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CHAPTER I

Introduction

The era of the Large Hadron Collider has begun. Currently, high energy proton beams are being
collided with a total energy of 7 TeV—an energy frontier being explored for the first time. Out of
these collisions will come already-discovered Standard Model particles, but also (hopefully) new
particles such as the Higgs boson, dark matter and superpartners. The discovery of new particles,
along with measurements of their properties, will allow us to answer questions that have vexed
physicists for a long time. Dark matter is also being searched for in land-based and satellite exper-
iments, with an unprecedented ability to discover dark matter over an enormous range of possible
dark matter properties.

It is essential to have an appropriate theoretical framework within which to attempt to answer
these vexing questions. Although it is the most successful model of particle physics, the Standard
Model is nonetheless inadequate. It cannot address, let alone explain, why it has the particle content
that is does or the scale at which electroweak symmetry is broken. It also gives an incomplete
picture of particle physics since it cannot explain important properties of the universe, such as the
baryon asymmetry and the dark matter abundance. Given the limits and attendant issues with the
Standard Model, and the ramifications of new discoveries, the Large Hadron Collider data and its
analysis is extraordinarily important. The analysis will take physicists beyond the SM description
towards a much richer, deeper understanding of the universe.

Supersymmetry, which relates elementary particles of different spin, has become the leading,



and most studied, candidate for a Beyond the Standard Model theory. It directly solves many
problems of the Standard Model, such as the hierarchy problem—the sizeable gap between the
electroweak scale (or the Higgs mass) and Planck scale, and gauge unification—the unification of
the strong, weak and electromagnetic forces. Supersymmetry also offers solutions to the dark
matter problem, and naturally builds a bridge to a high scale underlying theory. However, the
inclusion of supersymmetry leads to many new questions, for by itself it cannot explain the origin
of supersymmetry breaking and consequently the masses of the new (super)particles.

String theory is the leading candidate for the underlying theory, as it aims to unify the quantum
forces with gravity while providing a framework to address the critical questions left unanswered
by the Standard Model and Supersymmetry. A number of predictions from string constructions
can be empirically tested at the Large Hadron Collider and dark matter experiments. In this work
I aim to make generic predictions of string theory, i.e. predictions characteristic of string theory
as a whole and not dependent on the specific string construction. At the same time string theory
motivation will be combined with bottom-up approaches to fill in the gaps of our understanding of
string theory and make predictions for current and upcoming experiments.

The first generic prediction of string theories is moduli — scalar fields with no classical potential
and Planck scale (gravitationally) suppressed couplings to matter. The expectation values of the
moduli classically describe the size and configuration of the curled up extra dimensions. In order
to have a meaningful model describing phenomena below the string scale, the moduli must be
“stabilized”, i.e., must have a potential with a minimum that determines their value in the vacuum.
Otherwise, observable coupling strengths and masses would not have meaningful values when
calculated from the theory, making it impossible to compare with data.

Early in the universe, the moduli fields begin to oscillate in their potential. One can estimate the
energy stored in the oscillating moduli, which has long been known [73,79, 87] to be large and to

dominate the energy density of the Universe. Then the universe cools and moduli decay, reheating



the Standard Model thermal bath, and washing out any relic abundances. This is an alternative to
the standard thermal explanation for the relic abundances empirically verifiable at the LHC and in
dark matter experiments, as it requires the dark matter to have vastly different properties than those
it would have presuming a thermal history. This will further be discussed in Chapter I1.

If the moduli decay after about 10~2 seconds, their decay products will inject additional pho-
tons, hadrons and leptons during Big Bang Nucleosynthesis (BBN), ruining its successful pre-
dictions. Lifetimes shorter than about 10~2 seconds require moduli masses larger than about 30
TeV [97,134,179], which then implies a similar bound on the gravitino mass, which typically sets
the scale for all of the scalar masses in the theory. Then the scalar superpartners will be heavy,
motivating light gauginos as the leading signal for beyond Standard Model physics at the Large
Hadron Collider. Chapter III will be devoted to the discovery of these signals.

Starting from string theory and moving to its predictions—the “top-down” approach taken in
the above paragraphs—results in the conclusion that string theories generically predict a particle
spectrum and properties that are testable at today’s experiments. On the other hand, with the LHC
online it is also important to think about the relation between particle physics and string theory
from a “bottom-up” approach—that is, by working backwards from what we know, find a consistent
string theory and make new predictions.

Physicists have long suspected that the Minimal Supersymmetric Standard Model (MSSM)
unifies the strong and electroweak forces [142] into a single SU(5) grand unified group [106]. Key
to approaching string theory from “bottom-up” is to understand the unification of these forces.

In an SU(5) grand unified theory, each family of quarks and leptons is organized into a 10 ® 5
representation. The remaining MSSM fields, the Higgs doublets, do not form a complete SU(5)
representation. Minimally, the Higgs doublets can be assigned to a 5 & 5 representation, but
require the introduction of a pair of Higgs color triplets. The Higgs triplets can mediate baryon

and lepton violating processes, and thus should be very heavy, mr > 10'* GeV, to avoid rapid



proton decay [161]. Additionally, they should be heavy to ensure gauge coupling unification in the
minimal model.

In the Minimal Supersymmetric Standard Model, the only low energy supersymmetric param-
eter with mass dimension is the p parameter. Through the p-term in the superpotential (W),
W D pH,Hg, it gives mass to Higgsinos and also generates scalar potential couplings for Higgs
fields. The size of u plays an important role in phenomenology. In particular, it affects properties
of potential dark matter particles. Searches for the charged Higgsino require p = 100 GeV, while
arguments against fine tuning of the mass of the Z-boson suggest that p should not be too large.
On the other hand, one might expect, with ignorance of the high scale theory, that 4 ~ mgyr, the
natural Ultraviolet (UV) cutoff.

In fact, an SU(5) symmetric theory would require that the Higgs doublets masses be the same
as the triplet mass, i = m7 ~ Mgy, but it was just argued that is this a factor 10'? too large.
A string theoretic solution to the p-problem is inevitably related to the solution of the doublet-
triplet problem of grand unified theories. Solving the p-problem [136] presumably requires an
understanding of the fundamental theory that generates the scale of the p parameter. Thus the -
problem is exceptionally important—a high scale theory cannot be qualitatively complete without
addressing it, and its solution will have significant implications for dark matter, Higgs physics, and
fine-tuning issues.

Within string theory, many explanations for the small value of p have been proposed. In most
scenarios the u-term is forbidden at the high scale, then, it is somehow dynamically generated at a
lower scale. In many cases, the u-term is forbidden by a continuous or discrete symmetry, which
is spontaneously broken at a smaller, dynamically generated scale (< mgyT), and perhaps related
to supersymmetry breaking [31, 163]. Some examples of the above include NMSSM scenarios
[75,77,143,169,170,175] and approximate R-symmetric models [55, 133]. Others scenarios have

the p-term forbidden by stringy selection rules, and are broken by non-perturbative instanton effects



that produce exponentially suppressed mass scales [76, 113,124, 125].

Therefore, it is paramount that the symmetry that protects the p-term not forbid the triplet
masses if both problems are to be solved. This restriction leads to an elegant, perhaps unique
solution to the p-problem in M theory; the symmetry which protects p from being generated at
the unification scale was originally proposed by Witten [184]. Although Witten did not discuss
how this symmetry would be broken, we argue that the symmetry would—indeed must—be broken
by moduli stabilization. The theory and dark matter phenomenology of this scenario is discussed
in Chapter IV.

Not long after the development of SU(5) GUTs, flipped SU (5) emerged as a natural alternative
[30,40, 83]. Based on gauge group SU(5) x U(1)y, flipped SU(5) is not a model of unification
per se, but can accommodate the near unification of couplings that is observed by experiment while
overcoming difficulties of minimal SU(5) models that emerged as lower bounds on the proton
lifetime increased. These successes center on the breaking of SU(5) x U(1), by nonzero vevs for
components of "GUT-Higgs™ fields that arise as a 10/10 pair. The degrees of freedom in these
fields are just what is needed to lift leptoquarks and Higgs triplets from the low energy spectrum in
a simple and elegant way.

In string theory, flipped SU(5) models are of interest for a variety of reasons. It provides a
mechanism for breaking the GUT group in 4 dimensions while solving doublet-triplet splitting
without using large GUT representations. Such representations are typically unavailable in string
theories. In weakly coupled Heterotic models, flipped SU(5) gives one the flexibility to achieve
gauge coupling unification at the string scale (~ 10'" GeV) if extra vector-like particles are added
as in [128]. In perturbative type II GUT constructions based on intersecting branes, flipped SU (5)
is a natural goal [58,59, 62,63, 78] because one of the two MSSM Yukawa couplings is forced to
be generated nonperturbatively there [48] and hence is strongly suppressed. In perturbative type II

constructions with ordinary SU(5), the top Yukawa is the small one but in flipped SU(5) it is the



down Yukawa that is suppressed, allowing the top Yukawa to be large.

However, explicit construction of flipped SU (5) models in F-theory suffer several phenomeno-
logical pitfalls. The most significant challenges are related to the p problem, whose severity de-
pends on one’s attitude toward fine-tuning, although it should be noted that flipped SU(5) was
partially motivated to solve tuning problems. In addition to this, there appears to be some tension
between the p problem and generation of neutrino masses. Finally, the prevention of rapid (di-
mension 4-induced) proton decay requires discrete symmetries that do not have their origin as an
unbroken subgroup of a continuous U (1) symmetry that preserves the ordinary MSSM Lagrangian.
The model building issues of embedding flipped SU(5) in F-theory will be discussed in Chapter
V.

This thesis reports significant new results and progress toward relating string theories to exper-

imental and cosmological phenomena.



CHAPTER 11

Moduli Stabilization and Non-Thermal Cosmological Histories

In recent years, it has been realized that models with moduli which decay before BBN can
have virtues which are comparable to, or improvements upon, models which have a ‘thermal cos-
mological history’. There can be a ‘non-thermal weakly interacting massive particle (WIMP)
miracle’ which is equally compelling as the thermal case [15, 160] and requires larger WIMP
annihilation cross-sections (which happen to be better suited for explaining the PAMELA data
[20, 99, 112, 120, 132]). Further, the entropy released from the moduli decays dilutes potential
axion relic abundances and allows for much less fine-tuned cosmological axion physics than is
the case in a ‘thermal cosmological history’, thereby relieving the tension between cosmological
bounds and GUT scale axion decay constants [10, 104]. These virtues of a ‘non-thermal cosmo-
logical history’ indicate that the cosmological moduli problem is, perhaps, less of a problem and
more likely part of a solution. Given the potential impact of such an indication, it is of importance
to investigate in more detail the claim that generically the moduli masses will be of order m3 /5, the
mass of the gravitino, the superpartner of the graviton.

In this chapter, we sharpen the existing arguments that realistic vacua arising from a compacti-
fied string theory will, generically, have moduli or moduli-like fields (such as hidden sector matter
scalars, or axions), which dominate the energy density of the Universe prior to BBN. With mod-
uli stabilized, the moduli F'-terms and those of the moduli-like fields contribute to supersymmetry

breaking, so the scalar goldstino will have significant moduli components. I will argue that one or



more moduli or moduli-like fields will have masses of order the gravitino mass. These results can
apply regardless of the value of the gravitino mass and, hence, can give a strong constraint on the
model of mediation of supersymmetry breaking. I also discuss the moduli spectrum in a variety of
different classes of vacua in which moduli stabilization is fairly well understood and demonstrate
that there is always a modulus-like field which dominates the cosmic energy density prior to BBN.
These latter results are described in Appendix C.

From the string theory point of view, the Universe is expected to have a partly non-thermal
history — an important claim for considerations of cosmology, especially dark matter. The gravitino
mass is required to be greater than about 30 TeV implying that gauge mediated supersymmetry
breaking will be difficult to realize in a phenomenologically consistent string vacuum, unless one

can dilute the moduli energy density through late inflation [80, 159].

2.1 Supergravity and Moduli Masses

The conjecture: In any string/M theory vacuum with observationally consistent energy density
of the Universe, there exists at least one modulus-like field whose mass is such that it dominates
the vacuum energy up to the BBN era.

Here, the term modulus-like refers not only to the geometric moduli fields of string theory,
but includes other scalar fields whose couplings to Standard Model particles are suppressed by a
high scale such as the Grand Unification scale or Planck scale. Examples include axions and other
hidden sector fields.

Typically, the conjecture follows from the fact that the masses of these moduli-like fields are
of order, or less than, the gravitino mass ms,; in fact this would be a more general version of the
conjecture. As is shown below, there can be examples in which the relevant mass scale is much less
than mg3 /o because of “large volume” effects in the extra dimensional theory [36]. These examples
do not violate either conjecture.

Since the moduli fields are stabilized by assumption, they have non-trivial potentials and will



most likely participate in supersymmetry breaking. If this is true, i.e., at least one moduli has a
non-vanishing F'-term, then one can make progress towards proving the conjecture by considering
the scalar potential of the effective supergravity theory.

The scalar potential in a supergravity theory in four dimensions can be written in terms of a sin-
gle real function G. In terms of the Kahler potential and superpotential G = K +m}2ﬂln(WW / mgl),
though we will only consider G here. G is taken to have mass dimension two and all scalar fields
are taken to be dimensionless in order to exhibit correctly the scaling of various operators with the
reduced Planck mass m,,. The scalar field potential, assuming that the D-term contributions are

negligible is
(IL1) V = m%e®/ M (GUG; — 3m?)
Critical points of V satisfy
(I1.2) mmo:<ijN4@W%«Gﬁ4ﬁmGQ>:u

where subscripts on GG denote derivatives with respect to the moduli fields ¢; or their conjugates
¢,

One can calculate the complex scalar mass matrix in the vacua which satisfy the above condi-
tions and, additionally, have zero cosmological constant. Assuming the kinetic terms have been

properly normalized, the mass matrix for all the scalar fields in the theory is

9 _
M% = C/m (VinVEGk — Rijkl‘GkGl + sz)
(I1.3)
G 2
M = 9 (2V,G) + GPViVGy)

Notice that there is no factor of m;%l because the quantities in the brackets all have mass dimension
two.

Since we are only interested in minima of the potential, the mass matrix is positive definite by
assumption. Hence, we use the theorem that its smallest eigenvalue, mfmn, is less than & M ¢ for

any unit vector £. Extending the work of [74,82,110], we take ¢ = (G7 ¢G7)/+/3(1 + |c[2) for
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¢ € C, which is aligned in the (moduli components of the) two sGoldstino directions n = G'¢;
and 7] = G;¢'. This gives a one (complex) parameter class of constraints on the upper bound of the

lowest mass eigenvalue

SN AN e
Miin - < 304c?) ( G' G > . A
1—cf? 2c

< m? 2‘ Re
= ””‘3/2<1+|c|2+ {1+\12 2} )

. . . = T 2
where u = $G'GIGFV;V;Gy, r = 1R;5;G'GIGFG! and mg/z = mﬁleG/mpl. r is the holo-
morphic sectional curvature of the scalar field space, evaluated in the sgoldstino directions in field
space. I have extended the previous work to include the effects of the curvature r as well as u.

To understand the constraint given by Eq. (IL.4) we rewrite this equation by taking u = |u|e?«

(IL5) m2i, < mg/2 (2 —2acosf + ozM cos(6 + 6,) — T2>
pl Ml
for any o = 13‘2“2 €[0,1] and 6 € [0, 27].
It therefore follows that

(IL.6) M2 <miy (2 5

my
and foru € R

u u r
(IL.7) M2 < M3y | min{—-,4 - —} - — | .
/ m2) m2° m

So, as long as |r|, |u| < O(mf,l), the upper limit on the lightest modulus mass is of order the
gravitino mass mg/s. (See Appendix B for a simple model illustrating the bound given by Eq.
(I.6) and Eq. (IL.7)).

In fact, for geometric moduli, 7 is typically of order m?

ol and thus there will generically be

at least one moduli with mass < mg/,. In Appendix B we systematically discuss the moduli
masses in all known (at least to us) examples where moduli stabilization is well understood. It is
demonstrated that all of these examples have r ~ mpl and a modulus or modulus-like field whose

mass is less than, or of order m3
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2.2 Non-generic Possibilities

One can discuss under what non-generic conditions moduli, or moduli-like fields, will not dom-
inate the cosmic energy density prior to BBN. One possibility is that a/l moduli that have mass or-
der mg3 5 have significant mixing with charged (under the SM gauge groups or other gauge groups)
scalar fields. Then the lightest eigenvalue given by Eq. (II.7) and Eq. (II.6) can have significant
charged matter components and quickly thermalizes due to it’s couplings to gauge fields and mat-
ter. However, mixing between moduli and matter is proportional to vevs of the matter fields or
their F'-terms and are usually suppressed. It would be difficult to arrange for all moduli to have
such large couplings to matter fields. But if any stabilized modulus field (or linear combination)
does not mix, our results will hold. Another possibility is to have moduli stabilization unrelated to
supersymmetry breaking and a stabilization mechanism that gives all moduli very large masses, but
as stated earlier, non-trivial potentials that stabilize moduli will generally break supersymmetry. A
third is to have r or u extremely large (and negative), e.g. |r| > (30 TeV/ms3 /2)2m§l, or have
very large kinetic terms so that the mass matrix (Eq. II.3) receives large scaling factors when the
kinetic terms are properly normalized. At present such non-generic cases are not excluded, but any
proposed model has to explain why they might occur. A final possibility is to have moduli of order
mg,2, but not oscillate in the early universe, for example, see "moduli trapping” [86,178] or "string
gas cosmology” [41,52].

Part of the difficulty in trying to make such a model is that there is always at least one axion field
present in four dimensional string theory vacua; usually, there are many axions [33, 135,176, 181].
Some of these axions will be much lighter than the moduli, which are assumed to be heavy enough
to be cosmologically irrelevant in this part of the discussion. This is because axions only gain mass
via non-perturbative effects. One can calculate the relic abundance of such an axion today, as a

function of its mass, m,, decay constant, f, and initial displacement 6, It is given by [33, 135,176,
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181]

2 1/2
2 _ a Mg, 2
(IL.8) Qq h? = 0.06 < T ) (10_20 eV) (02)

With a GUT scale decay constant, the axion lifetime extends into the BBN era if m, < 100
GeV, so the above formula implies that one would have to tune the model such that there are no

axions with masses between 1072 eV and 100 GeV!

