〈ΓX〉

H̃
dR′

dA
= c1/2

ρ A3/2
(
1− B̄

)
ηΦ + c

1/2
1 Mpl

[
2EX′ 〈σv〉′

A3/2

(
X ′

2 −X ′eq
2
)

+ A3/2Λ
〈

ΓR
′

X

〉
X

]
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with cρ =
(
π2g∗(TRH)

30

)
, c1 = ( 3

8π
), Λ = (EX − EX′)/T 3

RH and

B̄ ≡ BXEX +BX′EX′

mφ

. (5.8)

Xeq and X ′eq are related to the X and X ′ equilibrium number densities via:

Xeq ≡
(

A

TRH

)3
gTMX

2

2π2
K2

(
MX

T

)
if MX � T,

(
A

TRH

)3
cξ ζ(3)T 3

π2
if MX � T,

(5.9)

where g counts the degrees of freedom of X and cξ = g (3g/4) for bosonic (fermionic) X .
X ′eq is given by (5.9) with primed variables replacing unprimed variables.

Note that we have assumed in (5.7) that X decays to X ′; we neglect X ′ + ... → X

inverse decays, as the dynamics which fix ΩX′ occur when T ′ .MX (see Section 5.2.2) at
which point inverse decays are exponentially suppressed. The thermally averaged X decay
rate is given by:

〈ΓX〉 = ΓX
K1(MX/T )

gXK2(MX/T )
, 〈ΓX〉

MX�T−−−−→ ΓX
gX

. (5.10)

where ΓX is the X decay rate in the X rest frame, and K1 and K2 are modified Bessel
functions of the second kind. The quantities

〈
ΓRX
〉

and
〈
ΓR
′

X

〉
are respectively the thermally

averaged partial widths for X → X ′R and X → X ′R′. In the remainder of this work,
we focus on the case where all X decay channels yield X ′ such that (5.7) is valid; this
corresponds to X and X ′ both being charged under the DM stabilization symmetry. It is
also possible for X to instead decay directly to visible radiation, as is the case for R-parity
violating SUSY models. In this case X and X ′ are essentially decoupled in the Boltzmann
equations, which significantly simplifies the analysis. In Section 5.2 we focus on the more
complicated case where X decays to X ′, and discuss how relaxing this assumption affects
our results.

The above differential equations are solved subject to the following initial conditions:

A = 1, Φ = ΦI =
3H2

I M
2
pl

8π T 4
RH

, R = 0, R′ = 0, X = 0, X ′ = 0 (5.11)

These initial conditions are somewhat unphysical as they imply ρR = ρR′ = 0 at A = 1.
However, at early times the visible and dark radiation energy densities are subdominant, so
this approximation is justified. HI is the initial value of the Hubble parameter which fixes
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the initial energy density of the modulus field, parameterized by ΦI . As we will see, in
most cases the DM relic abundance is largely insensitive to the initial condition ΦI .

5.2 Solution of the Boltzmann Equations and the Dark
Matter Abundance

Given the system of equations (5.7), it is possible to numerically solve it for various choices
of the parameters in (5.2). However, in order to get a good physical intuition of the qual-
itatively different mechanisms at play, it is advisable to study various approximate (semi)
analytic solutions which are applicable in different regions of the parameter space. We
carry out such an exercise in this section. In Appendix E, we compare our approximations
to the full numerical analysis and find very good agreement.

5.2.1 Useful Approximations

We now derive useful approximations which allow us to obtain semi-analytic expressions
for ΩDMh

2 in Section 5.2.2. To start with, it is worth noting that Φ remains constant until
H ∼ Γφ to a very good approximation. Thus in the following analysis we set H̃ = ΦI

1/2

throughout the period of modulus domination, considerably simplifying the Boltzmann
equations. Our strategy will be to use physically well-motivated approximations to first
solve for Φ, R, R′ and X , and then use these solutions to study the equation for X ′.

5.2.1.1 Approximate solutions for Φ, R and R′

Consider first the Boltzmann equation for Φ. With H̃ = Φ
1/2
I , it is straightforward to solve

for Φ:

Φ ≈ ΦI exp

[
−2

3

(
cρ
ΦI

)1/2

(A3/2 − 1)

]
. (5.12)

Thus, as expected, Φ remains approximately constant at ΦI , and only begins to decay
vigorously when the dimensionless scale factor satisfies A > A?, with

A? ≡

(
3

2

(
ΦI

cρ

)1/2

+ 1

)2/3

. (5.13)

Now consider the equations for R and R′. As can be seen from (5.7), in addition to the
modulus decay term these equations contain the X and X ′ annihilation terms as well as
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the X decay term. However, it turns out that for MX ,MX′ � mφ all these terms are quite

sub-dominant compared to the modulus decay term. This is because if MX , MX′ � mφ,
the energy densities ofX andX ′ are subdominant to ρφ during the modulus dominated era;
a more detailed argument for this is presented in Appendix C. Given this approximation,
the solutions to (5.7) do not depend on the branching fractions of X . Thus the approximate
solutions for R and R′ can be found readily by integrating the modulus decay term:

R(A) ≈
(
cρ
ΦI

)1/2

(1− η)

∫ A

1

(1− B̄)A′
3/2

Φ(A′) dA′; R′(A) ≈ η

1− η
R(A) (5.14)

Rfinal ≈ (1− η)(1−Beff) Γ

(
5

3

) [(
3

2

)2/3(
ΦI

cρ

)1/3

ΦI

]
; R′final ≈

η

1− η
Rfinal.

In the second line of (5.14), Rfinal represents the late time solution for R, i.e when the
scale factor A � A∗. Note that R ≈ Rfinal during the radiation dominated era. We have
approximated B̄ as

Beff ≡
BX

(
MX

2 + 3TD
2
)1/2

+BX′
(
MX′

2 + 3T ′D
2
)1/2

mφ

, (5.15)

where TD and T ′D approximately correspond to the temperatures at which the integrand (5.14)
peaks. These temperatures characterize the transition between modulus and radiation dom-
ination, and are defined more precisely in Section 5.2.1.2. To obtain the result above for
Rfinal, we have expanded the function obtained after the integration as a series expansion
in cρ

ΦI
with cρ

ΦI
� 1 and kept the leading term. This can be justified by taking ΦI as given

by (5.11), where HI is the Hubble parameter when the modulus φ starts dominating the
energy density of the Universe. Thus, for HI = γ Γφ with γ � 1,4 one finds cρ

ΦI
= 1

γ2 � 1.

5.2.1.2 Temperature-scale factor relation and the “maximum” temperature

The temperature of a system is measured by the radiation energy density, and the relation
between the two is given in general by:

T =

(
30

π2g∗(T )

)1/4
R1/4

a
=

(
30

π2g∗(T )

)1/4
R1/4

(A/TRH)
. (5.16)

In a radiation dominated Universe, it is well known that R1/4 = (ρ
1/4
R a) remains constant

with time, giving T ∝ a−1. However, the situation is different within a modulus dominated

4We expect γ � 1 because the modulus dominates the energy density of the universe when mφ & H �
Γφ.
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Universe since R1/4 does not remain constant with time. It can be shown that at early times
when T � TRH , Φ ≈ ΦI and the temperatures and scale factor are related approximately
by [105]:

T ≈
(

88

3355

)1/20(
g∗(Tmax)

g∗(T )

)1/4

Tmax

(
A−3/2 − A−4

)1/4
, (5.17)

where Tmax, the maximum temperature attained during modulus domination, is given by:

Tmax ≡ (1− η)1/4

(
3

8

)2/5(
5

π3

)1/8(
g∗(TRH)1/2

g∗(Tmax)

)1/4

(MplHIT
2
RH)1/4 . (5.18)

Thus, we see that the temperature has a more complicated dependence on the scale factor
compared to that in radiation domination. Using the fact that HI = γ Γφ with γ � 1, one
finds that Tmax ∼ γ1/4TRH . From (5.14) it is straightforward to relate the visible and dark
sector temperatures:

T ′ ≈
(

η g∗(T )

(1− η) g′∗(T
′)

)1/4

T =⇒ ξ ≡ T ′

T
≈
(

η g?(T )

(1− η)g′?(T
′)

)1/4

. (5.19)

Combining (5.18) and (5.19) gives T ′max for the dark sector. As mentioned in Section 5.1.1,
bounds on Neff at both TBBN ∼ 1 MeV and TCMB ∼ 1 eV constrain T ′BBN/TBBN and
T ′CMB/TCMB, which through (5.19) can be mapped into a constraint on η. Compar-
ing (5.19) with the Neff bound (5.1), we see that the resulting constraint on η is insensitive
to g′∗(T

′) assuming g′∗(T
′) 6= 0. Taking g∗(TBBN) = 10.75 and g∗(TCMB) = 3, the ∆Neff

constraints (5.1) imply η . 0.20 (BBN) and η . 0.06 (CMB).
In the presence of dark radiation, TRH as defined in (5.3) no longer corresponds to

the visible sector temperature when H = Γφ, assuming the modulus has completely de-
cayed (Φ = 0). Instead, we define the temperatures TD, T ′D as the visible and dark sector
temperatures when H

∣∣
Φ=0

= Γφ:

H
∣∣
Φ=0

=
(8π/3)1/2

Mpl

(ρR + ρR′)
1/2 =

(8π/3)1/2

Mpl

(
ρR

1− η

)1/2

= Γφ

⇒ TD ≈ TRH(1− η)1/4, T ′D ≈
(
g∗(TD)

g′∗(T
′
D)

)1/4

η1/4 TRH (5.20)

The bounds from Neff discussed above imply TD ≈ TRH . Hence, for simplicity we will set
g∗(TRH) = g∗(TD). It is also useful to compute the scale factor AD which corresponds to
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the temperature TD, T ′D. We computeAD by substituting T = TD andR = Rfinal in (5.16):

AD =
[
Γ(5/3) (3/2)2/3 (1−Beff)

]1/4(ΦI

cρ

)1/3

≈ 1.5(1−Beff)1/4

(
ΦI

g∗(TRH)

)1/3

(5.21)
From the definition of A? in (5.13), we see that A? ∼ AD.

We caution the reader that the definitions of TD, T ′D and AD established above are
limited in the following sense. The above expressions for TD, T ′D and AD were derived
from H = Γφ assuming that the universe has reached radiation domination, i.e. Φ = 0

and R = Rfinal, R
′ = R′final. However, modulus decay is a continuous process which

occurs when H ∼ Γφ, but does not have a well-defined start or end point. Upon solving the
Boltzmann equations, one finds that when H = Γφ, the modulus has not finished decaying
and the radiation dominated phase has not yet been reached (R 6= Rfinal). In the next
subsection we will verify this fact graphically, utilizing the full numerical solutions for Φ

and R (see Figure 5.2 below). Despite this ambiguity, we find TD, T ′D and AD to be useful
qualitative proxies for the temperature and scale factor at which the universe transitions
from the modulus dominated to radiation dominated era.

5.2.1.3 Approximate solution for X

Now consider the Boltzmann equation for X . Motivated by earlier statements, we are
interested in the case where X is a LOSP with weak scale mass and annihilation cross
section; thus Xeq will be exponentially suppressed for temperatures of a few GeV. In our
analysis, we will mostly consider the situation that the LOSP X decays before the modulus
(typically much before), i.e. ΓX > O(1)Γφ. Such a condition can be naturally achieved
since the modulus decays by Planck-suppressed operators. In Appendix D, we will briefly
consider the case where ΓX . Γφ.

In the Boltzmann equation for X ′, the X decay term grows like A1/2; thus we are
interested in the solution for X in the low temperature regimes where Xeq can be neglected
(this approximation is justified in Appendix D). With this approximation, the Boltzmann
equation for X can be written as:

dX

d logA
= −

(
X2

Xcrit

+
A3

Xcrit 〈σv〉
ΓX

gXT 3
RH

X

)
+

(
A3

Xcrit 〈σv〉
c

1/2
ρ BX

mφc
1/2
1 Mpl

Φ

)
, (5.22)

where Xcrit is the critical value required for annihilations to be efficient for a given value
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of the Hubble parameter. More precisely, Xcrit is given by:

Xcrit ≡ (nX)crit
A3

T 3
RH

=
HA3

〈σv〉T 3
RH

=
H̃A3/2

c
1/2
1 MplTRH 〈σv〉

. (5.23)

Now, if the processes for depletion of X (the first and second terms on the right hand
side of (5.22)) and the production of X (the third term in the right hand side of (5.22))
are larger than X itself, then these are each faster than the Hubble rate and one rapidly
reaches a situation where the two processes cancel each other, giving rise to what is known
as quasi-static equilibrium (QSE) [107]. The QSE solution is found by equating the right
hand side of (5.22) to zero:

XQSE =
ΓXA

3

2T 3
RHgX 〈σv〉

(1 +
4g2

XBXc
1/2
ρ ΦTRH

6 〈σv〉
c

1/2
1 A3mφMplΓ2

X

)1/2

− 1

 . (5.24)

Given the criteria described above (5.24), QSE occurs when:(
XQSE +

A3

〈σv〉
ΓX

gX T 3
RH

)
> Xcrit &

A3

〈σv〉

[(
c

1/2
ρ BX

c
1/2
1 mφMpl

) (
Φ

XQSE

)]
> Xcrit . (5.25)

Upon inspection, one finds that the QSE condition (5.25) is equivalent to the familiar con-
dition ΓX/gX > H . Thus, we see that as long as ΓX > gX Γφ, the QSE condition will be

satisfied during the modulus dominated era such that X ≈ XQSE for ΓX > gXH .

