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ABSTRACT

Theoretical and Phenomenological Study of G, Compactifications of M Theory
by

Ran Lu

Chair: Gordon Kane

This thesis focuses on the study of GG, compactification of M theory. With the as-
sumption that the low energy effective theory is the minimal supersymmetric standard
model (MSSM), these kinds of compactifications produce an interesting model called
GG,-MSSM with distinctive particle spectrum. An approximate discrete symmetry on the
(G manifold combined with symmetry breaking Wilson lines provide a solution to the
doublet-triplet splitting problem and generate a suppressed p term. This small p term
is consistent with electroweak symmetry breaking and the so called “little hierarchy”
problem is alleviated in G'5-MSSM. The phenomenology of Go-MSSM is also studied.
The lightest supersymmetric particle (LSP), which is almost always a wino, is stable be-
cause of the R-parity of the theory, and has the right relic abundance when non-thermally
produced by the moduli decay. And due to its large annihilation cross section, it might
provide a partial explanation of the signals observed by indirect detection experiments.
Because of the suppressed p term, the mass of the lightest Higgs particle in Go-MSSM
is about 125 GeV when the scalars are O(50 TeV). The gauginos are much lighter than
the scalars in G5-MSSM. The gluino and chargino have interesting collider signals at the

LHC.



CHAPTER 1

Introduction

1.1 Introduction

String/M theory is a framework that may help to formulate a underlying theory to understand the
world better, If so, it will be essential to “compactify” the 10 dimensional string theories or the
11 dimensional M theory to four dimensions. We concentrate on the best motivated case where
the small dimensions are Planck scale size (but still large enough so the supergravity calculations
are reliable). Even though the energy scale of the extra dimensions is assumed to be much above
the center-of-mass energy of collisions at the Large Hadron Collider (LHC), the extra dimensions
still manifest themselves at lower energies through the presence of moduli fields. These are modes
of the extra dimensional graviton whose vacuum-expectation-values (vev’s) determine the shapes
and sizes that the extra dimensions take. Being modes of the extra dimensional graviton, the
moduli couple to matter with Planck suppressed interactions universally. The moduli have to be
stabilized since all couplings and masses are determined from their vev’s. Although understanding
phenomenologically relevant supersymmetry breaking in string theory is a challenging task, many
results, including those needed to calculate the Higgs boson mass, can be obtained with rather
mild, well motivated assumptions.

G5 compactification of M theory (i.e. compactification on a manifold with G2 honolomy) has
made a lot progress in the recent years. Due to the mathematical difficulties associated with con-
structing G manifolds, studying string compactifications on Calabi-Yau manifolds was and still is
more popular than studying G5 compactifications. Calabi-Yau 3-folds and 4-folds are understood
much better than G5 manifolds, mainly because algebraic geometry is very powerful on complex
manifolds. Using Yau’s theorem[7] one only need to calculate the first chern class to check the
existence of Calabi-Yau structure. On the other hand, the only way to verify a manifold admits
a G5 structure is to show that there is actually a G5 invariant metric. However, moduli stabiliza-
tion, which requires great effort in Calabi-Yau compactification, is simplified in the G5 case. On

a Calabi-Yau manifold, one needs to stabilize complex structure moduli and Kéhler moduli sep-



arately, usually with different mechanisms. Because (G5 manifolds only have geometric moduli,
all of them can be stabilized using QCD like interactions. When there are gaugino condensations
as well as meson fields from quark condensations, it is possible to stabilize moduli to a de Sitter
vacuum with small cosmological constant. In the scenario studied in [8, 9], the F-terms of the
moduli are much smaller than the F-term of the meson field.

In the simplest case, the low energy spectrum only contains the MSSM, and the effective theory
is called Go-MSSM. But due to the unification of the gauge couplings, one naturally expects the
field theory after compactification is a grand unification theory (GUT) like SU (5). Doublet-triplet
splitting must be implemented to maintain the gauge coupling unification. This is also related to
the so-called “;1 problem” which is one of the most fundamental issues in making a systematic
theory of the physical world. It is a large hierarchy problem, with p naturally being of the order
the unification scale, but only make sense if it were at the TeV scale. It will be shown in the
following chapters that there is an elegant solution using an approximate discrete symmetry on the
G, manifold, first studied by Witten. We extended the idea to embed 1 in the theory with stabilized
moduli and estimate its size, thus proposing a solution to this fundamental problem.

This also provides a new approach to the little hierarchy problem. Even though there are still
unsolved problems in (G5 compactifications, it is possible to study the phenomenology with some
mild assumptions about the spectrum. In this thesis I will mainly consider the G5-MSSM. Once
the spectrum is fixed, it is straightforward to calculate the mass of the lightest Higgs particle, study
new physics signals at the LHC, and explore the implications for cosmology and dark matter.

The Standard Model suffers from “naturalness” or “hierarchy” problem(s). In addition to the
well-known technical naturalness problem of the Higgs, there is the basic question of the origin
of the electroweak scale. In the context considered here: the embedding of the (supersymmetric)
Standard Model in a UV complete microscopic theory like string/M theory has to explain why the
electroweak scale is so much smaller than the natural scale in string theory, the string scale, which
is usually assumed to be many of orders of magnitude above the TeV scale. The p parameter
(which sets the masses of Higgsinos and contributes to the masses of Higgs bosons) must also
be around TeV scale. The models we describe here, with softly broken supersymmetry, include
solutions for all of these problems.

The organization of this thesis is the following. In Chapter 2 we briefly review the theoretical
setup of M theory compactified on (Go-manifolds. Following this, in Chapter 3 we study the low
energy effective theory Go-MSSM. We show the discrete symmetry provides a satisfying solution
to the doublet-triplet splitting problem. The discrete symmetry must be anomaly free, which puts
non-trivial constraints on the discrete symmetry itself as well as the eigenvalues of the Yukawa
coupling matrices. We then show the small x4 term is compatible with electroweak symmetry

breaking condition and the Go-MSSM serves as an example of a new approach to solve the little



hierarchy problem. In Chapter 4 we obtain a lower bound of the gravitino mass from cosmology,
and show the dark matter candidates in Go-MSSM are consistent with the non-thermal history of
the universe and current results from direct and indirect dark matter experiments. The Higgs mass
is calculated in Chapter 5. For the general heavy scalar MSSM scenario, the Higgs mass has a
large uncertainty due to tan (3, for Go-MSSM however, the requirement of consistent electroweak
symmetry breaking (EWSB) fixes tan /3 to a relatively small range. For O(50 TeV) scalars, the
Higgs mass is very nearly 125 GeV, consistent with the current observations[10, 11]. In Chapter
6 we study the LHC phenomenology of G5-MSSM, mainly focusing on the gluino and chargino
signals.



CHAPTER 2

M theory compactification on G> manifolds

2.1 (G5 manifolds

(5, manifolds are 7 dimensional manifolds with holonomy group GG2. Holonomy group describes
the behavior of vectors and spinors under parallel transportation on general manifolds. The G,
manifolds play a similar in M theory as Calabi-Yau 3-folds do in string theory and 4-folds do in F-
theory. Because of the special holonomy, a global spinor field can be defined on the manifold. Thus
when compactified on a G5 manifold, M theory gives a low energy effective N = 1 supersymmetric
theory in the uncompactified 4D spacetime. Unlike the more familiar Calabi-Yau case, there is
nothing similar to the Yau’s theorem for G5 manifold. So in order to show a manifold is really
a (G manifold, one needs to show explicitly the metric is (G5 invariant.This is much harder than
proving a manifold is Calabi-Yau where one just need to calculate the first Chern class. Because
of this, only a few examples of the Go manifolds are known, and the general properties of the
G5 manifolds are much less well-understood. Joyce [12, 13] constructed examples of smooth
compactified G manifolds as resolutions of 7'7/I" orbifolds, here I' is a discrete group. And non-
compact (5 manifolds with conical singularities are studied in [14]. Recently Corti et al.[15] has
constructed coassociative K3 fibred compact (G5 manifolds using the so-called twisted connected
sum construction starting with K3 fibred (semi-)Fano 3-folds. The K3 fibres in the construction
are generally smooth, with a finite number of singular fibres. However, in order for the low energy
effective theory to be phenomenologically relevant, the G5 manifolds must have K3 fibration with
generic singular fibres, and isolated conical singularities. It is still an open problem if one can

construct this kind of manifold by generalizing the constructions mentioned above.

2.2 Matter and Gauge Theory

Gauge interactions are the most important building blocks of new physics models. In M theory

compactified on a G5 manifold, gauge symmetry is usually realized by requiring the existence of
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a K 3-fibration with singular fibres. AD E-type gauge symmetries (SU(n), SO(2n) and Eg, Er,
Ey) are localized along three dimensional submanifolds of orbifold singularities [16, 17]. Chiral
matter, charged under the AD E gauge theory, is localized at conical singularities in the seven di-
mensional GG manifold, at points where the ADFE singularity is enhanced [18, 19, 20]. Matter
will additionally be charged under the U(1) symmetries, corresponding to the vanishing 2-cycles
that enhances the singularity. Hence, all chiral matter will charged under at least one U(1) sym-
metry. Bi-fundamental matter, charged under two non-Abelian gauge groups, is also possible, and
potentially will play an important role in explaining the O(1) top Yukawa coupling [14, 21].

As argued by Pantev and Wijnholt [22], the additional U(1) symmetries are never anomalous.
Therefore, there is no Green-Schwarz mechanism [23] needed for anomaly cancellation, and GUT-
scale FI D-terms are not present in the theory. This will be important later, since it removes a
possibility for generating large scalar vacuum expectation values (vevs) for charged matter fields.

Two gauge theories will generically only have precisely the same size gauge coupling if they
arise from the same orbifold singularities. Therefore, if gauge coupling unification is to be moti-
vated theoretically, and not an approximation or accident, the gauge group of the AD E singularity
should be a simple group containing the Standard Model gauge group, which we will take (for
simplicity) to be SU(5). Any larger group containing SU(5) will give results similar to those we
find below. To obtain the Standard Model gauge group, SU(5) needs to be broken. Perhaps the
4D gauge symmetry can be broken spontaneously, but at this moment only representations smaller
than the adjoint are realizable in M theory—the 10 and 5 representations (and their conjugates) in
SU(5). This leaves only “flipped SU(5)” [24, 25, 26] as a possible mechanism to break the GUT
group and solve doublet-triplet splitting. Given the difficulty in constructing a realistic flipped
SU(5) model [27], it will not be considered here. The remaining possibility is to break the higher

dimensional gauge theory by Wilson lines and will be discussed below.

2.3 Moduli Stabilization

In the mid-80’s it was realized that, classically, string vacua contain a plethora of moduli fields.
The standard lore was that, after supersymmetry(SUSY) breaking, the moduli fields would obtain
masses and appropriate vacuum expectation values. Part of this lore was also the idea that strong
dynamics in a hidden sector would be responsible for breaking supersymmetry in the visible sector
at, or around, the TeV scale. Though some progress was made, it was not until recently that it
has been clearly demonstrated that these ideas can be completely realized in string/M theory: in
M theory compactified on a GGy-manifold (without fluxes) strong gauge dynamics can generate
a potential which stabilizes all moduli and breaks supersymmetry at a hierarchically small scale

[28, 29]. These vacua will be the starting point for our considerations.



The G structure of a manifold X is determined by the unique G5 invariant 3-form ¢. ¢ can be

written as

p=> 56 @.1)

where 3; are a basis of 3rd cohomology group H? (X, R), and s’ are the moduli fields. The Kihler
potential of the moduli fields is chosen to be [30]

Ko = —3log (47/*Vx) (2.2)

where VY is the volume of the (G5 manifold. The only requirement for V is that it is a homege-

neous polynomial of s* of degree 7/3, for example

Vi =[] (s)™, (2.3)

and q; satisfies > . a;, = 7/3.
The moduli stabilization is achieved by introducing at least 2 hidden sectors with QCD-like
interactions. The 3D submanifolds supporting the two ADFE sigularities must have similar form,

and for the simplicity of the discussion we assume they are the same 3-cycle in X with the volume
V3 => Nis' (24)

There is also a 3-form C' in the 11D supergravity interaction. When compactified on the 3-cycles
it gives axions a’ (not to be confused with a; in (2.3)) in the low energy theory, which pair with
the moduli fields and become chiral multiplets in the N = 1 supersymmetric effective theory
(The fermionic partners arise from the gravitino fields). So we can define the complexified 3-form
volume as

Vo=> Niz'  where 2'=s"+id'. (2.5)

With 2 hidden sectors a non-perturbative superpotential is generated from gaugino condensation
Wy = A1e”Ve 4 Ayet?e. (2.6)

To obtain a de Sitter vacuum with almost zero cosmological constant, it is necessary to include
extra matter content like the chiral fermions as well as gaugino fields in at least one hidden sec-

tor [31], which will generate a meson field ¢ when the interaction becomes strong. The Kéhler



potential for the meson field is

Kc = i Pp. 2.7

For simplicity we will take & (s') = 1. And the superpotential follows the standard super-QCD

results:
We = A¢%e®Ve + APV, (2.8)

From the interaction K, K¢, W defined above, we can calculate the scalar potential
V = MrKe (KYD;WeD;We — 3|Wel?)  where  D;We = 0We + i KcWe  (2.9)

and show there is a local minimum corresponding to a metastable dS vacuum with broken SUSY.
Details of the calculation can be find in [28, 29]. Intuitively, in the large volume limit, without
considering the meson field ¢, all the moduli can be stablized in an AdS vacuum, and the vacuum

expectation value(vev) of the moduli at this point can be formally expressed as:

0 Vo
"O,W,

st =— (2.10)
Here we use (2.3) as the Kihler potential of the theory. For more general scenarios we can still
define a; as a function of s; and its numerical value can be calculated directly (without knowing
the vev of the moduli) at the vacuum.

After including the meson, using the obvious ansatz for moduli fields

W Ve
B We

st = —

I 2.11)

L is a constant, and after minimizing the scalar potential

L:1+O( ) (2.12)

Pers

P. ;s is some large constant. When considering two gauge group SU(P) and SU(Q)

(2.13)

Peyy = Plog (QA1¢G>

PA,

Because SUSY is restored when L = 1, the SUSY breaking F-term of the moduli fields are sup-
pressed by F.¢s. On the other hand, the meson fields are in some sense unconstrained by the
approximate supersymmetric AdS vacuum, and its F-term has to be large in order to achieve van-

ishing cosmological constant.



In these vacua, the gravitino mass (and therefore also the moduli masses [32]) m3/ ~ %
where A is the strong coupling scale of the hidden sector gauge interaction. This is parametrically
of order A ~ e 27/ (ahb)mpl, where «y, is the coupling constant of the hidden sector and b is a
beta-function coefficient. The vacuum expectation values of the moduli fields are also determined

in terms of «y,: Roughly speaking, one has:

where the modulus here is dimensionless and not yet canonically normalized. The physical mean-
ing of the vevs of s is that it characterizes the volumes in eleven dimensional units of 3-cycles
in the extra dimensions, e.g., the 3-cycle that supports the hidden sector gauge group. Thus, self-
consistently when the hidden sector is weakly coupled in the UV, the moduli are stabilized at large
enough volumes in order to trust the supergravity potential which only makes sense in this regime.
In general, the rough formula exhibits the scaling with o, and, numerically the moduli vevs in the
vacua considered thus far range from about 1 < s4<5 Ja.

In order to incorporate the moduli vevs into the effective field theory in an M theory vacuum,
we have to consider the normalized dimensionful vevs which appear in the Einstein frame super-
gravity Lagrangian. For obtaining the normalization it suffices to consider the moduli kinetic terms
alone:

1
LD milégAgausAG“sB (2.15)

where s

are the dimensionless moduli described above and g4p is the (Kahler) metric on the
moduli space. From the fact that the extra dimensions have holonomy G, it follows that each

component of g4 is homogeneous of degree minus two in the moduli fields
gap = 040K = 0405 (—3InV; +...) (2.16)

because the volume of X, V7, is homogeneous of degree 7/3.

For isotropic (Go-manifolds, i.e. those which receive similar order contributions to their volume
from each of the N moduli, studying examples shows that, not only is the metric of order S% but
also of order 1/N:

1 1
~—— 2.17
Therefore in a given vacuum the order of magnitude of the entries of g4 are
2
)
~ N 2.18
9~ N (2.18)

Therefore, a dimensionless modulus vev of order 1/qy, translates into a properly normalized



dimensionful vev .
(s4) ~ i 0.1y (2.19)

for N ~ 100, which is a typical expectation for the number of moduli [12, 13]'.

2.4 Geometric Symmetries and Moduli Transformations

Compact, Ricci-flat manifolds with finite fundamental groups, such as manifolds with holonomy
G4 or SU(3) cannot have continuous symmetries. They can, however, have discrete symmetries.
Witten [33] was considering just such a discrete symmetry (&) of a Go-manifold when he proposed
the symmetry which prevents p. More discussion about the implementation can be found in the
next chapter, here we focus on the more general picture. Below we will focus on an abelian sym-
metry Zy in order to be concrete, but the general conclusion does not depend on this assumption.

The fact that the particular G5-manifold, characterized by the particular point in moduli space
sit, is Zn-invariant is simply the statement that, in some properly chosen basis, s3' is invariant
under the discrete symmetry:

sEMB = st (2.20)

Here M are some representation of the discrete symmetry. Clearly, this will not be true for a
generic vector s*; hence, for a generic point in the moduli space, the entire Zy symmetry will be
broken. Since the representation of Zy defined by the matrix M is real, it must be the sum of a
complex representation plus its conjugate. Thus, the basis 55 can be chosen such that the complex
representation is spanned by complex linear combinations of moduli fields. For instance, there
might be a linear combination

S =5+ (2.21)

which we choose to write in-terms of the dimensionful fields (§), that transforms as
S — e¥mINg, (2.22)

Since we usually consider complex representations of discrete symmetries acting on the matter
fields in effective field theories, it will be precisely the linear combinations of moduli (those in the
form (2.21)) which span rc which will appear in the ”symmetry breaking sector” of the effective
Lagrangian. In other words, the moduli will appear in complex linear combinations such as (2.21)
in the Kéhler potential operators containing other fields that transform under the Zy. Note that

99 99

in (2.21) we are abusing notation in the sense that the ’2”” which appears is in general an N-by-N

'Presumably, N is of the same order as the number of renormalizable coupling constants of the effective low energy
theory.



matrix whose square is minus the identity.

2.5 Discrete symmetries and Moduli Stabilization

The discrete symmetries of the G5 manifolds have important phenomenological applications. In
the next chapter we will show the matter(R) parity can be realized by discrete symmetry on G,
manifold. And an approximate discrete symmetry can be used to suppress the p term. It is impor-
tant to understand how the moduli stabilization mechanism interacts with the discrete symmetry.
Unfortunately we do not have an explicit example of a (G2 manifold with the required QCD like
hidden sector. So there is no concrete demonstration it is indeed possible to stabilize to a Go
manifold with the preferred exact and approximate symmetry.

Discrete symmetries are much better understood in Calabi-Yau manifolds. Witten has con-
structed families of Calabi-Yau 3-folds that always have a Z, symmetry, no matter what values the
moduli vevs are. It is possible similar constructions can be found for the (G5 manifolds.