2.3 Non-thermal cosmological history from string theory

The arguments based on the moduli mass matrix imply that mg < O(mg/2), and that msg /2
must be of order 30 TeV or larger to not conflict with BBN predictions or the observed late energy
density. The moduli couple essentially universally to every Standard Model particle and their su-
perpartners. Some moduli decays might be helicity suppressed, but decays to scalars are all present
at full strength. These decays generate huge entropy, which significantly dilutes any dark matter
particles that might have been present before the moduli decay. It is sufficient if only one such
modulus has mass of order mg3/ though typically many do. Thus thermal freezeout relic densities
of dark matter are not relevant to present cosmology in string models where moduli are present.
At the same time, about a quarter [16, 160] of all moduli decays will be to superpartners, and every
superpartner will have a decay chain with a lightest superpartner (LSP) at the end, so a large num-
ber of LSP dark matter particles will be generated and provide a dark matter candidate if they are
stable. In practice, the number density of LSP’s from moduli decay is large compared to the relic
density, large enough for LSP’s to annihilate. The typical temperature after the moduli decay is of
order 10 MeV, but the number density decreases as the Universe expands, approaching an attractor
solution of the Boltzmann equations (when the number density is too small for annihilation to take
place) and not a freeze-out (which occurs when the LSP’s fall out of equilibrium). Surprisingly,
one still finds a “WIMP miracle”, where the relic number density is still given in terms of the

Hubble parameter - a cosmological parameter, but now evaluated at the moduli decay temperature
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rather than a freezeout temperature - and a particle physics annihilation cross-section for the LSP’s

(appropriately averaged) [15, 160]

(I1.9) Nipsp ~ H(T ~ 10 MeV)/ (aZ3E,v) .

annihV

All steps of this calculation have been carried out in the example of M theory compactified on a
manifold of G2 holonomy, including the moduli stabilization, calculation of the moduli masses and
decays and the entropy generated, etc (see [7-9]). Importantly, in order to obtain about the right
relic density, the LSP must be a wino or wino-like particle, with a large annihilation cross section
of about 3 x 10~24cm?/ sec . Such an LSP naturally arises in the G2-MSSM [7-9], where the tree
level gaugino masses are suppressed by the supersymmetry breaking mechanism to be of order
the gaugino masses from the anomaly mediation contribution. Thus the non-thermal history and
a wino LSP go together and give a consistent picture for dark matter from the compactified string
theory. Also encouraging is the fact that the PAMELA satellite data on positrons and antiprotons
(which was reported after [7-9]) can be consistently described by a wino LSP [99,112,120, 132].

One might wonder if the moduli “reheat temperature”, effectively the temperature generated
by the moduli decay, could be above the thermal freezeout temperature so that the thermal history
could finally take over. Unfortunately, the associated temperature is too small for a thermal history
to develop. To see this let Try ~ 10 MeV for mg/5 ~ 30 TeV, which follows from Try ~
\/W ~ :i?g Then if m3,, were larger by even an order of magnitude, Tryy would grow by
a factor of order (10)%/2 ~ 30, so it would still be small compared to the usual thermal freezeout
temperature Ty, ~ few GeV.

Thus very generally string theories with stabilized moduli having multi-TeV scale masses (or
lighter) will have a non-thermal cosmological history, and a relic density of wino-like dark matter
generated by moduli decay rather than thermal freezeout is the preferred solution with LSP dark

matter. A fine-tuned period of late inflation may allow a way to evade this generic conclusion for

some theories, but an inflaton with just the right properties must be found in such a theory.
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2.4 Upper limit on 13/,

In theories where the relic density is indeed generated from moduli decay, it turns out there is
an upper limit on mg3 o, because the universe would be over-closed if mg3/ were too large. Since

Ly~ mg/z/mil, H(Tru) ~ Ty and Try ~ /T'gmy, p/s for the dark matter is

Mrpsp

3/2_1/2
(ov) m3§2m;l/

(I1.10) p/s ~

My sp is the lightest eigenvalue of the neutralino mass matrix, which also contains x4 and the
Higgs vev, two mass scales not explicitly scaling as mg /5. In a full theory we expect both of these to
vanish when mg/; vanishes. For example, radiative EWSB is not possible without supersymmetry
breaking. Once g is large compared to Mz, the off-diagonal term in the neutralino mass matrix
can be neglected. If 1 ~ mg/y the LSP is mostly gaugino and proportional to mg3 /o, while if 4
is small , there is Higgsino mixing in the LSP, but the LSP mass is again essentially proportional
to m3/o. More generally, in supergravity theories all masses will be proportional to m3 /. Since

(ov) ~ MESQ p» it will decrease as mg /2 Therefore

(IL11) p/s x mgg/m;l/2

If the correct relic density is obtained for, say mg/; ~ 50 TeV, a value of order 5 times larger for
mg3 /5 Will over-close the universe, so M3/ < 250 TeV is required. Any theory where all masses

~

are proportional to mg/, will give a similar result.

2.5 Gauge Mediation Supersymmetry Breaking

Our results suggest that any approach to supersymmetry breaking that originates in a string the-
ory with moduli that has a gravitino mass less than about 30 TeV will have the problems described
above, the moduli and gravitino problems. Thus, one would conclude that gauge mediated super-

symmetry breaking, which typically has a much lighter gravitino and therefore light moduli, does
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not generically arise if our universe is described by a compactified string theory with stabilized

moduli.

2.6 Heavy Scalars, Light Gauginos, LHC, and Rare Decays

All superpartner masses in gravity mediated supersymmetry breaking are proportional to 1m3 5.
Scalar masses generically will have values about equal to m3 5, but gaugino masses are often sup-
pressed, usually because the main source of supersymmetry breaking does not couple at tree level
with the gaugino masses, and they are zero in the supersymmetry limit. Several phenomenological
consequences follow from these properties of generic string theory vacua.

At LHC the scalar superpartners should not be observed directly. The gauginos, in particular the
gluino, the lightest two neutralinos (including the LSP), and the lighter chargino will be observed.
The gaugino spectrum is typically compressed, e.g. in pure anomaly mediation with light scalars
the ratio of gluinos to winos is 9, while in the G5 case with heavy scalars it is about half that.
Because the squark masses at the weak scale are given by running from the gravitino mass scale
there are effects on gluino branching ratios even though the scalars cannot be directly observed,
with a large BR of a gluino into top quarks (so gluino pairs often have 4 tops per event), and in
general considerably larger branching ratios to channels with final b quarks, leading to rich LHC
physics [12,98,109]. Any effect on decays or moments of quarks and leptons that can only occur
from loops should not differ from its Standard Model value significantly; in particular g, — 2,
By — pTp~, a charge asymmetry from B,-mixing like-sign di-muons, and other effects should
all take on their SM values. Models can of course be constructed with scalars ~ 1 TeV, and we are
not aware of any study of how non-generic or unlikely such models are to arise in string theory.

Some predictions depend on how the 1 problem is solved in string theory, which is rather poorly
understood. On the one hand the i term in the superpotential must vanish so ¢ does not have a
string scale value, presumably because of a symmetry. But u and the supersymmetry breaking Bu

terms must be non-zero so the symmetry that protects p must be broken. When that symmetry is



16

broken doublet-triplet splitting must be preserved, the proton must not decay too rapidly, and the
LSP must have a lifetime longer than about 102¢ sec [37,44]. If the resulting value of 1 is similar to
the value of M> that gives the wino mass, then there is a light higgsino that mixes into the LSP and
the light chargino. A higgsino admixture in the neutralino mass matrix gives an off diagonal term
that dilutes the wino, and necessarily mixes in some bino as well. The main observable affected
by the small w is actually the scattering cross section in direct detection experiments. For a pure

0—46

wino LSP the cross-section for LSP—proton scattering is below 1 cm?, while with a higgsino

0744

admixture it can get as large as a few x 1 cm?. Thus the Xenon100 measurement [32] will

determine the allowed higgsino mixture in the wino, and approximately measure the value of p.



CHAPTER III

Identifying Multi-Top Events from Gluino Decay

The Large Hadron Collider (LHC) is likely to accumulate significant amounts of data in 2011.
While the detector groups will be sensitive to many ways new physics could appear, it is not
possible to focus equally on all possible interesting signatures, so it is valuable to examine well-
motivated channels that may yield results at the initial LHC energies and luminosities. In recent
years it has increasingly been recognized that considerations of new physics point toward top-
quark and bottom-quark rich final states at the Large Hadron Collider (LHC), as naturalness of
electroweak symmetry breaking (EWSB) typically requires the existence of a top partner to cancel
the quadratic divergences in the Standard Model (SM).

Supersymmetry implies the existence of a top partner that cancels quadratic divergences. Su-
persymmetry also introduces a partner for the gluon, the gluino, in the low energy spectrum. At
proton colliders, pair production of gluinos, and consequently their decay products, typically be-
come the main channel of supersymmetric signals. Models with light top partners, are common
and they imply that a typical signature of production of the gluino will be multiple top quarks in
the final states !

As discussed in the previous chapter, this scenario is a generic possibility from the point of string
theory. When embedding low energy supersymmetry into a string theory, moduli stabilization and

cosmological constraints imply that moduli masses and gravitno mass, and consequently scalar

"Models looking at light gluinos at 7 TeV but not focusing on multiple tops have been studied, for example see: [25,64,98,109,127].
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masses [14], must be larger than about 20 TeV [97, 134, 160, 179]. Then, standard renormalization
group (RG) running of scalar masses from the unification scale down to the electroweak scale will
push the third generation squark masses significantly lower than those of the other generations
(see RG equations IV.52). In most cases this turns out to be right handed stop squark. Alternative
models leading to multi-top final states, and corresponding analysis approaches, have been studied
[35,107,140,151,166,167] (See Ref. [12] for a more extensive list.).

The gluino decays via virtual squarks to g} 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, g — tbC~, and g — 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 generation squarks
provides an ideal channel for early discovery at the LHC, since it leads to lepton and b-quark rich

final states.

3.1 Benchmark Models

Three benchmark models are considered which will form the basis for the numerical scan dis-
cussed below. The model parameters and relevant decay branching ratios are shown in Table 3.1.
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
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Branching ratios

g—ttx? [ g—00xy | §— thx] + h.c
A 1 0 0
B 0.5 0.5 0
C .08 0.22 0.7

Table 3.1: Relevant branching ratios for the benchmark models considered in this Chapter. 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.
With the exception of the ¢f cross section, we increased all SM background cross sections by a
factor of 2, to account for possible K-factor from NLO corrections and be conservative with our
estimates. The L1 triggers can be found in Appendex A

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 g — tgxf. 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 [101]
can probably be seen in the vertex detector.

The three models are taken as a basis for 3 separate numerical scans, where mg and mpsp, are
varied while the branching ratios are fixed, as shown in Table 3.1. In particular, scans in model A

and model B varied mg and mysp = m 0. while scan in model C varied mg and mysp = m

X XY —
m.+.
X1

3.2 Signal Isolation and Backgrounds

The relatively large b-jet and lepton multiplicity associated with multiple top production pro-
vide 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/v/B > 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, ¢f. The expected cross-section at the LHC
for 7-TeV center-of-mass energy is 0 = 164pb (NLO) [2]. 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 t¢, but can contribute to signals with
high lepton multiplicity. All background sources considered, and their respective cross sections are
given in Table 3.2. With the exception of the ¢t 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 3.2), uncertainties in the
cross section are not important.

All background event samples were produced with Madgraph v.4 [27], while the parton shower
and hadronization were done by Pythia 6.4 [174]. Additional hard jets (up to three) were generated
via Madgraph, while the MLM [26, 121, 153] 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 [72] 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 [1,24]. 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.

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
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 £7 > 100 GeV,

(IIL.1) cut-1: nj(pr > 50 GeV) > 4

(I11.2) cut-2 : nj(pr > 30GeV) > 4

in the last two columns of Table 3.2. The second cut (weaker than the first) is optimal for discovery
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Process o [fb] o1[fb] | o2[fb]
bb + /7 + jets 4.69 x 10° | 340 | 107.8
bb + WF +jets 2.41 x 10* [ 7.71 133
tt +v/Z + jets 1.54 x 103 | 423 95.4
tt + WT + jets 2.25 x 102 | 143 27.6
thb+v/Z +jets +h.c. | 1.34 x 10° | 7.37 26.6
bb + V'V + jets 1.14 x 10% | 1.45 3.94

t + jets 1.60 x 10° | 2076.7 | 5905.6
VV + jets 1.03 x 10° | 108.6 | 377.7
Model A 1.19 x 10° | 403.8 | 508.1
Model B 1.19 x 103 | 5052 | 703.1
Model C 1.19 x 105 | 300.5 | 4205

Table 3.2: Cross sections for production of signal and backgrounds. The first column gives the total produc-
tion cross section. The second gives the cross section. With the exception of the #f cross section,
we increased all SM background cross sections by a factor of 2, to account for possible K-factor
from NLO corrections and to be conservative with our discovery expectations. The remaining
columns give the cross section after the L1 triggers (given in Appendix A) and the selection cuts
in Eq. III.1 and Eq. II1.2, 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. III.1-1I1.2 and requiring at least one lepton, the number of events are negligi-
ble in the {b, ¢} channels considered here. In this table, we set mz = 500 GeV and mgp = 100
GeV.

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 (14, .5S, OS, 3¢).
All objects are required to have a minimum p7 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 ex-
cess in these channels to assess the discovery potential. Table 3.3 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 3.3 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 3.3, 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/v/B >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.
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Number of Background Events (B)
Standard Model
B 2b 3b 4b
10 2862 414 1.04
oS 328 565 0.007
SS 0.3 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 74
os 124 99 3.9 oS 64 50 1.7 os 20 09 06

S§ 6.6 5.1 2.3 S§ 23 1.2 0.2 SS 0.7 0.6 0.2
3L 30 2.1 0.7 3L 0.7 1.0 0.3 3L 0 0.1 0.1
Significance (S/v/B + 1)

Model A Model B Model C

2b 3b  >4b 2b 3b  >4b 2b 3b  >4b

L 277 6.03 135 IL 197 413 9.66 1L 1.06 221 5.18
oS 213 383 3.88 os 110 193 1.69 O0oS 034 034 040
S§ 575 495 230 S§ 200 1.16 0.20 S§ 058 0.58 0.20
3L 280 2.09 0.70 3L 065 0.99 0.30 3L 0 0.10 0.10

Table 3.3: 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 1fb~! 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 mz = 500 GeV and mrsp = 100 GeV.

3.3 Scan and Results

For each model (a fixed mg and msp), we simulated 1 fb~! of data using Pythia and PGS.
Then we searched for the models over the backgrounds for the selection cuts in Egs. III.1-1I1.2 in
each of the b-jet and lepton ({b, [}) channels. A statistical significance in a {b, ¢} channel is defined

_ S ) .
as oy gy = o1 where S{b,l}(B{b,Z}) is the number of signal(background) events expected
to be in the {b, ¢£}-channel for one of the two selection cuts in Egs. IIL.1-II.2. Thus, if for any of

the significances, oy, 5,0y = 5, the model can be considered discoverable at 1f b~!. In Figures

3.1-3.3 we plot 044, (b} = 5 contours, for the channels
{> 4b, 10} {3b, 10} {> 2b, 55} {> 2b,08} {> 1b, 3¢}.

In the first two channels cut-1 is used, and in the last three channel, the weaker cut-2, is used.

As is evident from Table 3.3, the backgrounds for {> 4b,1¢} are significantly smaller than the
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backgrounds for {3b, 1/}, and therefore it is not beneficial to combine them into the inclusive
channel {> 3b, 1¢}. The channels we used in this study maximize the significance.

In all case the {> 4b, 1/}- channel provides the best channel for discovery. But, the SS-dilepton
channel can be a competitive mode for discovery. It is important that the 4-top final state will give
signatures in several channels if it appears in any. Finding a second predicted channel would be
valuable confirmation. If two or more channels are present a combined significance would be a

useful construct and facilitate a claim of discovery.
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Figure 3.1: ¢ = 5 contours {b, {}-channels at LHC-7 TeV for 1fb~! integrated luminosity of gluino pair
production for Model A. The {4b, 1¢}- channel provides the best channel for discovery. Since
all events contain four tops, the SS-dilepton channel can be a competitive mode for discovery.
There are other channels that will give a lower but noticeable excess, and will provide a valuable
confirmation of a mutli-top signal.
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o = 5 contours {b, £}-channels at LHC-7 TeV for 1fb~" integrated luminosity of gluino pair
production for Model B. The {4b, 1¢}- channel provides the best channel for discovery. There
are other channels that will give a lower but noticeable excess, and will provide a valuable
confirmation of a mutli-top signal.
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Figure 3.3: ¢ = 5 contours {b, {}-channels at LHC-7 TeV for 1fb~! integrated luminosity of gluino pair
production for Model C. The {4b, 1£}- channel provides the best channel for discovery. There
are other channels that will give a lower but noticeable excess, and will provide a valuable
confirmation of a mutli-top signal.



CHAPTER IV

Theory and Phenomenology of ;. in M theory

M theory is excellent candidate for a consistent quantum theory of gravity, as it unifies the five
string theories, while extending the number of spacetime dimensions from 10 to 11. Although a
full formulation of M theory does not yet exist, its low energy limit is well understood as a 11
dimensional supergravity. Compactification of M theory is usually taken to be on a 7 dimensional
manifold of Gs-holonomy since it contains exactly the correct number of covariantly constant

spinors to leave the 4 dimensional theory with exactly A/ = 1 supersymmetry.

4.0.1 Matter and Gauge Theory

Compactification of 11 dimensional supergravity on a smooth manifold (G2 or otherwise) does
not lead non-abelian symmetries and chiral matter, and thus cannot provide a description of our uni-
verse. However a realistic theory can arise if M -theory is compactified on a singular G2-manifold.
Non-abelian ADFE gauge symmetries (SU (n), SO(2n) and Es, E7, Eg) are localized along three
dimensional submanifolds of orbifold singularities [3,4]. Chiral matter, charged under the ADFE
gauge theory, is localized at conical singularities in the seven dimensional (G2 manifold, at points
where the ADFE singularity is enhanced [13, 18, 183]. Matter will additionally be charged under
the U(1) symmetry, corresponding to the vanishing 2-cycle that enhances the singularity. Hence,
all chiral matter will charged under at least one U (1) symmetry. Bi-fundamental matter, charged

under two non-Abelian gauge groups, is also possible, but will not be considered here.
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As argued by [164], the additional U (1) symmetries are never anomalous. Therefore, there is no
Green-Schwarz mechanism [114] 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 F 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 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)” [30, 40, 83] 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 [139]
(see Chapter V, 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.

4.0.2 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 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 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
(G2-manifold (without fluxes) strong gauge dynamics can generate a potential which stabilizes all

moduli and breaks supersymmetry at a hierarchically small scale [7, 8]. These vacua will be the
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starting point for our considerations.
In these vacua, the gravitino mass (and therefore also the moduli masses [14]) mg /2~ 72—2,
pl
where A is the strong coupling scale of the hidden sector gauge interaction. This is parametrically

of order A ~ e—2m/(anb)

my,, where ay, 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 a,: Roughly speaking, one has:
(IV.1) (1) ~1/an

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 oy, and, numerically the moduli vevs in the
vacua considered thus far range from about 1 < s4 < 5/a,.