We can gain further insight into the QSE solution for X by rewriting (5.24) as:

XQSE =
ΓXA

3

2T 3
RHgX 〈σv〉

[(
1 +
〈σv〉
〈σv〉∗

)1/2

− 1

]
,

=⇒ XQSE ≈

(
gX bBXc

1/2
ρ T 3

RH

c
1/2
1 ΓXmφMpl

)
Φ ; b ≈

 1; 〈σv〉 � 〈σv〉∗
2
(
〈σv〉c
〈σv〉

)1/2

; 〈σv〉 � 〈σv〉∗
.(5.26)

Physically, the QSE solution forX occurs when moduli decay intoX , andX decay intoX ′,
balance one another; this explains the dependence of XQSE on Φ. In the above expression,
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Figure 5.2: Plots of the exact solutions for Y = Φ, R andX (normalized to their maximum
values) as functions of the scale factor A. We have taken HI = 1015Γφ, BX = 0.1,
〈σv〉 = 10−7 GeV−2 and ΓX = 10−5 GeV. All other parameters taken to their benchmark
values (5.5). The dashed vertical line represents the scale factor A = AD defined in (5.21),
which characterizes the transition between a modulus dominated and a radiation dominated
universe.

〈σv〉∗ is defined as:

〈σv〉∗ ≡
(

1

4g2
XBX

)(
A3

ΦI

)√
c1

cρ

(
MplmφΓX

2

T 6
RH

)
(5.27)

≈ 4.48× 1024 GeV−2 (5.28)

×
(

5

g2
X BX

)(
A

AD

)3 ( mφ

50 TeV

)(10 MeV

TRH

)6(
ΓX

10−5 GeV

)2(
10.75

g∗(TRH)

)3/2

.

Note that for the benchmark choice of parameters in (5.5), and ΓX not extremely small,
〈σv〉∗ is quite large (compared to a WIMP cross-section ∼ 10−7 − 10−10 GeV−2). We
expect the same qualitative conclusion as long as the portal coupling is not extremely tiny.
Thus for Supersymmetric models where X is the LOSP, we expect 〈σv〉 � 〈σv〉∗, and
hence b ≈ 1 in the QSE solution for X in the second line of (5.26).

Figure 5.2 shows a plot of the solutions for the values of Φ, R and X (normalized to
their maximum values) as functions of the scale factor A for the choice of benchmark
parameters as in (5.5). As can be seen from (5.12), (5.14) and (5.26), respectively, the
solutions for Φ, R and X do not depend on MX , MX′ or 〈σv〉′ to a good approximation.
Moreover the solution for X depends does not depend on 〈σv〉 for most models of interest
in which 〈σv〉 � 〈σv〉∗ as we have just discussed above.
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5.2.2 Classifying Production Mechanisms for Relic Dark Matter

We now move on to studying the main quantity of interest – the Boltzmann equation forX ′,
whose solution will give us the expression for the relic abundance ΩDMh

2 of dark matter
X ′ in terms of a subset of the parameters (5.2) appearing in the Boltzmann equations. More
precisely, the X ′ relic abundance is given by:

ΩDMh
2 =

ρX′(T
′
f )

ρR(Tf )

Tf
Tnow

ΩRh
2 = MX′

X ′(T ′f )

R(Tf )

AfTf
TnowTRH

ΩRh
2 . (5.29)

In the above expression, Tf is the temperature at any very late time in which the universe
has become radiation dominated (Tf � TD) and the X ′ comoving abundance has become
constant. The parameters Tnow ≈ 2.35 × 10−13 GeV and ΩRh

2 ≈ 4.17 × 10−5 are the
present day temperature and radiation relic density. TakingR(Tf ) ≈ Rfinal and using (5.16)
to relate Af and Tf , (5.29) can be written as:

ΩDMh
2 ≈ L−3/4

X ′(T ′f )

ΦI

MX′

Tnow

ΩRh
2, L ≡ (1− η)(1−Beff)Γ(5/3)

(
3

2

)2/3

(5.30)

In order to derive semi-analytic approximations for X ′(Tf ) and ΩDMh
2, we will solve the

Boltzmann equation for X ′ given the approximations stated in the previous sections. In the
following we will show that X ′(Tf ) ∝ ΦI , so ΩDMh

2 is insensitive to ΦI as mentioned
above.

Using the approximate solutions for Φ, R,R′ and X in (5.12), (5.14) and (5.26), re-
spectively, we can reduce the system of Boltzmann equations in (5.7) to a single ordinary
differential equation for the evolution of X ′:

dX ′

dA
≈ c

1/2
1 MplTRH 〈σv〉′A−5/2

H̃
(X ′eq

2−X ′2)+
c

1/2
1 A1/2

H̃

(
c

1/2
ρ TRHBX′

c
1/2
1 mφ

Φ +
ΓXMpl

gXT 2
RH

XQSE

)
(5.31)

where XQSE is defined in (5.26). Note that if X does not decay to X ′, the X ′QSE term in
(5.31) is absent. Using a similar definition for the critical annihilation for X ′ as was used
for X in (5.23), one can rewrite (5.31):

dX ′

d logA
≈ −

[
X ′2

X ′crit

]
+

[
X ′eq

2

X ′crit

+
A3

X ′crit 〈σv〉
′

(
c

1/2
ρ Btot

c
1/2
1 mφMpl

Φ

)]
(5.32)

X ′crit(A) ≡ HA3

〈σv〉′ T 3
RH

=
H̃A3/2

c
1/2
1 MplTRH 〈σv〉′

,
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where Btot ≡ BX + BX′ if X decays to X ′5, and Btot ≡ BX′ if X does not decay to X ′.
Just as for the case of X , if the processes of depletion of X ′ (first term on the right hand
side of (5.32)) and production of X ′ (second, third and fourth terms on the right hand side
of (5.32)) are each greater than X ′ itself, X ′ will rapidly reach a quasi-static equilibrium
(QSE) attractor solution such that terms on the right hand side of (5.32) cancel among
themselves:

X ′QSE(A) =

[
A3

〈σv〉′

(
c

1/2
ρ Btot

c
1/2
1 mφMpl

Φ

)
+X ′eq

2

]1/2

. (5.33)

Comparing (5.32) and (5.33), and using (5.26) for the QSE solution for X , we see that the
QSE conditions hold when:

X ′QSE > X ′crit . (5.34)

Note that in contrast to X for 〈ΓX〉 > Γφ, X ′ does not necessarily enter QSE during the

modulus dominated phase. One reason for this is that in contrast to X , which is assumed
to be a WIMP, we are exploring a much more general set of possibilities for the mass and
interactions of the DM particle X ′.

In order to understand better the broad possibilities that could arise for X ′, it is impor-
tant to find the conditions necessary for QSE to hold at A ≈ AD. If the QSE conditions
hold at A ≈ AD, then the positive contribution to X ′ from modulus decay is annihilated
away such that X maintains its QSE value. In this case, the final X ′ abundance is insensi-
tive6 to modulus decay parameters such as mφ and Btot. Conversely if QSE does not hold
at A ≈ AD, ΩX′h

2 will be sensitive to contributions from modulus decay, along with other
sources forX ′ production during the modulus dominated era. Comparing (5.32) and (5.33),
we see that requiring X ′QSE(AD) > X ′crit(AD) places a lower bound on 〈σv〉′. Keeping the
above statements in mind, it is useful to define a critical annihilation cross section such that
X ′QSE = X ′crit at A = AD, to delineate the various possibilities:

〈σv〉′c ≡

(
c

1/2
Γ

c1Btot

)(
mφ

T 2
RHMpl

)
; MX′ � T ′D (5.35)

〈σv〉′c ≡

(
π2 c

−1/2
Γ

θ g′ ζ(3)

(
2

3

)1/4
1

Γ(5/3)3/8

)(
g′∗(T

′
D)

g∗(TD) η

)3/4
1

TRHMpl

; MX′ � T ′D

≈ 2.35

(
3.0

θ g

)(
g′?(T

′
D)

η

)3/4(
10.75

g?(TRH)

)1/4
1

TRHMpl

(5.36)

5Note that as discussed below (5.27), 〈σv〉 � 〈σv〉∗ for most models whereX is a LOSP, for which b ≈ 1
from (5.26). Therefore, we have used the expression for XQSE with b ≈ 1 in (5.32).

6Modulo logarithmic sensitivity, as will be discusssed in Section 5.2.3.1.
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where we have approximated H̃ ≈ ΦI at A = AD. In the above expressions, cΓ ≡(
45

4π3 g?(TRH)

)
, g′ is the degrees of freedom of X ′, and θ = 1 (3/4) for bosonic (fermionic)

X ′. The above expressions were obtained by taking X ′eq → 0 in the MX′ � T ′D case and
X ′QSE = X ′eq in the MX′ � T ′D case.

In the following sections, we will classify production mechanisms for X ′ according to
whether or not 〈σv〉′ |T ′=T ′D > 〈σv〉′c, or equivalently whether or not X ′ annihilations are
efficient at T ′D. To simplifiy the following analysis, we will assume that 〈σv〉′ is temperature

independent. The generalization of our results to temperature dependent 〈σv〉′ is presented
in Appendix F.

5.2.3 Efficient Annihilation at T ′D: 〈σv〉′ > 〈σv〉′c
If 〈σv〉′ > 〈σv〉′c, X ′ tracks its QSE value until X ′QSE drops below X ′crit at A & AD.
When X ′QSE drops below X ′crit, annihilations are no longer efficient and the comoving
X ′ abundance becomes constant. The dynamics of this process, along with the resulting
parametrics for ΩX′ , depends on whether or not the freeze-out temperature for X ′, T̂ ′FO, is
larger than T ′D. Here T̂ ′FO is the X ′ freeze-out temperature, which is computed assuming
a radiation dominated universe (5.39). If T̂ ′FO > T ′D we can neglect X ′eq in X ′QSE for
T ∼ TD; in this case X ′QSE ∝ Φ1/2, and X ′QSE drops below X ′crit when the modulus decays
at T ′ ∼ T ′D. If instead T ′D > T̂ ′FO, X ′ remains in thermal equilibrium during the onset of
radiation domination (X ′QSE ≈ X ′eq for T ′ . T ′D). In this case the X ′ relic abundance is
determined by the standard freeze-out mechanism.

5.2.3.1 Non-relativistic quasi-static equilibrium

First consider the case where T̂ ′FO > T ′D such that X ′eq can be neglected for T ′ & T ′D.
Assuming 〈σv〉′ > 〈σv〉′c, X ′ tracks X ′QSE ∝ Φ1/2 until A & AD, after which the ratio
X ′QSE/X

′
crit begins to drop exponentially due to the decay of Φ according to (5.12). The

final X ′ value is given by X ′QSE(Ac), where Ac is determined by solving the transcendental
equation:

X ′QSE(Ac) =
1

κ
X ′crit(Ac)⇒

(
Φ

H̃2

) ∣∣∣∣∣
Ac

=
〈σv〉′c
κ2 〈σv〉′

log
[
Ãc

]
=

2

3
c1/2
ρ

[
Ãc

]3/2

+ log

[(
3

2

)2/3
Γ(5/3)

cρ1/3

]
− log

[(
κ2 〈σv〉′

〈σv〉′c
− 1

)]
.(5.37)
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Figure 5.3: Plot of the exact solution of the Boltzmann equations for X ′ (normalized to
its maximum value) as a function of the scale factor A corresponding to the QSEnr mech-
anism. We have taken HI = 1015Γφ, 〈σv〉′ = 10−6 GeV−2 and MX′ = 10 GeV, with
all other parameters set to the benchmark values (5.5). We have also plotted X ′crit (5.32)
and X ′QSE (5.33). The horizontal dashed line corresponding to A = Ac is determined by
solving the transcendental equation (5.37) for Ac.

We have defined Ãc ≡ Ac ΦI
1/3 and have used the approximation R(Ac) ≈ Rfinal. Taking

κ ≈ 2 gives close agreement with the full numerical result. We denote the above mecha-
nism for DM production as QSEnr.

Upon solving (5.37) for Ãc, it is straightforward to compute ΩDMh
2 using (5.30) with

X ′(T ′f ) = κ−1X ′crit(Ac):

Ωh2 [QSEnr] ≈
B

1/2
tot

L3/4c
1/4
Γ

Ã
3/2
c exp

(
−1

3
c
−1/2
ρ Ã

3/2
c

)
(Mplmφ 〈σv〉′)1/2

[
MX′

Tnow

] [
ΩRh

2
]

(5.38)

≈

[
(Γ(5

3
) (3

2
)2/3)1/2

κ c
1/6
ρ c

1/2
1 L3/4

][
Ãc

MX′Mpl 〈σv〉′
MX′

TRH

][
MX′

Tnow

] [
ΩRh

2
]
.

In the above, we have made the approximation e−
2
3

[
cρ
ΦI

]1/2

≈ 1, see discussion below (5.12).
Also, in the second line, we have used (5.37) to get rid of the exponential factor in the first
line. The factor Ãc in the numerator depends logarithmically on both 〈σv〉′ and 〈σv〉′c.