For the approximate discrete symmetries, it is important to estimate the size of the symmetry
breaking. In principle one can use the distance on the moduli space between the manifold picked by
the moduli stabilization mechanism and the manifold on which the said symmetries are exact. This
kind of calculation is possible for some simple Calabi-Yau manifolds but still unfeasible for G
manifold. One still can make some educated guesses. In the well-understood quintic Calabi-Yau
varieties, complex structure moduli are just coefficients of the 5th order monomial in the defining
homogeneous polynomial of the quintic Calabi-Yau. And when their values are properly chosen,

the variety can have various kinds of discrete symmetries. For example, the Fermat quintic

QQ((E) = Zl Z mf’ + ZQ$1$21’3$4.’L‘5 (223)

has a large discrete symmetry Sy X (Z5)3. Moduli stabilization, if possible, will produce some
different configuration

Q1(7) = > fapeaer z’z a2’ (2.24)
abede

Suppose some physical quantities we are interested are protected by the (Z5)3 symmetry. This
symmetry is broken by those non-zero f,;.qc Which does not respect this symmetry on ();. So we
will assume for the (G5 case, the vevs of the moduli (at least in some well-chosen basis) can be used
to estimate the size of the symmetry breaking. Furthermore, in order for the above argument to
make sense, it is necessary to assume (); or its G5 counterpart is close to (g or its GG, counterpart.
So the symmetry breaking moduli vevs can be treated as a perturbation. These perturbations can be

expanded using functions defined on )y and respecting the discrete symmetry. Thus the symmetry

10



breaking vevs furnish some linear representation of the discrete symmetry, to the leading order.
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CHAPTER 3

Go-MSSM

3.1 The spectrum

As mentioned in the previous chapter, the gauge groups correspond to the 3-cycles in the G,
manifold, and the gauge couplings are proportional to the volume of the 3-cycles. Because of
the evidence of gauge coupling unification in MSSM, it is reasonable to assume all the gauge
interactions are coming from a single 3-cycle. So the theory at compactification scale is a grand
unification theory(GUT). We will focus on SU (5) GUT with the doublet triplet problem solved by
the forementioned discrete symmetry. The triplets in general receive masses of unification scale.
So the TeV scale spectrum is just MSSM. We call this effective theory Go-MSSM.Once we fix
the low energy spectrum to be MSSM, it is straightforward to apply the standard supergravity
formalism [34] to calculate the particle masses and couplings [8, 9]. Figure 3.1 shows a typical
spectrum of (Go-MSSM. The prominent feature of the spectrum is that the gaugino mass is much
suppressed compared to the masses of the scalar superpartners. This can be traced back to the
moduli stabilization mechanism. Classically, it is well known that string/M theory has no vacuum
with a positive cosmological constant (de Sitter minimum). From the effective field theory point
of view, this is the statement that moduli fields tend to have potentials which, in the classical limit
have no de Sitter minimum. If we now consider quantum corrections to the moduli potential,
which only involve the moduli fields — if they are computed in a perturbative regime — they tend
to be small and hence are unlikely to generate de Sitter vacua. Positive, larger sources of vacuum
energy must therefore arise from other, non-moduli fields. This is indeed the case in the M theory
vacua described in the previous chapter. Here the dominant contribution to the vacuum energy
arises from a matter field in the hidden sector (where it can be shown that, without the matter field,
no de Sitter vacuum exists).

Adopting supersymmetric terminology, this suggests that the fields with the dominant F'-terms
are not moduli. Hence, the moduli F'-terms are suppressed relative to the dominant contribution

(in fact, in M theory the suppression is of order ). This affects the spectrum of new particles.

12
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Figure 3.1: One typical spectrum of G5-MSSM, All the scalars are O(50) TeV, with the third
family squarks slightly lighter because of the large Yukawa coupling and the renormalization group
running. The lightest neutralino x? is mostly wino because of the anomaly mediation contribution
at the unification scale. p is suppressed relative to 13,7, so the higgsinos are only a few TeV. The
gluino is relatively sensitive to the unification scale threshold corrections, assuming these threshold
correction are not larger than the tree level contribution, the gluino cannot be heavier than a few
TeV
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In string/M theory, gaugino masses are generated through F'-terms of moduli vevs (because the
gauge coupling function is a superfield containing volume moduli). Hence, at leading order these
will be suppressed relative to, say, scalar masses which receive order mg,, contributions from all
F-terms in the absence of accidental symmetries. Therefore, in the G5-MSSM (and presumably
other classes of string vacua) the scalar superpartners and moduli fields will have masses of order
mg/o Whereas the gaugino’s will have masses which are suppressed; in fact in the G'>-MSSM the
gaugino masses at the GUT scale are at least two orders of magnitude below m3/,. This is what
makes the anomaly mediated contributions to gaugino masses relevant to the Go-MSSM and also
why the models often contain a Wino LSP [8, 35]. For the phenomenology considered in the
following chapters, it is also important that the suppression of the gaugino masses is greater than
the suppression of moduli vevs discussed above by one order of magnitude (at the GUT scale), at
least for G»-manifolds with less than O(10*) moduli.

3.2 Doublet-triplet splitting and p

As the first step of constructing G»-MSSM, we need to decouple the triplet in the 5 and 5 in the
Higgs multiplets, while keep the coupling between the doublet, the x term small. This is the well
known doublet-triplet splitting problem. In Heterotic string theory, doublet-triplet splitting is often
solved by orbifold compactifications'. Non-trivial Wilson lines in an orbifold compactification
break the GUT symmetry, and at the same time the orbifold is so chosen such that the zero modes of
the Higgs triplets are projected out (since they transform non-trivially under the orbifold symmetry)
leaving zero modes of only the Higgs doublets®>. In M theory in contrast, although gauge fields
propagate in extra (seven) dimensions, matter fields only live in four dimensions, hence they are
not zero modes of a Kaluza-Klein (KK) tower of fields. So, the above mechanism of splitting will
not work in M-theory. Furthermore, proposals based on symmetries that forbid p either by a U(1)
or stringy selection rules, will also forbid the triplet mass M ; these will not work as well.

An elegant solution was proposed by Witten [33] using the discrete symmetry of the G5 mani-
folds. This geometric discrete symmetry can be combined with a discrete Wilson line that breaks
SU(5), so that the resulting symmetry (call it ' = Zy) does not commute with SU(5). This
allows the different components of an SU(5) multiplet, which are assumed to be localized on the
fixed points set of F', to have different Zy charges [40]. Therefore, this has the potential to solve
the doublet-triplet splitting problem. It is important to note that this discrete symmetry owes its

origin to local symmetries, arising from the Lorentz group and gauge group in higher dimensions.

IField theoretic constructions with similar features involving an extra orbifold dimension are given in [36, 37, 38,
39].
2A similar mechanism can be employed in Type II intersecting brane models with a GUT gauge group.
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As such, this symmetry cannot be violated by quantum gravity effects, provided it is anomaly-
free[41]. We extended this idea and made the discrete symmetry only an approximate symmetry
after moduli stabilization. This provided a concrete estimation of the p term. When we have
O (100) moduli fields, the y term is about O (0.1) mg/o. In the next two Chapters we will show
that this result has strong implication for the dark matter detection and calculating the Higgs boson

mass.

3.2.1 Review of Witten’s Proposal

Here we review the geometric origin of the Zy symmetry constructed in [40], which splits the
SU(5) Higgs multiplets and solves the doublet-triplet splitting problem. In M-theory compactified
on a manifold X of G5 holonomy, gauge fields are localized on a three-dimensional subspace ()
of the internal G5 manifold (in addition to that in the usual Minkowski spacetime). On the other
hand, as mentioned above chiral superfields are localized on points in () where X develops conical
singularities. Thus, they only live in Minkowski spacetime.

Now, in order to break the GUT gauge symmetry (SU(5) here) on ) by Wilson lines, () must
not be simply connected. In the simplest example, () is the quotient of a three-sphere by a discrete
Zn symmetry group L, Q = S3 /L. If we describe the coordinates on S® by two complex numbers

2z and z with |2;]> + |z|” = 1, then the action of L on S3 is given by:

L:z— e%i/Nzi, 1=1,2 3.1

As @ has a non-vanishing fundamental group 7 (@), it admits a flat SU (5) vacuum gauge field
configuration with non-trivial holonomy [42, 43], i.e. a Wilson line. This Wilson line takes the

form

W = Diag (eQip, eQip, e%p, e_3ip, 6_3”’) , (3.2)

where € is some N-th root of unity. Now, we have all the ingredients to construct the desired
discrete symmetry F'. We consider (or assume) X with a discrete symmetry /' = 7, and which

acts on () as follows:
Fizy =z, 29— 2Ny, 3.3)

The fixed points of () under I’ can be described by two circles S; and Sy, where S is defined
by |z1] = 1,29 = 0 and S, is defined by z; = 0, |2o| = 1. S is trivially left fixed by F', while
Sy s left fixed by F' modulo the equivalence relation (1) generated by L. The resulting unbroken
discrete symmetry acts as F' on Sy, but acts as ' x W on S5.

Now, we assume that all chiral superfields (SU(5) multiplets here) are localized on S; U S5.
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Then, all components of a given SU (5) multiplet localized on S; will transform with the same Zy
charge due to the action of F', but the Zy charges of the SU(5) multiplets localized on Sy will be
split by the action of the Wilson line W defined by (3.2). By localizing the Higgs 5¢ on S; and
55 on Sy or vice versa, doublet-triplet splitting can be readily achieved by appropriately adjusting
p and their charges under F', g5 and gs.

However, the freedom we have in splitting the charges within the SU(5) multiplets is signifi-
cantly constrained. It is well-known that the Wilson line W which breaks SU (5) to the SM gauge
group commutes with the hypercharge U (1)y; hence an important consequence of such Wilson line
breaking is that the splitting of charges (under F’) within an SU (5) multiplet will be proportional
to some integer times U (1)y hypercharge. In particular, for a 10y SU(5) multiplet,

QQ = quA{ + P : 510
qcU = q105; — 4p - 019
45 = quo,, +6p - 010 (3.4)

where ¢ is the global charge of the SU(5) multiplet under F', and d19p = 1(0) if the 10ys is
localized on S5(.S7). We have normalized p so that it is an integer between 0 and N — 1. Similarly,

for a 5y; multiplet,

4L = qs,, — 3p - 05,
qcD = qg]w —I— 2p ' 551»1 (35)

where again 05, = 1(0) if 5y is localized on S5(S;). Triplet-doublet splitting requires the Higgs
triplets to be vectorlike under the Zy symmetry, gr, +gr, = 0. Since gz, /1, = ¢s,, /5uF 2p- 05, B

and qu, /1, = G5, /5, £ 3p - 05, /5, requiring gz, + g, = 0 leads to:

qu, + qu, = 5p (05, — d5,,) Mod N (3.6)

with d5,,, d5,, similarly defined such that § = 1(0) if the given multiplet is localized on S5(S}).
Therefore in order for doublet-triplet splitting to occur, one of the Higgs multiplets must be local-
ized on S; and the other on S5, giving rise to qp, + qu, = £5p. Since the Zy symmetry solves
the doublet-triplet splitting problem by forbidding the p term, Zy must be broken in some way
to generate a non-zero p term. In section 2.3, we discuss how moduli stabilization can break this

discrete symmetry and generate a non-zero p of the correct size.
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3.2.2 An Aside: R versus Non-R Discrete Symmetry

It is important to realize that the discrete symmetry F' discussed in the previous subsection can in
principle be of two types - R and non-R. Usually, one thinks of the discrete symmetries as non-R,
i.e. in which all # components of a given chiral superfield transform in the same manner. However,
discrete symmetries can also be an R-symmetry. In the context of M theory, this happens when
the GG>-invariant three-form ¢ in an M-theory compactification on a G, manifold is not strictly
invariant under the discrete symmetry F', but transforms by a phase. Since the three-form & is

real’, the only possibility is* :
b — +P (3.7)

Now, ® can be written in components as :

(Dabc = 77T Fabc n, (38)

where 7 is the covariantly constant spinor on the G5 manifold, and I' ;. is the 7 dimensional gamma
matrix. Therefore, we see that when ® transforms non-trivially (® — —®), n transforms under F

as .
n— kin. (3.9)

Since 7) transforms non-trivially, the discrete symmetry F' in this case is an [2-symmetry.
For concreteness, the analysis in later sections is done for case when F' corresponds to a discrete

non- X symmetry. It is straightforward to modify the analysis for a discrete R-symmetry.

3.2.3 Generating ;. via Moduli Stabilization

As discussed in above, the Zy symmetry is a geometric symmetry of the internal G5 manifold,
under which the moduli are charged. The G5 moduli [28] reside in chiral supermultiplets whose
complex scalar components,

2=t +is, (3.10)

are formed from the geometric moduli of the manifold>, s;, and axionic components of the three-

from C'-field, ¢;. We expect the moduli to break the discrete symmetry just below Planck scale

3This is because the G5 manifold is a real manifold, unlike a Calabi-Yau manifold.
“In contrast, the holomorphic three-form in a Calabi-Yau manifold can transform by an arbitrary phase under F.
SNote section 2. The i”’s are not the same in S and z.

17



when their vevs are stabilized [29, 8] (see Section (2.2)),
(8;) ~ 0.1m,,. (3.11)
Likewise, the moduli F' terms are expected to give gaugino masses in the usual way, so that
(Fli) >~ myjomy,. (3.12)

where m s, is the tree level gaugino mass at the GUT scale. The axion shift symmetries t; — ¢;+a;
require that only imaginary parts of the moduli appear in perturbative interactions. The superpo-
tential, being holomorphic in the fields, will not contain polynomial terms that explicitly depend
on the moduli. The p-term can then only be generated via Kéhler interactions when supersymme-
try is broken via a Guidice-Massiero like mechanism [44], i.e., from Kéhler potential couplings
quadratic in the Higgs fields.

To understand the size of i (and Bu) we we first find a combination of moduli fields (or product
of moduli fields), invariant under the axion symmetries, that transform under (a complex represen-

tation of ) Zn with charge qu, + qu,

and another with charge —qy, — qm,

S%=a™ + 5", (3.14)

These fields have the correct charge to break the symmetry and generate the p-term which has total

Zy charge —qu, — qm,-
In a general supergravity theory [45, 34] the fermion mass matrix is

my; = m e (V,G; + G;Gy) (3.15)

7

and the holomorphic components of the scalar mass matrix are

md) 2 = mf,leG (VZG] + Gkvlijk) (316)

ij

where G = m;lQK +1n(mzj16 | |?) and subscripts on G denote derivatives with respect to the scalar

fields ¢; or their conjugates ¢:. Respectively, (3.15) and (3.16) can be used to find 1

p=(map Ky, — FFK 1) (3.17)
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and Bu -
BM = <2m§/2KHqu - m3/2FkKHqu/; + m3/2FmKHqum

- <m3/2FmK " K, Ko + (1124 Hu)> (3.18)
— FnEp™ (% Ky, nnm — KﬂKanuKa‘de + (m, < Hu)>>

where the indices run over the moduli fields and we have used that the superpotential does not

contribute to either mass. Leading contributions come from Kahler potential terms

T 2
KD oz(S—)Hqu + B@Hqu + h.c. (3.19)

mpl mpl

where the coefficients «, 3 are expected to be O(1). Plugging the Kahler potential ( 3.19) into the

formulas for p and Bu gives

1

_ (s") (FS)
= a>‘tm
a o "18/2 O . (3.20)
By — 9208,2 ) )
1L QM o + « o 3/2 + o M3 /2:

However, as aresult of (3.11), (3.12) and the suppression of 1 /; by order two orders of magnitude
in the Go-MSSM, (S")ms/e ~ 10 (FS"), the contribution to x and By coming from F-terms are
sub-dominant, at least if we assume that N < 10*. Therefore, to a good approximation

a fact which will have significant phenomenological consequences® .

The coefficients of the operators in (3.19) are in principle determined from M theory, but is
not yet known how to calculate them. It is natural to assume that the coupling coefficients are of
O(1). When combined with a model of moduli stabilization, such as in the Go-MSSM described
in [28, 29, 8] and briefly reviewed section (2.2), 1+ and Bu can be approximately determined. Since
the real and imaginary components of the complex fields, S* (3.13) and S? (3.14), are expected
to have similar, but not necessarily identical vevs, p will generically have a phase that will be
unrelated to the phases that enter the gaugino masses. But, Bu and i will have the same phase
since both are proportional to S* and the same coupling constant.

Before moving on to the next section we discuss the possibility that other matter fields may be
charged under the Zx symmetry, spontaneously break the Zx symmetry, and generate .. Consider
an SU (5)-singlet matter field X that generates the p-term via the superpotential coupling X H, H;.
Since X is a matter field, M theory requires that it is charged under least one U (1) symmetry. Then

H, Hj is not invariant under the U (1), and consequently, the triplet mass term 7,7, is not invariant,

SWe leave the case of N > 10 for further study.
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spoiling doublet-triplet splitting. Thus, such contributions should not occur.
Alternatively, the u-term may be generated by a U(1) invariant combination of two fields, for

example by the operator Yo
142

A
Requiring ¢ > 10% GeV, and taking A ~ Mgy this would require /(X;X5) = 10'° GeV.

Radiative symmetry breaking will generally give a vev ~ my3/,— usually large vevs are associated

H,H,. (3.22)

with FI D-terms. But since FI D-terms are absent in M theory, it may be difficult for such large
vevs to arise from here. The recent results of [46] do suggest that the F'-term potential can generate
large matter field vevs, however in that case the vevs are too large to be relevant for the ;o problem.
Therefore, we very tentatively conclude that a matter field spurion is not responsible for breaking
the Zn symmetry and giving a physically relevant j-term.

Finally, we comment on a potential domain wall problem. The moduli are stabilized away from
a Zn point, which implies that the Zy symmetry was really only an approximate symmetry of the
(G>-manifold. The moduli stabilization serves to parameterize the amount that the Go-manifold
differs from a Zy symmetric manifold. Therefore, since the Zy symmetry is not an exact symme-
try of the (G5 manifold, the Lagrangian will explicitly break the Zy symmetry, and domains walls

would not have formed in the early universe.

3.2.4 Non-Perturbative Contributions to u

A few points are worth mentioning regarding the arguments in the previous subsections. First,
since F' owes its origin to gauge or Lorentz symmetry in higher dimensions, any potential anoma-
lies must cancel, either manifestly or by employing the Green-Schwarz mechanism in which an
axion shifts in an appropriate way to cancel any apparent anomalies[47, 48]. We will discuss the
constraints on low-energy physics arising from anomaly cancellation in section A.1.1.

In the arguments above, we have implicitly assumed that the discrete symmetry F' = Zy
1s manifestly non-anomalous. If the discrete symmetry /' (whether non-R or R) were anomalous
with respect to any of the SM gauge symmetries, this means that at least one combination of axions
must shift to cancel the corresponding anomaly. In that case, it is possible in principle to have a

non-perturbative instanton term in the superpotential of the following form
W D Xe**my, H, Hy, (3.23)

which is invariant under F'. Here z is a holomorphic modulus with the appropriate shift under /'

to make e~*# H, H, invariant under F’, and ) is a numerical coefficient. Note that this is true

70f course, whether such a term is really present in a given model depends on the charge assignments of H, Hy
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for both anomalous discrete non-R? and R symmetries; the difference between the two cases only
lies in the charge assignments of H,H, and z under F which allows the e~?# H,, H, operator in
the superpotential. In this case it is still possible to have the Kéhler potential operator (3.19) in
addition, if there exists a modulus S with the appropriate £’ charge.

Thus, if the discrete symmetry F' is anomaly-free only after taking the Green-Schwarz mech-
anism into account, then there are two potential contributions to the ;1 parameter - one from a
non-perturbative superpotential term (3.23), and one from a Kéhler potential term. In particular,
the contribution from the superpotential operator is rather uncertain, because the exponential pref-
actor in (3.23) is model-dependent®. Furthermore, for a given axionic shift Az, the contribution to
p from (14) is exponentially sensitive to the charge of H, Hy, as bAz =i (qu, + qu, Mod 27)
and the contribution to the x4 term is proportional to e =),

For the particular case in which H, H; has charge O under a discrete R-symmetry, the non-
perturbative contribution to i can be related to the vev of non-perturbative hidden sector superpo-
tential IV responsible for low scale supersymmetry for a vanishingly small cosmological constant
[50]. Now, it is known that in N” = 1 SUGRA, the gravitino mass is :

~ Mo

myys = €/ (W) = 7

(3.24)
where V is the volume of the internal manifold in string units, and p is a rational number depending
on the type of string/M theory in question (p = 1 for Heterotic, while p = 3/2 for M-theory).

Therefore, even after assuming A = O(1), the contribution to x from (3.23) can only be related
to m3/o up to a volume factor which is very model and moduli-stabilization dependent. In contrast,
for a discrete symmetry which is manifestly non-anomalous, the only possible contribution to
arises from the Kéhler potential operator (3.19) and is determined much more precisely. In the
rest of the paper, to be precise, we will only consider a discrete non-R symmetry for which the
dominant comtribution to x comes from Giudice-Masiero operators (3.19), which is natural to
expect in the case of a manifestly anomaly free discrete symmetry.

On the other hand, we will show that as far as the implications for Yukawa couplings and RPV
operators are concerned, our results are independent of whether F' is manifestly anomaly-free or

not.

and z under F'.
8For a discussion of this in an F-theory context, see [49]
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3.2.5 Constraints on the (approximate) Z/ Symmetry
3.2.5.1 Theoretical Constraints from Anomaly Cancellation

Having discussed the origin of the Zy symmetry which potentially solves the p problem, we
now discuss theoretical constraints on this discrete symmetry. As mentioned earlier, if the Z is
consistently embedded within a UV complete theory, the gauge-gauge-Z anomaly coefficients
in the low energy theory should vanish. For instance, if the discrete symmetry is consistently
embedded within a gauge symmetry broken at some higher scale[41], gauge invariance implies
that anomaly cancellation constraints on Zy must be satisfied [51, 52]. In addition, arguments
from t’Hooft anomaly matching conditions imply that if the discrete Z symmetry results from
a geometric symmetry in higher dimensions, the linear Gauge-Gauge-Zy anomaly cancellation
constraints should hold [53, 54, 55]. We will not consider Z-Gravity anomalies below, in general
one can always add hidden sectors to balance the anomaly coefficients.