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 supergravity

Lagrangian. For obtaining the normalization it suffices to consider the moduli kinetic terms alone:

1
Iv.2) LD m;ligABOHsAG"sB

A

where s are the dimensionless moduli described above and gap is the (Kahler) metric on the

moduli space. From the fact that the extra dimensions have holonomy (3, it follows that each

component of g4 p is homogeneous of degree minus two in the moduli fields
(Iv.3) ga = 040K = 040 (—3InV7 +...)

because the volume of X, V7 is homogeneous of degree 7/3.
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For isotropic GGo-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:

(IV.4) g~

Therefore in a given vacuum the order of magnitude of the entries of g4p are

2
o

V5 ~ b

IV.5) I~ N

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

dimensionful vev

(IV.6) (s4) ~ \/IN ~ 0.1my

for N ~ 100, which is a typical expectation for the number of moduli [130]".

This can lead to a suppression of the effective couplings which generate the p-term, once the
symmetry forbidding p is broken. More precise calculations of the moduli vevs can be found
in [8,9]. Clearly, however, a G2-manifold with less than ten or so moduli will not have suppressed,
normalized moduli vevs; such cases are presumably unlikely candidates for Go-manifolds with
realistic particle spectra and will not be considered further.

We briefly also discuss the spectrum of Beyond Standard Model (BSM) particles which arise
from the M theory vacuum. 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

Presumably, IV is of the same order as the number of renormalizable coupling constants of the effective low energy theory.
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described in [8]. 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).
This is important for the following reasons.

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 ay,). This affects the spectrum of BSM particles.
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 /5 contributions from all
F-terms in the absence of accidental symmetries. Therefore, in the Go-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 G2-MSSM the
gaugino masses at the GUT scale are at least two orders of magnitude below my3 /5. This is what
makes the anomaly mediated contributions to gaugino masses relevant to the G3-MSSM and also
why the models often contain a Wino LSP [9]. Important for our considerations below will be
the fact 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 Go-manifolds with less

than O(10%) moduli.

4.0.3 Geometric Symmetries and Moduli Transformations

Compact, Ricci-flat manifolds with finite fundamental groups, such as manifolds with holon-
omy G4 or SU(3) can not have continuous symmetries. They can, however, have discrete sym-
metries. Witten was considering just such a discrete symmetry () of a (Go-manifold when he
proposed the symmetry which prevents p. Assuming the simplest possibility of an Abelian dis-

crete symmetry, let us consider G = Zy, which acts on X:

(IV.7) In:X — X
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As a result of this, it will also act naturally on the fields on X. In particular Zx will act on the set
of harmonic forms on X. Our interest here is H?(X, R) the set of harmonic 3-forms on X, since
this locally represents the moduli space of Ga-manifolds. A (G2-manifold, with moduli at a point

(s%) = 364 is determined by a harmonic (locally) G5 invariant 3-form ¢ as

(IV.8) = s0Pa

where 34 are a basis for H3(X, R). If the point sg‘ is such that Zy is a symmetry, then ¢ will be
invariant under Z, because invariance of ¢ is equivalent to invariance of the metric. The three-
forms 34 transform in a representation of Zy;, which is a real representation because the 3-forms

are real on a Go-manifold. Hence,
(IV.9) Zn: Ba— MJ Bg

where M is defined by this equation.
The fact that the particular (Go-manifold, characterized by the particular point in moduli space

3()4, is Zn-invariant is simply the statement that:

(IV.10) sEME = si

i.e., the 564 are an eigenvector of M with unit eigenvalue. 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 Sp 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
(IV.11) S =348
which we choose to write in-terms of the dimensionful fields ($), that transforms as

(IV.12) S — 2mINg,
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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 (IV.11)) which span r¢ which will appear in the ”symmetry breaking sector” of the effective
Lagrangian. In other words, the moduli will appear in complex linear comibinations such as (IV.11)
in the Kahler potential operators containing other fields that transform under the Zpn;. Note that in

99 99
1

(IV.11) we are abusing notation in the sense that the which appears is in general an N-by-N

matrix whose square is minus the identity.

4.1 Witten’s Solution

In heterotic and type-II string theories doublet-triplet splitting is often solved via orbifold com-
pactifications [122, 182]. In these theories, higher (space-time) dimensional gauge symmetries are
broken by the Wilson lines in an orbifold compactification, while the Kaluza-Klein zero mode
Higgs triplets are absent due to non-trivial transformations under the orbifold symmetry. On the
contrary, matter fields in M theory are co-dimension 7, that is, the fields live only in four dimen-
sions, and are not zero modes of a KK tower of fields, so this solution to the u-problem will not
work. Other possibilities, such as NMSSM realizations or string instanton effects, will also not
work since the symmetry that forbids p (a U(1) or stringy selection rules) would also forbid the
triplet mass, thus spoiling doublet-triplet splitting.

One may also consider the possibility that a discrete R-symmetry can forbid the p-term while
solving doublet-triplet splitting. Requiring the symmetry to be anomaly free, and that it commutes
with the gauge theory can lead to a unique symmetry [144]. However, this symmetry will also
forbid the triplet mass and spoil doublet triplet splitting unless the triplets are absent from the four
dimensional theory. For most string theories, this can be accomplished by a Wilson line in the
higher dimensional theory, but in M theory, this is not possible since matter only exists in four
dimensions.

Therefore, an alternative approach is needed to solve doublet-triplet splitting in M theory. The
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only known possibility, originally discussed by Witten, is to construct a discrete Zn symmetry
of the geometry, that will act on both matter fields and moduli-fields. When combined with a
discrete Wilson line thats breaks SU(5), this symmetry need not commute with the SU(5), thus
allowing components of a single SU(5) representation to have different Zn charges. Since the
above arguments demonstrate that there must be a symmetry that acts differently on doublets and
triplets, so far this is the only approach known to work, and maybe be the only solution.

The minimal SU (5) matter content contains three generations of matter descending from three
copies of 10p1 @ 5. There is also a 5y P 5y pair containing the MSSM Higgs doublets, H,, & Hy,
and a vector-like pair of Higgs triplets, T, & Ty. Here a doublet and a triplet from one of the Higgs
representations can transform differently under the Zn symmetry group. Without loss of generality

or phenomenology, this field is taken to be the 5y field, with the following charges for the fields

Field 7N
10y | n°
50 n"
(IV.13) W ne
SH
H, | n®
 Ta
5x
Hy | n°
where n = e2mi/N

These charges are constrained by the requirement that the Zn-symmetry does not forbid nec-

essary terms in the superpotential, such as Yukawa couplings, Majorana neutrino masses, and the
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Higgs triplet masses

Coupling Constraint

Up Yukawa Coupling 10,;10),H,, | 20 +a =0 mod N
(IV.14) Down Yukawa Coupling 10,5,/ Hy |oc+7+36=0 mod N
Majorana Neutrino Masses HgH 5,5y | 20 +27 =0 mod N

Triplet Masses T Ty a+v=0 modN.

The solution to these equations are

a = —20
¥y = 20
(IV.15) § = —30+N/2

T = 20+ N/2

g = 0.

Inherently, the Zn should forbid the p-term, and if possible, other dangerous terms, such as

dimension-5 proton decay operators and dimensions 3 and 4 R-parity violation.

Coupling Constraint
[ — term H H, —50 4+ N/2#0 mod N
IV.16) D-5 Proton Decay 10,,10,,103,53; | 50 — N/2#0 mod N
D-3 R-Parity 5550 N/2#0 mod N
D-4 R-Parity 10/5150: 50 #0 mod N.

Doublet-triplet splitting occurs if 50 # N/2 mod N. If one only wants to solve doublet-triplet
splitting while forbidding the u-term, then there is a solution for NV = 2 and ¢ = 1. Forbidding all
the dangerous operators above can be accomplished with a Z,4 symmetry.

An essential point is that the existing bounds coming from the LEP experiments assert that the
masses of charged Higgsinos are at least 100 GeV, hence an effective p-term must be generated.
In our context here this implies that the Zxn symmetry must be broken, an aspect not discussed

in [184]. This symmetry breaking is the subject of the next section.
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4.2 Generating 1

As discussed in above, the Zy symmetry is a geometric symmetry of the internal G manifold,
under which the moduli are charged. The G2 moduli [7] reside in chiral supermultiplets whose

complex scalar components,
(IV.17) 2=t s,

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

when their vevs are stabilized [8, 9],

(IV.18) (8i) ~ 0.1m,,.

Likewise, the moduli F' terms are expected to give gaugino masses in the usual way, so that
(IV.19) (Foi) == myjpmy.

where m /5 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 Kahler interactions when supersymme-
try is broken via a Guidice-Massiero like mechanism [108], i.e., from Kahler 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 50 — N/2
(IV.20) St =548
and another with charge —50 — N/2

(IV.21) S§2 = g™ 4 is".



37

These fields have the correct charge to break the symmetry and generate the p-term which has total
Zy charge —50 — N /2.

In a general supergravity theory [53, 180] the fermion mass matrix is

(IV.22) mf, =m3e? (VG + GiGy)

v

and the holormorphic components of the scalar mass matrix are

(IV.23) mfy? = mie® (ViG; + GFViV,Gy )

v

where G = m;ZQK + ln(m;l6|W|2) and subscripts on G denote derivatives with respect to the

scalar fields ¢; or their conjugates ¢7. Respectively, (IV.22) and (IV.23) can be used to find

(IV.24) = (mgjKy, ., — FFK

i
and Bu

Bu = <2m§/2KHqu — m3/2FEKHqu,; +mgz /0" Ky, 1,m
(IV.25) = (s PR Gy K, + (0 1)
= FF (3K — KKy, K, + (5 40 ) )
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

1 2
(1! Y goH, +5(S)H Hy+ h.c.
mpi mpi

(Iv.26) K>oa

where the coefficients «, 3 are expected to be O(1). Plugging the Kahler potential ( IV.26) into the

formulas for 1 and By gives the u-term

_ ,8h (ST
av27) noo= ampl msz/o + g
_ (sh), 2 (75 (F5?)
Bu = 2ampl my o o mg /o + 3 oy 113/2-

However, as a result of (IV.18), (IV.19) and the suppression of 1 /o by order two orders of mag-

nitude in the G2-MSSM, (S%)my3,, ~ 10 (F5"), the contribution to the masses coming from
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F-terms are sub-dominant, at least if we assume that N < 10*. Therefore, to a good approxima-

tion

(IV.28) Bu >~ 2 pmsg o

a fact which will have significant phenomenological consequences? .

The coefficients of the operators in (IV.26) are in principle determined from M theory, but is not
yet known how to calculate them precisely. 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 G2-MSSM described
in [7-9], u and Bu can be approximately determined. Since the real and imaginary components
of the complex fields, S L (IV.20) and S? (IV.21), 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, By and p 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 Zn symmetry, spontaneously break the Zx symmetry, and generate p. Consider
an SU (5)-singlet matter field X that generates the y-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, H, is not invariant under the U (1), and consequently, the triplet mass term 7,;T;, is not invariant,
spoiling doublet-triplet splitting. Thus, such contributions should not occur.

Alternatively, the p-term may be generated by a U(1) invariant combination of two fields, for

example by the operator

X1Xo

(IV.29) H,H,.

Requiring ¢ > 10% GeV, and taking A ~ Mgy this would require 1/ (X1X5) > 1010 GeV.

Radiative symmetry breaking will generally give a vev ~ mg - usually large vevs are associated

2We leave the case of N > 10* for further study.



39

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 [17] 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 p problem.
Therefore, we very tentatively conclude that a matter field spurion is not responsible for breaking
the Zn symmetry and giving a physically relevant p-term.

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

would not have formed in the early universe.

4.3 Origin of R-Parity in )M theory

In the Standard Model, the Yukawa couplings and Higgs potential form the most general set
of renormalizable couplings consistent with the gauge symmetries. In this sense, baryon (B) and
lepton (L) number are accidental symmetries of the theory. However, this is not the case in super-

symmetric theories, which allow for the B and L violating renormalizable couplings®
Iv.3n) Wp = NLLe® + X"LQd® + N"u°dd® + kLh,,.

If the squark masses are not of order the GUT scale (which presumably they are not), these oper-
ators can lead to too rapid proton decay if not heavily suppressed. Hence one usually introduces
R-parity, where the Standard Model fields have R-parity +1, while their supersymmetric partners

have R-parity —1. This forbids all the couplings in (IV.31).

3The final term in (IV.31) can be rotated away in superpotential by a unitary transformation on (hg, L). This rotation will induce
additional contributions to the lepton violating coupling constants A’ and A"’ that are proportional to the Yukawa couplings. Assuming
that o > k, their sizes are approximately

(IV.30) Nevye— N o~oyg—
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Additionally, R-parity invariance insures the stability of the LSP, and the absence of an R-
parity can eliminate the LSP as a dark matter candidate. Therefore, in this section we will discuss
the origin of R-parity in M theory, or at least an approximate [R-parity that leaves the proton and
LSP very long lived. Of course from a theoretical point of view an R-parity or equivalent symmetry
should emerge from the theory and not be put in by hand.

The Zn symmetry constructed above contains R-parity, but for generic moduli charges the
complete Zn symmetry, including any R-parity subgroup, will be spontaneously broken. Al-
though the Zn symmetry will prevent the superpotential couplings in (IV.31) from being invariant,
supersymmetry breaking will revitalize the operators just as in the case of the y-term, from Kahler

potential operators

5t 5 5t §
(IV.32) Kp D —5 LLe® + —5 LQd° + 5 ud°d® + ——Lh,
My Myl L Myl

where the ST’s symbolically represent the moduli and need not all be the same.
Just as the p-term was generated from the Kahler potential as a result of moduli stabilization,
the effective superpotential can be calculated from the supersymmetry breaking contribution from

(IV.32) to

N~ m2((Symgje + Fg) (Kp)iji
(IV.33) 1] pl / S RJij
ko~ m ) ((S)ymyp + Fg)(Kp)Ln,
for A = X, X, X and where 4, 7, k run over the matter fields. Comparing (IV.33) to (IV.27), one

easily sees that k ~ p, since both are generated the same way.

Then using that i ~ &, the superpotential can be rewritten as

(IV.34) Wp ~ mLZ(LLeC + LQdS + u°d°d®) + pLh,.
¥4

The trilinear couplings are suppressed but the lepton violating bilinear coupling is large and of

order the p-term—this is simply a consequence of x not being suppressed. After rotating away the
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Lh,, term using the approximation (IV.30), the superpotential simplifies to

(IV.35) Wp ~ yeLLe® + ygLQd° + miquCdC
P

where smaller terms in ', \”; A" have been dropped. Thus the lepton number violating trilinears

pick up large contributions from the bilinear term, even if they were originally suppressed.

The proton lifetime for the decay mode p — e 7 is estimated to be

RN 5
A 2 >\ 2 mproton

4 Am mé

(IV.36) Tyt =

The current bounds on this partial decay width is 7, ,c+0 > 1.6 X 1033 years [29]. For scalar

masses in the Go-MSSM (~ 10 TeV see [9]) this gives the experimental bound
(IV.37) NN <107

which clearly excludes the superpotential (IV.35), since \” ~ y. ~ 107° and \”' ~ pu/my ~
10~'4. Therefore, proton stability requires an additional form of R-parity invariance beyond the
discrete symmetry proposed.

One possible way to preserve the R-parity is to simply assume that the Gs-manifold in the
vacuum is R-parity invariant, though not Zy; invariant i.e. the vacuum partially breaks Zn; to an

R-parity subgroup. For example, take N = 6, then

Coupling Zg charge

[ — term H;H, n

(IV.38)
M10 Mg Mg 775

R-Parity

MzH, n®

forn = ¢?27/6_1f all moduli transform under the Z3 subgroup of Zg, then Zg is broken to Zso
R-Parity, since no R-parity couplings can be generated. This is technically satisfactory, but is
presumably “non-generic”. It could certainly emerge from M theory, but we will not consider it

further here.



42

Alternatively, R-parity may manifest itself as matter-parity, a conserved remnant of a local,
continuous U (1) symmetry. As is well known, matter parity arises naturally in SO(10) theories.
When embedded into an SO(10) unified theory, the Standard Model matter fields belong to a dif-
ferent representation than the Higgs fields— a generation of matter is contained in a 16 of SO(10),
while a pair of Higgs doublets comes from a 10 of SO(10).

When SO(10) is broken to SU(5) x U(1),, for example by a discrete Wilson line, the Higgs

fields and matter fields are charged differently under U (1),

S0O(10) — SU(5) x U(1)y
(IV.39) 16 — 10195301 _5
10 — By ®b_s.
where the subscript is the U (1), charge.

The vacuum expectation values of the Higgses, which are contained in the 55 and 5_o multi-
plets, will break the U (1), symmetry into a discrete Zg subgroup. This is because the Lagrangian
is no longer invariant under the full local transformation ® — e'(*)1a P, but only the subgroup of
transformations given by «(z) = 7. In terms of the U (1), charges g, the chiral multiplets have
Zo-parity €'™9x, Thus chiral superfields with even U (1), charge will have parity +1 and fields
with odd U (1), charge will have parity —1. The Z2 symmetry is exactly R-parity.

The only SU(5) singlet with U(1), charge is the 1_5 field (and its conjugate), and thus this
is the only field that can break U(1), without breaking the SM gauge group. But since it has
odd U (1), charge, its vev will break R-parity. Therefore an SO(10) completion of U (1), will
not contain an unbroken R-parity, but perhaps when combined with the Zy symmetry, R-parity
violating operators may be sufficiently suppressed to allow a long lived proton and LSP. Next we
estimate these lifetimes.

The singlet field 1_5 can be considered to be the right-handed neutrino, ¢, since it has the right

quantum numbers to make the operator v“h, L invariant under U(1),. However, if (v¢) # 0, all
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Figure 4.1: Decays of the LSP. Only the lepton number violating diagrams are shown, since the lepton
number violating couplings— A’ (in the first line) and A" (in the second line)- receive large
contributions (compared to the baryon number violating couplings) when the bilinear R-parity
violating term, h,, L, is rotated away. Primes on the L indicate that the lepton flavor is different
than the slepton flavor. Figures from [158].

baryon and lepton violating operators in (IV.31) will be generated via the superpotential

(IV.40) Wg ~ v°LLe" + v°LQd + vud®d® + v°hy, L.

The operators in (IV.40) should be suppressed and can be forbidden by the Zxn symmetry. The
story will be the same as above and the Kahler potential operators will generate (IV.40) , but with

additional suppression coming from U (1), breaking

 (8)ymgjs + Fs (1°) . e s (SYmgs + Fg o (1°)
(V.41) Wy = ( e L+ LQU e d?) (L= 8) () L,

Diagonalizing away the Lh,, term, and using (IV.27) gives

(IV.42) W~ e 2 LLee + 40 1Qae + 2D egege
mp mp mp My

where again large lepton violating trilinear terms are induced by the rotation.