5.2.3.2 Standard freezeout during radiation domination

Now consider the case where T̂ ′FO < T ′D with 〈σv〉′ > 〈σv〉′c. Then, as discussed above,
X ′QSE(T ′D) ≈ X ′eq(T ′D), which implies that X ′ is in thermal equilibrium at T ′ ≈ T ′D and
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freezes out at some T̂ ′FO < T ′D when X ′eq drops below X ′crit. The universe is radiation

dominated for T ′ . T ′D; thus theX ′ relic abundance is determined by the standard thermal

freeze-out mechanism. Furthermore, there are two possible sub cases - i) non-relativistic
freezeout during radiation domination when T ′D > M ′

X > T̂ ′FO, which we denote as FOrad
nr ,

and ii) relativistic freezeout when T ′D > T̂ ′FO > MX′ , which we denote as FOrad
r . The relic

abundance in the two cases are given by (5.29) with Tf = T̂FO, T ′f = T̂ ′FO and ρX′(T̂ ′FO)

determined by the standard freeze-out calculation. Specifically, ρX′(T̂ ′FO) = ρX′eq
(T̂ ′FO),

where T̂ ′FO is defined by n′eq(T ′FO) ≡ H/ 〈σv〉′. Assuming non-relativistic freeze-out, T̂ ′FO
is given by solving the transcendental equation:

x̂′F ≡
MX′

T ′FO
= log

(
3

8π3

√
10 η

g′∗(T
′
FO)
〈σv〉′ g′MX′Mpl(x̂

′
F )1/2

)
(5.39)

and the resulting relic abundance is given by:

Ωh2 [FOrad
nr ]

ΩR h2
≈

[
4
√

5η1/4

√
π (1− η)3/4

] [
1

g∗(TFO)g′∗(T
′
FO)

]1/4 [
x̂′F

TnowMpl 〈σv〉′
]
.(5.40)

If instead x̂′F . 3, X ′ freeze-out occurs relativistically, and:

Ωh2 [FOrad
r ]

ΩR h2
≈

[
30 ζ(3)

π4

] [
ηg∗(TFO)

(1− η) g′∗(T
′
FO)

]3/4 [
cξ

g?(TFO)

] [
MX′

Tnow

]
(5.41)

where cξ = g′ (3g′/4) for bosons (fermions).
Note that although the mechanism for DM production discussed here is standard ther-

mal freezeout, the relevant parametric region is very different compared to that of usual

thermal WIMP freezeout. In particular, here T̂ ′FO is smaller than T ′D ≈ TRH (η)1/4
(
g?(TD)
g′?(T ′D)

)1/4

.

(0.1 − 0.5)TRH for reasonable choices of parameters. This implies that MX′ < x̂′FT
′
D .

10 × TRH . Furthermore, for the cosmological scenarios described in the introduction and
in Section 5.3, one expects TRH to be in the range: few MeV . TRH . 100 MeV. Thus,

the DM in this case is much lighter than a typical electroweak-scale WIMP, even if the un-

derlying mechanism is non-relativistic freezeout during radiation domination (FOrad
nr ). On

the other hand, DM undergoing relativistic thermal freezeout in the dark sector (FOrad
r ) is

qualitatively similar to the case of neutrino decoupling in the visible sector. We reiterate
that in all other regions of MX′ and 〈σv〉′ parameter space, the standard thermal freeze-out
calculation will not be valid.
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5.2.4 Inefficient Annihilation at T ′D: 〈σv〉′ < 〈σv〉′c
We now consider the case where 〈σv〉′ < 〈σv〉′c such that X ′ is not in QSE for T &

TD. In contrast to the previous case, the X ′ relic abundance will be sensitive to both
early-time X ′ production during the modulus dominated era and the modulus branching
ratio Btot. Because the annihilation rate Γ(X ′) ∼ n2

X′ 〈σv〉
′ is much smaller than the

Hubble parameter for T ′ & T ′D, the X ′2 term in (5.31) can be neglected for T ′ & T ′D. The
Boltzmann equation for X ′ becomes linear in this limit, and the contributions to ΩDM can
be separated into two sources:

ΩDM h2 = Ωann h
2 + Ωdecay h

2. (5.42)

The first term, Ωdecay h
2, is the contribution from modulus and X decays. This term can

be computed by taking H̃ = ΦI
1/2 and integrating the second term in the RHS of (5.31) to

A = Af � A∗. Taking exp(−2c
1/2
ρ /3ΦI

1/2) ≈ 1, equation (5.30) gives:

Ωdecay h
2 ≈ L−3/4

[
Btot

TRH
mφ

]
MX′

Tnow

[
ΩR h

2
]

(5.43)

On the other hand, as the name suggests, Ωann h
2 parameterizes contributions to X ′ pro-

duction which arise from the annihilation term in (5.31). This has been discussed in [105]
in models with a single sector. There are two qualitatively different cases regarding the
parameterics of Ωann h

2.
The first case arises when the DM particle X ′ attains equilibrium at high temperatures

(but 〈σv〉′ is still smaller than 〈σv〉′c) and freezes out during modulus domination; hence
T ′max > T ′FO > T ′D. Here T ′FO is the X ′ freeze-out temperature computed assuming a mod-

ulus dominated universe (5.44). Now, one might naively think that both non-relativistic
and relativistic thermal freezeout may be possible during modulus domination, just as they
are during radiation domination (see section 5.2.3.2). However, as noted in [105], relativis-
tic freeze-out cannot occur during modulus domination if 〈σv〉′ ∝ (T ′)n with n < 6. To
see this, note that the term in (5.32) corresponding to R′R′ → X ′X ′ inverse annihilations
scales like X ′eq

2 〈σv〉′ /X ′crit ∝ (T ′)(−6+n) when X ′ is relativistic. Thus if X ′ decouples
from the thermal bath of dark radiation while relativistic at some temperature T ′dec, the X ′

comoving abundance will continue to grow for T ′ < T ′dec due to inverse annihilations, pro-
vided n < 6. In this work we will only consider n < 6; thus for the models considered here,
freeze-out during modulus domination occurs only if T ′max > T ′FO > T ′D and MX′ > T ′FO.

The second case arises when T ′FO > T ′max > T ′D (X ′ never reaches equilibrium) or
when T ′max > T ′FO > MX′ (X ′ decouples while relativistic). In this case, it turns out that
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Figure 5.4: Plot of the exact solution for X ′ (normalized to its maximum value) as a
function of the scale factor A corresponding to the FOmod

nr mechanism. We have taken
HI = 1015Γφ, 〈σv〉′ = 10−6 GeV−2, MX′ = 10 GeV as in Figure 5.3, but have instead
chosen Btot = 0 so that the QSE condition is not satisfied, see (5.35). All other parame-
ters set to benchmark values (5.5). For comparison we have also plotted the comoving X ′

equilibrium number density X ′eq.

the contribution to DM abundance comes predominantly from inverse annihilations via
R′R′ → X ′X ′, as will be seen shortly.

5.2.4.1 Non-relativistic freezeout during modulus domination

Let us first consider the case where X ′ reaches chemical equilibrium and then under-
goes freeze-out during modulus domination (T ′max > T ′FO > T ′D). From the arguments
above, we note that freezeout can only occur when DM is non-relativistic, hence we de-
note this mechanism as FOmod

nr . The X ′ freezeout temperature, defined as T ′FO such that
neq
X′(T

′
FO) 〈σv〉 ≡ H(T ′FO), is given by solving the following transcendental equation for

x′F ≡
MX′
T ′FO

:

x′F = ln

[(
3

2
√

10π3

)(
g′g∗(TRH)1/2

g′∗(T
′
FO)

)(
Mpl

MX′

)
[T 2
RH 〈σv〉

′] η x′F
5/2

]
(5.44)

where x′F ≡
MX′
T ′FO

. Note that the above equation, and hence the parameters T ′FO and x′F , are

valid only if T ′max > T ′FO > T ′D and MX′ > T ′FO, i.e. 1 < x′F <
(
MX′
T ′D

)
.
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Then Ωannh
2 is given by (5.30) with X ′(Tf ) = X ′eq(T ′FO):

Ωann h
2 [FOmod

nr ]

ΩR h2
≈
[

8 η√
5π L3/4

] [
g∗(TRH)1/2

g′∗(T
′
FO)

] [
TRH
MX′

]3 [
x′F

4

TnowMpl 〈σv〉′
]

(5.45)

where x′F is the solution of (5.44). From (5.44), it can be seen that the condition x′F > 1 is
equivalent to 〈σv〉′ > 〈σv〉′0 or MX′ < M0 where:

〈σv〉′0 (MX′) ≡

[
2e
√

10π3

3

] [
g′∗(T

′
FO)

g′g∗(TRH)1/2

] [
MX′

Mpl T 2
RH η

]
M0 (〈σv〉′) ≡

[
3

2e
√

10π3

] [
g′g∗(TRH)1/2

g′∗(T
′
FO)

] [
MplT

2
RH 〈σv〉

′ η
]

(5.46)

In addition, x′F must be smaller than MX′/T
′
D, which puts an additional constraint on the

parameters. Thus the parameter space for viable FOmod
nr is rather limited, as we will show

in Section 5.3.

5.2.4.2 Non-relativistic and relativistic inverse annihilation

Finally, let us consider the situation when one of the conditions in the previous subsection,
i.e. T ′max > T ′FO > T ′D or MX′ > T ′FO, is not satisfied. In this case, X ′ is instead populated
by R′R′ → X ′X ′ inverse annihilations. This occurs if X ′ never reaches equilibrium for
T ′ < T ′max, or if X ′ decouples from the thermal bath while relativistic. In either case
X ′2 � X ′eq

2 for T ′ . MX′ , allowing us to neglect the X ′2 term in (5.31). Integrating the
first term on the right hand side of (5.31) from A = A0 ≡ (8/3)2/5 to some scale factor
A = Af , one gets7:

X ′(Af ) ≈ c
1/2
1 Mpl 〈σv〉′ TRH−5

∫ Af

A0

dA
A7/2 n′eq

2

H̃
. (5.47)

While X ′ is relativistic, the integrand of (5.47) grows like A5/4 in the modulus dominated
phase (H̃ ≈ ΦI

1/2) and falls like A−3 in the radiation dominated phase (H̃ ≈
√
R/A).

Thus if MX′ > T ′D, X ′ production occurs predominantly when X ′ first becomes non-
relativistic, while if MX′ < TD′ X

′ production occurs predominantly at the transition be-
tween modulus domination and radiation domination.

In either case the important dynamics for X ′ production approximately occurs during

7A0 corresponds to the scale factor at which T = Tmax, see (5.18).
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Figure 5.5: Plot of the exact solution of the Boltzmann equations for X ′ (normalized to
its maximum value) as a function of the scale factor A corresponding to the IAnr and
IAr mechanisms. We have chosen 〈σv〉′ = 10−16 GeV−2, MX′ = 10 GeV for IAnr, and
〈σv〉′ = 10−16 GeV−2, MX′ = 10−4 GeV for IAr, with Btot = 0 and HI = 1015Γφ; all
other parameters taken to their benchmark values (5.5).

modulus domination; thus taking H̃ ≈ ΦI
1/2 we can use (5.17) to rewrite (5.47) as:

X ′(T ′f ) ≈ η3

[
192

(125π7)1/2

] [
g?

3/2(TRH)

g′?
3(T ′?)

] [
TRH

7Mpl 〈σv〉′ ΦI

M12
X′

] ∫ MX′
T ′
f

MX′
T ′max

dx′ x′
11
n′eq

2
,

(5.48)
where we have defined x′ ≡ MX′/T

′. Here T ′∗ is defined as the temperature at which
the integrand of

∫
dx′x′11n′eq

2 is peaked, and T ′f is a temperature chosen such that X ′(T ′)
is essentially constant for T ′ < T ′f . For relativistic X ′, the integrand of (5.47) peaks at
T ′ ≈ T ′D/1.75. Thus we will henceforth take T ′f ≈ T ′D/1.75, though if MX′ � T ′D the
integrand of (5.47), (5.48) falls rapidly well before T ′f .

The evaluation of the integral in (5.48) is different in different regimes. If MX′ > T ′D,
we can evaluate (5.48) assuming X ′ satisfies Maxwell-Boltzmann statistics. The integral
in (5.48) can then be expressed as:

∫ MX′
T ′
f

MX′
T ′max

dx′x′
11
n′eq

2
=
g′2M6

X′

4π4

∫ MX′
T ′
f

MX′
T ′max

dx′x′
9
K2(x′)2 . (5.49)

The function x′9K2(x′)2 peaks at x′? ≈ 3.6, corresponding to T ′∗ ≈ 0.28MX′ . Thus the
maximum X ′ production takes place when X ′ is non-relativistic, justifying our assumption
of Maxwell-Boltzmann statistics. Finally, if MX′

T ′max
> x′?, then (5.49) will be exponentially
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suppressed, in particular by exp(−2MX′/T
′
max). We denote the above mechanism of DM

production via non-relativistic inverse annihilations as IAnr. We remind the reader that for
MX′ > TD′ , (5.48) is valid if T ′FO > T ′max or if T ′FO > MX′ where T ′FO is given by (5.44);
otherwise Ωannh

2 is determined by non-relativistic freeze-out during modulus domination
as described in Section 5.2.4.1.

What happens when MX′ < T ′D? In this case, X ′ production peaks when X ′ is rela-
tivistic at T ′∗ = T ′D/1.75, and Fermi-Dirac or Bose-Einstein statistics must be taken into
account. The integral in (5.49) can then be expressed as:

∫ MX′
T ′
f

MX′
T ′max

dx′x′
11
n′eq

2
=
ζ(3)2cξ

2MX′
6

π4

∫ MX′
T ′
f

MX′
T ′max

dx′x′
5 ≈ 1.756 ζ(3)2cξ

2MX′
12

6π4T ′D
6 (5.50)

where again cξ = g′ (3g′/4) for bosons (fermions). We denote the above mechanism of
DM production via relativistic inverse annihilations as IAr.

Given (5.30) and (5.48)-(5.50), the relic abundance from inverse annihilations can be
readily computed:

Ωann h
2 [IAnr]

ΩR h2
≈
[

48 g′2 χ η3

1251/2π15/2 L3/4

] [
g?

3/2(TRH)

g′?
3(T ′?)