The SU(3)—SU(3)—Zy,SU(2)—SU(2)—Zy and U(1)y —U(1)y — Zx anomaly coefficients
As, Ay, Ay are provided in Appendix A.l.1 for a non-R Zx symmetry. Anomaly universality

(which must occur for SU(5) unification [48]) requires’:

A3 =04 modn
Ay =04 modn

5A; = bo 4 mod n (3.25)

where n = N for odd N and = N/2 for even N. For non-zero o4 mod 7, anomaly cancellation
requires that a Green-Schwarz axion be present with a discrete shift symmetry which cancels the
anomaly in order to make anomaly freedom manifest.

Ibanez and Ross were the first to systematically discuss these anomaly constraints and cate-
gorize anomaly free abelian Zy symmetries which forbid dangerous proton-decay inducing op-
erators [51], with an extended analysis performed by Dreiner et. al in [57]. Motivated by this
work, many authors have constructed anomaly free Zy R-symmetries [58, 47, 59, 60, 61, 56, 62]
which address the ;. problem while forbidding dangerous B-L violating operators. In particular,
[59] demonstrated that requiring a Z, which solves the y problem, commutes with SO(10) and
allows the Weinberg L H,, L H,, neutrino mass operator leads to a unique Z* symmetry, which can
be obtained as a remenant of an internal symmetry in heterotic orbifold compactifications [63, 56].

In contrast to the case of a Z& symmetry, anomaly cancellation constraints are more difficult to

Because of the normalization of the hypercharge used in the definition of Ay, A; is only defined mod 2. See for
example Appendix B of [56]
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satisfy for non-R Z symmetries which solve the doublet-triplet splitting problem. This was first
pointed out in [59], where it was shown that if a non-R Z symmetry commutes with SU(5) in the
matter sector, it can not simaltaneously satisfy anomaly cancellation and doublet-triplet splitting.

Indeed if ¢ = gy and gpi = gz, the anomaly constraint A3 = A, mod 7 is equivalent to:

(qr, + qr,) = (qu, + qu,) mod N (3.26)

completing the aforementioned proof. However, assuming that the 10 and 5 matter multiplets are
not split by the Z symmetry is in a sense ad-hoc. With the doublet-triplet splitting mechanism
discussed in Section 2, the same mechanism that splits the Higgs SU(5) multiplets can also split
matter sector SU(5) multiplets. Using the language of Section 2, the no-go theorem of [59] is not
applicable if some of the 10y, 5y matter fields are localized on S, such that their Zy charges are
split by the action of the Wilson line (3.2).

Combining the Wilson line contraints with the requirements of anomaly cancellation and doublet-
triplet splitting significantly limits the possible Zy charge assignments for the MSSM fields. The
consequences of combining these constraints are discussed in detail in Appendix A.l1. An inter-
esting result which arises is that at least one of the mass eigenvalues in the down quark or lepton
sector will be forbidden by the Zn symmetry. The derivation of this result is provided in Ap-
pendix A.1.2. Thus in order for this solution to the p problem to give realistic physics, at least
one of the fermion masses must be generated in some manner once the Zy symmetry is broken
by moduli stabilization. Therefore this SU(5) Wilson line solution to the doublet-triplet split-
ting problem implies a direct connection between the p term and textures in the fermion Yukawa
couplings. The only phenomenological input required to derive this result is the requirement of
doublet-triplet splitting; the anomaly and SU (5) Wilson line constraints are purely theoretical and
arise from consistently embedding the Zy symmetry in a UV completion, such as the M-theory

compactifications discussed in [40].

3.2.5.2 Phenomenological Constraints from Proton Decay

In addition to anomaly constraints, there are also phenomenological constraints on the nature of the
Zn symmetry. As already discussed, the Z symmetry must forbid the y term and allow the triplet
mass term 77, 7;. Additional constraints arise from considering the proton decay rate induced by
R-parity violating operators if they are not forbidden by the Z5. The possible R-parity violating
superpotential operators in the MSSM are given by:

Wrpy D miLiH, + Ny LiLi B, + Ny Qi LD + Ny DEDSUE, (3.27)
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where gauge invariance requires antisymmetry of A’ and A" under interchange of the first two
indices. All three bilinear p;L; H, terms must be forbidden by the 75 symmetry in order to not
destabilize the weak scale. The trilinear () LD and U“U* D¢ terms induce proton decay; constraints

on the proton lifetime result in (see for example section 5 of [64]):
NN <1072, (3.28)

where \” and )\ in the preceding expression are taken to be the dominant RPV couplings in
1 n
ijk> Nijk

operators must be forbidden by Zy. Since LLFE* does not induce proton decay, constraints on

Thus, in order to satisfy proton decay constraints, at least one of the QL D¢, U°D°D*

this coupling are not as strong, although the presence or absence of this coupling will significantly
impact LSP phenomenology.

In addition to dimension 4 RPV operators, it is well known that dimension 5 RPV superpoten-
tial operators QQQ L and U¢D“U*E* can also induce proton decay rates which contradict current
experimental bounds, despite being suppressed by the heavy Higgs triplet mass scale[65]. In order
to avoid proton decay constraints, these dimension 5 operators must also be forbidden by Zy'°.
Combining these constraints, we consider only Z symmetries which satisfy the following crite-
riall:

1. The Zy charge of T;,7; = O mod N. This can always be satisfied by imposing (3.6) and

appropriately choosing gs,, and g, .

2. The Zy charge of H, H; # 0 mod N. This can always be satisfied by imposing (3.6) and
the requirement 5p # 0 mod V.

3. The Zy charge of L; H, # 0 mod N for all three generations.
4. The Zy charge of either Q L D¢, U¢ D¢ D¢, or both # 0 mod N for all generation indices.
5. The Zx charge of both QQQ L and U¢D°U°E* # 0 mod N for all generation indices.

These conditions are necessary but not sufficient for a fully realistic theory. This is because
generating a nonzero j term will break the Z symmetry; this can potentially regenerate the dan-
gerous RPV terms in (3.27), resulting in unacceptable proton decay rates and/or experimentally
excluded neutrino masses. As we will discuss in the following section, there must be some left-

over Z,; symmetry which remains when Zy is broken to generate the 4 term in order to satisfy

191f forbidden by the Z, symmetry, such couplings can still be induced once the Z symmetry is broken and the
term is generated. However the coefficients of these couplings will be suppressed by a factor of j1/m,,; in addition to
the triplet mass scale, avoiding proton decay constraints by several orders of magnitude.

""We assume a cosmological history in which baryogenesis is achieved via an Affleck-Dine type mechanism [66],
so that the presence of RPV terms will not wash-out any baryon asymmetry.
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experimental constraints. The embedding of the exact Z); symmetry within the Zy symmetry
will determine the resulting R-Parity violating or R-parity conserving structure of the low energy

theory.

3.2.6 The Necessity of Another Exact Symmetry

As discussed in section 3.2.3, the discrete Zy symmetry must be broken by moduli stabilization in
order to generate the p term. In addition to the i term, the RPV operators in (3.27) can potentially
be regenerated with coefficients 1; ~ p, A, N\ ~ O(u/my). Alternatively, there may be a
leftover discrete symmetry that remains exact once the p term is generated, such that some or all
of these RPV operators are still forbidden when moduli stabilization breaks Z . This is equivalent
to saying that there is some Zy symmetry in moduli space, which breaks to an exact Z,; C Zy
subgroup upon moduli stabilization.

If the Z symmetry forbids all RPV operators in (3.27), but moduli stabilization completely
breaks the Z symmetry (i.e. Z,, is trivial), we expect the RPV superpotential to be generated as
discussed in [64]:

Wipy ~ euLiHy, + O (L> LLE®+ O (L) QLD® + O (L) DEDUC (3.29)

mpl mpl mpl

Making the field redefinition

, (pHg+ eply)
L= Lt uf) (331)

/M2 +€M2

absorbs the L H,, term into the u term, but due to the Yukawa couplings this field redefinition will
also generate superpotential couplings such that:

Wrey ~ € (yeLLE® + y4QLD®) + O (m%) DEDEUe (3.32)
where we have assumed ¢ < O(1).

Applying the proton decay constraint (3.28) with A" ~ ey, and X" ~ p/m,,;, we see that the
superpotential in (3.29) is excluded by several orders of magnitude unless ¢ < 107°. A similar
constraint on € arises from neutrino mass constraints. This corresponds to a fine-tuning of the
coefficient in the Kihler potential which gives the LH, term as we naturally expect ¢ < O(1).

Thus in order for the Zy symmetry to be phenomenologically viable, it can not be broken such
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that all RPV couplings are regenerated with naturally expected coefficients'?.

Even if moduli stabilization results in a “nearby” manifold in moduli space, such that the
breaking of this Zx can be parameterized by non-renormalizable operators proportional to some
modulus vey as in (3.32), small breaking effects can still violate the numerous experimental con-
straints discussed in this paper. For the Z* symmetry from the heterotic orbifold considered in
[59], it is assumed that instantons break this symmetry to an exact Z; which acts as R-parity. Since
this ZF is the remnant of a geometric symmetry on the orbifold, one must check that moduli sta-
bilization does not stabilize moduli far away from the orbifold point, or else the Z5 symmetry will

be badly broken and operators similar to (3.32) will be generated'”.

3.2.7 Embedding Z,; within 7y

In principle the exact symmetry and the approximate symmetry are unrelated to each other, after
all they correspond to two different manifolds. In order to be explicit in the following discussion
however, we adopt the simplest possibility: We assume the exact symmetry Z,; is a subgroup
of the approximate symmetry 2y, with compatible charge assignment of the matter and moduli
fields. In other words Zy is not completely broken by moduli stabilization and generation of the
v term. To achieve this we must impose the additional constraint that the Zy charges of some
RPV superpotential terms in (3.27) are such that they are not necessarily generated upon moduli
stabilization. If we denote S as the “effective modulus field” which transforms in a complex
representation of Zy and generates the . term as in equation (3.19), then an RPV superpotential
operator forbidden by Zy will be generated once the y term is generated if the Kéhler potential
terms

K> _oms 5o (3.33)

(mpl)nH RPV T (o )" REV

are uncharged under Zy, where OF},, and OF?%,, represent dimension 3 and dimension 2 RPV
superpotential operators forbidden by the Zy symmetry. Stated in terms of Z charges, if .S has
Zn charge gg and the operator O has charge g», O will be generated when the p term is generated
if:

120ne could imagine suppressing further suppressing the LH, operator with a U (1), gauge symmetry. Any such
gauge symmetry must be broken at or above the TeV scale in order to avoid experimental constraints, and doing so
requires additional model building. For example, if there are no additional O(1) Yukawa couplings in the superpo-
tential besides the top yukawa, a significant non-universality in the soft-breaking scalar masses is required to break
U (1), with a right-handed sneutrino VEV[67]. On the other hand, if there are exotics charged under U (1), with large
superpotential couplings, these couplings can drive the breaking of U (1), without a non-universal soft-mass spectrum
[68]. We will not consider such non-minimal further models in this work.

13 A similar analysis examining instanton effects which generate proton-decay operators forbidden by an anomalous
U (1) was performed in the context of intersecting D-brane models [69].
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nqs + qo = kN. (3.34)

for some integer n and k. Applying Bezout’s lemma'* to (3.34), it is straightforward to show that

an operator O forbidden by 7y will be generated by moduli stabilization if:

MOd (qo,qeff) = O (335)

where g, 1s the greatest common divisor of N and ¢,. In other words, once the . term is gener-
ated, the Z symmetry will be broken to at least a Z,; symmetry, where M = q.s¢. It is possible
that the Zy symmetry will be further broken by some other modulus VEV (S’) with some other
Zn charge gg/. In this case, ¢.¢; in equation (3.35) becomes the greatest common divisor of [V,
gs and gs. The generalization to several different charges for moduli VEVs is straightforward,
although given a finite integer N the maximum number of different moduli VEVs which still give
a nontrivial Z,; symmetry is limited."

In either case, in order to satisfy the experimental constraints mentioned in this section the
remaining Z,; symmetry should not be trivial (M = g.ss # 1). From this, we immediately see
that N can not be prime, and that IV, ¢s and ¢ must have some non-trivial common factor. For the
simplest case involving only a single modulus VEV with charge ¢,, N = 4 is the lowest possible
order for the Zy symmetry. If g # ¢g/, the lowest order symmetry we can obtain which has a
non-trivial leftover symmetry is a Zg symmetry. Because the p term is by definition uncharged
under Z,;, we can use equation (6) to obtain a relationship between the Wilson line parameter p
and M:

5p = 0 Mod M. (3.36)

This relation will enable us to derive important results in the RPV scenario.
Even if there is a non-trivial exact'® Z,; symmetry which remains upon moduli stabilization,
the possible patterns of RPV operators allowed by the Z), symmetry are severely restricted by

experimental constraints. In addition to proton decay constraints, one must also consider con-

14Bezout’s lemma states that for integer a, b and d, the equation x a + y b = d will have solutions for integer = and
y if d is a multiple of the greatest common divisor of x and y. Applying this to (3.34) witha = ¢,,b = N and d = qo
results in (3.35).

BSInstead of the operator given in (3.19), it is possible that the dominant contribution to the y term comes from
operators of the form K D (S/my)™ HyHg, such that m qs = —qpy — qua Mod N. In this case, the p term will
be suppressed by additional powers of the modulus VEV. In this scenario, g is still the greatest common divisor of
N, gs and ¢, and thus the results regarding the Z,; symmetry are unchanged.

161n this work we assume that the remaining Z,; symmetry is exact. In principal, Z; could be broken at some
scale A such by some mechanism; if A < u then the regenerated RPV operators might have coefficients small enough
to avoid experimental constraints. However, this requires the introduction of a new scale of Z,; breaking A, which at
this point seems ad hoc.
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Z4 Charge Ql QQ Qg U1 U2 U3 Ecl E2 E3

Z4 Charge D1 D2 D3 L1 LQ L3 Hu Hd Tu Td
3 1 1 rj1,1(2 07700

Table 3.1: Non anomalous Z, symmetry which satisfies Wilson line and phenomenological con-
straints. This symmetry is manifestly anomaly free and does not require any GS mechanism for
anomaly cancellation. One of the down quark masses is forbidden by this 7, and therefore must
be radiatively generated once the symmetry is broken, for example by non-holomorphic Higgs
coupling between the [, and the down-type quarks/leptons. If all moduli fields have even charge
under this Z,, this Z, symmetry can be broken to an exact Z, R-parity upon moduli stabilization.

straints on neutrino masses from bilinear ;L H, operators and astrophysical constraints on the
LSP lifetime.

Despite the numerous theoretical and phenomenological constraints on Zy/Z); symmetries
discussed in this work, it is not difficult to find examples of Zy symmetries which satisfy all
specified constraints. The lowest order symmetry with all the desired properties is a Z, symmetry;
an example is given in Table 3.1. This symmetry can be broken to an exact Z, R-Parity once
moduli stabilization generates the ;4 term. A key point is that for any leftover symmetry to remain
upon moduli stabilization, the moduli fields must be uncharged under a subgroup of Z. For the
example in Table 3.1, the moduli fields must have even charge under Z, so that a leftover Z,

symmetry remains upon moduli stabilization.

3.3 Electroweak Symmetry Breaking and Little Hierarchy Prob-

lem

The main result of the previous section is the prediction of a suppressed p term.

o~ %m:’)p (3.37)
This result by itself is a top-down prediction. One still need to check whether the electroweak
symmetry breaking (EWSB) condition is compatible with this result. In fact, this is deeply related
to the little hierarchy problem. Most of the new physics models introduces new particles and inter-
actions that are constrained by experimental results. The easiest solution to avoid the experimental
bounds is to make new particles heavy. Then one needs to explain the hierarchy between the elec-

troweak scale and the new physics scale. In the G3-MSSM case, there are two scales: The scalars
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are typically O(50 TeV), and the p term is O(5 TeV). One of the EWSB conditions is:

2 2 2

MZ = —2uf? + 2
tan? 8 — 1

(3.38)

It is not obvious the equation can be satisfied with p so much smaller than the scalar masses.
However as we are going to show in the following subsections, cancellation naturally occurs in

G5-MSSM, and EWSB is perfectly consistent with a suppressed y term.

3.3.1 Electroweak Symmetry Breaking

The first and foremost phenomenological constraint is that the theory accurately produce elec-
troweak symmetry breaking. That is, the theory must give a stable potential (bounded from below),
break the electroweak symmetry and allow for the correct Z-boson mass. Respectively, these three

conditions can be quantified by the following tree level constraints at the EWSB scale

|Bu| < s(mi, +mi) + |uf
|Bul* > (m3, + ulP) (3, + ) (3.39)
m?, —m?, tan®f
M2 = —9lul2+2 Hq Hy
Z Il + tan? 8 — 1

where tan/ is not an independent parameter, but is determined by

—2B
Sn2B = ——o. (3.40)
my
and
m% = my;, + my, + 2|ul>. (3.41)

where A is the pseudoscalar Higgs boson.

To get a feeling for tan, we plug in the expected values (at the unification scale and with
degenerate scalars) of Bu ~ 0.2m3, and m% =~ 2m3 ,, into (3.40) which gives tan$ ~ 10. On
the other hand, RGE flow will lower the values of both Bu and m?, resulting in variations around
tanf ~ 10. When tan 3 is not small, it can be approximated as

2

de
tan 0 = . (3.42)
Bpu
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Inserting (3.42) to (3.39) and solve for ;1 while assuming p is small, we obtain

2

m

2 Hy 2

Y= My, - (3.43)
B2 - de

It is obvious the solution is self-consistent when B and my;, are not very close and my, is

small. In the next section we will show these conditions are satisfied by the RGEs solutions.

3.3.2 Renormalization Group Equations of MSSM

The masses and couplings we calculated from the supergravity formalism are the values at the
unification scale. In order to study EWSB, it is necessary to calculate their values at the electroweak
scale using the RGEs. When tan [ is not very large, the relevant RGEs at 1-loop are the RGEs of
the gauge couplings, the top Yukawa coupling, the soft masses of H,,, H,, ()3 and T3, the trilinear
coupling A;, and Bp.

First we consider the one-loop RGEs for the gauge couplings:

167°—— = 3.44
d

167r2% = g3 (3.45)
d

1&9?%::—&§, (3.46)

where t = log (1u/Mcuyr). Applying the boundary condition that all the gauge coupling unify at

the unification scale, we can solve for a; = g?/4m:

1 1 33

= ¢ 3.47
aq Qp 107 ’ ( )
1 1 1

— == (3.48)
(6%} Qp 27

1 1

oL 3y (3.49)

t = 0 corresponds to the unification scale and « is the unified gauge coupling.

After solving the RGEs for the gauge coupling, we can consider the top Yukawa coupling

16

dy 13
16m° " = <6|yt|2 — 39530 — ng) : (3.50)
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The solution can be written as

au(t) = i «a(0)E(t)

1672 1 — 1204(0)F(t)’ 51
Here as usual oy = y2 /4, and the function E (t) and F (t) are defined as
- 66 aip )
E(t) = (1 +6%t> ’ (1 - 22‘—7‘?) <1 - E%t) , (3.52)
F(t) = / "B, (3.53)
0

F(t) has to be evaluated numerically, if we assume oy = 25, the unification scale is 2.88 X
10'® GeV, SUSY breaking scale is 6.96 x 10°GeV, t = —29, then F(t) = 8.26 and F'(t) =
—92.57. Because y;(Msusy) = 0.8, we can calculate 3,(0) = 0.41, ( 6c;(0) F'(Msysy) ~-0.6).

Finally it is easy to solve the RGEs of the trilinear coupling and the soft masses.