To be conservative in our estimates, we can take (v°) ~ TeV, which may be expected from
radiative symmetry breaking [28]. In this limit, proton decay constraints are safe from R-parity
violation, but there are more stringent constraints coming from the LSP lifetime. Current bounds

on the LSP lifetime are slightly model dependent, but for the most part are [91]

(IV.43) osp <lsec  OR  7rgp > 10% sec.
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The first bound excludes the region where the LSP decays would ruin the successful predictions
of big bang nucleosynthesis on light nuclei abundances [96, 172]. The other region is excluded
by indirect dark matter detection experiments that search for energetic positrons and anti-protons
coming from decaying or annihilating relics [34,37,44,173].

The LSP lifetime can be calculated in terms of the general R-parity violating superpotential

couplings (IV.31). Diagrams in Figure 1 lead to an LSP lifetime

10717 sec 7 mg \4 /100 GeV >
V.44 ~ ( )
( ) g )\2 TeV < misp >

where A = X, )\, ) and my is the mass of the sfermion mediating the decay. Taking A\ = % ~

10715, mg ~ 10 TeV, and mpsp ~ 100 GeV gives
(IV.45) TLsp ~ 1017 sec ,

about the age of the universe. The R-parity violating couplings still need to be about 104 ~ 107>
smaller to have an LSP lifetime greater than 10%° seconds.

There are several ways additional suppressions might arise. We have not yet discussed the
possibility of there being a horizontal family structure to the couplings. This could appear as a
Froggett-Nielson symmetry, or a symmetry relating the locations of the matter singularities on the
(G2 manifold, and would be responsible for forging the quark and lepton hierarchy. It may also
suppress the LSP decay width pass the astrophysical bounds. Family symmetries arise naturally
from the Eg structure [137], which can also explain why the Standard Model has three generation,
and this may hint towards a larger gauge theory. We leave this issue to future work..

If the family symmetry is not the answer, then it may be the case that resolution of the Ejg
singularity to SU(5) preserves a U (1) symmetry—whose charges are necessarily given as a linear
combination of four U(1)s belonging to the coset group Eg/SU(5)-and is broken to an exactly
conserved R-parity. There are two well known examples, U(1), and U(1),, , defined as the sym-

metries coming from the breaking SO(10) — SU(5) x U(1), and Eg — SO(10) x U(1)y.
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However, U(1), does not contain a field that can break U(1), to R-Parity, and U(1), forbids
Higgs triplet masses, spoiling doublet-triplet splitting, so neither of these choices give a conserved
R-parity.

However, there is a possibility that U(1) symmetry is similar to U (1), in that the MSSM fields
and right handed handed neutrinos have the same charge assignment as in U (1),,, but has additional
SU (5) singlet fields with even charges*. These theories can then be broken to a conserved R-parity,
when the additional singlets get vevs. It is easy to construct such a linear combination, though it is
unclear why from a purely theoretical perspective why G2 compactifications would favor this U (1)
symmetry. For instance, if U(1), x U(1)y is the cartan subgroup of SU(3) in the breaking pattern

Es — Eg x SU(3), then the U(1) given by the linear combination of charges

qx + 5(‘]& - Qb)

allows for conical singularities that give rise to MSSM and right handed neutrino fields with U (1),
charges, but with additional SU(5) singlets with charges ¢ = +10. The vevs of the additional
singlets will break the U (1) to a Z1 symmetry that contains a Zs R-parity.

Finally we note (for the non string duality oriented reader) that g x Fg is well motivated
theoretically if the Go-manifold is a K3 fibration. This is because the intersection matrix of 2-
cycles inside K3 contain the Cartan matrix of Fg x FEg. It is in this case—that the gauge-theory of
M theory matches the gauge theory of Fs x Eg Heterotic string theory— in which M theory on a
K 3-fibered G2-manifold and the heterotic string theory on a T°- fibered Calabi-Yau threefold are
dual.

To summarize, we find that incorporating the p parameter into the structure of M theory com-
pactified on a G3-manifold, with stabilized moduli, can lead to a broken discrete symmetry allow-

ing p to be non-zero. R-parity is slightly broken, giving an LSP lifetime long enough to be the dark

“If this U (1) symmetry is to be broken to R-parity, then requiring the symmetry to be flavor blind, allowing for Higgs triplet masses,
and allowing an explanation for neutrino masses, basically constrains the charges of the MSSM and right handed neutrino fields to be
the U(1), charges.
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matter, but not quite long enough to evade satellite detector constraints. The theoretical structure
allows for family symmetries, or an embedding of R-parity into Ejg, both of which stabilize the LSP
lifetime to be consistent with the experimental constraints. An example of the latter case is given
above, so this is indeed a possibility. Either case will lead to the same dark matter phenomenology.

The R-parity completion of this story is an interesting avenue for further investigation.

4.4 Phenomenology

The M theory framework, along with moduli stabilization in the G2-MSSM, allows one to
estimate the high-scale SUSY breaking masses and p to within a factor of a few. This allows M
theory to make many phenomenological predictions. For some cases even small variations in the
high-scale theory can have significant phenomenological consequences. In particular, the low-scale
values of 1 and tanS have significant implications for dark matter properties, and thus it is crucial
to have a good understanding of their low-scale values while considering the M theory predictions
of the high-scale masses.

4.4.1 Electroweak Symmetry Breaking

The first and foremost phenomenological constraint is that the theory accurately produce elec-
troweak symmetry breaking (EWSB). That is, the theory must give a stable potential (bounded
from below), break the electroweak symmetry and allow for the correct Z-boson mass. Respec-
tively, these three conditions can be quantified by the following tree level constraints at the EWSB
scale

|Bu| < 3 (miy, +mi )+ |uf?
(V40 Ba* = (i, + )y, + 1)
m%ld - m%{u tan? 3

tan? 3 — 1
where tanf is not an independent parameter, but is determined by

M; = =2/u]*+2

—2Bu
m?
A

av.4r) sin2p =
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and
(IV.48) m% =my, +mi, + 2ul.

where A is the pseudoscalar Higgs boson.

To get a feeling for tans, we plug in the expected values (at the unification scale and with
degenerate scalars) of By ~ 0.2m3 /o and m? ~ 2m3 /> into (IV.A7) which gives tan ~ 10. On
the other hand, RGE flow will lower the values of both Bu and mi, resulting in variations around
tanf ~ 10. A numerical scan will show a lower bound of tan = 5, when scalars are taken to be
degenerate at the unification scale.

The lowest values of tan/ occur for the smallest values of m124. The EW scale value for the
mass depends on the running of the Higgs scalar masses, and in turn is very sensitive to the values
of the squark masses. For specific non-degenerate values of scalar masses at the unification scale,
m?4 can be of order Bu at the EW scale, resulting in values of tan < 5. We will consider this
situation in the next section.

At tree level the mass of the Z-boson is determined by the four Higgs parameters
2 2 2
(IV49) MZ(mHuv My, |:U“| ) tanﬁ)'

These parameters not only depend on their respective values at the high-scale, but also on other
masses as a result of RGE-flow. Assuming that the scalar masses are much larger than the gaugino

masses, Mz has strongest dependence on the Higgs mass parameters and stop masses
~ 92 ~2 ) ~12 0 A2 A2
(IVSO) MZ(mHua dea B:uv |:u| ) mQ37 ng)'

where hatted (7) masses refer to GUT scale values.
Interestingly the cancellation between the soft scalars masses contributing to Mz can be signif-

icant, even in the case in which the scalar masses are unified at the GUT scale
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Naively what one thought was a large fine-tuning between the Higgs soft-masses and g in eq.
(IV.46) for Mgz, is in fact smaller. This is evident (see Figure 4.2) from the fact that the scalar
masses can be of order the gravitno mass at unification and y can be an order of magnitude smaller,
but the cancellation in eq. (IV.46) for My still occurs. In this sense, the ratio y1/ms3 /9, shown in
Figure 4.2, might be considered a measure of the fine-tuning involved in EWSB. In other words,
the smaller the ratio, the less fine tuning there will be of i against the scalar masses in order to

have the correct value for M.

Degenerate Scalars

A numerical scan was performed over M theory parameter space described in [9] using SOFT-

SUSY [23]°. We allow for the following variation in the G2-MSSM parameters,

e 10TeV < mg3/; < 20 TeV - the gravitino mass

e 10 < V7 < 40 — the volume of the G5-manifold in units of the eleven-dimensional Planck

length

e —10 < § < 0 - the size of the threshold corrections to the (unified) gauge coupling, aa[le. 6

An interested reader is referred to Section V of [9] for variations in the spectra of Go-MSSM
models. In addition, order one variations are allowed for the coefficients in (IV.27) for the formula

for p, while it is imposed that By is in the range.
Iv.sl) Lpmgss < Bu < 3 pumgs.

The results are shown in Figure 4.2. As is evident from the plot, values of x4 much smaller
than the gravitino mass are allowed under all the constraints, signaling a non-imposed cancella-
tion among the scalars contributing to M. Of note is the fact that tanS and p are inversely
correlated, which will play a significant role in limiting the maximum spin-independent scattering

cross-section, when scalar masses are unified at the high scale.

3See [98] for general phenomenological discussions.
6see Section IV of [9] for the precise definition of §
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Figure 4.2: y1/m3 /5 vs. tanf3. The upper band scans over the G2-MSSM parameter space with degenerate
scalars at the unification scale. The lower region on the left (low tanf) scans over the G-
MSSM parameter space where the scalar mass ratio 13, :7g;, 1/g, = 3:2:1is required to be
accurate within 20%. The black points show models that correctly break the EW symmetry, but
are inconsistent with constraint 1 ums /o < Bu < 3 umg/2, so we expect them to not be valid
solutions. The red points satisfy the constraint on By as given in the legend. The empty space
on the plot, between the two regions, is expected to be filled in with complete scan over possible

non-degenerate scalar mass parameter space. All points have EWSB.
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Non-Degenerate Scalars and Low tan3

We also consider the possibility that M theory allows for scalar unification to be somewhat
perturbed (at the factor of two to three level). Since eventually we will be interested in calculating
the largest possible spin-independent scattering cross sections we will only consider high-scale
scalar masses that give tan < 3—since the scattering cross sections decrease with increasing tan/3

Consider the 1-Loop RGE equations, where only terms proportional to \; are kept, while ne-

glecting the \; running. The RGE equations of the relevant scalars are:

d 2
872 Y;Llfu = 3 \)\t\Q (m%{u + 77%3 + m%]g + ]At|2>
dm?
872 de = 2 \)\t\2 (m%b + mé3 + m?JS + \At|2>
dm?2
872 df3 = 1 \)\t|2 (m%,2 + mé:& + mQU3 + \At|2>
A
gm2dat = 6A7A,
whose solution is
(IV.52)
2 1 (.52 9 9 s 2
my, = 3 \My, — My, — Mg, e (J A (- 1+€4” ) + g, +mU3 +mQ3)
2 1 ~ 9 9 9 =12 G 32 )
mp, = g |~y + 20, — g, + e (AP (=14 ) gy g, +md),)
még = 3 <—m§{ ng + 5mQ teinT (|At\ (—1+ T ) + +mU3 +mQ3)>
2
A% = AA?GJSt;\Q

where hatted () masses indicate GUT scale mass.

Since m%{d barely runs for low tan/ and it is predicted that /2 is over an order of magnitude

smaller than m%ld , the cancellation in Mz (IV.46) should occur between m%,u and m%{d. Therefore,

m%{u needs to stay positive at the EWSB scale. Ignoring the exponentially suppressed terms in

(IV.52), we see that there are no choices of {2, ,m2.,m?.} that leave all low-scale masses
Hy,> "'"Q30 "'Us

positive. On the other hand, there is a fixed point solution to the above RGEs

(IV.53) M, t i, g, =3:2: 1
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where the non-exponentially suppressed terms are identically zero, insuring that if the trilinears
are of order the scalars as expected in the G2-MSSM, all three masses will stay positive. This
fixed point is analogous to the focus point solution in minimal supergravity (mSUGRA) theories
[57,100], as it minimizes the fine tuning of EWSB. However, unlike the focus point region of
mSUGRA where the Higgs scalars run small due to RGE flow, here the scalars remain heavy, and
are close to the gravitino mass.

Near this region, low tang parameter space with EWSB can be realized. Results on the numer-

ical scan can be seen in Figure 4.2.

4.4.2 The Nature of the LSP

As explained in detail in [9], the Go-MSSM framework gives rise to mostly Wino LSPs (as
opposed to Bino LSPs). The tree level gaugino masses are degenerate at the GUT scale, but are
suppressed by F'-terms of the moduli relative to the gravitino mass to be of order the gaugino
masses from the anomaly mediation contribution. The additional contribution from the anomaly
lifts M7 over Ms, leading to mostly Wino LSP models. In the original G2-MSSM scenario, where
it was simply that © ~ mg3 o, there were additional contributions to the gaugino masses from su-
persymmetric Higgs loops, proportional to . [165], that for some choices of high scale parameters,
could re-lift Mo over M. These models are disfavored by precision gauge coupling unification [9],
and occur less frequently in parameter space here than the original models since p1~/m3 /5. How-
ever, smaller x will tend to introduce a small Higgsino admixture into the mostly Wino LSP - a
fact which has significant implications on dark matter discovery. All these considerations combine
to strongly suggest that a Wino-like LSP with mass ~ 140 — 200 GeV constitutes a significant
fraction of the dark matter.

As emphasized in [15, 16], in order to obtain about the right relic density from the moduli
decays, the LSP must be a Wino-like particle, with a large annihilation cross section of about

3 x 10?4 cm?. A non-thermal history dominated by moduli and a wino LSP give a consistent
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picture for dark matter from the compactified string theory. Also encouraging is the fact that
the PAMELA satellite data on positrons and antiprotons can be consistently described by a Wino
LSP [64,65,99,112,120,132]. More recently, by also considering Wino annihilations into photons

and Z-bosons one finds a cross-section of about 1026 ¢cm? — a fact relevant for future Fermi data.

4.4.3 Direct Detection of Dark Matter

In December 2009, CDMS reported at most two possible WIMP candidate events, with a high
likelihood of being background [21]. Combining with their previous data, this amounts to a bound
on the spin-independent scattering cross-section of og; < 6 x 10~** ¢cm? for a WIMP of mass
around 200 GeV. More recently, the XEXON100 experiment [32] reported observing no events
after their first 11 days of running, slightly strengthening the CDMS bound. In the near future,
XEXONI100 is expected to report results that will probe much smaller scattering cross sections

osr ~ 2 x 107%cm?

. We will see that even this region is out of reach given the M theory
predictions we calculate.

In the decoupling limit, defined when the pseudoscalar mass is much larger that the Z-boson
mass, m 40 > My, the charged and heavy CP-even Higgses are also heavy, mg+ >~ mgo ~ m 4o.
The other Higgs boson h° remains light and behaves in the same way as the SM Higgs boson.
The lower bound on its mass, corresponds to the same bound on the SM Higgs boson, namely 114
GeV’ [38]. All the models consistent with all the theoretical and phenomenological constraints
have light Higgs mass close to thia LEP limit. Since the squarks are also heavy in G2-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 component.
While the LSP will be mostly Wino-like, the prediction that w is of order the TeV scale implies that

the LSP wavefunction can have non-trivial Higgsino mixing.

Following [67] we estimate the size of the direct detection cross section in the decoupling limit

7Since there are theoretical and calculational uncertainties with calculating the Higgs mass, we will consider models with my, > 110
GeV.



53

to be

(Iv.54)

115GeV\* [ Zy, sinp — Z
USI(XN%XN)%5X1045Cm2< ¢ ) ( H, SN — Zp, cos B

2
01 > (ZW — tan HWZB)2

mp

where the Z’s give the composition of the LSP
(IV.55) XEZBB—FZ{/VW +ZHdﬁd+ZHu}~Iu'

This gives us an estimate of the largest direct detection scattering cross sections, which naively
may seem that for Zg,, ~ 0.1 can be very close to the reach of XENON. Eq. (IV.54) can further
be simplified, with the aid of analytical expressions for the neutralino mass matrix eigenvalues and
eigenvectors [39,45,95]. Taking the limit M; = M>, which maximizes the scattering cross section

for fixed i and tang, (IV.54) becomes

115GeV\* /1TeV\? [sin28 + My/p\ 2
(IV.56) oMSSM (VN — v N z6><1045cm2< ) < > ( )
S O = xN) my, 7 1— (Mz/p)?

which falls off both with tanf and p. Allowing for the variation in M; and M5 in the Go-MSSM
will only decrease this fraction. The value My /pu is typically around .1 ~ .2. The parameters for
three different models, along with their scattering cross sections, can be seen in Table 1 and are
appropriately labeled in Figure 3.

However, as shown in the previous section, when considering degenerate scalar masses at the
unification scale EWSB imposes that small u corresponds to large tan/3, and small tanf corre-
sponds to large i. Hence, large cross-sections, of order the XEXON100 reach are not attainable
for this region. To verify this we perform a scan of parameter space, using DarkSUSY [111].
The results are show in Figure 4.3 where it is seen that the largest scattering cross-sections are
~ 1 x 10~%cm?, close to, but slightly beyond the reach of XENON100.

In Figure 4.3 we also scan over the G2-MSSM parameter space, while requiring that the ratio
m%, : m?k : még = 3 : 2 : 1 be accurate within 20%. The spin-independent scattering cross-

section reaches an upper limit of 1 x 1074% cm?, just beyond the XENON100 reach. Since this
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is the region where largest cross-sections appear, we can conclude that if the solution of the u-
problem proposed, along with moduli-stabilization in the G2-MSSM, is the model of nature, the
XENON100 experiment will not observe a dark matter signal soon, but its next run and upgraded

detectors may do so.

10—45

@ 10—46

og (c

+ 02m,,<pu<03 m_,

o 0.1my,<p<02 Ml

S I R

A H<0.1 m3/2

48 L1 | L1 | | | |
105426 28 3 32 34 36

Figure 4.3: Spin-independent scattering cross-sections vs tan/. The region shown scans over the Go-MSSM
parameter space where the scalar mass ratio 1, :7hg;, :/g, = 3:2:1is required to be accurate
within 20%. All points satisfy the constraint jumg3/o < Bu < 3 pumg/o, have a SM-like Higgs
with mass my;, > 110 GeV, and have EWSB. We also list the parameters for the 3 models in Table
1. In the region where EWSB, supergravity, and phenomenological constraints are satisfied, the

upper limit on gy is robust, but the lower limit can decrease if the sign of y is reversed.
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Model 1 Model 2 Model 3
Mz 178 TeV  18.1TeV  17.9TeV
VBhgur | 975TeV  104TeV 929 TeV
HGuT 3.79 TeV 2.10 TeV 1.69 TeV
M, 151.GeV ~ 153.GeV  150. GeV
M, 145.GeV ~ 143.GeV  138. GeV
I 389TeV  2.15TeV  1.77TeV
My 18.8 Tev 19.0 TeV 18.2 TeV
mp, 110. GeV  110. GeV  115. GeV
M,, 141 GeV  143GeV 141 GeV
M,, 143 GeV 147 GeV 145 GeV
M+ 141 GeV  144GeV 142 GeV
Zy 0.94 0.91 0.91
Z5 -0.35 -0.41 -0.41
Zy, -0.02 -0.04 -0.05
Zy. 0.01 0.02 0.02
tan /3 2.53 2.37 2.87
osifem?] | 3.x 107 9. x 1076 1. x 107
osplem?] | 5. x 1074 5. x107% 1.x 10743

Table 4.1: High scale and low scale parameters for 3 models with larger spin independent scattering cross
sections. All models shown belong to the parameter space where the scalar mass ratio ﬁﬁqu :
mg, : més = 3:2:1is accurate within 20%. We assume that details of the calculation and
software outputs are sufficiently uncertain to allow my, 2 110 GeV to be consistent with LEP
bounds.