] [(
TRH
MX′

)7
MplMX′

2 〈σv〉′

Tnow

]
(5.51)

Ωann h
2 [IAr]

ΩR h2
≈
[

32 cξ
2 ζ(3)2 (1.75)6

1251/2π15/2 L3/4

] [
η3/2

g′?
3/2(T ′D)

] [(
TRH
MX′

)
MplMX′

2 〈σv〉′

Tnow

]
(5.52)

where χ ≡
∫ MX′

T ′
D

MX′
T ′max

dx′x′9K2(x′)2 and we have taken g∗(TD) = g∗(TRH) and g′∗(T
′
D) =

g′∗(T
′
f ) in (5.52). Of all the production mechanisms we have studied, the only scenario

where the X ′ relic abundance depends on T ′max is IAnr in the case where MX′ > T ′max.
Note that we have assumed above that 〈σv〉′ is independent of temperature. For the

QSEnr, FOrad
nr , FOmod

nr and IAnr, the processes which determine the DM relic abundance
occur when X ′ is non-relativistic. Thus for these mechanisms, a temperature-independent
〈σv〉′ is typically a good assumption for s-wave annihilation (p-wave annihilations are con-
sidered in Appendix F). However for IAr, the relevant process responsible for the DM
abundance (inverse annihilation) takes place when X ′ is relativistic8. Since IAr requires
〈σv〉′ < 〈σv〉′c, it is expected that 〈σv〉′ in this case is schematically given by 〈σv〉′ = Tn

Λn+2

for some heavy mediator scale Λ and positive integer n. The temperature-independent
〈σv〉′ case studied here corresponds to n = 0. Another well motivated case is n = 2,

8The process responsible for DM abundance for FOrad
r does take place when X ′ is relativistic, but in this

case the DM abundance is independent of 〈σv〉′, see (5.41).
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corresponding to fermionic X ′ annihilating via a heavy bosonic mediator. We consider this
possibility in Appendix F, and show that the n = 2 case can be recovered from (5.52) by
making the replacement 〈σv〉′ → 0.17× T ′D

2/Λ4.

5.2.5 Summary of Results

DM Production Mechanism Parametric Region

I. Efficient Ann. at T ′D A. Non-Relativistic QSE MX′ > x̂′FT
′
D

[QSEnr]
〈σv〉′ > 〈σv〉′c

B. FO During Radiation Domination MX′ < x̂′FT
′
D

[FOrad
nr &FOrad

r ]

II. Inefficient Ann. at T ′D A.
FO During Matter Domination + {T ′max,MX′} > T ′FO > T ′D

Modulus Decay
[
〈σv〉′ > 〈σv〉′0

]
[FOmod

nr ]

〈σv〉′ < 〈σv〉′c
B.

Inverse Ann. (R′R′ → X ′X ′) +

Modulus Decay IIA condition not satisfied

[IAnr & IAr]
[
〈σv〉′ < 〈σv〉′0

]
Table 5.1: Summary of the different parametric regimes for ΩDMh

2 as discussed in Sec-
tion 5.2.2. The quantity 〈σv〉′c is defined in (5.35) and 〈σv〉′0 in (5.46). The temperatures
T ′max is defined in (5.18), T ′D in (5.20), and T ′FO above (5.44).

In this section, we summarize the results of this section for the benefit of the reader.
There are four qualitatively distinct parametric regimes for ΩDMh

2 in the framework con-
sidered. These different regimes are summarized in Table 5.1; 〈σv〉′ is defined in (5.35),
T ′D is defined in (5.20), and Tmax is defined in (5.18). The quanitites T̂ ′FO and T ′FO are re-
spectively the X ′ freezeout temperatures during radiation domination (5.39) and modulus
domination (5.44). Here we briefly review the parametrics for ΩDMh

2 in these different
regimes, and collect the semi-analytic expressions for ΩDMh

2 derived earlier. In the fol-
lowing expressions we will set g∗(TRH) = g∗(TD) = 10.75, which is the SM value for
g∗(T ) at T ∼ 10 MeV. We also assume a fermionic DM candidate and set g′ = 2. Note that
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the various mechanisms are valid in different parameteric regions; this is reflected in the
different fiducial values for MX′ and 〈σv〉′ chosen in the expressions below. In Appendix E
we compare our approximate expressions with numerical solutions to the Boltzmann equa-
tions (5.7) and find close agreement.

• I.A: Non-Relativistic QSE (QSEnr):
DM annihilations are large enough to drive X ′ to its quasi-static equilibrium (QSE)
value until T ′ is close to T ′D, soon after which QSE is lost and the comoving DM
abundance becomes constant. The relic abundance in this regime is given by (5.38):

Ωh2 [QSEnr] ≈ 5.2× (1− η)−3/4

(
Ãc
3

)(
MX′

10 GeV

)(
10 MeV

TRH

)(
10−8 GeV−2

〈σv〉′
)

Ãc is defined below (5.37), and lies in the range : 1 . Ãc . 5 for 〈σv〉′c . 〈σv〉
′ .

105 〈σv〉′c. QSEnr is the precise generalization of the “non-thermal WIMP miracle”

studied in [69, 98], and also captures the sub-dominant logarithmic dependence on

〈σv〉′ and 〈σv〉′c via Ãc which was not considered in [69, 98].

• I.B: Freeze-out during radiation domination (FOrad
nr &FOrad

r ):
X ′ tracks its equilibrium value until after T ′ ≈ T ′D, and freezes-out after the modulus
decays and the Universe becomes radiation dominated. Both non-relativistic (FOrad

nr )
and relativistic (FOrad

r ) thermal freezeout are possible. FOrad
nr is the dark sector

analogue of standard WIMP freeze-out during radiation domination, while FOrad
r

is the dark analogue of neutrino decoupling in the visible sector. This mechanism
occurs only for MX′ . T ′D; see Table 5.1. The relic abundances are given by (5.40)
and (5.41):

Ωh2 [FOrad
nr ] ≈ 0.13×

(
η

(1− η)3 g∗(T̂F )g′∗(T̂
′
F )

)1/4(
x̂′F

17.5

)(
10−8 GeV−2

〈σv〉′
)

Ωh2 [FOrad
r ] ≈ 100×

(
η3

(1− η)3 g∗(T̂F )g′∗(T̂
′
F )3

)1/4(
MX′

1 KeV

)

x̂′F is defined in (5.39) and captures the standard logarithmic sensitivity to 〈σv〉′ for
thermal freezeout.

• II.A: Freeze-out during modulus domination and production from modulus de-
cay (FOmod

nr ):
X ′ reaches its equilibrium value and then freezes out during the modulus dominated
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phase. After freeze-out, modulus decay continues to populate X ′ until T . TD.
As discussed in Section 5.2.4, non-relativistic freeze-out during modulus domination
occurs only if T ′max > T ′FO > T ′D and MX′ > T ′FO. This implies 1 < x′F <

MX′
T ′D

, and
〈σv〉′0 < 〈σv〉

′ < 〈σv〉′c where 〈σv〉′0 is given in (5.46). The relic abundance is given
by ΩDM h2 = Ωdecay h

2 +Ωann h
2 where Ωdecay h

2 and Ωann h
2 are given respectively

by (5.43) and (5.45) :

Ωdecay h
2 ≈ 0.31×

(
Btot

(1− η)3/4

)(
MX′

10 MeV

)(
TRH

10 MeV

)(
50 TeV

mφ

)

Ωann h
2 [FOmod

nr ] ≈

(
1.1× 10−6 η

g′∗(T
′
FO) (1− η)3/4

)(
x′F
19

)4(
TRH

10 MeV

)3(
10 GeV

MX′

)3(
10−8 GeV−2

〈σv〉′
)

x′F is defined in (5.44) and is logarithmically sensitive to 〈σv〉′.

• II.B: Inverse annihilation and production from modulus decay (IAnr & IAr):
X ′ does not undergo freezeout during modulus domination. DM production takes
place predominantly by inverse annihilations as well as production from modulus
decay. Specifically, ΩDM h2 = Ωdecay h

2 + Ωann h
2 where Ωdecay h

2 is given above,
while Ωann h

2 gets contributions from inverse annihilations. There are two different
parametrics for Ωann h

2 depending on whether MX′ > T ′D or vice versa.

(i) MX′ > T ′D: The inverse annihilation contribution peaks at T ′∗ ≈ 0.28MX′ and:

Ωann h
2[IAnr] ≈

(
6.2× 10−7 η3

(1− η)3/4g′∗(T
′
∗)

3

)( χ

292

)( TRH
10 MeV

)7(
10 GeV

MX′

)5( 〈σv〉′

10−16 GeV−2

)
where χ is defined below (5.52). To a good approximation, χ ≈ 292 if T ′max > T ′∗ >

T ′D. On the other hand, if T ′∗ > T ′max (MX′ is very large), χ will become suppressed
by a factor of exp(−2MX′/T

′
max).

ii) MX′ < TD′: The inverse annihilation contribution peaks at T ′∗ ≈ T ′D/1.75, and:

Ωann h
2 [IAr] ≈ 95×

(
η3/2

(1− η)3/4g′∗(T
′
D)3/2

)(
TRH

10 MeV

)(
MX′

1 KeV

)(
〈σv〉′

10−16 GeV−2

)

5.2.5.1 Reducing to a Single Sector

Though the results derived in this Section assume a two-sector cosmology as described in
Section 5.1, it is straightforward to reduce these expressions to the single sector case. To

75



see this, we define a temperature T 0 ≡ T 0
max

(
A−3/2 − A−4

)−1/4 where:

T 0
max ≡

(
3

8

)2/5(
5

π3

)1/8(
g∗(TRH)1/2

g∗(Tmax)

)1/4

(MplHIT
2
RH)1/4 . (5.53)

T 0 corresponds to the temperature for a given value of A in single sector cosmologies (see
eq. (15) in [105]). Reducing our expressions to the single sector case amounts to replacing
both T and T ′ with T 0 in the above expressions for ΩDMh

2. Comparing (5.53) to (5.17)-
(5.20), this amounts to making the replacements (1− η)→ 1 and η/g′∗(T

′)→ 1/g∗(T ) in
the above expressions.

5.3 Implications for UV-motivated Supersymmetric The-
ories

In this section, we examine the implications of the results obtained in Section 5.2 for UV-
motivated Supersymmetric theories that contain moduli fields, and identify regions of pa-
rameter space which yield suitable DM candidates. As discussed in Section 5.1 the DM
relic abundance in these models is fixed by the following parameters:

TRH , mφ, Btot, η, g∗(T ), g′∗(T
′),MX′ , 〈σv〉′ (5.54)

To simplify our analysis, we will henceforth assume that g∗(T ) and g′∗(T
′) are constant,

and take g∗(T ) = g′∗(T
′) = 10.75. We also fix η = 0.1, which is a reasonable value

assuming the modulus couplings are not sequestered from the dark sector9. Relaxing these
assumptions will change the computed relic abundance as per the formulae in Section 5.2.2,
but will not qualitatively effect the results presented here.

As mentioned in Section 5.1, the parameters TRH , mφ and Btot can be viewed as inputs
from the UV theory, and are fixed by the couplings and masses of the moduli fields. For a
particular UV framework, these quantities are constrained to lie within a particular range
of values. We will focus here on UV completions which contain gravitationally coupled
moduli fields while also yielding TeV scale Supersymmetry. If the modulus interacts grav-
itationally, dimensional analysis suggests that Γφ = c1mφ

3/M2
pl, and TRH as defined in

9For this value of η, the latest CMB bound on Neff requires that all dark radiation particles have masses
greater than∼ 1 eV. Otherwise, η must be smaller. The qualitative features of our results will be the same for
smaller η as well.
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Figure 5.6: Left column: scan of the 〈σv〉′, MX′ parameter space with TRH = 10 MeV,
mφ = 50 TeV, and various values of Btot. Right column: similar plots with TRH = 100
MeV, mφ = 150 TeV. All other parameters are fixed to the benchmark values (5.5). Solid
(dashed) contours correspond to ΩDMh

2 = 0.12 (0.012). Green, blue and gray regions
represent ΩDMh

2 < 0.012, 0.012 < ΩDMh
2 < 0.12 and 0.12 < ΩDMh

2.
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(5.3) is related to the modulus mass via:

TRH ≈ 14 MeV ×
( mφ

50 TeV

)3/2

c1
1/2 (5.55)

Thus the BBN bound TRH & MeV places a lower bound on mφ in the tens of TeV range.
The range of values for mφ is further restricted by imposing the requirement of TeV

scale Supersymmetry. We focus here on models in which SUSY breaking is mediated to
the visible sector via gravitational interactions; this arises naturally in theories containing
moduli. In the minimal case (i.e. no sequestering or large volume suppression of SUSY
breaking), the lightest modulus mass is order the gravitino mass m3/2, which sets the scale
of the SUSY breaking parameters [33, 65, 99, 100]. For many such models, the scalar
superpartner masses will be comparable tom3/2, while the gauginos may be parametrically
lighter by roughly a loop factor. The lightest superpartners in the visible sector will then be
gauginos whose masses are suppressed with respect to m3/2. This is true for Type II and
heterotic models with KKLT-type moduli stabilization, M-theory compactifications with
stabilized moduli, and also for spectra with pure anomaly mediation. Thus for these SUSY
models, the requirement of TeV scale Supersymmetry along with constraints from BBN
imply:

30 TeV . mφ . O(100) TeV, 5 MeV . TRH . O(100) MeV, (5.56)

assuming c1 ∼ O(1). This justifies our choice of benchmark parameters in (5.5). If the DM
is an MSSM particle there is a tension between (5.56) and indirect detection constraints,
which require TRH & 1 GeV [59, 101].