% = 120:(t) Ay, (3.54)
(Z—f = 60y (1) Ay, (3.55)
dg—? = Goy (1) (m, +miy, +my, + [Al), (3.56)
dﬁ”’ = day(t)(mdy, +mi, +miy, + |Af), (3.57)
dﬁfh = 204(t)(mig, + miy, +my, + [Af*). (3.58)

The solutions are
B(t) = B(0) + § _6(;;(0?3(];)(2 o Ay(0) & 2mg — 0.34,, (3.59)
Alt) = — 1;4025?3) T = 04540 (3.60)
Mg, = % (m3, (0) —mf, (0) — mQ, (0) + G (t)) ~ 0.18m — 0.12A3, 3.61)
my, = ;, (—=m, (0) +2mp, (0) — m, (0) + G (1)) & 0.45mf — 0.0843, (3.62)
mg = é (=m, (0) = mi, (0) + 5m, (0) + G (1)) = mg — 0.04.A7 (3.63)

For the numerical result, we assume the scalar masses are unified to mg at the unification scale,
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and By = 2m,. We also define G (¢) as:

~ mi, (0) +m, (0) +md,(0) 120, (0)F(t) A?
G(t) = 1 — 12a4(0)F(¢) = (1 — 120(0) F(

(0)
o (3.64)

3.3.3 General Mechanism and Numerical Results

As shown in the previous subsection, the RG equations for the Higgs mass-squared parameters
m3y, (t) and m3; (t)-which will feed directly into the calculation of the Higgs vev (see Eq.(3.39))—
shows that qud essentially does not run, while m7, does, so that one has that m%{d (t) ~ M?

and
m, (t) =~ far, () MG — fa,()Aj + R(t) (3.65)

where t = In(Q/Mgur), Mgy being the unification scale. The functions fyy,, f4, are, to leading
order, determined by Standard Model quantities (gauge couplings and Yukawa couplings) and
the unification scale. Analytical formulas for f,,, f4, are given in the Appendices for one-loop
running, while the numerical calculations are performed using the full two-loop RG equations.
R(t) = f3(t)AgM3(0) + f4(t)MZ(0) + ... are corrections that are smaller or the same size as the
sum of the first two terms in Eq. (3.65). One finds that f);, and f4, at the EWSB scale have a value
of

it = fa, = 0.1 . (3.66)

Thus m3 is suppressed by the values of fuz,, fa,. To illustrate this effect, we plot fuz, vs. fa,
in Fig. (3.2) which shows the dependence of m, (Qgwsg) on the soft masses is reduced, as is the
size of m7, (Qrwsg) relative to Ms).

At first it may seem that results in Eq.(3.66) are independent of the scale of the soft masses,
but in-fact large scalar masses, of order 10 TeV and larger, are necessary for this effect. This scale
already arises as a bound from BBN on moduli-masses, which in turn gives a similar bound on
the soft-breaking scalar superpartner masses [32]. As discussed in the previous subsection, the
values of fj;, and f4, are mostly sensitive to the top Yukawa coupling. The top mass receives
large (10 — 15)% corrections from squark/gluino loops [70] in the models we discuss, resulting
in a lower top Yukawa coupling required to produce the correct top-quark mass. In other types
of models which are not the type studied here, loop corrections from lighter squarks below about
5 TeV do not provide sufficient suppression, and the large Yukawa coupling would drive quu
negative.

Go-MSSM predicts an additional cancellation in m%{u(QEWSB), since the supergravity La-

grangian generically predicts that
MO ~ AO ~ M3/2 . (367)
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Figure 3.2: The 1 loop RGE coefficients f);, and f4, at Qrwsp as given in Eq.(3.65). The amount
of cancellation in the Eq.(3.65) for m3; (Qrwss) depends on |Ay|/My, and we show the values
that minimize m7, at one-loop. In this figure, M runs from 10 TeV at the lower end of the curve
to 50 TeV at the top of the curve. (See Fig. (3.4) for the full analysis with with 2 loop running and
the threshold/radiative corrections.)

Since the values of fy;, fa, are naturally each order 0.1 and their difference leads to another

suppression of order 0.1, the natural scale of quu (QrwsB) is
mi, ~ 1072 M3, ~ O(TeV?) . (3.68)

Thus, the effects of the large M§ and A} in the determination of m3, (Qewsg) are absent, and
the naive fine-tuning is significantly reduced.
As a result of this cancellation the corrections of the size R in Eq.(3.65) are smaller or the

same size as the term that cancels: f;, (t)MZ — fa,(t)A3. This allows for a value ;2 (and M3) at
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Figure 3.3: Two-loop renormalization group running of mpy, for 3 models for the cases
My = (10,30,50) TeV. The tadpole corrections are shown, and appear as a vertical drop at
Qrwss = /Mg, Mz, as is appropriate. The numerical value of m,, which is the tree + tadpole
value, continue to take the same value at scales () below the point Qgwsg as is theoretically ex-
pected. The values of y are p = (500 GeV, 1.0 TeV, 1.8 TeV). This can be seen for example for
the My = 30 TeV in figure 3.4 using Eq. (3.43).

the electroweak symmetry breaking scale that is of order a TeV or smaller when the soft scalars
masses and trilinear couplings are large, in the range (10-50) TeV or larger.

The cancellation in Egs. (3.65,3.66,3.68) coupled with equation, Eq. (3.43), can be taken as
our basic result. Eqs.(3.65,3.66,3.68,3.43) shows that with inputs having all the soft-breaking
parameters of order 30 TeV one finds the conditions for EWSB are always satisfied for reasonable
ranges of the parameters, and the values of p can be at (or below) the TeV scale consistent with
EWSB and the measured value of M.

Equation (3.43), with the important numerical values, is realized naturally with heavy scalars
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Figure 3.4: A large parameter space sweep using the full numerical analysis discussed in the text
for My = 30 TeV, with 1 € [0.9, 2] TeV, with tan 8 € [3, 15] showing a robust region where my,,
the loop corrected value at the EWSB scale, is reduced significantly relative to M, = 30 TeV, with
the greatest suppression occurring for trilinear of about the same magnitude.

M and large bilinear B, and trilinear A, couplings of comparable size. We add that Eq. (3.43) is
a derived result and not assumed; we interpret this as then a true prediction of string models with
the breaking of superysmmetry through gravitationally coupled moduli. We note that the result
p? ~ M3, can be obtained in gauge mediation (where 1> < Byu) in models for which By < m3;,
is assumed [71] (see also [72]).

In our numerical analysis we employ the 2-loop renormalization group equations (RGEs) for
the soft supersymmetry breaking masses and couplings [73] with radiative corrections to the gauge
and Yukawa couplings as computed in [70]. Radiative electroweak symmetry breaking is carried
out with SOFTSUSY [74]. In the Higgs sector, we include all the 2-loop corrections [75, 76].
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Explicitly we find Eq. (3.43) is a consistent representation of y for
M35 = My = 30 TeV with p € [0.9,2] TeV . (3.69)

For M3, = My = 10 TeV we find i as low 300 GeV, though about (500-600) GeV appears
more ‘natural’ as a lower limit from our scan of the parameter space. In the numerical analysis we
increase the maximum trials in obtaining the solution of the RGEs relative to the default number in
SOFTSUSY which serves, in part, to optimize our focussed scan. This is described in more detail
in Ref. [74]. Our analysis is focussed on M, € [10,30] TeV, with M, ~ | Ag|. We do not perform
an extensive study of solutions with M3/, 2 50 TeV because the programs may not be reliable
there with the desired accuracy.

Figure (3.3) shows my, for appropriate Ag, My, and how it runs down to values of order
M3,5/10 from the RGE effects alone, where in the last step the Coleman-Weinberg corrections
to the potential brings down the size of the up type Higgs mass? soft term by additional factors.
It is the very fact that string models tell us By ~ Ms/5, Ag =~ Ms)5, My ~ Ms, that leads to
this solution. If one put the trilinear coupling to zero, this solution to a very large reduction of
would be missed. The result we propose here is very different from the focus point solution where
m%{u runs to a common invariant value and turns tachyonic [77, 78, 79], and for which scalar
masses and trilinear couplings order 30 TeV were not discussed. We elaborate further on this in
the Appendices.

In contrast we discuss here a new phenomenon where there is a cancellation of the coefficients
of A3 and M which are of comparable size but with opposite sign and thus results in a suppression
of quu relative to the very heavy gravitino mass of order (10 — 50) TeV. The solution for y in
the models we discuss is naturally in the range p < (0.5 — 3) TeV for My = (10 — 50) TeV
when |Ag| ~ M. Differently, in our case one can think in terms of a cancellation of the two
contributions to Eq.(3.65), but it is natural and not tuned. The top Yukawa runs significantly from
the GUT scale and drives the soft up type scalar higgs mass parameter to be small relative to the
gravitino mass and it is positive and not tachyonic, and in addition, the large trilinear also leads to
a faster running of m7; .

As mentioned above, Fig. (3.3) shows the the running of the up type Higgs soft mass for 3
sample models with values of y at EWSB scale, 4 = (500 GeV, 1.0 TeV, 1.8 TeV), for the three
cases My = (10 TeV, 30 TeV, 50 TeV) and with the other soft breaking parameters of compara-
ble size, and with the SU(2),U(1) gaugino masses well below 1 TeV; the gluino masses are the
heaviest and range from 400 GeV to 1 TeV. In Figure (3.4) we show a robust and large parameter
space, for the case M, = 30 TeV where the largest suppression of the loop corrected value, my,,

occurs for a trilinear coupling of size M, which in turn suppresses u at the EWSB scale. For the
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case of My = 30 TeV, one sees the largest suppression of /m, occurs at |Ag|/My ~ 1.2. For the
case of My = 10 TeV we find a similar analysis shows the point of maximal suppression occurs
closer to | Ag| /My ~ 0.9.
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CHAPTER 4
Cosmology and Dark Matter

In Chapter 2 and Chapter 3 we have studied the theoretical aspects of the (G5 compactification of
M theory and introduced a low energy effective model G5-MSSM. It features heavy scalars, large
trilinear couplings, suppressed p term and relatively light gauginos. In the following chapter we
are going to study the phenomenological predictions of G5-MSSM. Each of these results are also

true for a wider range of models, and we extend the results to other models whenever possible.

4.1 Cosmological Moduli/Gravitino Problem

In the previous chapter we used mgz/, = O(50 TeV) to motivate features of G'o-MSSM. But we
have not yet explained why we want gravitino to be so heavy. This requirement mainly comes from
the constraint of the moduli masses. The fact that, generically, the lightest modulus mass is of the
same order as the gravitino mass has significant implications for the phenomena described by a
typical string/ M theory vacuum, with some rather mild assumptions, which we now enumerate. In
addition to the requirement of stabilizing all moduli in a vacuum with TeV-scale supersymmetry
(as described in the Chapter 2) which picks the set of string compactifications we choose to study,
the assumptions are essentially that the supergravity approximation is valid and that the Hubble
scale during inflation is larger than m;».

The above implies that the light moduli fields (of order m3,,) are generically displaced during
inflation, causing the Universe to become moduli-dominated shortly after the end of inflation due
to coherent oscillations of the moduli. Requiring that these decay before big-bang nucleosynthe-
sis (BBN) so as to not ruin its predictions, puts a lower bound on m3/, of about 25 TeV or so.
Thus, the cosmological moduli problem [80, 81] generically requires that mg3,, > 25 TeV. Since
M3y ~ Mipl for vacua with a vanishingly small cosmological constant, this further implies that
the supersymmetry breaking scale v/F has to be “high”, as is natural in gravity mediation models.
Low-scale supersymmetry breaking scenarios like gauge mediation do not seem to be compatible

with these cosmological constraints.
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Generically, within high scale supersymmetry breaking mechanisms such as gravity mediation,
the squark, slepton and heavy Higgs masses are also of order ms/,. It has been argued that in
special cases, squarks and sleptons may be “sequestered” from supersymmetry breaking, giving
rise to a suppression in their masses relative to mg3/;. However, it was shown in [82] that in
string/M theory compactifications with moduli stabilization, the squark and slepton masses are
generically not sequestered from supersymmetry breaking once all relevant effects are taken into
account. This has important implications for collider physics, implying in particular that squarks
and sleptons should not be directly observed at the LHC [32, 83].

4.2 Dark Matter Candidates in Go-MSSM

There are two dark matter candidates in Go-MSSM. The first is the lightest supersymmetric particle
(LSP) that may be protected by the R-parity. Dark matter composed of the LSP has been a very
well motivated candidate for all or part of the dark matter of the universe for nearly three decades.
The dark matter annihilation cross section is of order o ~ s/ M%, where as is the weak coupling.
In the past decade the particular possibility where the dark matter is mainly the partner of the W
boson, the wino, has been very well motivated in any theory where supersymmetry is broken by the
anomaly mediation mechanism [84], or more generally where the anomaly mediation contribution
to gaugino masses is comparable with other sources of gaugino masses (as in the G, construction),
and in other approaches such as U(1) mediation [85]. In a universe where the relic density emerged
in thermal equilibrium the wino mass had to be of order 2 TeV to get the right relic density.
But in the non-thermal universes where the dark matter mainly arose from decay of additional
particles, such as the moduli generically present in any string theory, the correct temperature at
which to evaluate the Hubble parameter was the moduli decay or reheating temperature. This is
quite different from the freeze-out temperature [86, 35, 87]. Then the correct relic density emerged
for wino masses of order 150 GeV, for which (ov) ~ 3 x 10724 cm3s~!. Although the winos arise
continuously as the moduli decay, rather than the superpartners being mainly present at the big
bang, a “non-thermal wimp miracle” still occurs when the scaling of the Hubble parameter and
cross section with temperature and mass are taken into account [86, 35, 87].

The other candidate of the dark matter is axions. The requirement of stabilizing a large number
of moduli in a realistic compactification with a simple mechanism naturally picks mechanisms

in which many axions'

are exponentially lighter than mg/,, one of which can naturally be the
QCD axion [88, 89]. Hence, this provides a string theory solution of the strong-CP problem with
stabilized moduli and axions, and also naturally predicts an O(1) fraction of Dark Matter in the

form of axions, the abundance of which must now be computed with a non-thermal cosmological

Ithe imaginary parts of the complex moduli
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history [88].

4.3 The non-thermal WIMP ‘Miracle’

Compactified string/M theory generically gives rise to moduli fields in the effective low energy
description of physics. These are the low energy manifestations of the extra dimensions present
in string/ M theory and are necessarily present as long as the supergravity approximation is valid.
Moduli fields couple gravitationally universally to matter with interactions suppressed by a large
scale, such as the GUT or Planck scale. They generically will dominate the energy density of the
Universe after inflation but must decay before big-bang nucleosynthesis (BBN). When they decay,
they not only dilute the density of any thermal relics by many orders of magnitude, but they also
produce WIMPs as decay products.
This gives rise to a WIMP number density of order :

I'x H(Tg)

(o v)lot ~ (o v)tot!
XX XX

Ny ~ 4.1

where T, is the reheat temperature generated when the modulus X decays, ["x the modulus decay

thermal
X

where T is the WIMP freezeout temperature. This implies that to obtain a roughly correct

width and H (7T') the Hubble scale at temperature 7". By contrast, in the thermal case, n
H(Tr)
(ov)igl?

abundance in the non-thermal case, (o v)%% has to be larger compared to that for the thermal case

by a factor of % Finally, within the framework of supersymmetry there naturally exist WIMP LSP
R

candidates like the Wino or the Higgsino with annihilation cross-sections precisely in the required
range. Since Winos have a larger annihilation cross-section than Higgsinos for the same mass, a
Wino-like LSP with a small Higgsino component is favored?.

In the next section, we describe an approach which satisfies all the conditions required for the
“non-thermal WIMP miracle” to work, and which also gives rise to Wino-like LSPs in a large

region of parameter space. Henceforth, we will study this case in detail.

4.4 Indirect Detection

Indirect Detection experiments are designed to search for particles that are potentially produced
by the annihilation/decay of the dark matter in our galaxy. How does one learn what physics
interpretation to give to tentative signals of antimatter and gammas in the galaxy? Could it be

due to annihilating dark matter? Answering this is not straightforward — it strongly depends on

2For simplicity, we do not consider models beyond the MSSM.
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assumptions that are not always made explicit, and the answer is also very sensitive to assumptions
about propagation in the galaxy, and to parameters used to describe the propagation. Perhaps
surprisingly, assumptions about cosmological history are crucial. It also depends on whether more
than one mechanism is providing the signals.

As the recent PAMELA [1], Fermi [5] and then AMS-02 satellite data [2] appeared, essentially
everyone who studied it assumed that the universe cooled in thermal equilibrium after the big
bang (dark matter particles y annihilated into Standard Model particles, which could annihilate
back into dark matter particles if they had enough energy, until the cooling led to freeze-out of
the dark matter at some relic density). Then the relic density is p ~ H/{ov), where the Hubble
parameter H is evaluated at the freeze-out temperature (about A/, /25). This remarkable formula,
with the relic density depending only on the cosmological Hubble parameter and on the weak scale
annihilation rate, has been called the ”"wimp miracle”. Getting the correct relic density implied that
(ov) & 3 x 10725 cm3s™?, so any candidate with a larger annihilation cross section was excluded.
In recent years, however, it has become increasingly clear that comprehensive underlying theories
which explain more than one thing at a time generically have additional sources of dark matter,
such as decaying particles, and therefore that assuming thermal equilibrium as the universe cools
is oversimplified and misleading. This was noticed in [90, 91, 92], emphasized a decade ago by
Moroi and Randall[86], and more recently documented in detail in a model based on a string theory
construction with M theory compactified on a manifold with G, holonomy[35]. See also [87].

Further, the standard assumption of most studies was that a single candidate had to describe the
data for electrons, positrons, antiprotons, and gammas at all energies. It’s not clear why one would
assume that, since in the presence of dark matter there will in general be contributions from the
annihilating dark matter, and also from several astrophysical sources such as interstellar medium
accelerated by supernova remnant shock waves, pulsars, and perhaps more. In some theories the
dark matter is metastable, its decay induced by much higher dimension operators, and contributes
both via annihilation and via decay (work in progress)

Remarkably, this 150 GeV mass scale is just the one that is right for the PAMELA data. In a
universe where the relic density arises non-thermally, as generically in string theories, a wino LSP
with relic density normalized to the observed local relic density (0.3 GeV /cm?) gives about the
amount of positrons and antiprotons (and their distributions) reported in the PAMELA experiment!
No “boost factor” is needed.

Positrons and antiprotons have long resident times in the galaxy, millions of years. In order
to compute the number of events as functions of energy that PAMELA and Fermi should observe
one needs to include all the effects of propagation in the galaxy. There are two main programs
to facilitate that, GALPROP[93] and DarkSUSY[94, 95], each valuable for somewhat different
calculations. Here we use GALPROP since we need to have one program that treats the signal
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and background particles in a self-consistent manner as they are affected by the galactic magnetic
fields, lose energy by synchrotron radiation, inverse Compton scattering, collisions, escape the
galactic disk, etc. As we will explain, this is crucial for understanding the antiprotons, where we
argue that use of parameterized backgrounds has led people incorrectly to assume that PAMELA
was not seeing an annihilation signal in antiprotons.

We find that in the PAMELA region the results can depend significantly on a number of as-
trophysical parameters (see Table 4.1), and that there are many degeneracies and flat directions
among the parameters. The GALPROP running time is long, of order several hours, so we have
not yet been able to do full parameter scanning. Improved computing, and additional constraints
from satellite data that should be reported in the next few months, should improve this situation
significantly. It should be emphasized that the positrons and antiprotons “’injected” into the galaxy
by pure wino annihilation have no parameters apart from the mass scale, which can only vary at
the 5-10% level. All the issues about describing the data arise from the propagation.

If annihilation of LSP dark matter is the origin of the excess positrons, it obviously must give
excess antiprotons since all MSSM states will include quarks and antiquarks in their annihilation
products, and the antiquarks fragment into antiprotons. In particular, for the wino LSP the annihi-
lation of winos is to W' + W, and the W-bosons have known branching ratios to leptonic and
quark final states, and the probability they will give antiprotons was measured at LEP. The relevant
processes are incorporated into PYTHIA and we use them. There is no freedom. This has led to
many statements in literature that the apparent absence of an antiproton excess excludes MSSM
LSP models, and in particular excludes wino annihilation as the explanation of the positron excess,
and forces one to approaches that only give leptons. It turns out that these conclusions are wrong,
for three interesting reasons. First, the antiproton spectrum from quark fragmentation is significant
down to quite soft antiprotons, and it gives a significant number of antiprotons in the 1 — 10 GeV
region and even below. The positron spectrum from W’s has many energetic positrons at higher
energies, and is peaked at higher energies than the antiproton spectrum. Second, the antiprotons
do not lose much energy as they propagate compared to the positrons, so the GeV antiprotons are
detected by PAMELA, while the positrons lose energy readily and the soft ones do not make it to
the detector. This can be seen from the figures below, where the signal from antiprotons is above
the background down to the lowest energies, while the positron signal is at the background level
below about 5 GeV, and essentially gone below 10 GeV. Thus the positron spectra for signal and
background have different shapes, while the antiproton spectra have essentially the same shape and
mainly differ in normalization.