CHAPTER V

Flipped SU(5) and F-Theory

In the last few years there has been substantial interest in building flipped SU(5) models in
F-theory. This includes "ultra-local” constructions [129, 145] in the spirit of [43], phenomeno-
logical studies based on those constructions [146—150], and, quite recently, several ”semi-local”
and “global” realizations [60, 61, 66, 137]'. At first, one might think that minimal SU(5) mod-
els [42,43, 88, 89] would be more economical in this setting; there is no problem with Yukawa
suppression and many problems of ordinary 4-dimensional SU (5) GUTs are avoided. Because F-
theory models become effectively 8-dimensional at high scales, the GUT gauge group can be bro-
ken by turning on a nontrivial flux in the direction of U (1)y along the internal dimensions [42,88].
This method of breaking roughly identifies the GUT scale with the compactification scale of an
8-dimensional gauge theory, hereafter referred to as the KK scale M 2, and facilitates a simple
removal of leptoquarks and Higgs triplets [43, 88].

These successes do not come for free. The U(1)y flux, for instance, is known to distort gauge
couplings at the KK scale [47,88] in a way that may be problematic. Further, if one tries to combine
U(1)y flux with the mechanism of [51, 56, 119] for generating flavor hierarchies, light charged

exotic fields necessarily appear [155,157]. There may be an interplay between the effects of these

IF-theory models describe physics near a stack of 8-dimensional branes in a nonperturbative background of type IIB string theory.
”Ultra-local” models are based on intuition gained by studying physics on a single coordinate patch of the brane worldvolume. ”Semi-
local” models describe physics along the entire brane worldvolume and “global” models describe an embedding of the branes into a
complete F-theory compactification.

2This identification is expected to be modified slightly as a result of contributions to gauge coupling renormalization from loops of
closed string fields [68—70].

3 As has been emphasized by J. Heckman and C. Vafa, this conclusion relies on the assumption of an underlying Fg structure in

56
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charged exotics, if they can be made sufficiently massive, and the distortion of unification [157].
Such a picture is significantly more complex than one might have hoped for based on the simplicity
of “ultra-local” models [43], though, and therefore loses some of its appeal. For these reasons,
it is important to investigate new mechanisms for breaking the GUT group or obtaining flavor
hierarchies in F-theory models. Some promising ideas related to flavor include [93,103, 137]. As
for breaking the GUT group, flipped SU (5) provides a natural alternative.

In this chapter, we do not focus entirely on the explicit construction of flipped SU (5) models
in F-theory, but rather on several phenomenological pitfalls that we encountered along the way and
their implications for model building efforts. We first study the effects of nonrenormalizable op-
erators and different choices of symmetry whose implementation can deal with them. This simple
analysis is quite general and may be useful to see what is needed to embed flipped SU(5) in a
variety of string frameworks. After that, we center the discussion on issues specific to F-theory
models. We should stress that our motivation is an alternative to GUT-breaking via hypercharge
flux, to avoid disturbing gauge coupling unification. We therefore always insist that GUT-breaking
and doublet-triplet splitting is accomplished via the 10/10 "GUT-Higgs” fields. We also work
entirely within the framework of “minimal” flipped SU (5), wherein the only light degrees of free-
dom are those of the MSSM and the pair of GUT-Higgs fields*. Models based on SO(10) that
utilize multiple fluxes to break the GUT group, as advocated for instance in [61, 137], do not suffer
from the problems that we will discuss but will nonetheless have to deal with certain implications
of U(1)y flux’.

When flipped SU(5) models are UV completed into any particular string theory framework,

physics at high scales can generate nonrenormalizable operators. Such operators can be dangerous

”semi-local” F-theory GUTs as described in Appendix D. We are not aware of any way to build semi-local or global F-theory models
that avoids this so it may be that none exists. This is far from a proof, though, and it should be stressed that finding examples that do
evade this structure would be very interesting.

4We sometimes make reference to the addition of vector-like pairs of complete SU (5) multiplets as in [128]

3Since SO(10) and SU(5) x U(1)y are broken at essentially the same scale in such models, they are probably best thought of
as F-theory realizations of SO(10) GUTs rather than flipped SU(5) "GUTs”. One might also try to engineer an SO(10) model that
incorporates field theoretic breaking first to SU(5) x U(1)y and then to the MSSM. Field theory models that do this were studied
in [123].
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because they arise at a scale that cannot be much larger than the roughly GUT-scale vevs of the
”GUT-Higgs” fields. Innocent-looking operators of large dimension can therefore be transformed
by the "GUT-Higgs” vevs into much more phenomenologically dangerous operators of dimension
4 and less that are not very strongly suppressed. The role of nonrenormalizable operators has
been studied before in some specific examples, such as [152], where the resulting models are quite
complicated and involve many new exotic fields. In this chapter, our interest is in the simplest
type of flipped SU(5) model, namely the one that exhibits a minimal particle content. That is,
we include only the fields of the MSSM and the "GUT-Higgs” fields needed to break the flipped
SU(5) x U(1), gauge group.

We were not able to find an exhaustive analysis in the literature of nonrenormalizable operators
in flipped SU (5) models, so we undertook this exercise and characterized the types of symmetries
that can lead to favorable phenomenology. The most significant challenges are related to the p
problem, whose severity depends on one’s attitude toward fine-tuning, although is should be noted
that flipped SU(5) was partially motivated to solve tuning problems. Of particular importance is
a dimension 7 operator that does not seem to have been discussed in the literature before. This
operator generates an enormous contribution to the ; parameter (> 10'% GeV) and can only be
controlled by an R-symmetry®. Our interest in F-theory makes this particularly troubling because
”semi-local” F-theory models do not possess a suitable R-symmetry to deal with this. In those
models, we therefore expect it to be generated and lead to a severe p problem for which no simple
solution is apparent. This issue may be important for a wider class of UV completions of flipped
SU(5) in string theory as well.

In addition to this, there appears to be some tension between the p problem and generation of
neutrino masses. Because the same Yukawa coupling that gives up-quark masses also contains the

left and right handed neutrinos, it is well-known that a large Dirac neutrino mass will be generated.

5The importance of R-symmetries in flipped SU(5) models has been noted before [81, 171] but we are not aware of a discussion
of the operator that we study in this chapter.
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Allowing the Majorana term that is needed to implement a successful type I seesaw simultaneously

7. One can also run into trouble with dimension 5

makes it impossible to forbid a bare p term
proton decay operators here, but there are many factors such as sparticle masses and mixings that
can potentially alleviate this problem [168].

Apart from the p problem, we observe that the prevention of rapid (dimension 4-induced) pro-
ton decay requires discrete symmetries that do not have their origin as an unbroken subgroup of
a continuous U (1) symmetry that preserves the ordinary MSSM Lagrangian. For us, this is un-
fortunate because U(1)’s of this type are relatively easy to engineer in F-theory and represent the
simplest way to generate discrete symmetries in that setting. The requisite symmetries must instead
be engineered by hand” in F-theory models as honest discrete isometries of the compactification
manifold that act in the right way on the zero modes that give rise to 4-dimensional fields. Obtain-
ing such symmetries is conceptually straightforward but technically challenging; the only attempt
we are aware of in an F-theory context was undertaken in [117].

After characterizing symmetries, we then turn to some “F-theory-specific” challenges. Here,
the most serious problems are engineering the GUT-Higgs fields and explaining their vevs. As has
also been noted in the recent studies [60, 61, 66, 137], it seems very difficult to engineer only the
MSSM and GUT-Higgs fields in models based on SO(10) without obtaining additional exotics.
The only solution seems to be realizing the GUT-Higgs as a vector-like pair which one expects to
have a KK scale mass. One must then invent a mechanism by which very massive fields manage
to acquire nonzero vevs. An alternative approach that we suggest is to build the gauge group
SU(5) x U(1)y directly. One gives up on unification here, making the proximity of «; to the
other MSSM couplings at high scales seem like an accident, but at least the right spectrum of 4-

dimensional fields can be realized. To this end, engineering SU (5) is straightforward but Abelian

7In F-theory models, the absence of a symmetry that prevents . essentially means that h,, and hq must arise as a vector-like pair of
zero modes on the same matter curve. While the presence of such vector-like pairs is rather generic when the matter curve has genus 1
or larger, there is no reason to expect that the pair remains massless since they can couple to moduli fields that can potentially acquire
large vevs.
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groups that do not embed into non-Abelian ones are somewhat subtle in F-theory. Fortunately,
there has been recent progress in our understanding of these U(1)’s [116, 156] so it is possible
to build compactifications for which we can reliably say that U(1), exists as an honest gauge
symmetry. In an Appendix, we provide a simple example of a compactification of this type based
on the geometries of [154]%. Several technical challenges remain, though, since we must ensure
that U(1), is not rendered anomalous by any of the fluxes that we use to induce chirality in the
spectrum. Neither this issue, nor a simple way to count the number of (U(1),-charged) SU(5)

singlets, are well understood at the moment.

5.1 Brief Review of Flipped SU (5)

Flipped SU (5) models are distinguished by their GUT gauge group, SU(5) x U(1),, and the
identification of hypercharge as a linear combination of U (1), and a U (1) C SU(5). What makes
these models particularly interesting for us, though, is not the GUT gauge group itself but rather
the existence of a simple, 4-dimensional mechanism for breaking SU(5) x U(1), down to the
MSSM gauge group that lifts all non-MSSM fields that carry Standard Model charge (leptoquarks
and Higgs triplets). Only one new set of fields is needed and, quite nicely, they transform in the
10 and 10 representations, which are easy to engineer in string theory. Models that realize this
mechanism of GUT-breaking are thus a natural alternative to consider in F-theory if one is looking
for something other than internal flux to break the GUT group. Before considering this in earnest,
though, we begin in this section by reviewing how this method of GUT-breaking works and the
structure of flipped SU(5) models in general.

In flipped SU (5), hypercharge is identified as the linear combination

1

(V.1 av = ¢ (o +ay).

where g, is the U (1), charge and g, is the SU(5) hypercharge (generated by diag (%, %, %, —2.—3).

8There is no reason one has to use geometries like those of [154], which along with the compact models of [49,115] were constructed
with the use of U(1)y flux in mind.
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The MSSM matter fields and Higgs doublets transform under the SU(5) x U(1),, as the repre-
sentations

F, =101 = (Q;,dS,v5)  fi=5b3=(u§,L;) £;=1_5=(ef)

(V.Z) h = 52 = (Dh, hd) iL = 5_2 = (Dh, hu)

where ¢ is a family index. Notice the “flipped” assignments of d° — u€, e® — v and hy, — hg
in comparison to their typical assignment in the Georgi—Glashow SU(5) model. The matter and
Higgs fields participate in the typical Yukawa couplings

W D yzl]Fszh + yf{Flle_z + yéjﬁﬁjh,

Note in “flipped” models the charged lepton and down-type quark masses need not unify, but Dirac
neutrino masses and up-type quark masses do unify.

To break SU(5) x U(1)y, one introduces two new GUT-Higgs fields
(V.3) H=10_1 = (Qg,D%,v5) H=10; = (Qg, D%, 7v5)

whose vacuum expectation values are aligned in the SM neutral directions (v§;) = (V§;) ~ Magur.
Leptoquarks are removed via the super-Higgs mechanism. To deal with Higgs triplets, one includes

the superpotential couplings

(V.4) Wrlipped = AuHHh + Ag HHh
which give masses to the Higgs color triplets

(V.5)

via mixing with the triplet components of the H, H multiplets. Since (V.4) leaves the Higgs dou-
blets massless, flipped SU (5) solves the doublet-triplet splitting problem.
The scale at which SU(5) x U (1) breaks to the MSSM is set by the v, 7%, expectation values

and is typically referred to as M3y, since only the SU(3). and SU(2), couplings need unify there.
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Unless the Higgs triplets are anomalously light due to small values of Az or Af7, M3y sits near the
typical GUT scale Mgyt ~ 2 x 1016 GeV.

As outlined in the introduction we will think of flipped SU(5) as originating from an underly-
ing SO(10) theory. The scale at which SU(5) and U (1), unify into SO(10) is typically referred
to as the ”super-unification” scale and denoted by My, . In F-theory realizations that break SO(10)
to SU(5) x U(1), with an internal flux, M,, also denotes the Kaluza-Klein scale above which
the physics becomes effectively 8-dimensional. For this reason, it provides us with a natural cutoff
scale for 4-dimensional physics above which we expect towers of new states to generate nonrenor-
malizable couplings. We will use A to denote the cutoff scale of our 4-dimensional theory in the
remainder of this chapter in order to be as general as possible, keeping in mind A ~ Mj, in a large

class of theories.

5.1.1 The Need for Symmetries

Nonrenormalizable couplings containing the GUT-Higgs fields can be a potentially serious
problem in flipped SU(5) models. In the presence of the large, nonzero expectation values of
vy and Vg, these can give rise to renormalizable couplings involving only MSSM fields. Such
operators will typically be suppressed by powers of Mso/A where A is the cutoff scale at which
the operator is generated that we usually take to be My,. In the rest of this chapter we will denote

the suppression factor by &

(i) Mz
A gA

(V.6) )

where we used that the GUT-Higgs vev is related to the unfication scale by, (v§;) ~ Msza/g with g
the SU(5) coupling constant at M3s.

In general, § cannot be too small. To get a conservative estimate for it, we can first effectively
replace A by Mpranck’ . As for Mso, this is not quite the standard MSSM unification scale Mgyt ~

2 x 10'6 GeV because the triplets, being somewhat lighter than M35, contribute to the running.

90ne can in principle raise Mgy, up to Mpjgnex by introducing new vector like pairs at the TeV scale or above as in [128].
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However, the unification scale M3, can be calculated from the 1-loop RGE equations for the flipped

SU (5) matter content, thus relating the triplet masses m7 g and mr i, the scales M35 and Mgy
by

M4
(V.7) M3z, ~ —CUT

This means that the SU(3) — SU(2) unification scale is actually increased relative to Mgyt by
the triplets'? allowing us to replace M3o by Mgy to get a conservative estimate for §. Putting it

all together, we find that

5> Mgur

> ~ 1072
MPIanck

(V.8)

For many operators, this suppression will be entirely insufficient.

To control the effects of problematic nonrenormalizable operators, we must therefore introduce
new symmetries. A drawback of flipped SU(5) models is that one of the most useful symmetries
for forbidding unwanted operators in the MSSM, U(1),, is strongly broken by the vevs of the
GUT-Higgs fields. One reason that U(1), is often so useful is that, as is well-known, it contains
matter parity as a Zo subgroup. Unfortunately, the GUT-Higgs fields carry odd U (1), charge so
not even this nice Zy subgroup remains after GUT-breaking.

The situation is in fact worse because both F' and H carry identical charges under any continu-

ous symmetry that preserves the full Yukawa and flipped superpotential
(V9) WYukawa+FlippedNFFh_‘_FfiL"i'fgh"i'HHh_‘_HHE

Any attempt to realize matter parity as a subgroup of a continuous symmetry is bound to fail;
H will always have the same parity as F', that is odd parity, and break it spontaneously. This is
important for building string models because it means that matter parity must always be engineered

on its own as an honest discrete symmetry.

10f the triplets become heavier than Mgy then (V.7) indicates M32 < MgyT. In that case, though, the triplets would be heavier
than M32 so would not contribute to the running. In fact, we have a bigger problem if m7 , is much larger than M32 because this
would mean that the theory at M3z is becoming strongly coupled. We will always assume perturbativity, and hence mr , < M3z,
leading to M32 > MguT.
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Field Z,, charge U(1) charge U(1)p charge
H r P PR
H s q qr
h —2r mod n —2p —2pr + 2
h —2smod n —2q —2qr +2
F T+ €5 modn p PR
f 25 —r+ez modn 2q —p 2qr — PR
12 3r — 25+ €5 mod n 3p — 2q 3pr — 2qRr

Table 5.1: All symmetries consistent with the full Yukawa + flipped superpotential (V.9), where r and s are
taken to lie between 0 and 7 — 1 and e can take the value 0 or 1 if n is even but must be zero if n
is odd.

Since U(1), and its famous Zy subgroup are unavailable, we must look to other options. In
this chapter, the symmetries that we shall consider are of three types: discrete Z, symmetries,
continuous U (1) symmetries, and U(1)r symmetries. The charges of all fields under the most
general Z,, U(1), and U(1)r symmetries that are consistent with (V.9) are listed in Table 5.1,
where r and s are taken to lie between 0 and n — 1. The parameter € can take the value 0 or 1 if n is
even but, obviously, must be zero if n is odd. Two common symmetries that appear in the literature
are matter parity and a Zo that goes by the name of H-parity. In the language of Table 5.1, these

correspond to

(V.10) gMaerpaity) oy~ 9 =1, r=5=0
and
(V.11) ZTPY) =92 e=1,7r=1, s=0

In the next few sections, we will discuss ways to use symmetries of these types to address the p
problem, R-parity violation, and dimension 5 proton decay while simultaneously generating small
neutrino masses!!. The issue of controlling higher dimension operators in flipped SU(5) models
is of course not new but we are unaware of any previous work regarding some of the operators that

we study. This is particularly true for the most troublesome operator, which has dimension 7 and

1'We perform an operator analysis rather than studying which symmetries can be left unbroken by vevs of H and H because, in
most cases, we do not need to forbid operators per se; we only need to suppress them. Often, a Z,, symmetry with a sufficiently large
value of n will be sufficient even though what remains of it after GUT-breaking does not forbid anything
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will be studied in section 5.2.