The quantity Btot is more difficult to constrain from a theoretical point of view, as it
depends on the precise interactions between the modulus and visible/dark sector particles.
Nevertheless, if the canonically normalized lightest modulus contains a non-trivial fraction
of the modulus that determines the gauge coupling of the visible and/or dark sector, then
one expects a contribution toBtot by operators of the form

∫
d2θΦWαW

α whereWα is the
chiral gauge superfield of either the visible or dark sector10. Therefore, in M-theory com-
pactifications [56] and also roughly isotropic Type II compactifications, Btot is expected to
beO(0.1). However, in anisotropic compactifications in which the visible and dark sectors
are localized at different regions of the internal manifold, it is possible that Btot is sup-
pressed, see [108, 109] for example. We will consider below a wide range of values for
Btot to perform as general an analysis as possible.

In the following, we fix TRH , mφ and Btot to particular values, and scan over 〈σv〉′

10This allows the lightest modulus to decay to visible or dark sector gauginos, which would then cascade
decay to the DM X ′.
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and MX′ to give a fairly model-independent characterization of the viable regions of DM
parameter space. All other parameters are taken to their benchmark values (5.5). In Figure
5.6, we have scanned over the 〈σv〉′, MX′ parameter space for various values of Btot, with
TRH = 10 MeV, mφ = 50 TeV for the left column and TRH = 100 MeV, mφ = 150 TeV
for the right column (consistent with the TRH ∝ mφ

3/2 scaling manifest in (5.55)).
Btot determines both the cross section required for QSEnr (see (5.35)), and the size

of the modulus decay contribution (5.43) in the inefficient annihilation region. Thus the
available parameter regions are quite sensitive to orders of magnitude changes in Btot. For
Btot = 0.1, the viable parameter space effectively splits into two regions. In the upper
region 〈σv〉′ & 10−9 GeV−2, the relic DM abundance is produced via either QSEnr or
FOrad

nr , while in the lower region 〈σv〉′ . 10−17 and the relic DM abundance is populated
via inverse annihilations and/or modulus decay. In the inefficient annihilation regime, most
of the parameter space with MX′ > TRH results in an overabundance of DM due to the
modulus decay contribution for Btot = 0.1 (see (5.43)). The value of MX′ where the
modulus decay contribution (5.43) saturates ΩDMh

2 = 0.12 scales like Btot
−1; thus for

smaller values of Btot, much more of the MX′ > TRH parameter space becomes available.
Particularly, for Btot . 10−3 both the FOmod

nr and IAnr mechanisms can give the correct
relic abundance for a significant portion of the parameter space. These mechanisms are
absent for Btot = 0.1, as the DM masses required would result in too large a contribution
from modulus decay.

5.4 Experimental/Observational Consequences

In this section, we discuss potential experimental probes of the framework analyzed above.
As one can imagine, since our analysis covers a large range of values for the mass and
couplings of DM in MX′ and 〈σv〉′, there are variety of interesting possibilities for obser-
vations. A detailed analysis of the various experimental signatures which can arise in this
framework is beyond the scope of this chapter. Instead, we will limit ourselves here to
making some general and preliminary remarks which will be relevant for future studies.

A nice schematic illustration of the framework studied here is provided in Figure 5.1.
From there we see that there are three different kinds of couplings, denoted as: {λV−V , λV−D
and λD−D}. Now, the very assumption that the visible and dark sectors are ‘separate’ sec-
tors implies that the “portal” couplings of type λV−D are parametrically smaller than the
{λV−V , λD−D} couplings. When this is true, 〈σv〉 dominantly depends on λV−V , while
〈σv〉′ depends mostly on λD−D. However, within this framework, it is the portal couplings

of type λV−D that determine the signals for all “standard” searches for dark matter, such as
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direct-detection, indirect-detection, and collider experiments. The portal couplings λV−D
can cover a huge range. At one extreme, it is possible to have λV−D ' λgrav, the latter
corresponding to gravitational strength couplings suppressed by the Planck scale. In this
case, the decay width of the LOSP X , ΓX , is comparable to that of the modulus Γφ

11. In
our work, we have not focused on this case for both theoretical and experimental reasons,
see Appendix D. At the other extreme, it is possible that λV−D is large enough so that the
two sectors are in thermal equilibrium with each other and thus combine to form one sector.
As mentioned above, we have also not focused on such a regime.

Nevertheless, the models considered here can still accommodate a huge range of val-
ues 1 � λV−D > λgrav for the portal coupling λV−D, which in turn allows for a wide
variety of DM signals (or lack thereof) in direct detection, indirect detection and collider
searches. For this range of portal couplings, our results from Section 5.2.2 show that the
relic abundance for the dark matter X ′ does not depend on the properties of the LOSP X –
{MX ,ΓX , 〈σv〉}, or equivalently the portal couplings λV−D. Thus, in order to characterize
the “standard” DM signals which arise in this framework, one must consider explicit dark
sector models in which the size of the portal couplings λV−D are calculable. We save this
exercise for future work, except for making some comments about the consequences of a
decaying LOSP.

The LOSP X , being a visible sector particle, can be produced at colliders. Since it is
unstable, it is possible that the LOSP is charged and/or colored. Prospects for detecting
a charged/colored LOSP at the LHC are much better than that for a neutral LOSP, as a
charged/colored LOSP will interact with detector materials and slow down considerably
relative to a neutral LOSP. Charged/colored LOSP decay widths in the range: 10−13 GeV &

ΓX & 10−31 GeV can be measured in principle. However, subject to model-dependent
details, large windows in the above range are now disfavored [110]. On the other hand,
only decay widths larger than around 10−17 GeV (τX . 10−9 s) can be measured for a
neutral LOSP because then a sizable fraction of LOSP particles decay inside the detector.
The LOSP decay width ΓX can be parameterized as:

ΓX ∼
λ2
V−D

16π
MX . (5.57)

Thus, one requires λV−D & 10−9 in order for a weak scale neutral LOSP to significantly
decay inside the detector so that its decay products could be measured in principle. Oth-
erwise the neutral LOSP is stable for collider purposes, and manifests itself as missing
energy.

11This is because the modulus also couples with gravitational strength to both the visible and dark sectors
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We now describe some possible signatures of the framework that do not depend on
portal couplings between the visible and dark sectors.

5.4.1 Cosmological/Astrophysical Effects

Here, we comment on astrophysical and cosmological effects arising from two sources –
i) that from DM couplings of type λD−D, i.e. from interactions within the dark sector, and
ii) from the presence of a modulus-dominated phase in the early Universe. Since these

effects are independent of λV−D couplings, the observables which arise are independent of

the pattern of “standard” signals for DM. As such, they provide additional observables to
probe DM and its properties. Some interesting examples of such effects include:

• Observables sensitive to power spectrum of density fluctuations of dark matter.

• Observables sensitive to the morphology of galactic DM halos.

Understanding these and other observables is becoming increasingly important, both be-
cause of the realization that interactions in dark sector can affect these observables, as well
as from the fact that the quantity and quality of cosmological and astrophysical data has
been getting steadily better. Here, we briefly discuss the following issues:

• Sensitivity to Modulus-Dominated Era:
The presence of a modulus-dominated era in the early Universe can have important
implications. As pointed out in [102, 111], this can lead to substantial linear growth
of sub-horizon DM perturbations during the modulus-dominated era. More precisely,
the presence of a (low) reheat temperature sets a new cosmological length scale,
LRH ≡ (aRH HRH)−1, the comoving horizon at the time of reheating. Therefore,
in the absence of other effects, DM perturbations on length scales l < LRH grow
linearly during the modulus dominated phase, and could have interesting observable
effects. However, presence of other relevant scales can affect whether such sub-
horizon growth of DM perturbations are observable or not. These scales are described
below.

• Damping of DM Perturbations due to Acoustic Oscillations & Free-Streaming:
It is well known that chemical equilibrium is in general different from kinetic equi-
librium. In the context of DM interactions, the former is set by number-changing

interactions in which DM number is not preserved, while the latter is set by number-

preserving interactions in which DM number is conserved. For example, within the
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standard WIMP paradigm, chemical decoupling leaving to thermal freezeout hap-
pens much earlier than kinetic decoupling since the interaction rate for the latter is
enhanced by the relativistic abundance of light SM species in interactions of the type:
DM + SM → DM + SM .

There are two important scales related to kinetic decoupling that determine the length
scale at which DM perturbations get damped or suppressed:

i) Scale arising due to the coupling of DM to the dark radiation fluid (and also to the
visible radiation and baryons in general). The effect of coupling of DM to visible

baryons and radiation is also present for standard WIMPs in general [112], but qual-
itatively different effects may arise here due to the presence of dark radiation (DR)
in addition [113, 114]. It is expected that the DM-DR interactions will give rise to
damped oscillatory features in the DM power spectrum with a characteristic length
scale denoted as Ld, given by.

Ld =
ηkd
xd
, (5.58)

where ηkd is the conformal time at kinetic decoupling, and xd is a numerical factor
of O(1) (we take xd ≈ 7, see [112, 113] for example).
ii) Scale arising due to the free-streaming of particles after kinetic decoupling. This
length scale is defined as Lfs ≡

∫ t0
t∗
v/a dt, where v is the average DM velocity,

a is the scale factor, t0 is the current age of the Universe, and t∗ is a characteristic
time which is different for different mechanisms and will be discussed shortly. If the
universe is radiation dominated at t∗, then Lfs is given by (see e.g. [111]):

Lradfs ≈
1

H0

√
ΩR

∫ 1

a∗

[(
1 +

(
MX′a

p∗a∗

)2
)(

1 +
a

aeq

)]−1/2

da (5.59)

where aeq ≈ 2.9 × 10−4 and H0 ≈ 1.5 × 10−42 GeV. If the universe is modulus
dominated at t∗, Lfs is instead given by:

Lmodfs ≈
a

1/2
RH

H0

√
ΩR

∫ aRH

a∗

a−1/2

(
1 +

(
MX′a

p∗a∗

)2
)−1/2

da+Lradfs

(
a∗ → aRH , p∗ → prh

)
(5.60)

where we have taken H = HRH (aRH/a)3/2 during modulus domination. Here aRH
corresponds to the scale factor at which H = Γφ, normalized such that a = 1 today.
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Both scales above are present in general, and the damping scale is determined by Lcut =

max(Ld, Lfs). The scale Lcut is relevant in determining the mass of the smallest DM
proto-halos: Mproto ∝ L3

cut.
As discussed above, DM perturbations on length scales l such that Lcut < l < LRH

grow linearly during modulus domination and the growth during this era is not washed
out by free-streaming and/or acoustic damping effects. Thus, these perturbations could
have interesting and novel effects. For example, as pointed out in [102], a low reheat tem-
perature of order 10 MeV or so can give rise to an abundance of earth-mass dark matter
microhalos in the early Universe containing a significant fraction of dark matter. A pos-
sible way to observe these microhalos is via their strong gravitational lensing effects on
quasars [115, 116], or via their impact on pulse arrival times from millisecond pulsars
[117]. Furthermore, if the portal couplings λV−D are large enough, these DM microhalos
can annihilate to γ-rays, thereby acting as γ-ray point sources and contributing to the γ-ray
background [118, 119, 120]. It is worthwhile to explore these possibilities in more detail.

In the case where Lcut > LRH such that the growth of DM perturbations during mod-
ulus domination is washed out, the damping of DM perturbations below the scale Lcut can
still give rise to observable effects. Notably, “warm” dark matter withLcut = Lfs ∼ 1−100

Kpc can reconcile many of the discrepancies between ΛCDM cosmology and observations
on galactic/sub-galactic scales [121, 122, 123]. If the damping scale becomes too large i.e.
Lcut & 1 Mpc, bounds from Lyman-α will start to apply [124].

5.4.2 Prospects for the Framework

What can be said about the effects mentioned above vis-a-vis the framework considered?
Qualitatively, there are two different scenarios which are determined by whether or not T ′kd
is larger than T ′D. If T ′kd < T ′D, then X ′ kinetically decouples during radiation domination
after the modulus has decayed. Depending on the mass and kinetic decoupling temperature,
either Lfs or Ld will determine the damping scale Lcut. Alternatively, if T ′kd > T ′D then the
DM kinetically decouples during the modulus dominated phase; Lfs will then determine
Lcut for most of the relevant parameter space.

In order to discuss observational signatures for the framework considered here, it is
pertinent to consider what range of values for T ′kd is expected, given the DM production
mechanisms discussed in Section 5.2.2. Generically, one expects that crossing symmetry
relates the X ′X ′ → R′R′ annihilation cross section (〈σv〉′) to the (X ′R′ → X ′R′) elastic
scattering cross section (σ′el). In the case of fermionic DM annihilating into fermionic R′

through a massive bosonic mediator, 〈σv〉′ ∼ (MX′
2 +T ′2)/Λ4 and σ′el ∼ T ′2/Λ4 where Λ
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is the mediator mass scale (see e.g.[125, 126]). If this is the onlyX ′−R′ scattering process,
X ′ kinetically decouples when the scattering rate Γel ∼ σ′eln

′
eq ω drops below the Hubble

rate, where ω = 1 (T ′/MX′) for relativistic (non-relativistic) X ′. Taking the benchmark
parameters (5.5) for this example, T ′kd < T ′D implies Λ . 800 GeV (250MX′

−1/4 GeV) if
X ′ kinetically decouples while relativistic (non-relativistic).

However, in a more realistic model there may be other (e.g. inelastic) processes which
also keep X ′ in kinetic equilibrium; thus the precise relationship between 〈σv〉′ and T ′kd is
fairly model-dependent. In the following, we will treat T ′kd as a free parameter, though it
will be useful to keep the above toy example in mind as a benchmark scenario.