The third issue concerns how the background is defined. The “background” can only be de-
fined if one either has data in a region where there is known to be no signal, or if one has a theory

of the background. There are two points. Some time ago reference [96] showed that solving the
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propagation equations allowed a rather large variation in the antiproton background normaliza-
tion, about a factor of five for parameters that were consistent with other constraints such as the
Boron/Carbon ratio. This has also been emphasized by [96, 97]. Low energy data for antiprotons
has existed for over a decade[98, 99, 100]. People proceeded by fitting the antiproton data and
defining the fit as the background. Then they compared the PAMELA data with such backgrounds,
and of course concluded there was no signal, because the signal had already been included in the
background! If a dark matter annihilation contribution was included, it was double counted! As
we show below, for entirely reasonable GALPROP parameters one can self-consistently compute
the antiproton background, and with a wino annihilation signal it gives a good description of the
data. Consequently the early experiments such as BESS and HEAT did detect dark matter via
antiprotons.

There is another effect that has been neglected so far in most interpretations of the PAMELA
and Fermi data. Dark matter annihilation is proportional to the square of the relic density. Because
galaxies are built from smaller galaxies, and also because of normal random density fluctuations,
the relic density throughout the relevant parts of the galaxy for a given observable will not be a flat
0.3 GeV /em?, but will vary. Since (p?) — (p)* # 0, density fluctuation effects must occur. Initial
studies have been done by several authors[101, 102], who have established that the effects differ
for positrons and for antiprotons, and are energy dependent, because the energy loss mechanisms
are significantly different for positrons and antiprotons. While it is not clear yet how to calculate
accurately the sizes and energy dependences of these effects, it is likely that assuming no effect is
a less good approximation than initial approximate calculations of the effects. We include small
effects we estimate semi-analytically and show results with and without them. Ultimately it will
be very important to learn how to calculate these effects well and include them.

The positron data below 10 — 15 GeV is not consistent among experiments, and is not well
described by models. This is assumed to be due to charge-dependent solar modulation effects and
is being actively studied by experts in that area, and by the experimenters [ 103]. We do not attempt
to put in detailed corrections for this, but we do include the (non-charge-dependent) effects in the
simulation. Results in general also depend on the profile of the dark matter in the galaxy, most
importantly for gammas from the galactic center. We do not study this dependence much here
since it does not much affect the positron and antiproton results, and we are computer-limited. We
remark on it in context below.

The PAMELA experiment has reported deviations from expected astrophysics for positrons,
and as we explained above, for antiprotons, below about 100 GeV. In this paper our goal is to
demonstrate that a wino LSP is a strong candidate for explaining these deviations. We assume that
possible astrophysical sources can be added to give a complete description of the data including

Fermi (which light wino annihilation obviously cannot explain). We only parameterize the higher
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energy astrophysical part, and assume it can be accommodated by some combination of acceler-
ation of the interstellar medium electrons by supernova remnant shock waves, pulsars, etc with a
net et /e ratio of 1/3. Once we do that we make a number of predictions for the positron ratio
and antiprotons at energies above those already reported, for diffuse gammas and gammas from
the galactic center, and for gamma fluxes from dwarf galaxies in our galactic halo. We check con-
straints from synchrotron radiation and "WMAP” haze. Our prediction for gammas assumes the
source of higher energy e™ + e~ does not also produce a significant flux of high energy gammas.
So corrections may be needed here, but the gammas from wino annihilation will be an irreducible
source.

We also do not criticize any other attempt to describe the data — in nearly all cases forthcom-
ing PAMELA and Fermi data will favor one or another approach. Many are based on interesting
ideas and models. While some predictions are very sensitive to propagation effects, others such
as whether the positron ratio rises or falls above 100 GeV is not very sensitive to propagation and
different models have very different predictions. We predict a fall or flattening (depending some-
what on the high energy astrophysical component), while most models predict a strong rise. While
propagation uncertainties do not modify our qualitative predictions, it is clear that the presence of
the rather hard contribution to the et + e~ flux introduces uncertainty in our predictions, since it
could affect the positron ratio at lower energies, and it might or might not contribute to antiproton
and gamma fluxes. As described below, we simply parameterize it and we assume it only con-
tributes to the electrons and positrons, and that it contains mostly electrons (e /e~ = 1/3). This
limits the quality of our predictions.

In the following we first describe our use of GALPROP in some detail, including some effects
or constraints we incorporate. Then we show the data and a description of the data based on anni-
hilation of 180 GeV dark matter winos plus cosmic ray backgrounds, with signal and backgrounds
computed in a consistent manner. What we show is not a fit to data but merely educated guesses
since the computing time for a full parameter scan is still prohibitive for us. As shown in Table 4.1
below, we vary eight GALPROP parameters and some others, and all of them affect the interpre-
tation. We have established that comparable descriptions of the data can be obtained for different
GALPROP parameters from those we show since there are degeneracies. We emphasize that our
goal is to show that the wino LSP in the mass range of order 200 GeV is a good candidate for
the dark matter of the universe, including theoretical and experimental information as well as it is
possible today. Even though much is not known about the propagation of the electrons, positrons,
antiprotons and gammas, quite a lot is known. Then we describe the contribution we arbitrarily
assume for the higher energy electrons and positrons. We will report on studies of the GALPROP
parameter degeneracies and the wino mass later, assuming our predictions for the positron and

antiproton higher energy data are correct.

44



After that we turn to presenting the data and the descriptions. We do that for one mass and one
set of propagation parameters, and one dark matter profile (NFW). Descriptions and predictions
for higher energies are shown for the PAMELA positron excess, the PAMELA antiproton excess,
the et + e~ sum, the diffuse gammas, the gammas from the galactic center, dwarf galaxies, and

checks such as the Boron/Carbon ratio.

4.4.1 GALPROP Parameters

We use GALPROP v50.1p[93] to simulate the propagation of both cosmic rays and dark matter
annihilation products in the galaxy in a consistent way. The rates and spectrum for both will change
if the propagation parameters change. The propagation process is described by the propagation

equation for the particle density ):

o

kA v - (D _
5p = 10P)+ V- (DecV0 = V) & g Dy
0 P (= -~ 1 1
— — (pY—= . — —Y — — 4.2
5 =5 (V7)) - Zo-—v, (42)
where D, is the diffusion constant which is determined by:
=\’
Dy = BDope | =— | 4.3
D0 () @3)

where [ is the velocity of the particle, R is the particle rigidity, and R is the reference rigidity
which is taken to be 4 GV in all the simulations. In order to consider the propagation of the dark
matter signals in the same framework, the official GALPROP code is modified to accept the dark
matter injection spectrum calculated using PYTHIA via DarkSUSY 5.0.4[94]. The parameters
used in this paper are based on the conventional model with constant Xco-factor provide in GAL-
PROP source code (galdef_50p_599278). In general we vary the parameters D,,, 0 , the half height
of the diffusion zone zj, the primary electron injection index vy, the normalization of the primary
electron flux .-, the scaling factor for inverse Compton scattering, the convection velocity V.,
and the Alfvén velocity V,. We survey ranges of these parameters (but do not fit data or scan
parameters because of computing limitations) in order to learn if a combination of conventional
cosmic ray physics plus dark matter annihilation can give a reasonable description of the PAMELA
and Fermi data within certain constraints such as the B/C ratio described further below.

We find a set of parameters that give a good description of the data, and those are used in the
figures below except when stated otherwise.The half height of the diffusion zone z;, = 2kpc.

The diffusion coefficient is Dy, = 2.5 x 10¥cm?s™!, § = 0.5. We also assume a softer
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GALPROP Parameters

Do (cm?s™1) 2.5 x 10?8

4} 0.5
Ro (GV) 4
zp, (kpc) 2

Yo 2.6

N,- (em™2s7tsr!MeV ™) 2.88 x 10719
V. (kms™'kpe™!) 5

V, (kms 1) 31

ISRF factors (optical, FIR, CMB) | 0.5,0.5,0.5
Solar Modulation Parameters

¢ (MV) 500

pe (GeV) 1

Astrophysical Flux Parameters

a 1.0
b 1.8
2o (kpe) 0.2
v 1.5
M (GeV) 950
Density Fluctuation Factor Parameters
B. 2.5
f 0.5

Table 4.1: The parameters used for simulation. The physical meaning of these parameters is
described in the text.

primary electron injection spectrum by setting the injection index 7y, for primary electrons be-
tween 4 GeV to 10° GeV to 2.6. Also the primary electron flux is normalized to N,- = 2.88 x
1079 em2sr~ s *MeV ! at 34.5 GeV. The scaling factors for inverse Compton (ISRF factor)
are adjusted to 0.5, which is approximately equivalent to setting 7 = 2 x 10'®s in the energy loss
rate formula for electron b (¢),. = Le2. The convection velocity is V., = 5kms™'kpc™!, and the
Alfvén speed which determines the reacceleration process is V, = 31 km s~!. The summary of the
parameters we are using can be found in Table 4.1. Other parameters not mentioned here are the
same as galdef_50p_599278.

As described in the introduction, the dark matter we focus on is the theoretically well-motivated
case of a pure wino LSP, which annihilates to 1W’s: W + W — Wt 4+ W~. The dark matter

injection parameters are then completely determined by the wino mass and W= decays.
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4.4.2 Solar Modulation

The effect of solar modulation is estimated by the Force-Field approximation [104], The flux ob-
served at Earth’s orbit J (¢) is related to the flux in the interstellar flux by the following relation:
e? —m?

Jg (6) = ——=Jo (6c0) (4.4)

2 27
€2 —m

where ¢, 1s the energy of the corresponding interstellar flux, which is determined by:

€0

lo (m>+e+<b €< e,
— ] P8 e (4.5)
e+ P € > €

® is the modulation energy shift which can be calculated from the modulation potential & = |Z| e¢,
In our simulation the modulation potential ¢ is 500 MV, the reference momentum p,. is 1 GeV.
Only the solar modulation effect for electron/positron and antiproton/proton is considered in this

work. These effects do not include charge dependent solar modulation, which is under study [103]
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Figure 4.1: The positron flux ratio, generated with the parameters described in the text and Table
4.1 with a My5; = 180 GeV wino. The solid line is the ratio of the total positron flux, which includes
the positrons from the wino annihilation, the astrophysical flux and the conventional astrophysics
background to positrons plus electrons. The long dash line contains just the wino annihilation and
the conventional astrophysics background, and the short dash line is the ratio of the secondary
positrons only.The data are from [1] and [2], Our analysis assumes the reported normalization of
the PAMELA and AMS-02 data. If those change it will affect the higher energy extrapolation here.
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Figure 4.2: The antiproton flux ratio. The solid line is the ratio of the total antiproton flux, which
include the antiproton from wino annihilation, and conventional astrophysics background, the dash
line has the same components but without the density fluctuation factor, the dot line is astrophysics
background only. The data are from PAMELA [3]. Note the signal is larger than the background
down to very low energies.
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Figure 4.3: The Boron to Carbon ratio with our standard parameters, solar modulation effect is not
included, The data are from [4].
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Figure 4.3: The Boron to Carbon ratio with one parameter different (0 changes from 0.5 to 0.4).
This illustrates that the Boron to Carbon ratio is very sensitive the diffusion parameters. The data

are from [4].
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4.4.3 Astrophysical Flux

It is obvious that a 180 GeV wino alone cannot explain Fermi date and PAMELA data at the same
time. There must be some extra flux responsible for the high energy signals. In order to estimate
the high energy (> 200 GeV) electrons/positrons flux, we consider a simple model for extra flux
which is suggested by interstellar medium electrons accelerated by supernova remnants and shock
waves, or by pulsar spectra models. The basic setup we use is similar to Zhang and Cheng[105].

For a recent review of pulsar models, see Profumo[106]. The spatial distribution of the sources is:
r\* _tre) .
p(r)y=N|—] e " e = (4.6)
ro

where N is the overall normalization constant, zy = 0.2kpc, o = 8.5kpc, a = 1.0 and b = 1.8.

The energy dependence of the injection spectrum is:

dN, +

== N'E Ve a1 4.7)

where N’ is another normalization constant, which can be absorbed into N, v = 1.5 and M =
950 GeV. In order to fit PAMELA and Fermi data, we made an ad hoc assumption that the ratio
of positron and electron in the unknown extra flux is 1 : 6. The high energy positrons/electrons
are then propagated by GALPROP, and the resulting flux is normalized to fit the Fermi data by
requiring the extra electron flux at 275.5 GeV to be 3.0 x 10713 cm™2sr s~ !MeV !

4.4.4 Density Fluctuation Factor

The results from N-body simulations [107], and an understanding of how galaxies formed, indicate
that it is inevitable for the dark matter halo of our galaxy to have substructures. The existence of
these substructures would change the predictions of the cosmic ray fluxes, particularly for dark
matter annihilation. Even without substructures, it is clear that the density of dark matter will not
be absolutely flat, but will fluctuate around an average value. Both of these effects require the flux
from dark matter annihilation, which is sensitive to the square of the dark matter density, to show
density fluctuation effects. As emphasized by Lavalle and collaborators[ 101, 102], the effects of
these substructures are different for positrons and antiproton, and must also be energy dependent.
The details of these effects depend on the spatial and mass distribution of these substructures. Here
we use a very simple model to estimate the effects: Assuming all the substructures share the same
mass and density, and the spatial number density of the substructures is proportional to the density

profile of the smooth distribution of dark matter halo.
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Figure 4.4: The absolute flux of et + e~, The solid line is the sum of electron and positron
from the wino annihilation, the density fluctuation factor, our assumed extra flux, and conventional
astrophysics background, the dash line has the same components but without the density fluctuation
factor. The dash-dot line contains wino annihilation and astrophysics background, and the dot line
is the conventional astrophysics background only. See comments in Figure 4.1. The data are from

[5].
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With these assumptions, the density fluctuation factor can be calculated with:

T
D(E)=(1-f)"+fB.Z (4.8)
2
where f is the mass fraction of the substructures in the dark matter halo, B, is the intrinsic density

increase of the substructures or fluctuations, and Z,, is determined by

T, = / G(a;,E){'OS—(x)} &z 4.9)
DM halo

Po

where G (x, F) is the Green’s function of the propagating particle.

We assume f = 0.5 and B. = 2.5. Only the density fluctuations of positron and antiproton
are considered. The electron/positron Green’s function from Baltz and Edsjo[108] and the fast
formulae for antiproton Green’s function from Maurin, Taillet and Combet[109] are used to eval-
uate the integral. With these assumptions we find the effects of the density fluctuations are small.
We included them for completeness. Theory curves including them are labeled “dff” (for “density

fluctuation factors”) in the figures.

4.5 Direct Detection

Direct detection experiments of dark matter are based on the detection of collisions between the
dark matter particle and the nuclei. In contrast to the large annihilation cross section, a pure wino
has a very small direct detection cross section, which makes the direct detection searches for wino
LSP dark matter extremely challenging.

In the decoupling limit, defined when the pseudoscalar mass is much larger that the Z-boson
mass, m 0 > My, the charged and heavy CP-even Higgses are also heavy, mpy+ ~ mpgyo >~ m 40.
The other Higgs boson h° remains light and behaves in the same way as the SM Higgs boson. Here
we will assume its mass is 125 GeV. Since the squarks are also heavy in G5-MSSM, the light Higgs
boson exchange will give the only substantial contribution to the spin-independent scattering cross
sections. The scattering of the LSP off nuclei is via the Higgsino and gaugino component. While
the LSP will be mostly Wino-like, the prediction that . is of order the TeV scale implies that the
LSP wavefunction can have non-trivial Higgsino mixing.

Following [110] we estimate the size of the direct detection cross section in the decoupling
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limit to be

125GeV\" [ Zy, sinf — Z 2
USI(XN—>XN)%3'6X10—45cm2< € ) ( , sin 3 Hdcosﬂ)

mp 0.1
X (Zw — tan Oy Zg)? (4.10)

where the Z’s give the composition of the LSP
X=ZpB+ ZwW + Zy,Hy+ Zy, H,. (4.11)

This gives us an estimate of the largest direct detection scattering cross sections, which naively
may seem that for Zy, ~ 0.1 can be very close to the reach of XENON. Eq. (4.10) can further be
simplified, with the aid of analytical expressions for the neutralino mass matrix eigenvalues and
eigenvectors [111, 112, 113]. Taking the limit M; = M5, which maximizes the scattering cross

section for fixed ;4 and tang, (4.10) becomes

125GeV\* /1TeV\? /sin 20+ M/ 2
oMSSM (VN s v N) & 4.3 x 10~ % cm? ( ) ( ) ( ) 4.12
SI (X X ) my, 1 1 . (MQ/ILL)2 ( )

which falls off both with tang and p. Allowing for the variation in M; and M, in the Go>-MSSM
will only decrease this fraction. The value M, /u is typically around .1 ~ .2. For general MSSM,

sin 23 can be almost 1, corresponding to a very small tan 3. For Go-MSSM, as mentioned in the
previous chapter, tan 3 ~ 10, which makes sin 23 ~ 0.1. So the upper limit of the direct detection
cross section for Go-MSSM is about 10~*7cm?
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CHAPTER 5

The Mass of the Lightest Higgs Particle

5.1 Higgs Mass Calculation

Most physicists agree that understanding the origin of electroweak symmetry breaking is essential
for progress in going beyond the Standard Model. We will demonstrate that, with some broad and
mild assumptions motivated by cosmological constraints, generic compactified string/M -theories
with stabilized moduli and low-scale supersymmetry imply a Standard Model-like single Higgs
boson with a mass 105 GeV < M), < 129 GeV if the matter and gauge spectrum surviving below
the compactification scale is that of the MSSM, as seen from Figure 5.1. For an extended gauge
and/or matter spectrum, there can be additional contributions to M},. Furthermore, in Go-MSSM
models we find that the range of possible Higgs masses is apparently much smaller, For 30 TeV <
ms /o < 100 TeV, which is consistent with cosmology and dark matter observations, 122 GeV <
M;, < 129 GeV. When we choose m3/, = 50 TeV, the mass is 126 £+ 1.5 GeV.

In connecting string/M theory to low-energy particle physics, one has to compactify the extra
dimensions. Motivated by grand unification and its successful embedding into string/M theory
we assume that the string/M theory scale, the Kaluza-Klein scale and the unification scale are
all within an order of magnitude of 10'® GeV. Within the theoretical precision desired, numerical
results for M), are not sensitive to variations of an order of magnitude or so in these scales.

We will be interested in models with supersymmetry breaking mechanisms which give rise to
TeV-scale supersymmetry, and hence solve the naturalness problems in the Standard Model. The
basic mechanisms were described in [28, 29] for M-theory and in [114, 115, 89] for Type 1IB
compactifications, where it was shown that all moduli can be stabilized and supersymmetry can
be broken with ~ TeV-scale superpartners with a natural choice of parameters - in which the only
dimensionful scale is M,;! In a vacuum with broken supersymmetry and vanishing cosmological
constant, the mass of the gravitino (m3/2), which is the superpartner of the massless graviton, is
the order-parameter of supersymmetry breaking and sets the mass scale for all superpartners and

also indirectly the Higgs mass.
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Figure 5.1: The prediction for the Higgs mass at two-loops for realistic string/M theory vacua defined
in the text, as a function of tan 3 for three different values of the gravitino mass m3/,, and varying the
theoretical and experimental inputs as described below. For precise numbers and more details, see section
5.4. The central band within the dashed curves for which scatter points are plotted corresponds to m3 /5 = 50
TeV. This band includes the total uncertainty in the Higgs mass arising from the variation of three theoretical
inputs at the unification scale, and from those in the top mass m; and the SU(3) gauge coupling «s within
the allowed uncertainties. The innermost (white) band bounded by solid curves includes the uncertainty in
the Higgs mass for m3,, = 50 TeV only from theoretical inputs. The upper (dark gray) band bounded by
solid curves corresponds to the total uncertainty in the Higgs mass for m3/,, = 100 TeV while the lower
(light gray) band bounded by solid curves corresponds to that for g/, = 25 TeV. For mg3/, = 50 TeV, the
red scatter points (with tan (3 less than about 4.5) and blue scatter points (with tan 3 greater than about 4.5)
correspond to “Large” p and “Small” i respectively, as described in section 5.2 and section 5.4.
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A natural prediction of such compactifications is that the mass of the lightest modulus is close
to m3/o. In fact, this is a generic result for compactified string/M -theories with stabilized moduli
within the supergravity approximation. In vacua in which the superpotential IV is not tuned, it
essentially arises from the fact that there is a relationship between the dynamics stabilizing the
moduli and the dynamics breaking supersymmetry due to the extremely tiny value of the cosmo-
logical constant. Thus, the modulus mass becomes related to the gravitino mass. For more details,
see [116, 117, 118, 119, 120, 121]. For the generic case with many moduli, at least some of the
moduli are stabilized by perturbative effects in the Kéhler potential [29, 89]. Then, it can be shown
that the lightest modulus' has a mass of the same order as m; 12 [122, 32].