5.2 The i Problem

5.2.1 Generalities

We begin by studying the generation of the supersymmetric Higgs mass, p
(V.12) W, ~ phh

In addition to this bare p term, there is an entire tower of operators that can generate a nonzero p
after GUT-breaking

C

(HH)™ hh > <<”11§’;H >> hh — g6 Mayhh

1

(V-13) AzmT

The charges of these operators under the symmetries in Table 5.1 are

(V.14)

Operator 7, charge U(1) charge U(1)pg charge

A-Cr=U(HH)™hh | (m = 2)(r +s)modn (m—2)(p+q) (m—2)(pr+qr) +4

Any continuous U (1) symmetry that forbids a bare p term has p + ¢ # 0 and succeeds in
forbidding all operators in the tower with m # 2. If we are interested in generating x but ensuring
that it is suppressed, we can instead try to use a Z,, symmetry with sufficiently large n since, for
suitable values of r and s, the first solution other than m = 2 will sit at m = n + 2. With
M3y ~ 106 GeV and § ~ 1072, the operator with m = 4 will generate a y of the right size ~ 102
GeV. A suitable Zy symmetry is sufficient to forbid m = 1 and m = 3.

Unfortunately, the non-R symmetries always have a problem with the dimension 7 operator at

m = 2 which, to our knowledge, has not been discussed previously in the literature
(V.15) Or = 5 (HH)*(hh)

It is easy to see why Z,, and U (1) have trouble forbidding this. The charge of O7 under any non-R

symmetry is the sum of charges of two terms, hH H and hH H, that are needed to lift the Higgs
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triplets. The only way to control it, then, is with an R-symmetry. More specifically, any U(1)g
with pr + qr neither 1 nor 2 is sufficient to eliminate the entire tower, including O~.

As discussed in Appendix D, though, the underlying 8-dimensional gauge theory of F-theory
models does not provide a suitable R-symmetry so one always expects the operator O7 (V.15) to
be generated. For this reason, we will spend a little more time studying it. The problem with Oy is

that the p term it induces is enormous
(V.16) Pinduced 2 9 10° M3z ~ 10'° GeV

This introduces an enormous fine-tuning problem for electroweak symmetry breaking, which de-
feats the purpose of building a Flipped SU (5) to solve the tuning related to doublet-triplet splitting.

Recall that this estimate, which is based on taking A ~ Mpjanck, 18 particularly conservative if
we insist on realizing flipped SU(5) in a semi-local F-theory model; reliability of the entire semi-
local approach depends on having control over the underlying 8-dimensional gauge theory which,

in turn, requires A to be at least an order of magnitude or two smaller than Mpjanck.

5.2.2 Suppressing O; with an approximate non-R symmetry

We cannot expressly forbid O7 (V.15) with a global non-R symmetry without losing the “flipped
superpotential” (V.4) but we can imagine trying to suppress it with an approximate symmetry that
is spontaneously broken. Since (V.4) must be generated if flipped SU(5) is to elicit doublet-triplet

splitting, the couplings in (V.4) are replaced by

(V.17) W D %HHh + %EHB.

for some fields S and S. Passing to expectation values, we define the dimensionless quantities \

and A\ as

(V.18) H ™~y H



67

Since the product of couplings in (V.17) is an invariant, at the very least the operator O; (V.15) will

be generated with suppression of Az A g,

_ (HH)? - _ _
(V.19) 0’7:)\H)\H(A3)hh — )\H)\H(53g1M32/d29hh.

In this case, it naively seems that ;. can be less than our previous estimate (V.16) if Ay, g < 1.
However, as A, A\ are lowered, the Higgs triplet masses, given in (V.5), will also be lowered.
From (V.7), then, we see that the scale M32 becomes larger as we do this, and may even become
super-Planckian. Taken together, it is in fact easy to see that all dependence of (V.19) on Ay and

g cancels completely. This is because the triplet masses are related to Az and Ay by
A A
(V.20) mrH ~ ?HM32 mr i ~ 7M32

Using this, (V.7) becomes

(vV.21) My ~ Miyp x —L—
AHAH
which leads to an induced p term
g My, (M
(V.22) Hinduced ™~ QTT?;’Z ~g 2 % > 10'° Gev

Introducing an approximate symmetry is, perhaps counterintuitively, not effective at lowering

Hinduced-

5.2.3 Summary

The only way to avoid generating any contribution to the p term after GUT-breaking is with a
U(1)r symmetry that has pr + gr # 2. In the absence of such a symmetry, one expects O7 (V.15)
to appear and lead to a y term that is far too large. Provided a solution to the Q7 problem can be
found, a continuous U (1) symmetry with p+ ¢ # 0 can get rid of the remaining operators in (V.13)
while a Zy can allow only those that give rise to i ~ 10? GeV or smaller. One idea for solving the

Oy problem revolves around forbidding the terms (V.4) that generate masses for Higgs triplets with
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a continuous symmetry and breaking it through the vevs of suitable singlet fields. This solution

does not appear to work, however, so one needs something more intricate.

5.3 R-Parity Violating Operators

Putting the p problem aside for now, we next turn our attention to the generation of renormal-

izable MSSM superpotential couplings that violate R-parity. These couplings take the form
(V.23) Wg ~ ALLe" + NQLA® + N'u¢d®d® + kLh,

The coupling x can be rotated away by a field redefinition but only at the cost of inducing new
contributions to the lepton violating trilinear couplings.

It is well-known that U (1), contains a Zy that acts like matter parity on MSSM fields, which
means that none of the operators in (V.23) can arise on their own in a flipped SU (5) model, which
is based on gauge group SU(5) x U(1),. However, the GUT-Higgses, H and H, are parity-
odd and will spontaneously break this Zy. Operators appearing in (V.23) can therefore appear in

combination with suitable powers of H and H

(V.24) —— _(HH)"HFFf > (”H “H

1 _ . %4
T (HH)"H[t> LLLE
In general, R-parity violating operators must be significantly suppressed, if not outright for-
bidden. As we have seen, the suppression factor 6 = ((H,)/A) is not very small, taking values

§ > 1072, This means that only operators with fairly high powers of m are safe. Additional

symmetries are needed to forbid or suppress the rest.
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The charges of the R-parity violating operators (V.24) under the symmetries of Table 5.1 are

(V.25)

Operator Zn, charge U(1) charge U(1)g charge

A2 (HH)™H fh m(r +s) + e5 mod n 0 2

A—Crt)(HAYPHFFf | (m 4+ 2)(r + s) + egmodn (m+2)(q+p) (m+2)(qr+pr)

A=CmH)((HHYMHFfC | (m+2)(r+s)+e2modn  (m+2)(g+p) (m+2)(qr+DPr)
Notice that continuous symmetries alone are not sufficient to prevent a bilinear coupling kL H,,

with K ~ M35 > 106 GeV. For this, we need at least one discrete symmetry.

5.3.1 A Single Z,, Symmetry

We begin then by discussing the simplest possibility, namely controlling R-parity violating
couplings with only a single Z,, symmetry. Which operators are generated depends on the set of

solutions for m to the equation
n
(V.26) m(r+s) + €5 = 0 mod n

The simplest way to limit the number of solutions to (V.26) is to take 7 + s = 0 and € = 1. In this
case, there are no solutions and all operators in (V.24) are expressly forbidden. If we set n = 2
and € = 1, for instance, we find two Zy symmetries of this type. One of these is ordinary matter
parity, ZéManer Parity) (V.10). There is another Zy that does the job, though, under which all MSSM
fields are even while the GUT-Higgs fields are odd. It is easy to see that neither of these Zy’s
can be embedded into a U (1) symmetry that preserves the MSSM and flipped superpotentials 2.
Note also that the commonly used H -parity, Z(QH'PariIY) (V.11), allows numerous solutions starting
at m = 1 so it unable to prevent problematic R-parity violation.

We now investigate the possibility that » + s # 0 mod n. In this case, m = n is always a

solution for e = 0 while, for e = 1, we will always get a solution at one of m = n/2 or m = n.

12This follows imediately because the operator H fh is neutral under any such U (1) but carries odd parity under each Zs.
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This is not a problem, though, provided n is sufficiently large that only operators from (V.24) with
sufficient suppression are generated.
If we are given a solution m to (V.26) then we generate the couplings A, X', \”, and « in (V.23)

with the suppressions
(V.27) MNN ~ §2mo=3 e~ §2M0 Vg

where as usual § = M3y/gA > 1072, Bounds from proton decay can be model dependent but the

analysis of low energy SUSY in [102] suggests the order of magnitude constraint
(V.28) NN <107 = mp>5

From x, however, we obtain an induced contribution to X’ that scales like x/u, where p is the

supersymmetric Higgs mass. This means that we also need

15 1. (M
(V.29) EXNr>102 — mp> 24 - 22
@ 4 8 %

For 1t ~ 100 GeV and M3, ~ 10'6 GeV, this leads to the tighter constraint
(V.30) mg > 6

One would therefore need at least a Zg symmetry to do the job.

5.3.2 Adding a U(1) Symmetry

If we add a U(1) symmetry to our Z,, then one can completely evade the proton decay con-
straints. This is because a U(1) symmetry with ¢ + p # 0 forbids \’U DD, which is the only
source of baryon number violation in (V.23). We will still need a Z,, symmetry to suppress x,
though. Operators with m = 3,4, 5 generate x’s of order 104, 1, and 10~* GeV, respectively. From
electroweak symmetry breaking considerarions x ~ 10* GeV is much too large, but 1 GeV and
10~* GeV may be ok. In each case, x/pu < 1 for y ~ 100 GeV so it seems sensible to rotate

away, effectively replacing it with A’ ~ /. Bounds on A, X', and \” individually rather than their
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products can be found in [22]. These bounds are model dependent, but it seems that X < 1073 is

reasonable, leading to
(V.31) k<1073 ~ 107! GeV

The m = 4 operator seems troublesome but the operators with m > 5 should be ok. Achieving
this requires a Z,, symmetry with n > 5. This is only a marginal improvement on the condition
n > 6 that was necessary in the absence of a U(1) symmetry. Introducing a U (1) therefore doesn’t
seem to buy us very much.

The story is similar for U(1)r symmetry. We can forbid the trilinear couplings by taking

qr + pr > 1 but a Z,, symmetry with n at least 5 is still needed.

5.3.3 Summary

Continuous U (1) and U(1) p symmetries are insufficient to prevent severe R-parity violation in
conflict with the measured proton lifetime. Discrete symmetries are necessary, with conventional
Z9 matter parity one of the two most simple options. For discrete symmetries that only suppress
quadratic and trilinear R-parity violation at low energies without expressly forbidding it, the order
of the group can be slightly reduced if it is combined with a continuous U (1) or U(1) g symmetry.
The net effect of the continuous symmetries does not help us very much, though, so for our purposes

we will treat R-parity violation as a problem that must be addressed by discrete symmetries.

5.4 Dimension 5 Operators: Neutrino Masses and Proton Decay
In Flipped SU (5), Dirac neutrino masses

(V.32) hy Lv¢

arise from the Yukawa couplings

(V.33) hfF O hyLv¢ + h,QuE.
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Since (V.33) also supplies the up-quark masses, this limits the suppression that the Dirac neutrino
masses can have, and thus Flipped SU (5) requires a seesaw mechanism to generate small neutrino

masses. Correspondingly, the right-handed neutrino Majorana mass
(V.34) vv® e FF

must be present. But since F'F' is not an SU(5) invariant, the above term originates from the

non-renormalizable operator

1 - -
(V.35) Wkeurrino =  HEHE.

This is just the Type-I seesaw mechanism, and in terms of the scale A the light neutrino masses are

(yu(hu))® - Miop

V. v = — .
(V-36) " (Dg)2 /N~ 0M3o

The MINOS experiment [19] on neutrino oscillations is consistent with the mass splitting of two
neutrino mass eigenstates, |Am?| = (2.43 +.13) x 1073 eV2. Requiring that the heaviest neutrino
be of order the mass splitting in order to minimize the tuning in the neutrino mass matrix, (V.36)
gives the correct neutrino mass for § ~ 1072, Since it has already been argued that § > 1072,
the operator (V.35) should not be further suppressed. Therefore, a necessary condition to generate
small neutrino masses without introducing tuning into the neutrino sector is that the theory be able
to generate (V.34) with only the suppression induced from (V.35).

Requiring that the Majorana mass (V.35) be invariant in addition to the flipped superpotential

and Yukawa couplings in (V.9), imposes the additional constraints

2r + 2s = 0 modn
(V.37) %+ = 0
2qr+2pr = 2

on the charges in Table 5.1. The new charges consistent with all superpotential couplings are give

in Table 5.2.
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Field Z,, charge U(1) charge U(1)g charge
H r P PR
H - -p —pr+1
h —2r mod n —2p —2pr +2
h 2r mod n 2p 2pRr
F T+ €5 modn P PR
f | =3r+e5 modn —3p —3pr +2
/ 5r + €5 mod n 5p 5pr — 2.

Table 5.2: Same as Table 5.1, but with the additional constraint that the Majorana neutrino mass (V.35) be
invariant.

The global U (1) symmetry is exactly U (1), up-to a scaling, so the remaining two symmetries
classify all possible (Abelian, non-family) symmetries consistent with Flipped SU (5) '*. The Z,
symmetry is sufficient to forbid R-parity violating operators provided ¢ = 1 while the U(1)p is

enough to avoid the generation of ; from nonrenormalizable operators involving H and H.

5.4.1 u Problem and Dimension 5 Proton Decay

Unfortunately, the symmetries from Table 5.2 cannot forbid the bare p-term
(V.38) hh D hyhg
or dimension 5 proton decay operators
(V.39) FEFf+Fffl 5 QQQL + d°uu‘e’ + ud°dv°

Consequently, one of the couplings in (V.9) and (V.35) needs to be forbidden if the p-term
(V.38) and dimension-5 proton decay operators (V.39) are to be suppressed. We focus here only
on the p problem as several factors can affect proton decay that could in principle be tuned [168].
One can consider symmetries that forbid y but are spontaneously broken, thereby allowing (V.9)
and (V.35) to arise.

A set of superpotential operators can be distinguished

_ 1.
(V.40) W D HHh—l—FFh—i—XHFHF

13A discrete R-symmetry is also possible, but will not change the discussion below.
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that if invariant will lead to an invariant x4 term; in other words, when one is forbidden then the p
term can be forbidden. If one of the trilinear terms in (V.40) is absent, then it will necessarily have
the same quantum numbers as the x term. Then when the trilinears are generated via spontaneous
symmetry breaking, so will the p-term, and so the two will undergo similar suppression. If, on the
other hand, one forbids H F'H I, then this operator will have opposite charge than hh. Then if the

neutrino Majorana mass is generated dynamically, via an SU(5) singlet S

S
V4l PHFHF

then the u-term is not generated by the vev of S. The value (S, which feeds into (V.36), needs to
be close to the scale A, to give adequately small neutrino masses. Generating additional GUT-sized
vevs will necessarily create tension when building a successful flipped SU (5) model that solves
the neutrino mass problem.

One can also consider models that generate effectively H F'H F when heavy fields are inte-
grated out. The typical seesaw mechanism in Flipped SU (5) [30] comes from the renormalizable

superpotential couplings
(VA42) YIF f h+ NGHF'ST + M3 S'S7

where there are now three SU(5) x U(1), singlets. This generates the 9 x 9 neutrino mass matrix

in the (L, ¢, S) basis. Assuming M* ~ (%) ~ M3, this generates light neutrino masses

>2

/\‘

(V.43) my S

=

with the same results as the Type-I seesaw mechanism described above, but without the additional

factors of §. Unfortunately, M has the same quantum numbers as £, so both couplings should
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be of similar size, and the p problem remains. One would need to add additional symmetries and

SU (5) singlet fields to make this model work.

54.2 Summary

Engineering neutrino masses that do not involve fine-tuning restricts the available symmetries,
making it impossible to forbid either a bare p term or operators that lead to dimension 5 proton
decay. As it is a renormalizable coupling, the presence or absence of a bare u term depends on
details of the ultraviolet completion so one might hope to address this issue there without making
use of an explicit symmetry. As for dimension 5 proton decay, the suppression by A is not sufficient
in itself but the proton lifetime depends on a number of factors [168] which can allow some room
for adequate suppression. One might also use family symmetries, as proposed in an F-theory
context for instance in [137], to do the job. Both of these issues must be dealt with in a successful

F-theory model for flipped SU(5).

5.5 Challenges for Realizing Flipped SU (5) in I’-Theory

We now turn to a discussion of flipped SU(5) in the context of semi-local F-theory models.

5.5.1 Engineering GUT-Higgs Fields

Because SU(5) x U(1)y naturally embeds into SO(10), one way to engineer flipped SU(5)
models in F-theory is to realize an SO(10) gauge group and explicitly break it to SU(5) x U(1)y
with internal flux. The flux necessary to do this has the advantage that, unlike hypercharge flux,
it does not split the gauge couplings at the high scale [129]. There has been recent interest in
building GUT models in this way and a number of semi-local and global constructions have been
achieved [60,61,66,137]. Some of the constructions in [61] utilize internal fluxes not only to break
SO(10) — SU(5) x U(1)y but also to further break this down to the MSSM. As we are interested
in alternatives to hypercharge flux in this chapter, we will insist in what follows on using GUT-

Higgs fields and the flipped superpotential (V.4) to break SU (5) x U (1), to the MSSM and lift the
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MSSM Higgs triplets.

One problem that has been noted by several authors [60, 61, 66] is that it is difficult to get
the right spectrum including the GUT-Higgs fields. While the MSSM matter multiplets organize
nicely into 16’s of SO(10) and the MSSM Higgs doublets and their triplet partners fit into a 10 of
SO(10), the GUT-Higgs H and H do not fill out SO(10) multiplets. Rather, each must come from
part of a 16 of SO(10) and it is here that the problems arise. In the presence of N units of U (1),
flux, the net chirality of multiplets that descend from 16’s follows the pattern

N, —N5_3 = M+ N
(V.44) nio_, —ngg,, = M

ny_y—mni;=M-—N
where M is the number of units of a suitable global G-flux that threads the matter curve. Any
excess of 10_1’s or 1041’s is accompanied by an excess of 5,3/5_3’sor 1_5/15s.

To avoid introducing extra exotics, then, it becomes necessary to assume that H and H simply
arise as a vectorlike pair on a single matter curve. This has two consequences. First, any U(1)
symmetry from Table 5.1 that happens to be preserved must give opposite charge to H and H,
meaning that p + ¢ = 0 and the global U (1) charges are simply proportional to U(1),. Second, we
must address why the GUT-Higgs fields are light or, if they sit at the KK scale, how such massive
fields could possibly acquire nonzero vevs.