Kinetic Decoupling During Radiation Domination: In this case, the DM particle X ′

is in kinetic equilibrium until T ′ < T ′D. The kinetic decoupling temperature will then
determine the length scales Ld in (5.58) and Lfs in (5.59). Specifically, Lfs is computed
using (5.59) with T ′(t∗) = T ′kd and p∗ =

√
3T ′kd ω

1/2 where ω = 1 (MX′/T
′
kd) for MX′ <

T ′kd (MX′ > T ′kd). From Figure 5.7, we see that for larger DM masses 10−2 GeV .MX′ .

102 GeV and smaller kinetic decoupling temperatures T ′KD < 0.1T ′D, LD is larger than
Lfs and determines Lcut and the mass of the smallest proto-halos. All of this parameter
space is consistent with the upper bounds arising from the observables studied in [114].
In the complementary parameter space, Lcut is determined by Lfs. A large region of this
parameter space is consistent with the Lyman-α forest upper bound on Lfs of about 1 Mpc.
Finally, for most of the parameter space Lcut = max(Ld, Lfs) is greater than Lrh, implying
that growth of DM perturbations in the modulus-dominated era is washed out. Only in a
very small region of parameter space with 1 .MX′ . 100 GeV and 0.1T ′D . T ′KD . T ′D,
one has Lcut < LRH so that the memory of growth of DM perturbations on length scales
l with Lcut < l < LRH , is retained. This can have interesting implications as mentioned
previously.

Kinetic Decoupling During Modulus Domination: In this case, X ′ kinetically decou-
ples before the beginning of radiation domination such that T ′kd > T ′d. If kinetic decoupling
occurs after X ′ production, Lfs is given by (5.60) with T ′(t∗) = T ′kd and p∗ =

√
3T ′kd ω

1/2.
Note that this scenario requires MX′ > T ′D, as for MX′ < T ′D DM production occurs pre-
dominantly when T ′ . T ′D (see Section 5.2.5). For the allowed parameter regions depicted
in Figure 5.6, one finds in this case that Ld < LRH < Lfs � 1 Mpc, assuming a single
DM particle accounts for all of the dark matter.

If kinetic decoupling occurs before X ′ production, T ′(a∗) is the characteristic tempera-
ture at which X ′ production occurs, and p∗ depends on the mechanism for X ′ production.
The production mechanisms which allow for X ′ to be produced out of kinetic equilibrium
are (see Section 5.2.2):
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Figure 5.7: Hierarchies among the cosmological length scales Lfs, Ld, LRH shown in the
MX′ − T ′KD plane, assuming T ′kd < T ′D. The pink region corresponds to Ld > Lfs, the
green region corresponds to Lfs > Ld, the blue region corresponds to LRH > Lcut, and the
brown region corresponds to Lcut > 1 Mpc. The other relevant parameters are set to their
benchmark values, see (5.5).

• Inverse annihilation: As discussed in Section 5.2.4.2, DM production from inverse
annihilations peaks at T ′∗ ≈ T ′D/1.75 for IAr and T ′∗ ≈ 0.28MX′ for IAnr. We then
take p∗ ≈

√
3T ′∗ in computing Lfs.

• Production from Modulus Decay: If the DM abundance comes predominantly from
modulus decay (i.e. ΩDMh

2 ≈ Ωdecayh
2 (5.43)), then T ′∗ ≈ T ′D and p∗ ≈ mφ/2

assuming 2-body modulus decays.

To be precise, ifX ′ kinetically decouples beforeX ′ production occurs, one must replaceX ′

in the Boltzmann equations with an integral over the X ′ phase space distribution function.
However for the inverse annihilation and modulus decay production mechanisms, terms
involving X ′ can be neglected in the X ′ Boltzmann equation; thus the results in Section
5.2.4 are still valid despite this departure from kinetic equilibrium12 Nonetheless, in order
to properly compute p∗ and Lfs, a precise knowledge of the DM phase space distribution

12One additional subtlety is that if X ′ is out of kinetic equilibrium, we are no longer justified in assuming
EX′ ≈

√
3T ′2 +MX′

2 in (5.7). However ifBX′ . 0.1, this subtlety will not significantly effect our results.
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function at T ′∗ is required. In lieu of a more precise computation we will use the approxi-
mate values for p∗ quoted above, with the understanding that our results for Lfs are meant
to be qualitative.

Figure 5.8 summarizes the cosmological length scales which can arise in the case where
X ′ is produced out of kinetic equilibrium. Because X ′ is not coupled to the dark radiation
bath when produced, there is no acoustic damping effect to consider; thus Lcut = Lfs. We
see from Figure 5.8 that for the IAr case, most of the parameter space easily avoids Lyman-
α constraints. The IAr scenario can also naturally accomodate warm DM candidates, with
Lfs ∼ 1 − 100 kpc. Perhaps more interestingly, we see that for a majority of the IAnr
parameter space, Lfs < LRH . Thus, the linear growth of DM perturbations during modulus
domination is not washed out for a large portion of the IAnr parameter space, leading to
potentially interesting effects as discussed above.

Finally, let us comment on the case where relic DM is produced from modulus de-
cay. If DM particles in this scenario are kinetically decoupled at T ′D, they will be highly
boosted when produced from modulus decay. If the modulus decay contribution is the dom-
inant contribution to the overall DM abundance, DM masses within the range 10−3 GeV .

MX′ . few GeV are at odds with Lyman-α bounds Lfs . 1 Mpc; this is evident from
Figure 5.8. Thus if the relic DM is predominantly produced via modulus decays, Lyman-α
constraints require MX′ & O(1) GeV; this in turn implies Btot . 10−3 as can be seen from
(5.43).

To summarize, we find that there are various interesting possibilities for cosmologi-
cal/astrophysical observables which can probe the framework considered, both in terms of
providing constraints on the parameter space as well as by providing insights for potential
signals. In particular, we find that there is sensitivity to the modulus domination era for

a large portion of the IAnr parameter space. This is in contrast to the result obtained in
[111], primarily because the framework considered here encompasses a wider variety of
DM masses and couplings compared to the analysis in [111, 127]. The results obtained
in this section are largely qualitative. It would therefore be interesting to carry out a more
detailed and comprehensive analysis of the constraints and potential observations which
have been suggested in this section.

5.5 Summary and Future Directions

In this work, we have provided a general classification of dark matter models in a Universe
which undergoes a phase of pressure-less matter (modulus) domination. Such non-thermal
cosmological histories are predicted in a wide class of UV completions to the Standard
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Figure 5.8: Plot of the free-streaming length Lfs in Mpc. The blue lines correspond to DM
produced predominantly via inverse annihilations, while the black lines correspond to DM
produced predominantly via modulus decay. The solid lines were obtained for TRH = 10
MeV, mφ = 50 TeV while the dashed lines were obtained for TRH = 100 MeV, mφ = 150
TeV. The other relevant parameters are chosen as in (5.5).

Model (e.g. compactified string theories), and are also phenomenologically viable provided
that the matter dominated phase ends before BBN. Our analysis generalizes previous works
by going far beyond the standard WIMP paradigm. In particular:

• We consider DM masses and annihilation cross sections which span several orders
of magnitude above and below the electroweak scale.

• We allow the possibility that DM in thermal equilibrium with a ‘dark sector’, whose
temperature need not be the same as that of the visible sector.

Upon analyzing the relevant Boltzmann equations, we classify the mechanisms by which
relic DM can be produced. We find four distinct mechanisms (QSEnr, FO

mod
nr , IA{r,nr} and

FOrad
{r,nr}), each of which have different parametrics for ΩDMh

2. The first three mechanisms

are different from standard thermal freeze-out. We derive semi-analytic approximations
for these various production mechanisms, and discuss their regimes of validity. For the
convenience of the reader, these results are summarized in Section 5.2.5.

87



Our results have interesting implications for Supersymmetric theories containing mod-
uli fields such as the compactified string theories which have been central to this thesis.
As discussed in Sections 5.1 and 5.2, ΩDMh

2 does not depend on the masses or couplings
of the (unstable) lightest visible sector superpartner (LOSP), provided the LOSP decays
before the end of modulus domination13. Once the modulus mass and couplings are fixed
and the dark relativistic degrees of freedom g′∗(T

′) are specified, ΩDMh
2 depends only on

MX′ and 〈σv〉′. In Section 5.3, we fixed the modulus mass and couplings by consider-
ing models with gravity mediated SUSY breaking in which mφ is of order the gravitino
mass. We mapped out the parameter space of these models by scanning over MX′ , 〈σv〉′

for various values of Btot, see Figure 5.6. Here Btot is the branching ratio of the modu-
lus decay into DM, including contributions from intermediate states. For Btot ∼ O(0.1),
the viable DM parameter space splits into two seperate regions: large annihilation cross
section 〈σv〉′ & 10−9 GeV−2, or small annihilation cross section 〈σv〉′ . 10−17 GeV−2.
Intermediate values of 〈σv〉′ result in DM overproduction. Moreover in the 〈σv〉′ . 10−17

GeV−2 region, the DM mass must be . 100 MeV to avoid being overproduced by moduli
decay. If however the modulus branching ratio to DM is suppressed i.e. Btot � 1, much
more of the DM parameter space becomes available. These features can easily be inferred
from Figure 5.6.

We have also briefly discussed potential experimental signatures for the theoretical
framework considered here. Since ΩDMh

2 is insensitive to the portal couplings between
the visible and dark sectors for the models considered, the “standard” DM signals in direct
detection, indirect detection and collider experiments, which crucially depend on portal
couplings between the visible and dark sectors, can cover a wide range of possibilities are
rather model-dependent. On the other hand, observables which involve couplings within
the dark sector yield more robust predictions, as these couplings are correlated with the
DM relic abundance. One such set of observables involves the power spectrum of DM den-
sity perturbations. If the DM kinetically decouples during the radiation dominated era after
BBN, the sensitivity of DM density perturbations to the modulus dominated phase is main-
tained only for a very small region of parameter space, as shown in Figure 5.7. On the other
hand, when DM kinetically decouples during modulus domination, the power spectrum of
DM density perturbations depends on the mechanism by which relic DM is produced:

• If DM is produced by annihilation of thermal bath particles while the DM is non-
relativistic (we call this case IAnr, see Section 5.2.5), the free-streaming length is
smaller than the comoving horizon at TRH . The linear growth of DM density pertur-

13The contrary case is briefly considered in Appendix D.
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bations during modulus domination is not washed out, leading to potentially inter-
esting astrophysical signatures as discussed in [102].

• If DM is produced by annihilation of thermal bath particles while the DM is relativis-
tic (we call this case IAr, see Section 5.2.5), the free-streaming length is larger than
the comoving horizon at TRH . Even though the growth of DM perturbations during
modulus domination is erased, a large region of parameter space yields Lfs ∼ 1−100

Kpc which leads to signatures similar to warm DM.

• If DM is dominantly produced by modulus decay, then the DM has large free stream-
ing lengths Lfs & 1 Mpc, which is in tension with constraints on warm dark matter
from Lyman-α measurements.

There are many opportunities for future research. From the point of view of the Boltz-
mann equations, including n → 2 annihilation processes where n ≥ 3 would be worth
understanding in this framework (this would be the non-thermal analog of [128]). From the
point of view of model-building, it would be worthwhile to study explicit models of DM
candidates and portal interactions within the general framework so that detailed predic-
tions for “standard” DM signals (e.g. direct and indirect detection) could be made. Finally,
our discussion in Section 5.4 of the astrophysical/cosmological effects of DM interactions
within its own sector has been largely qualitative. A more precise analysis would involve
solving for the DM phase space distribution at kinetic decoupling in order to determine the
appropriate transfer function relevant for the power spectrum of DM density fluctuations.
We hope that future studies in these directions will help shed important light on the nature
of dark matter.
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CHAPTER 6

Conclusion

The field of theoretical particle physics has always pursued a theory which unifies all known
fundamental interactions (SM + gravity). In this thesis we have studied the possibility that
string theory provides a unified, UV complete theory of quantum gravity. In particular we
have focused on identifying testable experimental signatures predicted by realistic string
theories. This branch of particle physics is known as “string phenomenology”. An in-
teresting aspect of string phenomenology is that string theory predicts 10/11 spacetime
dimensions. Thus in order for a string theory to plausibly describe our world, these addi-
tional spacetime dimensions must be compactified to reproduce an effective 4-dimensional
universe.

As discussed in Chapter 1, a significant difficulty in string phenomenology arises from
the “string landscape” . The string landscape refers to the multitude of inequivalent ways in
which an 10/11-dimensional string theory can reproduce our 4-dimensional world. Without
knowledge of the dynamics for selecting a particular vacuum, it is a priori difficult to make
concrete experimental predictions from an underlying string theory. In the subsequent
chapters of this thesis, we have demonstrated how one can leverage known experimental
data to help navigate the string landscape. The general idea is to use all known experimental
constraints to exclude large portions of the string landscape. Within the remaining subset
of realistic vacuaa, one can make concrete experimental predictions for beyond Standard
Model physics.