5.2 The Higgs and BSM Physics

We are interested in calculating the Higgs mass arising from realistic compactifications satisfying
the conditions above. In a supersymmetric theory, two Higgs doublets are required for anomaly
cancellation; so by the “Higgs mass” we mean the mass of the lightest CP-even neutral scalar in
the Higgs sector. A remarkable fact about the Higgs mass in general supersymmetric theories is
that an upper limit on M}, of order 2 M, exists just from the requirement of validity of perturbation
theory up to the high scale of order 10'® GeV [123, 124]. This is due to the fact that the Higgs
mass at tree-level only depends on SM gauge couplings (which have been measured), and possibly
other Yukawa or gauge couplings (which are bounded from above by perturbativity). However,
in addition to the gauge and matter spectrum, the precise value of the Higgs mass depends cru-
cially on radiative effects, which in turn depend on all the soft parameters including the x and By
parameters.

In this work we assume that the visible sector consists of the SM gauge group with the MSSM
matter content below the unification scale, as suggested by gauge coupling unification and radiative
EWSB in the MSSM. In addition, we consider compactifications in which the gravitino mass 13/,
is not too far above the lower bound of ~ 25 TeV from the moduli decay constraint, and the gaugino
masses are suppressed by one-to-two orders of magnitude relative to msz/,. For yu we study two
cases, one in which y is suppressed by one-to-two orders of magnitude relative to 13/, as predicted
in [125], and the other in which y is of the same order as m3/, [56, 126, 127, 128, 129]. We denote
these two cases as “Small” i and “Large” j respectively. The two cases are studied as they pick
out different regions of tan S and hence give different predictions for the Higgs mass as seen from
Figure 1. For more discussion, see section 5.4.

Note that only one of the five scalars in the Higgs sector of the MSSM is light, the rest are all
of order m3/,. Hence, we are in the “decoupling limit” of the MSSM where the lightest CP-even

!'more precisely, the real part of the chiral superfield making up the complex modulus in the 4D theory.
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Higgs scalar has precisely the same properties as the SM Higgs®. The low-energy theory arising
from M-theory studied in [8] naturally gives rise to these features, but the results apply to all
compactifications with scalars heavier than about 25 TeV and < TeV gauginos. The Higgs mass
can then be reliably computed with a small and controlled theoretical uncertainty. This will be the
subject of the following sections.

From a bottom up point of view some authors have noted that heavy scalars have some attractive
features [131, 132, 133] and related phenomenology has been studied in [134, 135]. Their conclu-
sions are consistent with ours where they overlap. The framework considered here is quite different
from split supersymmetry [136, 137] and high-scale supersymmetry [138, 139] which have much
heavier scalars. In split supersymmetry both gaugino masses and trilinears are suppressed relative
to scalars by a symmetry — in this case an R-symmetry, together with supersymmetry breaking of
the D-type as described in [136, 137]. In contrast, in the class of compactifications considered
here, the gaugino masses are suppressed by dynamics, since the F'-term for the modulus determin-
ing the gaugino masses is suppressed relative to the dominant /'-term. Hence, gaugino masses can
only be suppressed by one-to-two orders of magnitude, not arbitrarily as in split-supersymmetry.
For the same reason, the gluinos are not “long-lived” in the realistic string/M theory vacua under
consideration here. Also, the trilinears are not suppressed at all. With large trilinears, one has to
be careful about charge and color breaking (CCB) minima, and we have confirmed the absence of
these in models of interest. Another notable difference from split-supersymmetry and high-scale
supersymmetry is that, in those models, (radiative) electroweak symmetry breaking is not imple-
mented when computing the Higgs mass since a huge fine-tuning is present by assumption. In
contrast, in the string/M theory models considered in this work, (radiative) electroweak symmetry
breaking occurs naturally in a large subset of the parameter space. However, the ease in obtaining
the correct value of the Higgs vev (or Z-boson mass) depends on the value of p. For “Small” p,
it can be shown that the fine-tuning involved in obtaining the correct Higgs vev is significantly
reduced compared to the naive expectation for heavy scalars due to an “automatic” cancellation
between scalar masses and trilinears which are both close to m3/, in this setup; for details see
[135]. This can naturally give rise to u < TeV, even when the scalar mass parameters are 2 30
TeV. For “Large” pu, the fine-tuning is quite severe as one would expect. We include both cases

here.

’In the decoupling limit, the Higgs mixing angle denoted by « in [130] is given by a = 3 — 5, where 3 =
tan’l(%;"). v, and vy are the vacuum-expectation-values (vevs) of the two neutral Higgs fields H,S and Hg in the
MSSM.
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5.3 Computation of the Higgs Mass

Computing the Higgs mass in the MSSM with scalar masses and trilinears at Mj,,, 2 25 TeV,
and gauginos and p suppressed by one-to-two orders of magnitude relative to the scalar masses, is
non-trivial. Although conceptually quite different, some of the technical issues involved have an
overlap with split-supersymmetry and high-scale supersymmetry.

Since the scalar masses are much larger than a TeV, they could lead to non-trivial quantum
corrections in the gaugino-higgsino and Higgs sectors enhanced by “large logarithms” of the ratio
between the electroweak scale and the scalar mass scale. Many numerical codes tend to become
less reliable for scalar masses larger than a few TeV for the above reason. However, in contrast to

split supersymmetry and high-scale supersymmetry models, the scalar masses here are 25-100 TeV
MS’LLS

MEV;/
a reasonable estimate. The ratio of the two Higgs fields vevs, tan S cannot yet be calculated

which is not that “large”, since log( ) is not large. So, numerical codes should still provide
accurately, and significantly affects the value of M, if tan 5 < 10, so we include the variation
from tan 5. This dependence actually allows an approximate measurement or useful limit on
tan $ which is otherwise very difficult to do.

In light of the above, we adopt the following procedure. At the unification scale around 10'6
GeV, in accord with theoretical expectations we fix the soft parameters - the scalar masses equal
to mg)9, the trilinears A close to ms/s, and the gaugino masses suppressed by one-to-two orders
of magnitude relative to the scalar masses as described in [8]. Then, for a given value of tan 3,
the numerical codes SOFTSUSY [74] and SPHENO [140] are used to renormalize these quantities
down to M,sy ~ mg/2, Where electroweak symmetry breaking is implemented. This determines
(v and Bp. The quantities are chosen such that the values of p and Bu are consistent with the
theoretical expectations. One consequence of this is that tan /3 is not expected to span the fully
phenomenologically allowed range from ~ 2 to ~ 60, but only a restricted range from ~ 2 to ~ 15
[32]. In any case, from Figure 1, since the Higgs mass saturates for tan 3 2 12, plotting higher
values of tan 5 will not provide new information.

Then, we compute the Higgs mass in the “match-and-run” approach using values of gaugino
masses, p and Bp at My, determined from above. We follow a procedure similar to that in [141]
except that we only consider those parameters at the unification scale which after RG evolution
to My,s, give rise to viable electroweak symmetry breaking. We also compute the Higgs mass
directly with SOFTSUSY using theoretical inputs at the unification scale, and compare to the
results obtained with the “match-and-run” approach, the detailed procedure for which is described

below.
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5.3.1 Matching at M,

At the scale Mg,,, the full supersymmetric theory is matched to a low energy theory with fewer
particles, consisting of the SM particles, the gauginos and the higgsinos for the “Small” p case,
and only the SM particles and the gauginos for the “Large” 1 case. The matching condition for the

quartic coupling of the Higgs in the low-energy theory is given at M, by:

\ = i [gg - %g%} cos® 26 + 6)), (5.1)
where ¢, g» are the U(1)y and SU(2), gauge couplings evaluated at M,,,. The threshold cor-
rections to the quartic coupling at one-loop consist of leading log (LL) as well as finite corrections.
The above matching condition is strictly valid only in the DR scheme, so there is an additional
correction if one wants to convert to the M S scheme as explained in the appendix of [142]. We use
the standard choice Mg, , = \/m where Mj , M;, are the masses of the two stop squarks,
and include all the relevant LL and finite threshold corrections. The dominant finite threshold

effects to the Higgs quartic coupling comes from stop squarks, and is given by:

4 AQ A4
oA o SY (—t t ) (5.2)

th ™ Q2 mtg 12m;~l

Since the trilinears A are of the same order as scalars, this is a non-trivial correction when the
scalars and trilinears are around 25 TeV. Other finite threshold corrections are smaller, and have
been neglected as they do not affect the result to within the accuracy desired.

The matching conditions for the gaugino-higgsino-Higgs couplings (denoted by « in general)

at My,s, in the DR scheme are given by:

Koy = G2 Sin 3; Kog = g2 cos [3;

3 ) 3
Riuw = \/ggl sin f3; Kig = \/ggl cos f3; (5.3)

where the gauge couplings are to be evaluated at M,,,,. As for the Higgs quartic coupling, addi-

tonal corrections are present in the M S scheme, which can be obtained from [142].

5.3.2 Two -loop RGEs and Weak Scale Matching

We use two-loop RGEs computed in [141] for the gauge couplings, third-generation Yukawa cou-
plings vy, v, Y-, the Higgs quartic A, and the gaugino-higgsino-Higgs () couplings (for “Small”
1), to renormalize them down to the weak scale. For “Large” u, the x couplings are not present

in the low-energy theory, and (5.3) is used to compute the threshold correction from higgsinos at
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Myusy-

Note that unlike the x couplings and the quartic coupling, the boundary conditions for which are
defined at M,,, the boundary conditions for the gauge and Yukawa couplings v, y, are defined
at My - the Z-pole, while that for the top Yukawa coupling y; is defined at the top pole mass
my = 173.1 £ 0.9 GeV [143]. In particular, the boundary values of the running gauge and Yukawa
couplings in the M S scheme are extracted from experimental observables at the weak scale by
including threshold effects, as explained in [142]. For the top Yukawa coupling y;, non-trivial
three-loop QCD corrections, and one-loop electroweak and superpartner threshold corrections are
also included as they are non-negligible and play an important role in the precise prediction for the
Higgs mass.Since the boundary conditions are given at different scales, an iterative procedure is
required to solve the coupled differential RGE equations. We follow a procedure similar to that in
[141, 144, 142]. Then, the Higgs mass is given by:

My = V20 AQ) + 5,(Q) + 3r(Q) (5.4)

where v = 174.1 GeV, ¢, stands for the corrections from the SM particles, and 5  stands for the
corrections from the supersymmetric fermions at the weak scale, and all couplings are evaluated
at the M S scale Q = m,. The expressions are given in [141]. Finally, as mentioned earlier, since
numerical codes are expected to give a good estimate of the Higgs mass, we compute the Higgs
mass directly with SOFTSUSY. We find very good agreement between the two results, to within 1
GeV.

5.4 Result

Figure 5.1 gives the Higgs mass as a function of tan 5 by varying the theoretical inputs at the
unification scale in ranges predicted by the theory, and m; and «; within the allowed uncertainties.
The values of the Higgs mass shown are in the “match-and-run” approach. The ranges of the
theoretical and experimental inputs, and the resulting uncertainties are discussed in detail below.
The p and By parameters are related by electroweak symmetry breaking to tan 3, so by varying
tan (3 one is effectively varying ;. and Bu. As pointed out in section 5.1, theoretical considerations
typically give rise to two different classes of phenomenologically viable predictions for ;. — one in
which p is suppressed by one-to-two orders of magnitude relative to 1232, and the other in which
f is comparable to m3/5. As seen from Figure 1, the two classes of predictions for j give rise to
different values of tan 3 because of the EWSB constraints that relates them; hence a measurement
of the Higgs mass will not only determine or constrain tan (3, it will also favor one class of -

generating mechanisms over the other! For instance, in Go-MSSM models arising from M theory,

62



Witten’s solution to the doublet-triplet splitting problem [33] results in 1 being suppressed by about
an order of magnitude. Hence, in these vacua, the Higgs mass sits in the range 122 GeV < M), <
129 GeV.

Case Variation of Input A My,

“Small” p Theoretical +0.5
0.05m3/ < p < 0.15mg3)5 | Theoretical + Experimental | +1.1
“Large” i Theoretical +0.5
0.5m3z/ < pp < 1.5mg/ | Theoretical + Experimental | £1.25

Table 5.1: Uncertainties in the calculation of the Higgs mass for a given value of m3/, and tan f3,
as shown in Figure 1. All masses are in GeV.

It is important to understand the origin of the spread in the Higgs mass for a given value of
mg/2 and tan 3, seen in Figure 1. This spread arises from theoretical and experimental uncertainties
schematically shown in Table I. The two cases in Table I correspond to “Small” 1 and “Large” i as
mentioned in section 5.2. As the name suggests, “Theoretical” in the second column corresponds
to the variation of input quantities from the theory at the unification scale. For a given ms/,, this
includes the variation in the trilinears A and those in the gaugino mass parameters My, My, M3
consistent with theoretical expectations. “Experimental”, on the other hand, stands for the variation
of the experimental inputs, the top mass m; and the SU(3) gauge coupling «, within the current
uncertainties. The precise variations in the theoretical and experimental inputs are shown in Table
II.

Theoretical Experimental
600 < myz < 1200 172.2 < 'my < 174 [143]
0.8z < Ay < 1.5mgp | 0.1177 < aX¥(my) <0.1191 [145]

Table 5.2: Variation of the theoretical and experimental inputs. All masses are in GeV.

The variations in the bino and wino mass parameters M/, and M5 have a negligible effect on
the Higgs mass, and are not shown above. Although we have not fully estimated uncertainties
arising from higher-loop effects in the RGE and threshold effects, the fact that our results agree
so well with SOFTSUSY suggests that these are at most of the same order as those listed in Table
I. Finally, let us discuss the uncertainty in the gravitino mass scale. Figure 1 shows the Higgs
mass for three different values of mj3/, - 25 TeV, 50 TeV and 100 TeV. As explained at the end
of section 5.1, the lower limit on m3/, of about 25 TeV arises from the general result that the
lightest modulus mass is generically of the same order as m3/,. The modulus decays with a decay
constant which is effectively suppressed by the string scale, and the requirement of generating a

sufficiently high reheat temperature so that BBN occurs in the usual manner, puts a lower bound on
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mg3/2. Therefore, the lower limit on my3,; is uncertain only by a small amount. Although the upper
limit is less tightly constrained, theoretical expectations constrain it to be not be much above 100
TeV. This is because in the string/M theory vacua considered here, gaugino masses are suppressed
only by one-to-two orders of magnitude relative to m3/, in accord with theoretical expectations
[146, 147, 148, 149, 150, 151]. Therefore, the requirement of gauginos to be light enough (with
masses < TeV) such that they are part of the low-energy theory at M,,;, as assumed in section
5.3.1, puts an upper limit on 13/, of about 100 TeV. A similar upper bound also arises in realistic
moduli stabilization mechanisms satisfying the supergravity approximation. Improvements in data

as well as theory in the future will be extremely helpful in constraining the gravitino mass.
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CHAPTER 6

Gluino and Chargino Searches at the LHC

The generic prediction of heavy scalars in G5-MSSM makes its LHC phenomenology both chal-
lenging and interesting. Since we will not be able to produce the scalar particles directly at the
LHC, the gauginos will be our main window of new physics: The wino LSP will produce large
missing energy. It is possible to study signals rely solely on missing transverse energy(MET) like
monojets. Most of the time however, it is much easier to search for other gauginos in G5-MSSM.
The production cross section of gluinos are not small due to the strong coupling. Gluinos decay
through the heavy squarks, so the decay channel with the lightest squark is enhanced. In Go-MSSM
this corresponds to the decay channel containing 3rd generation squarks. This enhancement is par-
tially cancelled by the small phase space when top quarks are presented in the decay product. In
summary the gluino will decay into all the quarks with similar branching fractions, with the decay
channels containing the top and bottom quarks slightly enhanced.

When the LSP is a pure wino like in the Go-MSSM, the mass of the LSP and the lightest
chargino are almost degenerate. The chargino can only decay into soft leptons or pions plus the
LSP. This gives the chargino an unusually long lifetime. After being produced in the LHC, it can
fly several centimeters, generate signals in the tracking chamber. Then the chargino will decay into
the LSP and soft particles, effectively becomes invisible from the detector point of view.Besides
being another way to searching for new physics, the chargino tracks also provide unique kinematic
information. The 3-momentum of the chargino, which is almost equal to the 3-momentum of
the LSP, can be used to estimate the missing energy. With enough chargino tracks and extra

information about the mass of the LSP, it might be even possible to reconstruct the entire events.

6.1 General Gluino Search Signatures

In this work we have implemented the complete analytical expressions for soft breaking terms of
the Go-MSSM into SOFTSUSY[74]. The analysis includes the gaugino mass threshold correc-

tions [70] with 2 loop scalar corrections, 2-loop RGEs for the Higgs and gaugino masses, p, and
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Yukawa and gauge couplings [73, 74]. Branching fractions have been computed with SUSY-
HIT [152] and production of signal and backgrounds are generated with PYTHIA [153] and
PGS4 [154] with the level 1 (L1) triggers designed to efficiently reproduce CMS specifications
[155] (for detailed discussions see e.g. [156]). Signal and background have been simulated at
Vs = (7,10,14) TeV in order to generalize our predictions for preliminary LHC runs and fu-
ture operational center of mass energies. Specifically, SM backgrounds have been generated with
QCD multi-jet production due to light quark flavors, heavy flavor jets (bb, tt), Drell-Yan, single
Z /W production in association with quarks and gluons (Z+ jets / W+ jets), and ZZ, WZ, WW
pair production resulting in multi-leptonic backgrounds. Laboriously, samples were generated at
Vs = (7,10,14)TeV with up to 5 fb~! of luminosity. In PGS4 jets are defined through a cluster-
based algorithm which has a heavy flavor tagging efficiency based on the parametrizations of the
CDF Run II tight/loose (secondary) vertex b-tagging algorithm [157]. The standard criteria for
the discovery limit of new signals is that the SUSY signals should exceed either 51/Ngy; or 10
whichever is larger, i.e., N§ygy > Max {5% ; 10}, were c indicates the channel of interest.
The signature space of the models we probe has distinctive dark matter predictions. The models
we consider are dominated by dark matter annihilations into W T~ and can yield a significant
flux of cosmic antimatter in the galactic halo (for early work see [108, 158, 159, 160]). The
annihilation cross section receives an enhancement relative to other SUSY modes since it is s-
wave and has a relative strength dictated by the SU(2) gauge coupling and the wino component of

the LSP. The models are made consistent with the relic density constraints as will be discussed.

6.2 Discovery Prospects and Concrete Signatures

In theories with wino LSPs, the dominant LHC production modes are not strictly those from
strongly produced SUSY. The production modes of the wino (]\Nfl) and the lightest chargino (CN'I)
are competitive with the gluino (g) production and sometimes are larger. However due to the small
splittings (a fraction of a GeV) between the wino and chargino the decay products here are soft. Ex-
cept for larger gluino masses, we find that most events that pass the triggers do indeed come from
gg production, though as much as 30% of the events come from electroweak production. Thus the
dominant production modes are pp — [(§3), (N1C}), (CF, CT)]. The decays modes lead to rich
jet and missing energy signatures with a sizeable number of leptons in the final state. In particular
the dominant decays are as follows: § — [(Natt), (N1bb), (N1qq), (C7bt + h.c.), (Cydu+ h.c.)]
with secondary decays Ny — C,W* — (5’1lyl), (élq(j’) and O — N,W* — (]Vllul), (ﬁqu’)
with tertiary branchings of the produced standard model particles t — Wband W — [(¢q), (Iv;)].