To make H and H light, one could start by requiring the matter curve on which they live
to support a vector-like pair of the appropriate zero modes. Even then, one could not be certain
that this pair does not become massive by coupling to moduli fields that acquire large nonzero vevs.
Alternatively, one could imagine starting with H and H as two modes among the KK tower of 10_
fields and effectively bringing down their mass through an SO(10) singlet ® and a superpotential

of the form

(V.45) W D AP x 16g XEH—}—MKKIGH Xﬁﬁ
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In general, the masses of different components of the 16 z7/164 will differ by order one mul-
tiples of M. A suitable vev of ® could therefore render the 107 /104 pair very light while
leaving the remaining components near the KK scale. Of course, ® will in general couple to all
KK modes on the 16 matter curve and there is no reason for this cancellation to occur only in the
10 Hﬁﬁ direction and not in the others. If fact, such a cancellation is not well motivated and will
likely lead to an additional enormous fine-tuning in the theory that flipped SU (5) was engineered
to avoid. Proceeding in this way seems quite cumbersome and will require many new assumptions.

An alternative to this, which seems particularly attractive, is to engineer SU (5) x U (1),, directly.
In particular, one realizes an SU (5) gauge group with a U(1),, following the construction of semi-
local SU(5) GUT models [49, 115, 155, 157] and attempts to construct the global completion in
such a way that the U (1), survives as an honest gauge symmetry. The nature of U(1)’s away from
the GUT-divisor is rather subtle but there has been substantial recent progress [116, 156] towards
understanding them. The advantage of this approach is that one can engineer H and H directly on
separate 10 curves. An example of a simple model that achieves this is constructed in Appendix E.

Unfortunately, two things remain to be resolved before realistic models can be built in this way.
First, one must be wary that global fluxes may lift U(1), in the same way that hypercharge flux
lifts U(1)y. A necessary condition for this will be that U(1),, be non-anomalous, which leads to
the second issue. While there has been progress towards understanding global fluxes in F'-theory
models [156], there is no simple procedure at the moment for counting the number of (U(1),-
charged) SU (5) singlet fields in a given model. For flipped SU(5), it is crucial that the number of

such fields is 3 so this must be addressed before further progress can be made in this direction.

5.5.2 Symmetries

Next, we must be sure to incorporate enough symmetry to address the phenomenological prob-
lems discussed earlier in this chapter. For dimension 4 R-parity violation, discrete symmetries

seem unavoidable. Engineering these can be technically challenging and the only serious attempt
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we are aware of in any context is in [117]. That example already displays several pitfalls as even
getting a reasonable number of generations seems difficult. This seems like a technical hurdle,
though, with no conceptual obstruction blocking the way.

More troublesome is the p problem which, as we have seen, requires a U(1)r symmetry to
resolve in a satisfactory way. Unfortunately, semi-local F'-theory models do not afford us this
luxury. As reviewed in Appendix D, these models descend from an 8-dimensional Eg gauge the-
ory with A/ = 1 supersymmetry in the presence of a background field configuration that breaks
Eg — SU(5). The 8-dimensional theory possesses a U(1)r symmetry and, further, additional
R-symmetries could in principle follow from internal isometries of the compactification manifold
that takes us from 8 down to 4 dimensions. Because we retain only A/ = 1 supersymmetry in 4-
dimensions, though, the supercharges are scalars with respect to the (twisted) internal isometries so
only the remnant of the 8-dimensional U (1) r remains as a candidate. This symmetry, however, is
broken explicitly by the background field configuration so that no continuous R-symmetry remains
to control physics at the KK scale!*.

We view this p problem as the most glaring issue for engineering flipped SU(5) models in
F'-theory. It may be possible to avoid it phenomenologically with some intricate model building.
Finding a scenario that can be easily realized within the rigid framework of F'-theory, though, will
be challenging.

5.5.3 Summary

We started by looking to flipped SU(5) as a means to avoid some problems with minimal
SU(5) models in F-theory but flipped SU (5) has a number of issues as well. Whether the situation
is better or worse depends on one’s taste but, in our opinion, the advantages of flipped SU(5) are
outweighed by the weaknesses. We stress, however, that all of the issues discussed here rely on

the explicit use of GUT-Higgs fields to break SU(5) x U(1), and lift the Higgs triplets. Models

14Strictly speaking, there is a combination of topological and R-symmetries that remain unbroken by the scalar vev of the Higgs
bundle. This is broken by the flux part of the Higgs bundle. Further, the 4-dimensional fields do not carry definite charge under this
symmetry, so it could not constrain their physics anyway.
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based on SO(10) with all GUT-breaking via internal fluxes [61] do not suffer from any of the
problems related to GUT-Higgs fields, including their origin and their knack for generating large

contributions to the p term.



CHAPTER VI

Conclusions

If our universe is described by a compactified string theory then the presence of stabilized mod-
uli would generically imply that the cosmological history is non-thermal before BBN. In particular,
dark matter would be produced from moduli decays and generically has to be wino-like in order
to have a consistent abundance. Additionally, there is always a modulus with mass of order the
gravitino mass or less in such theories. These plus cosmological considerations emphasize some
difficulties in realizing gauge mediated supersymmetry breaking in string theory. All known exam-
ples of string theory vacua with stabilized moduli agree with the results shown here.

Motivated by generic string theories compactified to four dimensions with stabilized moduli,
which typically have multi-TeV squarks and lighter gluinos (below a TeV), the signatures of gluino
pair production at the 7 TeV LHC were studied. For 1 fb~! integrated luminosity, gluinos up to
about 650 GeV in mass can be detected, with larger masses accessible for higher luminosities or at
higher energies. More than one signature is likely to be accessible, with one charged lepton plus
two or more b-jets, and/or same-sign dileptons plus b-jets being the best channels. A non-Standard
Model signal from counting is robust, and provides information on the gluino mass, cross section,
and spin.

If our universe is described by M theory compactified on a manifold of Gy holonomy, with
doublet-triplet splitting solved in the way originally proposed by Witten [184], then there is a

simple solution to the u-problem: strong coupling dynamics in the the hidden sector will generate
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a non-perturbative potential for the moduli, which stabilizes all the moduli vevs, and breaks the
symmetry forbidding p. Then, following the numerical analysis done in the G2-MSSM [9], the
breaking will generate p ~ (mipl>m3 s2 ~ 0.1 mgp ~ 2TeV. This then implies a non-zero
Higgsino component of the mostly Wino LSP, with an upper limit, which in turn gives an upper
limit of about 1 x 10~4® cm? on the spin-independent scattering cross-section, somewhat below the
reach of the XENON100 experiment, as well as a lower limit of about 104 cm?. The Wino-like
LSP also can account for the PAMELA positron and antiproton excesses [20, 132], and gives about
the desired relic density for a non-thermal cosmological history [14], as expected in theories with
moduli.

The possibility of engineering a flipped SU(5) model in F-theory was explored. In particular,
we show that a significant y parameter (= 10'0 GeV) is unavoidable in any flipped SU(5) model
without an R-symmetry. Since no four-dimensional R-symmetries control the superpotential in F-
theory GUTs, we conclude that Flipped SU (5) is not a viable mechanism to break the GUT group
and solve doublet-triplet splitting in F-theory. There are other problems, although not as deadly as
the lack of an R-symmetry, that can arise when trying to embed Flipped SU (5) in a UV completion
that has a conserved R-symmetry. At least one discrete symmetry is phenomenologically required
to prevent severe R-parity violation, and that this symmetry cannot descend from a continuous
U(1) symmetry — which is an issue when realizing discrete symmetries in some string construc-
tions. Additionally, if one wishes to explain the scale of the neutrino masses this will necessarily

re-introduce a p-problem regardless of whether or not there is an R-symmetry.
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APPENDIX A

L1 Triggers

Trigger Name

Object pr

Inclusive isolated lepton
Lepton plus jet

Isolated dileptons
Dileptons plus jet

Isolated dileptons

30 GeV
(20 GeV, 100 GeV)
15 GeV
(10 GeV, 100 GeV)

10 GeV

Isolated lepton plus isolated tau

(15 GeV, 45 GeV)

Isolated ditau 60 GeV
Inclusive isolated photon 80 GeV
Isolated diphoton 25 GeV
Inclusive MET 90 GeV
Inclusive single-jet 400 GeV

Jet plus MET
Acoplanar jet and MET (1 < A¢ < 2)

Acoplanar dijets (A¢ < 2)

(180 GeV, 80 GeV)
(100 GeV, 80 GeV)

200 GeV
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APPENDIX B

The Kitano Model

For pedagogy we examine with a few toy (non-string theory) examples to demonstrate the validity
of the above results.

Consider the Polonyi model, which has one field ¢ with G given by

2

(B.1) G =m2¢¢ + m2 log (¢ B)

pl

where 3 = /3 — 2. The vacuum expectation value of ¢ is given by
(B.2) (0) =(d)=V3-1
and v and r are

(B.3) u = 2v/3m?

pir T=0

The two eigenvalues of the mass matrix are

m? = m?2,(2V3) =m?
B.4) 1 3/2 32me

m3 = m§/2(4 —2V3) = m3/2(4 - mLf,l)
in agreement with our general result Eq. (II.7). The bounds are reached since the eigenvectors are
given by the sGoldstino directions.

This provides as an illustration of how one might avoid our result by going to a non-string

theory withour moduli stabalization, by creating a model with large r and have scalar masses much
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heavier than the gravitino mass. Following [126, 138], we add a higher dimensional operator to the

above Kahler potential

_ 2
" (¢0)° I 1
(B.5) G = m20¢ + my, AT mz log @(¢ - %)

with the new scale A < my; . There is a minimum of this potential where ¢ has a small vacuum

A

mpl

expectation value. To leading order in

- A2
(B.6) (9) = <¢> ~ szl
2

4
In this vacuum r = —12%, and one find after diagonalizing the scalar mass matrix that

! Moy r
(B.7) mi =mj = 4p’ -0 = 12-Lm3 ), = —m—ng/Q > m3 -
pl

Thus the scalar masses are at the bounds given by Eq. (I1.6) and are much heavier than the gravitino

mass. The field here has explicit couplings that are not moduli-like and if one tries to embed this

model in string theory new problems arise — see Ex. 6 [92] in Appendix C.
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APPENDIX C

String Theories with Stabalized Moduli

We examine examples we know of of string theory models in which all moduli are stabilized to
gain further insight.

Ex. 1 Simple KKLT Model. This example [131] has all complex structure moduli stabilized
by fluxes and a single Kahler modulus and axion stabilized by non-perturbative corrections. The
vacuum energy is tuned by adding what amounts to a D-term potential. We didn’t consider D-terms
above, but we can incorporate them into the discussion based on these examples. Both the Kahler
modulus and the axion obtain masses of order 20. X mg/y in this simple model. Here r ~ 0,
but the kinetic terms for moduli are suppressed by approximately (1—10) 2, lifting the moduli masses
above v/2m /2. This scenario allows for a lighter gravitino mg/5 ~ 1 TeV, but the moduli will still
dominate the cosmic energy density for times up to BBN and beyond. The non-thermal cosmology
of mirage-mediated supersymmetry breaking in the KKLT context was discussed [162]. Late de-
cay of moduli produce an abundance of Bino-like LSPs, which the annihilate rapidly through the
pseudo-scalar Higgs resonance.

Ex. 2 LARGE Volume IIB models. These examples [36,71] have complex structure moduli
stabilized by fluxes and Kahler moduli stabilized by perturbative corrections. The vacuum energy
is, naively, negative, though there might be mechanisms which generate the necessary positive
contributions. The basic LARGE volume model has two Kahler moduli 7, and 7. In the vacuum,

mgp ~ %, where V is the volume of the extra dimensions (divided by [%). The masses of the
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mg/2

moduli are given by mr, ~ 777

and m,, ~ mgj9logmy/ms/s. 7 is much lighter than the
gravitino and 75 is an order of magnitude larger. Note that the suppression of the 7, mass in this
case can be shown to be from a direct cancellation in Eq. (IL.6) as r/ mzl =2-0(1/V). In
these models, unless V' < 10%, 7, generically suffers from the cosmological moduli problem. In all
cases, the early Universe is dominated by moduli oscillations. More recently, it has been realised
that, by adding a third Kahler modulus, the observable sector supersymmetry breaking masses are
suppressed relative to the gravitino mass, requiring 108 GeV < my /2 < 10'" GeV [46]. Again, in
all such cases, 7, dominates the pre-BBN cosmic energy density.

Ex. 3 M theory and Type IIA flux Vacua. These examples [5, 6, 11, 84, 177] use fluxes to
stabilize all the moduli. All these vacua have a negative cosmological constant and it seems difficult
to add additional sources which could change that. The moduli masses are all of order the gravitino
mass.

Ex. 4 M theory on Manifolds of G2 holonomy without flux. These examples [7-9] are based
upon the idea, which goes back to Witten and others [18], that strong dynamics in the hidden sector
generates a potential which breaks supersymmetry and generates a hierarchically small scale (re-
lated to the weak scale). In the M theory context it has been shown that, additionally, the potential
generated by such hidden sector dynamics can stabilize all the moduli fields. The minimum of the
potential has positive energy. The moduli spectrum for these examples has been studied in detail
in [7-9]. All moduli but one have masses of order mg3 o, the remaining one having a somehwat
larger mass. Hence, again, the moduli dominate the early cosmological history but decay before
BBN.

Ex. 5 Type IIB flux vacua with non-perturbative effects. These examples [50] apply the
ideas of [7-9] to stabilize all Kahler moduli and obtain a vacuum with positive vacuum energy
self consistently. These examples all have moduli whose masses are of order 13/, and hence will

dominate the early Universe.
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Ex. 6 Gauge Mediation in String theory? In gauge mediation, the gravitino mass is relatively
low and can be as small as an eV. Generically one expects that there are moduli whose masses are
comparable to m3 5. Since their lifetimes are so long, these moduli will dominate the Universe for
many years and will not be able to reheat it to a temperature high enough for BBN to start (see [105]
for a discussion on BBN constraints). Usually, when one considers gauge mediation, one implicitly
assumes that moduli can be decoupled from the gravitino mass scale and then ignored, but our
results indicate that such assumptions are perhaps too strong. Attempts at realizing a supergravity
model derived from string theory with both moduli stabilization and gauge mediation are described
in [92], based on earlier works of [126, 138, 141]. These models essentially couple a Type 1IB
Kahler moduli sector to a gauge mediation model which is assumed to arise from a configuration
of branes on the Calabi-Yau of the sort described in [85]. The authors of [92] explain that it is
quite difficult to find a model in which gauge mediation effects are not overcome by those of
gravity mediation, when the cosmological constant is tuned to zero. In any case, if one examines
the moduli masses in those examples one finds that the moduli whose masses are dominated by
D-terms have masses much larger than 135, but those whose masses are dominated by F-terms
have masses of order mg/5. Therefore, generally one has moduli which lead to a non-thermal

comological history.
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APPENDIX D

Semi-local F-theory Models

In this Appendix, we would like to address the presence or absence of (non-accidental) R-symmetries
in semi-local F-theory models. For this, recall that F-theory describes nonperturbative configura-
tions of intersecting 7-branes in type IIB string theory. Non-Abelian gauge theories can be engi-
neered when several branes coincide. To describe the gauge degrees of freedom, it is sufficient
for many purposes to consider the worldvolume theory on the branes, which is sensitive to some
aspects of the local geometry but is largely independent of global details of the compactification. In
all known examples for engineering SUSY GUTs, the brane worldvolume theory can be described
as the maximally supersymmetric Eg Yang-Mills theory in 8-dimensions compactified down to 4-
dimensions in the presence of a nontrivial configuration for the internal gauge field and an adjoint
scalar field. Aspects of the local geometry manifest themselves by specifying this configuration,
which breaks Fg down to the GUT group while giving spatially varying masses to internal wave
functions that localize bifundamental matter to “matter curves”. When we refer to a semi-local F-
theory model, we mean precisely this 8-dimensional Eg gauge theory with accompanying internal
field configuration, which is often referred to as a Higgs bundle’.

In general, R-symmetries of models obtained by compactifying brane worldvolumes descend

either from R-symmetries of the original brane theory or internal symmetries of the compactifica-

't should be noted that the assumption of a global Eg as a starting point may not be general enough to capture all possible F-theory
realizations of supersymmetric GUT models. To date, however, we know of no examples of F-theory compactifications, or even local
models that manage to describe the geometry along the entire GUT divisor (as opposed to just a single coordinate patch), that engineer
a GUT while avoiding this global Eg structure.
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tion. This makes it easy to see that there are no continuous R-symmetries present in semi-local
F-theory models; the theory undergoes a twisting that removes any IZ-symmetries that could have
descended from the compactification while the Higgs bundle explicitly breaks the U(1) g of the
original 8-dimensional theory. In the following, we describe the twisting and the R-symmetry of
the underlying 8-dimensional theory in a bit more detail to make this point clear to readers not
familiar with the structure of F-theory models. This discussion very closely follows that of [42]
with only a few minor emphases on R-symmetries added. For a more detailed discussion of the
worldvolume theory, including not just the twisting but also an explicit construction of the action,
the interested reader is referred to [42].