In Chapters 2 and 3, we have demonstrated the utility of this approach in the context
of a particular string theory: the G2-MSSM. This theory is motivated by 11-dimensional
M-theory compactified on a 7-dimensional manifold with G2 holonomy. In Chapter 2 we
showed how hidden sector strong dynamics in the G2-MSSM stabilizes all moduli fields
and breaks Supersymmetry1. The gravitino mass, which sets the scale of observable super-
partners, is calculated to be O(50) TeV. In Chapter 3 we further narrowed the G2-MSSM

1Chapter 2 also contains a brief introduction to Supersymmetry which plays a central role in this thesis.
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landscape by requiring consistency with the measured Higgs and W/Z boson masses. This
allowed us to make concrete G2-MSSM predictions for LHC physics, where the entire par-
ticle spectrum is determined by a single unknown parameter. Choosing a benchmark value
of M3/2 = 35 TeV, we obtained a spectrum with a 1.5 TeV gluino and ∼ 20 TeV scalar
superpartners. This benchmark spectrum illustrates a generic feature of the G2-MSSM,
namely that the gluino is within reach of LHC-14, while the scalar superpartners are not.

Chapters 4 studies future collider signatures in compactified string theories. As stated
above, theG2-MSSM predicts anO(TeV) gluino and & 20 TeV scalar superpartners. Such
a “mini-split” spectrum is predicted in many compactified string theories. Although the
heavier squarks predicted in these models are inaccessible at the LHC, they can be probed
at a 100 TeV future collider via squark-gluino associated production. Assuming a light
. 2 TeV gluino is present in the spectrum, a 100 TeV proton-proton collider can discover
squark masses up to∼ 32 TeV. This channel is currently the only known avenue for directly
producing the heavy squarks predicted in many string theories.

Having discussed collider phenomenology in the preceding chapters, Chapter 5 instead
focuses on dark matter in compactified string theories. As discussed in the introduction of
Chapter 5, recent indirect detection constraints have shown that dark matter in compactified
string theories must reside within a hidden sector to avoid fine-tuning. This implies that
dark matter was in thermal equilibrium with a “hidden sector” in the early universe which
may not have been in thermal equilibrium with the bath of SM particles. In order to classify
the potential dark matter production mechanisms, we solved the corresponding Boltzmann
equations for dark matter evolution in a two-sector system in the presence of moduli. We
identified four distinct parametric regimes for relic dark matter productions, and derived
semi-analytic solutions for the dark matter relic abundance. These results are summarized
in Section 5.2.5. As shown in Section 5.3, much of the compactified string theory parameter
space is ruled out due to dark matter overproduction. This again demonstrates the utility of
leveraging experimental constraints to reduce the string landscape.

There are many promising directions for expanding upon the research described in this
thesis. The best case scenario would be the discovery of a superpartner at the LHC. Such
a discovery would provide a powerful constraint on the string landscape. In the case of the
G2-MSSM, the discovery of a single superpartner (e.g. the gluino) would yield a concrete
prediction for the remainder of the spectrum. This results in numerous concrete predictions
which can be tested in future collider experiments. On the dark matter side, an open prob-
lem is to determine how the dark matter models analyzed in Chapter 5 can be embedded
into string-motivated UV completions. This will help sharpen predictions for dark matter
detection experiments. For recent work along these directions, see [129].

91



APPENDIX A

Constraints from EWSB and Mh

In this appendix, we discuss how both EWSB and with consistency with Mh = 125.2±0.4

GeV are imposed to reduce the dimensionality of theM3/2, µ, C parameter space. We begin
by consider the EWSB conditions, given by:

M2
Z

2
=
m2
Hd
−m2

Hu tan2 β

tan2 β − 1
− µ2 (A.1)

Bµ =
1

2
sin 2β

(
m2
Hu +m2

Hd
+ 2µ2

)
(A.2)

where mHu and mHd are the tadpole corrected Hu, Hd soft masses, and all parameters are
evaluated at the renormalization scale Q2

EWSB = mt̃1mt̃2 . For the M-theory models we
consider, we expect µ . 0.1M3/2.

There are two independent arguments for such a suppression of µ with respect to M3/2.
The first is a top-down argument, which is related to the doublet-triplet splitting mecha-
nism [5] discussed in Section 5.5. This mechanism results in a geometric symmetry which
forbids the µ term, which is broken by moduli stabilization to generate µ via the Giudice-
Masiero mechanism [130]. Thus generically µ is suppressed with respect to M3/2 by mod-
uli vev’s [61]. This suppression was estimated by [61] to be roughly an order of magnitude,
though current theoretical uncertainties preclude a precise estimate. Another argument for
µ . 0.1M3/2 is motivated by electroweak naturalness. A measure of fine-tuning in EWSB
is the degree to which the two terms on the right hand side of (A.1) are required to can-
cel in order to obtained the measured value of MZ . Thus electroweak naturalness favors
µ2 � M2

3/2, which mitigates the cancellation in (A.1) required to obtain MZ ≈ 90 GeV
[64].

In addition to µ . 0.1M3/2, we also expect 0 < m2
Hu � m2

Hd
, as m2

Hu
runs signifi-

cantly betweenQ = MGUT toQ = QEWSB due to the top Yukawa coupling, while the run-
ning of m2

Hd
is small for moderate tan β . 10. The lower bound 0 < m2

Hu is required for
consistency with µ . 0.1M3/2, as can be seen from (A.1). Taking theBµ,m2

Hd
� µ2, m2

Hu
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and sin 2β ≈ 2/ tan β limit, (A.1) can be written as [64]:

µ2 ≈
m2
Hd

B2 −m2
Hd

(
m2
Hu +

M2
Z

2

)
(A.3)

where B ≈ 2M3/2 at Q = MGUT [29] and B ≈ 1.7M3/2 at Q = QEWSB [64]. Taking
m2
Hd
≈ m2

0 and m2
Hu = M2

3/2f(C) where f(C) accounts for the running of mHu due to the
top trilinear At, we can recast (A.3) in a more suggestive form:

µ2 ≈
M2

3/2(1− C)

B2 −M2
3/2(1− C)

(
M2

3/2 f(C) +
M2

Z

2

)
. (A.4)

Note that f(C) decreases monotonically as C increases [64]. Thus we have used EWSB
conditions to obtain a constraint on the allowed M3/2, µ, C space; we use one-loop RGE’s
and one-loop effective potential corrections [131] to compute f(C) for Figure 3.1. In order
to minimize large logarithmic corrections, we run αs and yt using a 2-step procedure which
explicity accounts for the decoupling of squarks at Q = QEWSB.

We now discuss how the constraint on Mh is incoporated in our analysis. The mass of
the lightest Higgs boson in the MSSM decoupling limit is given schematically by:

M2
h = M2

Z cos2 2β + δM2
h (A.5)

where δM2
h denotes radiative corrections from both SM and MSSM particles; the value of

δM2
h is fixed for given values of M3/2, µ, C. We can then use the EWSB condition (A.2)

in the Bµ,m2
Hd
� µ2, m2

Hu and sin 2β ≈ 2/ tan β limit to express tan β in terms M3/2, C

and µ:

tan β ≈ m2
0

Bµ
≈
M3/2(1− C)

Bµ
(A.6)

Thus combining (A.5) and (A.6) with Mh = 125.2± 0.4 GeV, we obtain an additional
constraint in the M3/2, µ, C parameter space. To compute Mh for given M3/2, µ, C, we use
the “match-and-run” procedure, outlined for example in [132, 31]. Note that some of the
authors here made an error in [31] regarding SM radiative corrections to Mh; correcting
this error increases Mh by ∼ 1.5 GeV. Our calculation here uses 3-loop RGE’s and 2-loop
threshold corrections for the matching procedure [133]. From Figure 3.1, we see that the
slice of parameter space consistent withMh = 125.2±0.4 has a non-negligible width. This
is due predominantly to experimental uncertanties in Mt, αs and Mh [31]; more precise
measurements of these quantities will sharpen constraints on this parameter space.
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APPENDIX B

Event generation

Signal events were generated using MADGRAPH5 [71], with showering and hadronization
implemented via PYTHIA6.4 [134]. We do not perform MLM for the signal events.
We have validated this approximation by performing MLM with 2 additional jets for a
number of benchmark spectra. We use the simulated Snowmass backgrounds [135], proc-
cessed with Delphes3.1.2 [136] supplemented by the Snowmass detector card [137]
for a

√
s = 100 TeV hadron collider. Production cross sections for squark-gluino asso-

ciated production are computed at NLO using PROSPINO2 [72]. For squark-Wino/Bino
production we use the LO result computed by MADGRAPH5.Event analysis is performed
with MadAnalysis5 [138]. We expect our kinematic cuts to effectively remove any con-
tamination from QCD backgrounds and pileup effects, so we neglect both of these in our
analysis. Note that for squark-gluino associated production in the mq̃ � mg̃ region, the
dijet background may not be negligible for non-compressed spectra. For these spectra,
jet substructure techniques can help distinguish signal events from the QCD background
[139].
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APPENDIX C

Justification of Approximations for R,R′

In Section 5.2.1, analytic approximations for R and R′ were obtained assuming that all
other terms aside from the modulus decay term can be neglected in dR′/dA and dR/dA
if MX′ ,MX � mφ. In this appendix, we will justify this approximation. Note from (5.7)
that the modulus decay terms in dR′/dA and dR/dA grow like A3/2 during the modulus
domination phase, and peak when T ∼ TD. Thus in determining whether or not certain
terms in dR′/dA and dR/dA are negligible compared to the modulus decay term, it is
sufficient to focus on the Boltzmann equations at temperatures near TD.

First, consider the X → X ′ + ... decay term in dR′/dA and dR/dA. At T & TD,
X has already reached QSE, assuming 〈ΓX〉 > Γφ. Taking X = XQSE with b ≈ 1, the
X ′ → X + ... decay terms are given by:

H̃
dR

dA
= BXBX→X′R c

1/2
ρ

(
EX − EX′

mφ

)
A3/2Φ + ...

H̃
dR′

dA
= BXBX→X′R′ c

1/2
ρ

(
EX − EX′

mφ

)
A3/2Φ + ... (C.1)

Here BX→X′R and BX→X′R′ are the branching fractions of X into X ′R and X ′R′. Thus
we see that the X → X ′ + ... decay terms are suppressed with respect to the modulus
decay term by a factor of (EX −EX′)/mφ; a similar conclusion holds if X does not decay
to X ′. Next, consider the annihilation terms. For the 〈σv〉 term in dR/dA, Xeq ≈ 0 and
X ≈ XQSE for T ∼ TD. Thus for temperature-independent 〈σv〉, the annihilation term
in dR/dA falls like A−3/2 for T & TD, and will be numerically insignificant at TD due to
suppression by negative powers of the scale factor.

The argument for the 〈σv〉′ term in dR′/dA is less straightforward. First, consider the
case where 〈σv〉′ > 〈σv〉′c such that X ′ reaches QSE at T ′ ∼ T ′D. If X ′QSE ≈ X ′eq, the
annihilation term vanishes and is trivially negligible. If instead X ′eq is negligible in X ′QSE

(5.33) at T ′ ∼ T ′D (as is the case for QSEnr), we can take X ′ ≈ X ′QSE and write the 〈σv〉′
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term as:
H̃
dR′

dA
= c1/2

ρ Btot

(
2EX′

mφ

)
A3/2Φ + ... (C.2)

which is suppressed with respect to the modulus decay term by a factor of EX′/mφ. Now
consider the case where 〈σv〉′ < 〈σv〉′c such that X ′ is not in QSE at T ′D. As discussed in
Section 5.2.4, we can write X ′ at T ′ & T ′D as X ′ = X ′mod +X ′ann, where X ′mod comes from
integrating the modulus decay term:

X ′mod =
2

3
cρ

1/2TRHBtot

mφ

A3/2Φ1/2 (C.3)

andX ′ann is determined by the 〈σv〉′ term. In the case whereMX′ > TD′ , X ′ann is negligible
compared to X ′mod unless Btot � 1 (see Sections 5.2.4.1 and 5.2.4.2). Taking X ′ ≈ X ′mod,
the 〈σv〉′ term in dR′/dA can be written as:

H̃
dR′

dA
=

4

9
cρ

1/2

(
2
BtotEX′

mφ

)
〈σv〉′

〈σv〉′c
A3/2Φ + ... (C.4)

Thus in the case where 〈σv〉′ < 〈σv〉′c and MX′ > T ′D, the 〈σv〉′ term in dR′/dA is sup-
pressed by at least a factor of EX′/mφ with respect to the modulus decay term.

Finally, consider the case where 〈σv〉′ < 〈σv〉′c and MX′ < T ′D, corresponding to the
IAr scenario (see Section 5.2.4.2). In this case X ′ � X ′eq and we can write the 〈σv〉′

annihilation term as:

H̃
dR′

dA
≈ c

1/2
1 Mpl η

2 48 g∗(TRH) cξ
2 ζ(3)2EX′ 〈σv〉′ T 2

RH

5π6g′∗(T
′)2 T ′2

ΦIA
3/2 + ... (C.5)

where we have used (5.17)-(5.19) to relate A and T ′. Evaluating (C.5) at T ′ = T ′D, we
obtain:

H̃
dR′

dA

∣∣∣
T ′=T ′D

≈ c
1/2
1 Mpl TRH η

(
η g∗(TRH)

g′∗(T
′
D)

)3/4
(

48
√

3 cξ
2ζ(3)2 〈σv〉′

5π6 g′∗(T
′)

)
ΦIA

3/2 + ...

≈ c1/2
ρ η

(
0.16 cξ ζ(3)

g′∗(T
′
D)

)(
〈σv〉′

〈σv〉′c

)
ΦIA

3/2 + ... (C.6)

Thus the 〈σv〉′ term in dR′/dA is suppressed with respect to the modulus decay term by a
factor of the order of 0.1 〈σv〉′ / 〈σv〉′c.