The models are rather predictive as they typically require no more than 2-3 branchings to

complete SUSY cascades resulting in lepton and jet signatures. While this is a typical signature
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Figure 6.1: Upper left panel: M 4]“8 =5, 4 PI(J) + P at 10 TeV with 1 fb~! for the G}
model benchmark with S > 0.25 (transverse sphericity), P}mss > 200 GeV and a lepton veto.
The backgrounds mainly comes from dijets, ¢¢ and W+ jets. Upper right panel: Distribution of jet
number showing excesses in events with large jet multiplicities at low luminosity. Lower left panel:
Discovery reach for the same model with /s = (7,10, 14) TeV. Lower right panel' Same model
and cuts as the upper panel for 14 TeV with 5 fb~" in the variable M2}, = >, |, Ph(J) + PP,
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of SUSY in a generic model, it is actually a prediction of the wino branch of the G model as
electroweak symmetry breaking corners the viable parameter space and thus the viable signature
space. The decays of C; — N; and their jet and lepton by-products will be very soft yet there
can be radiation of gluon from the initial or final state partons that can generate a relatively hard
jet. Thus one can look for a hard monojet and n-jet events with large missing energy as an early
indication of the production of supersymmetric events at the LHC. In Table (6.1) we illustrate some
typical spectra found in the G models for mg, ~ (170 — 190) GeV (precisely in the mass range
pointed to by the recent positron ratio measurements from PAMELA and AMS II [see Chapter 4]
along with the dominant branching ratio of the gluino given in Table (6.2).

Table 6.1: Some benchmark models predicting a light gluino and a LSP that is a wino with a
degenerate chargino with a light second neutralino (which is mostly bino). The last four columns
carry units of GeV.

G3* ‘ mg o (TeV) ‘ 1 ‘ V7 ‘ tan 8 ‘ mg ‘ my, ‘ méit ‘ mg, ‘
G% 38.950 29 30.0 1.98 551 170.2 170.4 260
G% 21.186 -10.0 33.0 1.41 717 173.4 174.0 190
Gg 20.700 9.3 36.0 1.57 652 176.0 176.5 185
G% 20.618 9.1 30.0 1.71 632 180.9 181.3 185
Gg 35.492 -5.4 32.0 1.54 761 190.5 190.6 263

For the GG, models, a central prediction is a relatively light gluino over the range of wino mass
that is capable of describing the PAMELA data as is illustrated in Table (6.1). In Figure (6.1) (left
upper panel) one observes that the models can produce detectable multi-jet signals even at /s = 10
TeV for L ~ 1fb~! of integrated luminosity under the standard 50 discovery reach criteria in the
kinematic variable M fj;ffs =>4 P{(J) + P In Figure (6.1) (right upper panel) we show
the large number of multijet signals. The analysis shows that the model can produce a large excess
in hadronic jets over the backgrounds. The large jet multiplicity arises from the three body decay
of the gluinos and from jets arising from initial state radiation. We find the discovery limit is
optimal for 4-5 jets with a lepton veto and large missing energy cut. The lower right panel exhibits
M2, =32 ,_1 5 Ph(J) + Py with larger luminosity. The lower left panel shows the discovery
reach for the same model with /s = (7,10, 14) TeV and 50 can be reached with several hundred
inverse picobarns of data.

6.2.1 Global Analysis and Discovery Prospects of SUSY

Having established that the highly constrained, and therefore predictive (G, model can give rise
to testable signals of SUSY with early LHC data, we now extend the analysis to a larger region
of the Go parameter space rather than focusing on a benchmark model. We have performed a

detailed scan of the parameter space of these models over the parameters consistent with radiative
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Table 6.2: Dominant branching ratios of the gluinos.

Brig—X) | Gy | G} | G3 | Gj | GF |
G — bbN1 142 | 64 | 102 | 113 | 195
§ — qgM1 210 | 74 | 1266 | 146 | 100
G — tENs - | 476 | 218 | 145 | 146

G thC— +he | 189 | 162 | 208 | 209 | 24.6
§— qugsC™ +hec | 415 | 146 | 252 | 290 | 249

Table 6.3: Shown is ogysy(fb), the theoretical cross section before passing through the detector
simulation, o.g(fb), the effective cross section after events have passed the L1 triggers with £ =
1fb=! at /s = 10 TeV. Observable counts in the number of tagged b-jets and multijets are also
shown N (2b), N(4;) along with their signal to square root background ratios. The missing energy
cut is > 200 GeV and we have imposed a transverse sphericity cut of S > 0.25.

Gy | o(33) () | o(NiC1) () | o(CYCT) () | osusy (0) | oer () | N(4j) | Dolaj | N(20) | Pl |

Gi 1613 996 301 2910 1645 416 13.3 37 4.7
G2 236 970 271 1484 353 79 2.5 22 2.8
G3 481 903 280 1665 553 133 4.2 37 4.7
G4 648 877 246 1773 736 217 7.0 32 4.1
G2 182 696 208 1087 250 64 2.0 10 1.2

electroweak symmetry breaking subject to the constraint that the wino mass is in the range (170 -
210) GeV . We uncover a large parameter space where the gluino can be relatively light in the G,
model. Many of these models have a gluino in the mass range of 500 to 900 GeV (see Fig.(6.2)
for the corresponding gaugino mass ratios). LHC predictions with light gluino have been studied
recently [32, 6, 161, 162], but without considering the connection to the PAMELA data, which we
pursue in the next section.

In Table (6.3) we display the relatively large total theoretical production cross section before
cuts (ogysy from gluino, neutralino, chargino production) and the effective SUSY cross section
oo (cross section after the L1 triggers have been passed). One observes that the L1 triggers are
well optimized for these events as a large fraction of the SUSY cross section is maintained. The
substantial missing energy arises in many of the models from the prompt branching of the gluino
into 2 jets and the LSP wino. Event rates at the LHC are shown in the 4-jet channel and the 2b
channel with just 1 fb~! of integrated luminosity at /s = 10 TeV along with the ratio of the signal
to the square root of the background. These models can be discovered very early with the LHC
and can begin to be probed at /s = 7 TeV.

Models with wino-like LSPs, and thus nearly degenerate charginos and neutralinos, are well
known to be be difficult to study [163]. The chargino lifetime can be of order a centimeter, and the
second heavier neutralino can even have order tens of GeV splitting (see Table (6.1) for such theory
motivated examples). Once a set of gluino candidates have been identified, an off-line analysis

focused towards the study of the chargino and neutralino states in the gluino decay products will
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Figure 6.2: Ratio of gaugino masses in the G, model. The predicted ratios can be quite different
than those that arise in other models of soft SUSY breaking (for a comparison see Ref. [6]). The
mass range here for the wino is (170 - 210) GeV and the gluino lies in the range (500-900) GeV.

be necessary.

6.3 Third family enhanced gluino decays

The gluino decays via virtual squarks to ¢gx} or chxli. Since the rate for a given diagram scales
as the virtual squark mass to the —4 power from the propagator, the lightest squarks dominate.
Therefore, we are led to consider decay channels g — ttN, § — tbC~, and § — bON. Decays of
multiple top quarks lead to b-rich and lepton rich final states, and give excellent potential for early
discovery. In fact, we show that significant excesses can be observed at the early LHC-7 TeV. For
example, gluino masses larger than 600 GeV can be discovered in the single-lepton plus 4 b-jets
channel.

We carry out our study on several benchmark models. To study the reach of gluino pair produc-
tion, with decays into third generation squarks, a detailed scan of the parameter space involving
the gluino mass and LSP mass, for different branching ratios, is performed. We emphasize that
the goal of this study is to demonstrate that gluino pair production with decays via third genera-
tion squarks provides an ideal channel for early discovery at the LHC, since it leads to lepton and

b-quark rich final states.
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6.3.1 Benchmark Models

Three benchmark models are considered which will form the basis for the numerical scan discussed
below. The model parameters and relevant decay branching ratios are shown in Table 6.4. Model
A is a simple example of multi-top physics. The spectrum would have a stop much lighter than
the other squarks, and therefore gluino pair production always produces four tops in the final state.
Model B is designed to include the decay channel § — bbx!, which will result if the sbottom is
also lighter than the first two generation squarks, and m; ~ m;. Model B is observably different
than Model A, while somewhat more difficult to discover. These models have a Bino-like LSP. In
Model C, the Wino is the LSP, and is approximately degenerate with the lightest chargino, which
is also Wino-like. It is designed to further include a chargino in the decay chain, which allows
the decay § — tby; . Since the charged Wino is approximately degenerate with the wino LSP, it
appears only as missing energy; though if one focuses on the signal events the chargino stub [163]

can probably be seen in the vertex detector.

Branching ratios

g—ttY | g—bbxy | g — tbx] + h.c.
A 1 0 0
B 0.5 0.5 0
C .08 0.22 0.7

Table 6.4: Relevant branching ratios for the benchmark models considered in this paper. The
models A and B have bino LSP. In Model C, the lightest neutralino and lightest chargino are both
winos. In all models the first two generation squark masses are taken to be 8 TeV. The third
generation is taken to be somewhat lighter and is chosen to generate the required branching ratios
of the model.

The three models are taken as a basis for 3 seperate numerical scans, where m; and mgp, are
varied while the branching ratios are fixed, as shown in Table 6.4. In particular, scans in model A
and model B varied m; and mysp = myo. while scan in model C varied m; and mysp = Mo o

mxli .

6.3.2 Signal Isolation and Backgrounds

The relatively large b-jet and lepton multiplicity associated with multiple top production provide
for potentially striking signatures that are easily distinguishable above the expected SM back-
ground. By requesting multiple b-tagged jets and at least one lepton, it is possible to achieve signal
significance S/ VB > 5 for 1 fb~! of integrated luminosity.

The most significant backgrounds from the SM for final states with many b-jets, several isolated
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leptons and missing energy, are from top pair production, ¢¢. The expected cross-section at the LHC
for 7-TeV center-of-mass energy is 0 = 164pb (NLO) [164]. Also included in the analysis are a set
of SM backgrounds involving associated production of gauge bosons with third generation quarks.
These contribute less significantly to the backgrounds than ¢, but can contribute to signals with
high lepton multiplicity. All background sources considered, and their respective cross sections
are given in Table 6.5. With the exception of the ¢ cross section, we increased all SM background
cross sections by a factor of 2, to account for possible K-factor from NLO corrections. Since the
relevant backgrounds for the channels considered end up small (Table 6.5), uncertainties in the
cross section are not important.

All background event samples were produced with Madgraph v.4 [165], while the parton
shower and hadronization were done by Pythia 6.4 [153]. Additional hard jets (up to three)
were generated via Madgraph, while the MLM [166, 167, 168] matching scheme implemented
in Madgraph was used to match these jets to the ones produced in the Pythia showers. The events
were then passed through the PGS-4 [154] detector simulators with parameters chosen to mimic
a generic ATLAS type detector. The b-tagging efficiency was changed to more closely match the
expected efficiencies at ATLAS [169, 170]. For b-jets with 50 GeV < pr < 200 GeV, which is

typical of the b-jets in the signal, the efficiency is approximately 60% for tagging a b-quark.

Process o [fb] or1[fb] o1[fb] | o9[fb]
bb+ /7 + jets 4.69 x 10° | 1.41 x 10* | 34.0 | 107.8
bb + W= + jets 241 x 10* [ 5.39 x 102 | 7.71 13.3
tt+ /7 + jets 1.54 x 103 | 7.69 x 102 | 423 | 954
tt + W= + jets 2.25 x 102 | 1.31 x 10> | 14.3 27.6

th+~/Z +jets+h.c. | 1.34 x 103 [ 8.09 x 102 | 7.37 | 26.6
bb+ VV + jets 1.14 x 103 [ 233 x 102 | 145 | 3.94

tt + jets 1.60 x 10° | 6.60 x 10* | 2076.7 | 5905.6

VV + jets 1.03 x 10° | 1.03 x 10° | 108.6 | 377.7

Model A 1.19 x 10° [ 9.48 x 10? | 403.8 | 508.1

Model B 1.19 x 10° [ 1.03 x 10° | 505.2 | 703.1

Model C 1.19 x 10% | 5.80 x 10% | 300.5 | 420.5

Table 6.5: Cross sections for production of signal and backgrounds. The first column gives the
total production cross section. The second gives the cross section after the L1 triggers defined in
PGS-4 (see text). The remaining columns give the cross section after selection cuts in Eq. 6.1 and
Eq. 6.2, with an additional missing energy (MET) requirement, £ > 100 GeV. The bb + jets
and bbbb-inclusive backgrounds have been considered, and after the applying the selection cuts in
Egs. 6.1-6.2 and requiring at least one lepton, the number of events are negligible in the {b, ¢}
channels considered here. In this table, we set m; = 500 GeV and msp = 100 GeV.

The signal event samples, for gluino pair production and decay, were produced using Pythia

6.4 and have been passed through the same PGS-4 detector simulation. Basic muon isolation was
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applied to all samples. To reduce the number of backgrounds events are required to pass the L1-
triggers as defined by PGS. We also display the effect of two possible additional selection cuts,
together with the additional requirement £ > 100 GeV,

cut-1: n;(pr > 50 GeV) >
cut-2 : nj(pr > 30GeV) >

6.1)

4
4 (6.2)
in the last two columns of Table 6.5. The second cut (weaker than the first) is optimal for discovery
signatures, such as the same-sign dilepton signature, that have relatively small SM backgrounds.

Next, the signal is searched for in multi b-jet (n, = 2, 3,4) and multi lepton channels (1/¢, SS,
OS, 3/). All objects are required to have a minimum pr of 20 GeV. Same sign (SS) and opposite
sign (OS) di-leptons are separated as they can have different origins and sizes. We will use the
possible excess in these channels to assess the discovery potential. Table 6.6 shows the expected
number of events from the SM background as classified according to the number of b-tagged jets
and isolated leptons in the event.

Table 6.6 shows the expected number of signal events with b-tagged jets and isolated leptons
for the three benchmark models. Model A, which is predominantly a four top signal, has signifi-
cantly more multi-lepton and b-jet events passing selection cuts than Model B and Model C, which
have fewer four top events. In Table 6.6, the signal significance achievable with 1 fb~! integrated
luminosity is shown. By requesting at least 4 b-tagged jets it is possible to observe signal signifi-
cance S/ VB >5 for events with a single lepton. The one-lepton four-b-jet channel will prove to
be robust and the best channel for discovery.

6.4 Searching for Gluino Events with W+ Tracks

Charged tracks resulting from long lived pair produced charginos can provide an unambiguous
SUSY signal in particle colliders[171, 172, 173, 174, 175, 176, 177]. Assuming the Higgsino
mass parameter 4 > 1 TeV as is natural in theories with heavy gravitinos', the charged and neutral
Wino masses are essentially degenerate at tree level. The largely model independent mass splitting
which results from loop corrections is dm ~ 160 MeV [171]. To a good approximation the charged
Wino decay width can be given by the two body decay width for W% — WOrt[175]:

. 2 2
D(7%) = 2CF cos? g, f25m? 1 — x| (6.3)
T om?

"For example, it was recently shown in [178] and [135] that p1 ~ TeV arises naturally in certain M-theory com-
pactifications.
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Number of Background Events (B)
Standard Model
B 2b 3b 4b
10 2862 414 1.04
0oS 328 565 0.007
SS 03 0.06 0
3L 0.14 0.007 0

Number of Signal Events (S)
Model A Model B Model C
S 2b 3b >4b 2b 3b >4b 2b 3b >4b
IL 47.1 393 193 IL 335 269 138 IL 18.0 144 174
oS 124 99 39 oS 64 50 1.7 os 20 09 06
SS 66 51 23 SS 23 12 02 SS 07 06 02
3L 30 21 0.7 3L 0.7 10 0.3 3L 0 0.1 0.1

Significance (S/v/B + 1)
Model A Model B Model C
26 3b  >4b 26 3b >4b 26 3b  >4b

IL 277 6.03 135 IL 197 4.13 9.66 IL 1.06 221 5.18
oS 2.13 3.83 3.88 oS 1.10 193 1.69 oS 034 034 040
S§ 575 495 230 S§ 200 1.16 0.20 S§ 0.58 0.58 0.20
3L 2.80 2.09 0.70 3L 0.65 0.99 0.30 3L 0 010 0.10

Table 6.6: Number of SM events, number of signal event, and signal significance, with 2, 3, or 4
b-tagged jets and OS, SS, or 3 leptons at the early LHC-7, for 10! integrated luminosity. For
the 1-lepton counts, cut-1 was applied, while for the other lepton counts cut-2 was applied. These
numbers were found for m; = 500 GeV and mgp = 100 GeV.
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where 6. is the Cabbibo and angle and the pion decay width f, ~ 130 MeV. For large values
of ;1 2 1 TeV and moderate values of tan 5 the loop contribution dominates the mass splitting,
resulting in a charged Wino lifetime 7 ~ O(5) cm [171]°.

A prolific source of detectable charged Wino tracks results from three body decays of pair
produced gluinos, pp — gg — Wi, Wot jets. In typical heavy squark and Wino LSP models, the
gluino has a O(50%) branching ratio to W* final states; these events result in many hard objects,
and are easily triggered on [179, 180]. The NLO gluino pair production cross section for the mass
< 1000 GeV, is O(10 — 1000) fb. Increasing the LHC center

~

range of interest, 600 GeV < my
of mass energy from /s = 7 TeV to /s = 8 TeV approximately doubles the gluino production
cross section (as calculated by PROSPINO[181]). Thus with 10 b=t of luminosity, we should
already expect numerous gluino pair production events at LHC-8; roughly half of these gluinos
will produce a charged Wino as a 3-body decay product, since the SU(2) symmetry relates the
branching ratio to ggWW°, ¢'qgW ~ and ¢'qW+.

In order to detect charged Winos resulting from gluino decays, W must live long enough to
form a track in the inner detector. Specifically, we focus on the detection capabilities of the AT-
LAS detector. In the barrel region, the inner detector of the ATLAS detector contains three layers
of pixel detector at average radii of 5 cm, 9 cm, 12 cm, then there are four layers of semiconductor
tracker (SCT), located respectively at 30 cm, 37 cm, 44 cm and 51 cm away from the beam line.
The transition radiation tracker (TRT) is located outside the SCT, 55.4 cm away from the beam
line [182]. If the charged Wino reaches the third layer of the SCT its track can be reconstructed
using the information from the pixel detector and the SCT, and its three-momentum can be de-
termined with good resolution [183]. Perhaps it will be possible to use shorter chargino tracks.
The soft pion (or lepton) resulting from the chargino decay would also be a distinctive signal if it

could be observed, and would give useful information regarding the kinematics of the event. To

myy Ist SCT Layer | 2nd SCT Layer | 3rd SCT Layer | 4th SCT Layer
100 GeV 416.3 292.6 208.2 147.9
150 GeV 232.2 150.6 98.9 69.5
200 GeV 125.3 76.5 46.4 30.8
250 GeV 85.2 42.2 24.7 14.8
300 GeV 49.7 27.6 17.0 94

Table 6.7: Inclusive count of the number of charginos which make it past a given detector layer.
These results correspond to 10 fb™* of LHC-8 data (055 ~ 235 tb), with mz = 750 GeV.

estimate the usefulness of looking for stiff charginos, we simulate decays of charged Winos result-

ing from gluino pair production. The pair produced gluino events are generated by the MadGraph

ZHowever if y1 ~ Mo, there is an O(my 2 /u?) tree level mass splitting which can potentially become O(1) GeV,
significantly decreasing the lifetime such that c7 < 1 cm.
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Figure 6.3: Charged Winos resulting from gluino pair production, binned as a function of trans-
verse distance traveled from the beam line. These results correspond to 10 fb~' of LHC-8 data
(035 ~ 235 fb), with mgz = 750 GeV, my;; = 150 GeV. For graphical purposes, charginos traveling
a transverse distance < 30 cm are not shown.

S5/MadEvent package [184], and the gluino decays (as well as hadronization and showering) are
implemented through PYTHIAG6 [153]. The mass splitting dm which enters into the decay width
is calculated using SOFTSUSY [185]. The results for mz; = 750 GeV? with 10 fb™! of LHC-8
data (without any kinematic cuts) are shown in Figure 1 and Table 1. In Fig. 1, the charged Winos*
are binned as a function of transverse distance traveled before decay. Table 1 shows an inclusive
count of the number charginos which make it past a given detector layer. These results indicate
that with the 10 fb~! of LHC-8 data expected at the end of 2012, for my; S 300 GeV we expect
2 20 charginos will make it past the third SCT layer.

To search for gluinos, one can use the usual SUSY search channels (or even looser cuts) to
isolate relatively pure events from the gluino decay, and then search for chargino tracks in those
events. For a concrete example, in the G2-MSSM (resulting from M-theory compactified on a
(G5 manifold [187]) the gluino has a substantial branching fraction to third generation quarks:
G — tbW~™ + h.c.. As demonstrated in [179, 180], searching for events containing a lepton and
multiple b-jets is the most powerful way to discover this kind of model. With the additional signals

given by chargino tracks, one can also make use of the weaker SUSY search channels such as 1

3We note that with heavy squarks, and the enhancement of gluino decays to heavy quarks due to a lighter stop and
sbottom, 750 GeV gluinos are not excluded by any ATLAS or CMS analysis.