The worldvolume theory on a stack of 7-branes is a dimensional reduction of the 10-dimensional
maximally supersymmetric Yang-Mills theory, whose field content consists of a 10-dimensional
vector A7 (I =0,...,9) and an SO(9, 1) Majorana-Weyl spinor of positive chirality (16.), ¥ 4.
The supercharges of this theory organize themselves into the same representation, 16, as the
fermions. In 8-dimensions, we obtain an 8-dimensional vector A; (i = 0,...,7), a complex scalar
® = Ag + iAo, and an SO(7, 1) chiral spinor S (along with its anti-chiral conjugate S_). The
R-symmetry of the 8-dimensional theory is the U (1) that descends from SO(9, 1) under the reduc-

tion

(D.1) S0(9,1) = SO(7,1) x U(1)x

In F-theory applications, this 8-dimensional theory is compactified on a complex surface .S,
leaving us with a field theory 4-dimensions. Because S has a nontrivial canonical bundle in gen-
eral, objects that transform as spinors under local SO(4) rotations are not globally well-defined;
rather, they are transformed by nontrivial transition functions as one moves from coordinate patch
to coordinate patch. The lack of a globally well-defined spinor, which is needed to define 4-
dimensional supercharges, clashes with our knowledge that the F-theory compactifications under

study manifestly preserve N’ = 1 supersymmetry in 4-dimensions. This tension tells us that the
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7-brane worldvolume theory is necessarily twisted, meaning that its coupling to the background
metric is altered in a way that effectively replaces the local SO(4) rotation group with a combi-
nation of SO(4) and U(1)g. In fact, as described in [42], the twisting should respect the Kéhler
structure of S, which is only preserved by a U (2) subgroup of SO(4). This means that the twisting
can be specified by a particular embedding of U(1)g into U(2) C SO(4). To see the effect the
twisting, consider first the way that 8-dimensional spinors of the theory organize into representa-
tions of SO(3,1) x U(2) x U(1)gr = [SU(2) x SU(2)] x U(2) x U(1)r. Specifying a U(2)

representation by an SU (2) representation and U (1) charge, one has that under the decomposition
(D.2) SO(7,1) x U(1)g — SO(3,1) x U(2) x U(1)

the 8-dimensional chiral spinor (S, +1/2) reduces as

1 1 1
(D.3) <S+,+2> — |:(2,1),20,+2:| S7] |:(1,2),1+1 > 1_1,+§

In order to obtain one 4-dimensional chiral supercharge that transforms as a scalar under the mod-
ified internal rotation group, one must replace the generator .J of the U (1) C U(2) with one of the

combinations
(D.4) Jwop = J £ 2R

where R is the generator of U(1)z. Both of these lead to equivalent theories. Taking the + sign,

the SO(3,1) x U(2) x U(1)p transformation properties of S; become

1 1 1
(DS) <S+a+2> — |:(271)72+17+2:| D |:(1)2))1+2 + 10)+§

where now the subscript refers to the Ji,, charge. The [(1,2), 19, +1/2] component gives rise to
an anti-chiral supercharge in 4-dimensions that is globally well-defined on S. Decomposing the
supercharges of the 8-dimensional theory in this way, these scalars give the supercharges of the

resulting A/ = 1 theory. Because the supercharges are scalars under the “twisted” internal rotation
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group, no R-symmetry can arise from there. The U(1)p that descends from the R-symmetry of
the 8-dimensional theory, however, remains a global symmetry. This is the origin of a U(1)r

symmetry in the 4-dimensional theory with respect to which the chiral supercharges carry charge

D=

Turning to the matter fields, the normalization of U (1) C U(2) is such that it acts as —p on
holomorphic p-forms and p on anti-holomorphic p-forms [42]. This means that J;,, is really a
sort of topological charge, even though the theory itself is not topological. Following [42], we
write the fields that descend from 8-dimensional chiral fermions in the following way, where we
specify again the SO(3,1) x U(2) x U(1) g representations for clarity (here m /m denote holomo-

prhic/antiholomorphic form indices)
% ~ [(271))2+17+%]
(D.6) Wy = )Zq ~ [(17 2)7 1o, +%]

ﬁd ~ [(172)a10a+%]

along with their conjugates.
So far we have only considered fermion fields. The 8-dimensional scalar ®, begins life as an
SO(7,1) singlet that carries U (1) charge +1. After the twisting, its SO(3,1) x U(2) x U(1)g

representation is
(D.7) ¢~ [(1,1),149,+1]

We also get scalars A,, /Ay with holomorphic/antiholomorphic indices m/m from dimensional

reduction of the 8-dimensional vector. The scalar A5 has SO(3,1) x U(2) x U(1) r representation
(D.8) Am ~1(1,1),241,0]

The action of the twisted 8-dimensional gauge theory and its dimensional reduction are studied
in detail in [42]. There, it is noted that the fermions (D.6) and bosons (D.7) (D.8) naturally pair

up into N = 1 chiral multiplets (Am, V%), (Omns Xo5n ), and a vector multiplet (A, 7). In this
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language, the 4-dimensional superpotential can be written as

(D.9) W — / 420 tr (F(O’Q) A¢)
S

where we denote chiral superfields by their lowest components and FéO’Q) = 04A+ANAis
the (0, 2) field strength on S. We note that, by virtue of the integral over S being topological, it
is necessarily invariant under the topological charge J;,,. It is also easy to see that it is invariant
under U(1)g. After all, F©.2) is R-invariant, ¢ carries R-charge +1, and, as we have seen, each
4-dimensional supercoordinate carries R-charge —% in the present normalization. Invariance under
U(1)g is not a surprise; it is a consequence of the fact that the 4-dimensional theory inherits the
U(1)r symmetry of the 8-dimensional theory that we started with.

This is not the full story, though. To construct a semi-local GUT model we must add to this
8-dimensional theory a nontrivial configuration for both the scalar field ¢ and the internal field

strength F. This configuration must satisfy the BPS equations®

(D.10) FOY = FPY 0,6 =016=0 wAFs+ %[sﬁ, ¢ =0

The field ¢ carries nonzero U (1) and U(1)¢,, charges so only a single linear combination sur-
vives. This is the combination for which the superfield ¢ in (D.9) carries charge 0 while the
superfield Az and covariant derivatives 04 carry charge 1.

The Higgs bundles of interest always have nonzero Féz,o)’ which carries charge 2 under this
symmetry, so one might conclude that even this symmetry is broken. We want to be a little care-
ful about this because the dependence of Yukawa couplings on fluxes it is not always clear. For
instance, it is known that while the spectrum depends on the gauge flux, Yukawa couplings essen-
tially do not [56]. On the other hand, Fg’o) arises in F-theory from G-flux, which may or may not

impact the Yukawas. One might argue that we can only be sure of which symmetries control the

2Throughout most of the literature, only Abelian configurations in which [¢, ¢] = 0 are considered. There, the flux Fis must satisfy
wA Fg=0.
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Fé2,0)3'

superpotential in the limit of vanishing
Nevertheless, it is easy to see that the combination U (1) and U(1)y,, that is preserved by ¢
cannot descend to a symmetry that constrains the 4-dimensional effective action for massless fields.

This is because of the coupled nature of the equations of motion for 4-dimensional fermions
i
0=wA aAT/Ja + §[¢)7 Xa]

(D.11) 2

= 9ax” — [, 9]
In the presence of a nontrivial expectation value for ¢, these equations imply position dependent
masses that cause the internal wave functions to localize along ’matter curves” where this expec-
tation value vanishes*. Because 1)® and x© are coupled by these equations, exciting a single mode
on a matter curve corresponds to turning on nontrivial profiles for both of them. The 4-dimensional
field that results does not have a well-defined charge under, U (1) g, U(1)tqp, or the linear combina-
tion that is preserved by ¢, because 1® and x“ carry different charges under all of these symmetries.
For this reason, we do not expect any of these symmetries to control the superpotential for massless
4-dimensional fields, including both renormalizable operators and the nonrenormalizable ones that

arise from integrating out KK modes.

3This seems kind of nonsensical because the spectrum jumps if we set Fé. ) (o zero but our main point is that we are more

comfortable with an argument that does not rely on explicit breaking of a U (1) by F’ é2’0>.
4As a meromorphic section on a complex surface, the vanishing locus of the expectation value for ¢ will generically consist of a
collection curves.
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APPENDIX E

Engineering SU(5) x U(1), Directly

As noted in section 5.5.1, constructing flipped SU (5) models from SO(10) GUTs in F-theory
has some intrinsic difficulties, most notably realizing the GUT-Higgs fields without introducing
new exotics into the spectrum. For this reason, it may be preferable to engineer SU(5) x U(1)y
directly, without using SO(10) as an intermediate structure. Doing this gives up unification and
introduces a fine-tuning associated with the closeness of a;; to aio and a3 at the high scale. Never-
theless, it is an alternative that may be interesting because, in such models, the U(1),, gauge boson
will not be localized near the GUT branes but rather will correspond to a "bulk” closed string
mode that can couple more readily to hidden sectors. This may make such scenarios interesting for
phenomenology.

In this Appendix, we present a sample semi-local construction of an SU(5) x U(1), model
that also engineers a U(1) pg symmetry! capable of removing many, but not all, of the problematic
nonrenormalizable operators involving the GUT-Higgs fields H and H. This is the first explicit
example we are aware of that realizes multiple U (1) symmetries that generically contains no non-
Kodaira type singularities> While we add fluxes to engineer a flipped SU(5) spectrum, it should

be straightforward to engineer an ordinary SU(5) GUT as well in this setup. For flipped SU (5),

By U(1) p@ symmetry we mean a U (1) symmetry that allows the MSSM superpotential but forbids a bare 1 term.

2Semi-local models with multiple U (1)’s were recently studied in [94] but a further topologically tuning that isn’t specified explicitly
must be added in order to ensure the lack of non-Kodaira type singularities at isolated points where pairs of sections vanish. The
construction that we describe in the following is different from those and requires no additional tuning beyond the choice {2 = O.
Further, we explicitly build an example in which all objects that are used to construct the model are sections of bundles that admit
holomorphic sections.
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it is necessary to engineer SU(5) singlet fields as well as ensure U(1), remains massless in the
presence of flux. Neither of these issues are sufficiently well-understood in global models to ensure
that they can be solved but the parameter space of fluxes that we find in the semi-local model is
large enough that it seems reasonable to expect that both of these shortcomings can be addressed
in the future.

We now turn to a semi-local model for an SU(5) GUT that retains a U (1), and U(1) pg sym-
metry. We provide only a brief review of semi-local models and how to construct them. For a more
complete discussion, see [155].

As described in Appendix D, the starting point is an Fs gauge theory. We must then introduce
a Higgs bundle satisfying (D.10). This is done with a spectral cover C [90], which is a 5-sheeted
cover of the complex surface, SquT, on which the gauge theory is compactified. To break Fg —
SU(5)gur, the scalar ¢ must take values in the adjoint of the SU(5); commutant of SU(5)guT

inside Eg. These can be parametrized by five eigenvalues that sum to zero

tt 0 0 0 O
0 ¢ 0 0 O
(E.1) @~o 0t 0 0 > ti=0

0 0 0 tg2 O

0 0 0 0 ¢ts5
Roughly speaking, one can think of each sheet of the cover as specifying one of the five eigenvalues
t;. As one moves along SguT, the ¢; are mixed under monodromy. This is reflected in C by the
manner in which the sheets are glued together. In the absence of monodromy, the U (1)* Cartan of
SU(5) survives as a symmetry of the theory. In the presence of monodromies, only those U(1)’s
that are invariant survive.

Monodromies also affect the potential matter content of the theory. All matter descends from
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the adjoint of Eyg
(E.2) 248 — (24,1) ® (1,24) @ (10,5) & (5,10)

Without monodromy, we get 5 copies of the 10 that transform as a fundamental of SU(5),. We
use the ¢; to label these five copies, denoting them 10y, for¢ = 1,...,5. Similarly, we get 10 copies
of the 5 labeled as 5,1, with i # j. Finally, we get 24 singlets labeled as 1;, ;, with i # j. One
typically doesn’t discuss singlets in the context of semi-local models because their wave functions
do not localize on the GUT-branes. SU (5) singlets are therefore sensitive to global details of the
geometry so it doesn’t make sense to describe much about them in a semi-local setting other than
their charges under any U (1) factors that remain.

A generic monodromy group will mix all ¢;’s. This projects out all extra U(1)’s and leads to a
spectrum with just one type of 10 and one type of 5. We want to realize extra U (1) symmetries to
we construct a Higgs bundle with a reduced monodromy group by using a factored spectral cover
C. In order to realize both U(1),, and U (1) pg and engineer both the MSSM superpotential and the

flipped superpotential (V.4), there is in fact a unique factorization structure
(E.3) C —C@ x ¢l x ¢l

where C(@) has two sheets, C (@) has two sheets, and C (¢) has one sheet. The matter fields that one
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obtains and their charges under the two U(1)’s that survive are listed below

Field U(l)y U(1)pg

10 = 10,, 1 1
10 =10, 1 -1

10®) = 10,, —4 0

(E4) 5 =5, 11, | 2 2
59 =5, b, | 2 2

5lad) = 5¢,+t, 2 0

509 =5, ., | -3 1

59 =5, .. | -3 -1

Our identification of the first U(1) as "U(1),” is natural once we identify the fields above with

those of the MSSM in the following way

10 «» F+H
09 o H

(E.5) 5@ 5 h
59 7
509 o F

To engineer the right spectrum, then, we need the following chiralities of zero modes on each

matter curve

Curve |10@ 10@ 100 5@ pld glad glae) glde)
(E.6)

Chirality 4 -1 0 —1 1 0 3 0
Spectral Cover

To construct such a model explicitly, we need a factored spectral cover. The spectral cover lives

in an auxiliary space that is the total space of the canonical bundle over SgyTt. We refer the reader
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to [155] for details about this and only summarize the construction here. We write a factored cover

as
(E.7) C = cl@edele)
with
C = V2 + a UV + apU?
(E.8) CYD = dyV? + d UV + dyU?

C® = eV +eoU

Here, the a,,, d,,, and e, are sections of the bundles

Section Bundle

am | = (m+3)er =& =&

(E.9)
dn = 51 + (2 — m)cl
€p =&+ (1-pla
where ¢y is short for the anti-canonical bundle of SqyT, KESUT' We can choose the bundle 7,

which encodes the manner in which SquT is embedded into a global model, as well as the bundles
&1 and &. The traceless condition on C, which amounts to ensuring that it specifies an SU(5)

bundle rather than a U (5) one, becomes

(E.10) epdoar + egagdy + dpapge; =0

We choose to solve this in a very particular way that is tailored for our ultimate choice of the
complex surface SqyT. First, we take &5 to be a trivial bundle so that we can set e; =. Because of

this, we hereafter refer to £; simply as

(E.1T) =&, &£=0, e=1
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Now, we define new sections A, B, C' and set
ag = d1 B*C — epay
(E.12) do = a1 A%C — epd;
eg = ABC

With this parametrization, we are free to choose a bundle x for the section C'. The spectral cover

now takes the form
(E.13) C=0bsV? + b, VU + b3V3U? + 0y, V2U3 + by VU + bU®

where
b5 = a2d2
by = a1dy + ag(dl + dQABC)
bs = a1 (dl + a2A20> + d1d2B2C
(E.14)
by =C [d%B2 + A(a1 + agABC)(alA - dlB) + dQABQC(dlB — alA)]
b1 =0

bo = —A’B*C3(a1A — d,B)?

‘We will tailor our construction so that it can be embedded into Calabi-Yau 4-folds based on the
geometries of [154]°. There, Squr is a dP» surface, whose second homology is generated by a

hyperplane class, h, and two exceptional curves, e; and ex*. In terms of these, ¢; is simply

(ElS) Cc1 = 3h — €] — €9

while, in the geometries of [154], 1 is given by

(E.16) n=17h — 6(ey + e3)

3These geometries were constructed to satisfy a topological condition [43,54,88] that allows GUT-breaking via U (1)y flux. While
we will not utilize this method of GUT-breaking, we still use the geometries of [154] because of their relative simplicity.

4The nonzero intersections are h? = 1 and e? = —1. All other intersections vanish. We hope that context will avoid any confusion
between the hyperplane class, h, and the up-type Higgs multiplet, which we also refer to as h.
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Finally, we must be careful about our choices of £ and  in order to ensure that the bundles associ-

ated to all sections really do admit holomorphic sections. To that end, we take

(E.17) E=h—er x=h

To see that this is ok, we now list all sections that appear in (E.14), the general bundles of which

they are sections, and the specific bundles for the choices (E.15), (E.16), and (E.17)

Section General Bundle Bundle in our d P, Construction

as n—>5c —¢§ h — ez

al n—4cp — € 4h —e1 — 2e9

ag n—3c1 —¢& Th —2e1 — 3ey

do 3 h—el

dy 1+ €& 4h — 2e; — ey
(E.18)

do 2c1 + & Th — 3e1 — 2eq

e1 O @)

€o 1 3h —e1 — e

A | =3m+x)+3c+¢ h—eg

B s(n—x)—&—2c1 h—eq

C X h
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For our specific choice, all of the bundles admit holomorphic sections. We now list the classes of

all matter curves inside SquT

(E.19)
Field Origin Equation for Matter Curve in dP, | Homology Class | Class for our choices
10(@) c(a) as n—>5cy —¢& h — e2
10(4) c(d) do ¢ h— ey
10(¢) cle * * *
5l cla) —cla) ay n—4dcy —¢& 4h — e1 — 2e9
57D | @ _ @) dy ¢+ € Ah — 2eq — €9
50D | o) _ @) (agdy + a1ds) + C(az A + daB)? n —4cp 5h — 2(e1 + e2)
59 | cl@) _ ¢l dy + as A2C 1+ € 4h — 2eq — es
5@ | c@) _ ¢ a1 + dyB2C n—4dcp — € 4h — e; — 2e9
Fluxes

The next step is to introduce suitable fluxes to engineer the desired spectrum of zero modes

(E.6). In a semi-local model this amounts to twisting the Higgs bundle as described in [90]. We

will make use of several fluxes. These include two non-universal fluxes that are only accommodated

if we further specialize the spectral cover. To that end, we set

(E.20)

a]; = ot — dQB2C

di = 08 — as A%C
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We will abuse notation in what follows and use «,d to denote both the sections above and the

bundles of which they are sections. With this in mind, the fluxes that we introduce are

Ya = Mg (2 — p:;pa*) o - C(a)

Ya =14 (2 = pipa.) o - CD

U, ={[V=elUlNa}—a-C®

(E21) Ug={[V=eU]Nds}—5-C
ﬁ::dw—c@}p
i = :C(a) _ Qc(e)} -
5:?w_%@yy

where p, 11, and v denote arbitrary classes in Ha(d Py, Z). We also use p, to denote the projections
Do C (@ ScuT and similar for pg. All of these fluxes are constructed so that the net trace is
zero but traces along individual components of C do not necessarily vanish. The net flux that we
construct must be supersymmetric, though. The condition for supersymmetry that we impose is

that the net flux, I', satisfies
(E.22) W Paxl =w - paxl’ =0

for some w in the Kihler cone of Squt = dPs.

To compute the spectrum from these fluxes, it is necessary to identify matter curves within the
spectral cover C as described, for instance, in [155]. This is tedious but straightforward so we do
not present the deteails here. We simply note that, with the fluxes (E.21), it is relatively easy to find

a 4-parameter space of solutions that are supersymmetric and yield the proper spectrum (E.6). One
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sample solution from this space is

(E.23) a = —bh+ 3e; + Tey
p=—€
uw=20
v =3h — bey

which satisfies the supersymmetry condition for w = ¢; = 3h — e; — es.

The semi-local model presented here is only a first step. Embedding in a global model based
on the geometries of [154] is straightforward since we know how to lift sections of bundles on d P,
to sections of bundles on the 3-fold described therein. For sections that are not symmetric in e;
and ey this can be a bit tricky but, as shown in [157], this can be dealt with. One must worry about
ensuring that U (1), survives as an honest gauge symmetry, rather than being lost due to additional
effects like those described in [118], but from [116, 156] we know how to do this. We need only
lift the sections appearing in (E.14) to sections on the full 3-fold of [154] and write a truncated
Weierstrass from as in y? = 23 + C [156] with no additional terms. That the fluxes (E.21) can be
globally extended in this setting follows from the construction of [156].

What remains to be understood are two important ingredients. The first is engineering the
proper number of SU (5) singlets, which is important because these become right-handed electrons
in flipped SU (5) models. This will also ensure that U (1), is non-anomalous, which is a necessary
condition for having it remain as an honest massless gauge symmetry at low energies. As we know
for experience with hypercharge flux, though, this is not enough. One must carefully ensure that
the fluxes we use to induce chirality do not cause U (1), to be lifted. We hope that the parameter

space of fluxes we have found is large enough to allow at least some choice that does not lift U (1),
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but we have no way of saying for certain at the moment. Further progress will require refined

understanding of global fluxes and U(1)’s in F-theory beyond what is currently known.
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