To summarize, the above arguments show that the approximations made in solving
the equations for R and R′ in solving (5.7) are justified, as can also be confirmed by the
agreement of the approximate and exact solutions in Appendix E.
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APPENDIX D

A Very Long-lived X Particle

For most of this work, we have assumed ΓX > O(1) Γφ such that X decays are efficient
before the end of modulus domination. This assumption is well-motivated from both the-
oretical and phenomenological points of view. To see this, note that the modulus decays
through Planck suppressed operators such that the decay width is parametrically given by:
Γφ ∼ m3

φ/M
2
pl ∼ 10−24 GeV formφ ∼ 50 TeV. Thus, as long as the visible and dark sectors

are coupled by larger than gravitational strength interactions, one expects ΓX � Γφ for a
wide class of dark sector models. This is also true if the coupling between the two sectors
arises by integrating out Kaluza-Klein (KK) modes of the extra dimensions or heavy GUT
multiplets of some underlying GUT model, as even these mediators are lighter than the
Planck scale. In addition, from a phenomenological point of view, X decays to visible sec-
tor particles can spoil the successful predictions of BBN if ΓX < H(TBBN) ∼ T 2

BBN/Mpl

where TBBN ∼ 1 MeV [140]. To avoid these constraints, for ΓX . Γφ, ΓX should lie in a
narrow window:

T 2
RH ' ΓφMpl & ΓXMpl & T 2

BBN . (D.1)

Despite these considerations, for completeness we briefly discuss in this appendix the
case where ΓX . Γφ. In this case, X is effectively stable during modulus domination (as
H > Γφ > ΓX). Thus for H > ΓX we can treat X as a stable relic. If X is a WIMP, its
comoving abundance will become fixed at T ∼ TD via theQSEnr mechanism, which is the
precise generalization of the non-thermal WIMP miracle [69, 98]. Once the Hubble param-
eter drops below ΓX during radiation domination, the remaining X abundance will decay
to yield X ′ particles. The dynamics of such a process was studied in detail in [107]. From
the results of [107], we see that there are three possibilities for the resulting parametrics of
ΩX′h

2:

• X ′ is in equilibrium when H = ΓX (which is only possible for FOrad
nr and FOrad

r ).
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X ′ will continue to track its equilibrium abundance until freeze-out. In this case
ΩDM h2 is completely insensitive to X decays.

• X ′ is out of equilibrium when H = ΓX , and X decays yield an X ′ abundance which
is less than the critical abundance required for X ′ annihilations. This gives rise to
the freezeout & decay (FO&D) mechanism described in [107]. In terms of dimen-
sionless comoving variables, XQSE(Ac) < X ′crit

∣∣
H=ΓX

, where XQSE(Ac) is given by
the QSEnr mechanism as described in Section 5.2.3.1 and X ′crit is defined in (5.23).
The resulting contribution to the X ′ comoving abundance is insensitive to ΓX , and is
given simply by ∆X ′ ≈ XQSE(Ac). This contribution must be added to the X ′ abun-
dance which results from the production mechanisms described in Section 5.2.2.

• X ′ is out of equilibrium when H = ΓX , and X decays yield an X ′ abundance which
exceeds the critical abundance required for X ′ annihilations. In terms of dimension-
less comoving variables this occurs if XQSE(Ac) > X ′crit

∣∣
H=ΓX

. The X ′ particles
produced from X decays will then annihilate until X ′ ≈ X ′crit

∣∣
H=ΓX

. This was
referred to as the “freezeout & decay and re-annihilation” (FO&Dr) in [107]; the
resulting X ′ relic abundance scales like ΩDM h2 ∝ 1

Γ
1/2
X 〈σv〉

′ .

Before concluding this appendix, we remark that the ‘freeze-in’ mechanisms (FI and
FIr) described in [141, 107] are not important for the models considered here. Recall that
FI is due to X → X ′ + ... decays which occur during the radiation domination era when
X is still relativistic and in equilibrium. However, it turns out that freeze-in due to X

decays is negligible during the modulus dominated era. To see this, consider the X decay
term in dX ′/dA. We saw in section 5.2.1.3 that X attains QSE at some scale factor A
(say AX) before AD if ΓX > O(1) Γφ. For A < AX , X is given by X ≈ Xeq, while for
AX < A . AD, X is given by X ≈ XQSE. In the analysis in Section 5.2.1.3, the effect of
X decays when 1 < A ≤ AX and X ≈ Xeq, which corresponds to freeze-in effects from
X decays, was neglected. To see that it is justified to do so, note that the integration of the
decay term gives (up to overall constants):∫ AD

1

dAXA1/2 ≈
∫ AX

1

dAXeqA
1/2 +

∫ AD

AX

dAXQSEA
1/2

≈ cξ
π2T 3

RH

∫ AX

1

dAA7/2T 3 +
2

3
AD

3/2

(
gXBX

ΓφTRH
ΓXmφ

)
Φ (D.2)

where AX corresponds to the scale factor at which either X becomes non-relativistic or X
enters QSE (whichever occurs first). Comparing the first and second terms in (D.2), we
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find:∫ AX
1

dAXeqA
1/2∫ AD

AX
dAXQSEA1/2

∼
(
TD
TX

)4(
ΓXmφ

BXΓφT 4
RH

)
(κTmax)8

TX
5ΦI

∼
(
T 6
RHΓXmφMpl

TX
9BX

)
(D.3)

where we have used T ≈ κTmaxA
−3/8 and (κTmax)8/ΦI ∼ TRH

8 (see (5.18)). There are
now two possibilities for TX . If X enters QSE before X becomes non-relativistic, then
TX ∼ (ΓXMplTRH

2)1/4 > MX . If instead X becomes non-relativistic before QSE is
reached, then TX ∼ MX and ΓX . M4

X

TRH
2Mpl

. Since TX is smaller in the latter case, the
ratio (D.3) is maximized for TX ∼MX , and one gets:∫ AX

1
dAXeqA

1/2∫ AD
AX

dAXQSEA1/2
.
T 4
RH mφ

BXM5
X

' 10−13

BX

(
TRH

10 MeV

)4 ( mφ

100 TeV

)(100 GeV

MX

)5

.

(D.4)
Thus the freeze-in production ofX ′ fromX decays can be neglected for reasonable choices
of parameters, provided BX is not extremely tiny.
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APPENDIX E

Accuracy of Approximate Solutions

In this section, we compare the semi-analytic approximations obtained above with the full
numerical solution to (5.7). The accuracy of these approximations is depicted in Figures E.1
and E.2. In these plots we use the benchmark values of parameters as in (5.5); however
we take g′∗(T

′) = 20 6= g∗(T ) to ensure that the g′∗(T
′) dependence has been properly

captured. Figure E.1 shows the accuracy of the approximate solutions for MX′ = 10 GeV
and Btot = 0.1. In the top plot, the green curve shows the numerical solution, while the
black curve in the top plot shows the approximate expression for DM production through
QSEnr (5.38). The bottom plot shows the ratio of the approximate QSEnr result to the
exact result, which is close to unity if 〈σv〉′ � 〈σv〉′c.

Figure E.2 shows the accuracy of the approximate solutions for Btot = 0; note that
in this case 〈σv〉′c becomes effectively infinite for MX′ > T ′D, see (5.35). The top plot
shows ΩDMh

2 as a function of 〈σv〉′ for MX′ = 10 GeV. For these parameters, DM pro-
duction occurs either via FOmod

nr for 〈σv〉′ > 〈σv〉′0 or via IAnr for 〈σv〉′ < 〈σv〉′0 where
〈σv〉′0 is defined in (5.46). The green curve shows the numerical solution; the red curve
shows the approximation for IAnr (5.51); and the black curve shows the approximation for
FOmod

nr (5.45). The bottom plot shows a similar plot with MX′ = 10−6 GeV. In this case
DM production occurs via IAr for 〈σv〉′ < 〈σv〉′c and via thermal freeze-out (FOrad

r and
FOrad

nr ) for 〈σv〉′ > 〈σv〉′c. The green curve shows the numerical solution, the red curve
shows the approximate expression for IAr (5.52), while the black curve shows the ap-
proximate expression for FOrad

nr (5.40). Within their respective regimes of validity, (5.51),
(5.52) and (5.45) are accurate to within ∼ 5%, while (5.41) and (5.40) are accurate to
within ∼ 15%.
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Figure E.1: Top: ΩDMh
2 as a function of 〈σv〉′ for MX′ = 10 GeV and Btot = 0.1.

The green curve shows the numerical solution, while the black curve shows the approxi-
mate QSEnr solution (5.35). The vertical dashed line represents 〈σv〉′ = 〈σv〉′c as defined
in (5.35), while the horizontal dashed line shows represents the modulus decay contribu-
tion given in (5.43), which is valid for 〈σv〉′ < 〈σv〉′c. Bottom: the ratio of the approximate
result for QSEnr to the exact result.
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Figure E.2: Top: ΩDMh
2 as a function of 〈σv〉′ for MX′ = 10 GeV and Btot = 0. Bottom:

similar plot for MX′ = 10−6 GeV and Btot = 0. The green curves show the numerical
solution, the red curve shows the approximation for IAnr (top) and IAr (bottom), while the
black curve shows the approximation for FOmod

nr (top) and FOrad
nr (bottom). In the left plot

the vertical dashed line represents 〈σv〉′ = 〈σv〉′0, defined in (5.46), while in the bottom
plot the vertical line represents 〈σv〉′ = 〈σv〉′c in the case where MX′ < T ′D (see (5.35)).
The dashed horizontal line in the bottom plot shows the approximate solution for FOrad

r .
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APPENDIX F

Temperature Dependence of the Annihilation
Cross Section

In Section 5.2.2, (semi)-analytic expressions for ΩDM h2 were obtained assuming that 〈σv〉′

is temperature dependent. In this section, we generalize the results of Section 5.2.2 for tem-
perature dependent 〈σv〉′. For scenarios where the contribution to ΩDM h2 is determined by
non-relativisticX ′ annihilation (QSEnr, FOrad

nr , FOmod
nr and IAnr) we will consider p-wave

annihilations where 〈σv〉′ = T ′/Λ3. For scenarios where the contribution to ΩDMh
2 is de-

termined by relativistic annihilations (IAr) we consider the case where 〈σv〉′ = T 2/Λ4,
corresponding to annihilation through a heavy bosonic mediator. Note that for FOrad

r ,
ΩDMh

2 is independent of 〈σv〉′ so (5.41) holds regardless of the temperature dependence
of 〈σv〉′.

• For QSEnr, (5.37) and (5.38) are still valid for p-wave annihilation, provided the
annihilation cross section is parameterized as:

〈σv〉′ = T ′

Λ3
=
T ′D
Λ3

(
ÃD

Ãc

)
, (F.1)

where in the second equality we have assumed T ′ ∝ A−1 as in radiation domination.
In order to match the numerical result, we instead use κ = 1.8 in (5.37) and (5.38).

• For FOrad
nr , the expression for x̂′F is given by:

x̂′F ≡
MX′

T ′FO
= log

(
3

8π3

√
10 η

g′∗(T
′
FO)

g′
(
MX′

2Mpl

Λ3

)
κrad
p (x̂′F )−1/2

)
(F.2)
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while ΩDMh
2 is given by:

Ωh2 [FOrad
nr ]

ΩR h2
≈

[
4
√

5√
π

][
η1/4

(1− η)3/4

] [
1

g∗(TFO)g′∗(T
′
FO)

]1/4
[
κmod
p (x̂′F )2 Λ3

MX′MplTnow

]
(F.3)

Here κrad
p = 2 is a constant which is chosen to match the full numerical result.

• For FOmod
nr , the expression for x′F is given by:

x′F = ln

[(
3

2
√

10π3

)(
g′g∗(TRH)1/2

g′∗(T
′
FO)

)(
MplT

2
RH

Λ3

)
κmod
p η x′F

3/2

]
(F.4)

while Ωannh
2 is given by:

Ωann h
2 [FOmod

nr ]

ΩR h2
≈
[

8 η√
5π L3/4

] [
g∗(TRH)1/2

g′∗(T
′
FO)

] [
TRH
MX′

]3
[
κmod
p x′F

5
Λ3

MX′MplTnow

]
(F.5)

Here κmod
p = 5/4 is a constant which is chosen to match the full numerical result

(see also [105]).

• For IAnr, it is straightforward to show that for 〈σv〉′ = T ′/M̃3, the expression anal-
ogous to (5.51) is given by:

Ωann h
2 [IAnr]

ΩR h2
≈
[

48 g′2 χp η
3

1251/2π15/2 L3/4

] [
g?

3/2(TRH)

g′?
3(T ′?)

] [(
TRH
MX′

)7 (
MplMX′

3

Λ3Tnow

)]
(F.6)

where χp is given by:

χp ≡
∫ MX′

T ′
D

MX′
T ′max

dx′x′
8
K2(x′)2 (F.7)

The integrand peaks at T ′∗ ≈ 0.33MX′; if T ′∗ � T ′max and T ′∗ � T ′D, χp ≈ 80.

• For IAr, we are interested in the case where 〈σv〉′ = T ′2/Λ4 (see above). The
expression analgous to (5.52) is given by:

Ωannh
2

ΩRh2
=

[
48cξ

2ζ(3)2

1251/2π15/2L3/4

(
T ′D
T ′∗

)4
] [

η2g∗(TRH)1/2

g′∗(T
′
D)2

] [
TRH

3MX′Mpl

TnowΛ4

]
(F.8)

In the above, T ′∗ ≈ T ′D/1.35 is chosen to match the numerical result, and is related
to the temperature at which the integrand of

∫
dAT ′2A7/2n′eq

2H̃−1 peaks. Note that
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we can recover (F.8) from (5.52) by making the replacement:

〈σv〉′ → 0.17×
(
η1/2g∗(TRH)1/2

Λ4g′∗(T
′
D)1/2

)
T 2
RH (F.9)
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