“In order for the non-thermal cosmology to give approximately correct relic density and not overclose the universe,
the chargino cannot be very heavy, so we only consider charginos mass from 100 GeV to 300 GeV[186].
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lepton + 1 b-jet. As an example, we consider a G2-MSSM model with a 750 GeV gluino and 150
GeV Wino LSP with 10 fb™* of LHC-8 data’. After applying cuts similar to the 1 lepton + 1 b-jet
ATLAS search channel[188]:

1 lepton, Fr > 80 GeV, > 4 jets, > 1 b-jets, (6.4)

about 200 gluino pair events survive. Roughly 10 of these surviving events will contain a long
chargino track which can be reconstructed. Aside from the 1 lepton + 1 b-jet channel, this chargino
signal can be observed in many other SUSY channels, as illustrated in Table 2. In this table, the
kinematic cuts defining the signal regions of the 1 b-jet + Fr channel are defined in [188], and

the cuts defining the signal regions of the jets + Fr channel are defined in [189]. These results

b-jets + £ Signal Region[188] | SRO-A1 SRO-B1 SRO-C1
Meyf > | Meyy > | Mesy >

500 700 900
Charginos Past 3rd SCT 28 25 17
jets + K Signal Region[189] | 4-jet, 4-jet, 4-jet,
Mmers >500 | merr >10001 High Mass
Charginos Past 3rd SCT 40 26 20

Table 6.8: Number of charginos which make it past the 3rd SCT layer in signal regions of various
ATLAS SUSY search channels. These results are for 10 fb~* of LHC-8 data. We have chosen
channels expected to be sensitive to gluino pair production events. Other search channels give
weaker chargino signals, which can be enhanced by loosening cuts. The m.¢; cuts are given in
units of GeV.

demonstrate that the signal of chargino tracks is robust under typical SUSY squark/gluino search
cuts; in particular, increasing the m. s cut from 500 GeV to 1000 GeV still maintains ~ 60% of the
chargino signal. Thus chargino tracks provide an additional “free” channel for gluino discovery,
which can be studied without loosening cuts and introducing additional SM background events
into the SUSY signal region.

The stub track resulting from chargino decay is a distinctive SUSY signal without SM back-
ground. However, in reality the signal may be contaminated by detector noise and mis-reconstructed
tracks. We did not include these possible backgrounds in our study; instead we argue they can be
controlled without significantly hurting the signals. First of all, the kinematic cuts we applied to
remove a large amount of the SM background should also help reduce fake chargino tracks. Re-
quiring pr > 80 GeV for the chargino track candidate keeps ~ 80% of the signal events, while

eliminating detector noise resulting from soft mis-reconstructed tracks. For a fake track with high

SDetector effects are included by running simulated events through the PGS-4[154] detector simulation.
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pr, the fake chargino pr will be nearly collinear with 7 unless there are large contributions to £
from energetic neutrinos. Thus imposing a A¢ (Wi, Fr) > 0.4 cut will reduce the background
from hard jets faking chargino tracks, while keeping ~ 60% of the signal events. In addition,
the pixel detector can measure dF /dz energy loss of the particle. The charginos on average have
B~ = 2, while the SM tracks with the same momentum have much larger 5+. It is possible that this
energy loss can be used to separate the real chargino tracks from the backgrounds. With enough
events, dF /dz spectra can even be used to estimate the mass of the chargino. However, precise
determination of the background after imposing cuts can only be determined by experimental de-

tector groups upon analyzing the data.

6.5 Reconstructing the Gluino Mass

If chargino tracks are observed, one can use this additional information to separate SUSY events

from the SM background, and estimate the mass of the gluino even without precise knowledge of
the chargino mass. As already mentioned in the ATLAS jets + f'r search, ignoring the chargino/LSP
mass only changes the reconstructed gluino mass by a small amount, O(m? ¢p/ mg) To obtain suf-

ficient statistics for the analysis, we use a set of cuts slightly looser than the cuts used in the ATLAS

jets + Fr search[189]:

Fr > 130GeV, > 4jets, pr(j1) > 130 GeV,
pr (72,73, j4) > 50 GeV, AR(chargino, jets) > 0.3 (6.5)

For 10 fb™' of LHC-8 data, there will be about 60 events containing a reconstructed chargino
track which pass the cuts listed in (??). In order to find the pair of jets most likely to have
come from the same gluino as the chargino track, we calculate the transverse momentum of the
other chargino/neutralino from the missing transverse momentum, and separate the 6 objects (2
charginos and 4 jets) into 2 clusters, each containing 1 chargino and 2 jets. The optimal clustering
is determined by minimizing the difference in |pr| between the two clusters. Using the cluster
containing the real chargino track and assuming mg; = 0, we can make a histogram of the re-
constructed gluino mass. Fitting the histogram with a distribution gives a reconstructed gluino
mass near the actual value, with ~ 100 GeV uncertainty. Thus chargino tracks can provide an
independent kinematic measure of the gluino mass, whose accuracy will improve with improving
statistics.

Simply knowing that a gluino of some approximately measured mass decays to a chargino +
jets of some pr puts a valuable upper limit on the chargino mass (and therefore the dark matter

mass). With more information, it may be possible to obtain a precise measurement of the chargino
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mass. For instance, measuring the pp of the soft pion resulting from the chargino decay along
with the chargino track 3-momentum might allow a kinematic reconstruction of the chargino mass.
However, it is unclear whether or not measuring such a soft track would be experimentally feasible.
Other experimental approaches, such as determining the dF'/dx spectra of the chargino tracks, can
also refine measurements of the chargino mass.

Since these analysis were done, the LHC detector groups have presented gluino searches that
excluded the light gluino masses. Since none of the analysis use the realistic gluion branching
ratio such as BR(tt) =~ 7%, BR(bb) =~ 10%, BR(tb + tb) =~ 26%, it is not easy to use the reported
results to give precise gluino limits; we estimate that m; < 950 GeV is probably excluded, but

TeV gluinos are not.
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CHAPTER 7

Conclusion

7.1 conclusion and future directions

In this thesis I studied G5 compactification of the M theory. The moduli stabilization and SUSY
breaking are achieved by hidden sector QCD like interactions. To obtain a de Sitter space with
a small cosmological constant, a meson field from the quark condensation has to be included.
Motivated by our knowledge about the Calabi-Yau manifold, it is plausible to have a G5 manifold
with a discrete symmetry after moduli stabilization.

Once we establish all the theoretical ingredients, we focused on the SU(5) GUT model. Wilson
lines are introduced to break the SU(5) to the standard model gauge group SU(3) x SU(2) x U(1).
By combining them with appropriate discrete symmetries on the (G manifold, we can solve the
doublet-triplet splitting problem. The effective theory below the unification scale, G5-MSSM, has
a MSSM spectrum with distinctive features such as heavy scalars, suppressed p term and light
gauginos. The matter/R-parity can be realized as another discrete symmetry on the stabilized G,
manifold. Anomaly-free conditions put non-trivial constrains not only on the discrete symmetry
itself, but also on the Yukawa couplings. The approximate symmetry suppressing the p term will
also suppress at least one eigenvalue of the Yukawa matrix of the down-type quarks or the leptons.
Then we demonstrated the little hierarchy problem is alleviated in the G'5>-MSSM because of the
large trilinear couplings. The compactification predicts the gravitino mass is exponentially sup-
pressed comparing to the Planck scale. The lower bound of the moduli/gravitino mass is obtained
from cosmology. To preserve the well established BBN mechanism, it is important that the moduli
and the gravitino decay well before BBN time. This in turn requires mg/, ~ O(50 TeV).

The rest of this thesis focused on the phenomenology of Go-MSSM. First we considered the
dark matter candidates. Wino LSP and axion are both good candidates for dark matter and the
relic abundances of both are of the same order according to the theoretical calculation. Wino LSP
has a large annihilation cross section. It can be used to partially explain the “anomalies” in the

observation of recent indirect dark matter experiments. The direct detection experiments are more
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challenging for wino dark matter due to its very small cross section. The only way to increase the
cross section is to increase the Higgsino component by lowering the . term. However the p term
is determined from the top-down approach independently. Thus we can obtain a upper limit of the
direct detection cross section well below the current experimental bounds.

The LHC phenomenology had two parts. First we calculated the Higgs mass in G5>-MSSM.
Because of the heavy scalars, the lightest Higgs particle received large loop corrections. After
resuming the major contributions, the mass of the lightest Higgs particle in Go-MSSM is close to
125 GeV, about +1.5 GeV for tan 3 prefered by the theory, which is consistent with the recent
results from ATLAS [10] and CMS [11]. The more exciting possibility is the direct observation of
superparticles at the LHC. Because the scalars are too heavy to be produced directly, we concen-
trated on the light gauginos. Gluino searches using MET and multijets are always a good approach.
In some cases the decay branching fractions to the 3rd generation quarks are enhanced, so target-
ing channels with b-jets and/or leptons with large MET can be more effective. There is also a
potentially interesting search channel for the light chargino. The disappearing chargino tracks are
not only useful in searching for new physics, but can also provide extra kinematic information for
quantitative studies.

On the theoretical aspect, GGo-manifolds are notoriously difficult to construct, but new develop-
ments in recent years might soon evolve to produce compact GGo-manifolds with singularities suited
for phenomenological purposes. It is also important to understand the top Yukawa coupling in M
theory. There is a construction for the standard model gauge group, but there is still no satisfying
solution for unification theories.

We will understand the phenomenology a lot better with deeper knowledge of the G'5-manifold.
Meanwhile it is interesting to consider the phenomenology of more general scenarios like enlarged

gauge group such as SO(10), or extra matter fields.
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APPENDIX A

Useful Results

A.1 Implications of Top-Down Constraints

A.1.1 Constraints on Wilson Line Parameters from Anomaly Cancellation

The SU(3) — SU(3) — Zy,SU(2) — SU(2) — Zy and U(1)y — U(1)y — Zy anomaly coefficients

for a non-R Z symmetry are given by:

3
1 1
AsuE)—su@E)—zy = A = 5 E (QQQi + qui + QDi) + 5 (qr, + qry)

2

3
1 1
Asu@)-su@)-zy = Az = 5 Z (3aqi + qi) + 5 (qm. + qm,)

2
=1
1< /1 8 6 2 3
A _ _ EA = — — i — i — i — i — i
U(1)-U(1)—Zn 1 2; (5QQ + U + 5ch+ 5D + 5%)
1 3
+r (g, +qr,) + 10 (qm, + qm,) (A.1)

where g represents the Z charge for the 7’th generation of the () superfield, and similarly for
quis qpi, etc. As discussed in section 3.2.5.1, anomaly cancellation requires that 3.25 is satisfied.
Furthermore, consitency with the Wilson line mechanism described in Chapter 3 requires that (3.4)-
(3.6) are satisfied. It is straightforward to show using (3.4) and (3.5) that the anomaly coefficients
in (A.1) satisfy:

2A3+ 3A, = HA;. (A.2)

Therefore A, provides no additional constraint, and anomaly cancellation is achieved provided

the conditions on Az and A, in (3.25) are satisfied. In other words, As = A, is sufficient to
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achieve anomaly cancellation regardless of whether or not a Green-Schwarz axion is present. By
combining the condition A3 = A, with (3.4)-(3.6), we obtain:

Z5p T — 510 = 5p (55H — (SgH) Mod N = qH, + qH,- (AS)

Here the 010, and 05 parameterize the Wilson line splitting of the SU(5) multiplets, and the
sum over ¢ represents a sum over all three generations. Since doublet-triplet splitting requires
5p # Mod N and recalling that by our parameterization §; = 0 or 1, we can enumerate the

possible solutions to (3.25):

1. 327 (85, — 010;) = (J5, — J5,,)- In this case, the anomaly constraints are trivially satisfied

regardless of the value which 5p takes.

2.0, (05, — 610,) = — (05, — J5,,) or SO (65, — 010,) = 3 (d5,, — J5,,). In this case, the
anomaly constraints are satisfied if 10p = N. This requires even N and results in 5p = N/2,

and thus Zy; = Zy/» assuming no other moduli charges.

3. Z? 1 (5 — 10, ) = -2 (55H — 55H). In this case, anomaly freedom requires 15p = N, and
thus 5p = N/3.

4. Zf’ 1 (5 — d10; ) = -3 (55H — 551{)' In this case, anomaly freedom requires 20p = N, 2N
and thus 5p = N/2, N/4.

A.1.2 Fermion Mass Forbidden by 7y

For the Z solution to the ;o problem described in this work, top-down constraints imply that at
least one of the mass eigenvalues in either the down or lepton sector must be forbidden by Zy if
Zn solves the doublet-triplet splitting problem. In what follows, we give a simple derivation of
this result.

A three by three matrix A with entries A, ; will have a nonzero determinant if:

IT2_, (Ais,) #0. (A.4)

where o; is some permutation of 1, 2 and 3. For example, if we are considering the diagonal
components of A then (01, 09, 03) = (1,2, 3), and (A.4) would result in A;; Agx A3z # 0. If A has
a zero diagonal component, det A # 0 if (A.4) is satisfied for some other permutation o;.

If all mass eigenvalues in the down quark sector are allowed by Zy, then (A.4) amounts to a
condition on the Zy charges of MSSM fields:
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q9Q; + qu, +qoe,, =0, (A.5)

fori = 1,2, 3. A similar equation with L; and Eg(i) arises from the lepton Yukawa matrix.
Regardless of the permutation chosen for o;, we can sum (A.5) over ¢ and obtain the conditions

for all lepton and down quark mass eigenvalues to be allowed by Z:

3 3
Z q9Q, + qu, + qp: =0 Z qr, + qu, + qee = 0. (A.6)
=1 i=1

Using (4) and (5) this can be rewritten as:

3
> 5p (510, — 05,) = Mod N. (A7)
i=1

From equation (A.7), we see that this can not be satisfied if Zx achieves doublet-triplet split-
ting. Therefore if the Zy discussed here solves the p problem, then at least one mass in the

down/lepton sector is forbidden by Zy and must be generated in some manner once 2 is broken.

A.1.3 Constraints on the LSP Lifetime

The constraints on the LSP lifetime can by approximated as [190]:

mrsp < 0.1 seconds or Trgp = 10* seconds (A.8)

The bound 7.5p < 0.1 second comes from primordial nucleosynthesis constraints on long-
lived BSM [191, 192, 193, 194, 195], and the bound 75p > 10?° seconds comes from indirect
detection constraints. In the case of purely trilinear RPV (i.e. no blinear RPV operator present),

the LSP lifetime is given by:

1 —17 4 1 5
Tisp 0 ( mo ) 00 GeV . (A.9)
1 sec A2 \TeV mrsp

where ) is the dominant trilinear RPV coupling in A, A, \” following the notation of (3.27).
Taking the squark mass mg to be 10 TeV and mysp = 100 GeV, the constraint (A.8) can be
expressed as:

A>107% or A <1077, (A.10)

As previously discussed, if moduli stablization regenerates the trilinear RPV coupling then A ~
O (10715). Therefore if the only form of RPV in the theory is a trilinear RPV term forbidden by
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Zn but generated by moduli stablization, the theory will be ruled out by experimental constraints
on LSP lifetime.

A.2 Largest Spin Independent Cross Sections

Following [110], the spin-independent cross section for the LSP scattering off a nucleon, is given

in the decoupling limit (My < M 4) by the approximation

115GeV)4 <ZHu sinf — Zy, cos

2
ost (XN — xN) ~ 5 x 10" *cm? < > (Zw — tan by Zp)*

mp 0.1
(A.11)
where the Z’s give the composition of the LSP
X=ZpB+ ZwW + Zy,Hy+ Zy, H,. (A.12)
Consider the neutralino mass matrix [196]:
My 0 — My cosBsinbly, My sin B sin Oy,
M= 0 M,y Mz cos fcosby  —Mysin 3 cos Oy
— My cosfBsinfy, My cos 5 cos Oy 0 —
My sin Bsinfy,  — My sin [ cos Oy, — 0
(A.13)

in the {B , W, ﬁd, [:Iu} basis.The analytical expression [111, 112, 113] for the components in the

LSP can be written as:

aZp =z = —sin by,
M, —M M, — M,)?
aZyw = zw = CoS me = cos QW%

w(My — M) (My — M,) + MZsin B cos 8 ((My; — Ms) cos? Oy + My — M)
My (My — M,) (—pcos B+ M, sin 5)
M, (My — M) (My — M, ) + MZ cos? 3 ((My — M) cos® Oy + My — M, )
My (My — M,) (—pcos B+ M, sin f)

OéZHd = ZH, =

OJZHH = ZHu =

(A.14)

where o = \/ 2% + iy + 25, + 27, is an overall normalization factor and A = (M, — M) (M, —
Ms,).
The combination Zy, sin 8 — Zy, cos 3, that appears in the scattering cross section takes an
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especially simple form

(M, sin B — pcos B) (My — M,,) (My — M,) My — M,

Zy,sin B — Z = B
H, SN — Zp, cos 3 My (My — M,) (—pcos 8+ M, sin 3) My

(A.15)

It is clear from (A.15) that as M; — M, increases, Zy, sin 3 — Zp, cos 3 grows slower than the
Zyw component. Thus after normalization both the ﬁu and the FId components will decrease. So
the maximum of Zy, sin 8 — Zy, cos 3 is realized when M; — M, is minimal.

The eigenvalues of the neutralino mass matrix (A.13) are given by the solutions to:
(x — M) (z — Ma) (z — p) (x4 p) + (M cos® Oy + My sin® ) Mpusin28 =0 (A.16)

Then the LSP mass, corresponding to M, = z, can be found by taking the limit M, < p,
so that (A.16) is simply a quadratic equation. Then it is easy to see that the minimal value of
M, — M,,, which maximizes Zp, sin 8 — Zy, cos 3, corresponds to the situation when M; — M,
is also minimized. Additionally, when M; = M, the term Zy, — tanfy, Zp also reaches its
maximum. Thus the maximum scattering cross sections will occur when M; = M.

To normalize the expressions in (A.14) (i.e. finding «) is tedious. Instead, a new basis is defined
where ¥ = cos Ow B + sin Oy W and Z = — sin Oy B + cos Oy W, where in the supersymmetric
limit, these are the superpartners of the photon and Z-boson, respectively. The new mass matrix,
in the {7, Z, Hy, f[u} is

Mcos Oy® + Masin Oy®  (My — M) sin Oy cos Oy, 0 0
M= (My — My) sin Oy cos Oy, Macos Ow? + Mysin Oy MycosB —Mysin 8
0 My cos 8 0 —
0 —Mysin B — I 0

(A.17)
Taking the limit M; = M, = M, one immediately one finds that ¥ in an eigenvector with mass
eigenvalue M. The next lightest eigenvector of the remaining 3 X 3 sub-matrix will be mostly Z,

and to leading order in M/, the mass is

M .
M,~M—-—= (M — sin 25) (A.18)

Next we will assume that the phases of M and y are such that absolute value of M, is smaller
than | M|, so that it is indeed the LSP. The other scenario, in which the LSP is mostly 7, will have
negligible scattering cross-section.

Diagonalizing the remaining 3 x 3 sub-matrix, the coefficients of H, and H, component to
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leading order is

7 1 (sinﬁ—cos,@)MZ_i_(sinﬁ—l—cosﬁ)MZ Mz (psin B+ M cos 3)
fa =9 w+ M w— M B w2 — M?
1 /((sinf—cosf) My (sinf + cosf) My My (pcos B+ M sin 3)
Zy, = = - = — (A.19)
2 w+M w—M > — M?
and from the definition on Z ,
Zw — tan Oy Zg = cos Oy L. (A.20)

Finally, using (A.19) and (A.20) as inputs to (A.11) the upper limit for the cross section is

115GeV\* /1 TeV\? [/sin28 + My/p\>
ost (XN — xN) ~ 6 x 10_45cm2( ) ( ) ( ) A2l
st (X XV) _ . 1= (V)2 (A.21)

From the discussion in the text we expect My/p < 0.2, sin28 < 0.8 and p 2> 1TeV, giving
largest scattering cross-sections around og; < 6 x 10~%*°cm?. However, as discussed in Section
6.3, the constraints cannot all be satisfied simultaneously, so in practice only a cross section of

about 10~% cm? could be achieved.
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