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Stringy Surprises

Michael RATz

Physik Department T30, Technische Universitat Miuinchen,
James-Franck-Strasse, 85747 Garching, Germany

There are many possible directions for embedding the MSSM in string theory. This
paper describes an approach which is based on grand unification in higher dimensions. This
allows one to obtain models with the exact MSSM spectrum and built-in gauge coupling
unification. It turns out that these models exhibit various appealing features such as (i)
see-saw suppressed neutrino masses, (ii) an order one top Yukawa coupling and potentially
realistic flavor structures, (iii) non-Abelian discrete flavor symmetries relaxing the super-
symmetric flavor problem, (iv) a hidden sector whose scale of strong dynamics is consistent
with TeV-scale soft masses, and (v) a solution to the u-problem. The crucial and unexpected
property of these features is that they are not put in by hand nor explicitly searched for but
happen to occur automatically, and might thus be viewed as “stringy surprises”.

§1. Goals of string model building

The standard model (SM) of elementary particle physics is remarkably successful
in describing experiments. There are three main reasons for going beyond the SM:
@ observational: neither the observed cold dark matter nor the baryon asymmetry
can be explained in the SM;
@ conceptual: the SM is based on quantum field theory, in which, however, it
appears difficult to incorporate gravity;
® aesthetical: the structure and the parameters of the SM ask for a simple, ar-
guably more fundamental explanation.
Solid observations contradicting the SM so far are mostly astrophysical and/or cos-
mological. There are many ways to extend the SM such as to explain these obser-
vations; perhaps even too many. One might therefore argue that one should search
for theoretical guidelines that, in a way, reduce the arbitrariness in model building.
In this paper, the guideline will be the requirement that the extension of the SM
should be embedded into string theory, which is believed to unify quantum gauge
theory with gravitation. This choice is motivated by the above reasons @ and ®,
and sort of ignores the most concrete arguments @ for going beyond the SM. This
approach builds on the observation that the gauge couplings appear to meet in the
minimal supersymmetric extension of the SM, the MSSM, at the scale

Mgur = few-10'°GeV , (1-1)

and that the four-dimensional Planck scale Mp is numerically not too far from Mgyr.
Explanations of the smallness of the neutrino masses often rely on a similarly high
scale. Even more, the fact that one generation of SM matter fits into the 16-plet of
SO(10) is interpreted as strong evidence for unification along the exceptional chain?)

Es=Gsy C Ey=SU(B) € Es=S0(10) ¢ Es C Er C Eg, (1-2)
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which is beautifully realized in the heterotic string 2% (cf. the discussion in 4)).
Here Gsy denotes the SM gauge group,

Gsm = SUB)e x SUR)L x Uy . (1-3)

The main purpose of this paper is to show that the emerging route from the SM to
string theory, the “heterotic road”, has particularly promising features.

One of the main motivations of building a string model is as follows. A string-
derived model has to be ‘complete’ in the following sense: once one has obtained
a globally consistent construction that reproduces the SM in its low-energy limit,
unlike in field theory one cannot ‘amend’ it by extra ingredients such as extra hidden
sectors, further states or additional interactions. Instead, we have to live with what
string theory gives us. In particular, solutions to the usual open questions, such as
the strong C'P problem, have to be already included in a global string-derived model.
Since spectrum and couplings are, in principle, calculable, one might hope to arrive
thus at non-trivial predictions. The strategy would then be to

O first construct a model that reproduces the SM in its low-energy limit and
® then identify solutions to long-standing puzzles in this construction.
The main problem with this strategy is that the first step is highly non-trivial. In
fact, the first item @ has been around for a rather long time; already in 1987 Ibanez
made the statement more concise® by defining a sort of “wish list”:
1. chirality;
2. gauge group contains (and can be broken to) SU(3) x SU(2) x U(1);
3. N =1 supersymmetry in d = 4;
4. contains standard quark-lepton families;
5. contains Weinberg-Salam doublets;
6. three quark-lepton generations;
7. proton is sufficiently stable (7, 2 1038 years);
8. correct prediction sin® Ow ~ 0.213, My ~ Mp ~ 10'8 GeV;
9. no exotic gauge boson with mass <1086GeV_ 1 TeV nor fermions < 20 100 GeV;
10. no flavour-changing neutral currents;
11. masstess (or so) left-handed neutrino;
12. weak CP violation exists;
13. potentially realistic Yukawa couplings (fermion masses);
14. SU(2) x U(1) breaking feasible;
15. small supersymmetry breaking;
16. ...
It is remarkable that the experimental situation did not change much at the qual-
itative level since then (the updates to the traditional wish list are marked in red
(color online)). Clearly, if one was to go back from 1987 by additional 22 years,
analogous wish lists would have changed dramatically. Yet, despite the relatively
long time of rather little changes to the wish list, string theory did not yet give us a
clear answer. In fact, so far only few models have been found which come close to
the (MS)SM. Some of the most common problems are that concrete string compact-
ifications predict unwanted states that cannot be decoupled, so-called chiral exotics,
and/or unrealistic interaction patterns such as a hierarchically small top Yukawa
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98 M. Ratz

coupling.

One important comment to make in this context is the following: if a model pre-
dicts wrong quantum numbers, it is certainly ruled out. On the other hand, a model
is definitely not ruled out if it does not comply with the currently most popular ideas
of moduli fixing. In other words, it is by far more likely that string theorists have
missed some possibilities for moduli stabilization than that experimentalists have
overlooked some chiral exotics at LEP 2 or the Tevatron. Therefore, our strategy is
to seek for models that give rise to the right states and interaction patterns, and to
approach the really tough questions like the breakdown of supersymmetry, moduli
stabilization and the vacuum energy in this class of models in a second step. As we
shall see later, this strategy has lead to novel ideas in moduli fixing and explaining
the hierarchy between the Planck and electroweak scales.

This paper might be viewed as an addendum to the earlier reviews, where
heterotic orbifold compactifications have been described that exhibit the exact MSSM
spectra at low energies. Before entering the details, a couple of disclaimers and apolo-
gies are in order:

1. this is not going to be a complete survey of all attempts to find the MSSM,;
2. the focus will be on models with the exact MSSM spectrum at low energies and
built-in gauge coupling unification;*)
only globally consistent string models will be discussed;™)
4. there are alternatives, satisfying the above criteria, which will also not be dis-
cussed in detail.11)13),x%)

6)-8)

@

§2. Exact MSSM spectra from heterotic orbifolds

The focus of this paper will be on models based on the so-called Zg-II orb-
ifold.')-21) They were obtained by marrying the bottom-up idea of orbifold GUTs?2)29)
(for a review, see e.g. 30)) to the orbifold compactifications of the heterotic string.3") %)
A key ingredient of these constructions is a non-trivial gauge group topography,?)
i.e. different gauge groups are realized at different positions in compact space. More
precisely, the bulk gauge group Eg x Eg gets broken to different subgroups, which
will be referred to as “local groups”, at different orbifold fixed points or planes. The
effective gauge group after compactification is given by the intersection of the various
local groups in Fg x Fg. By demanding that one Eg factor gets broken to Gy, one is
then lead to the picture of “local grand unification” (LGU).9)40):41) Here, the local
gauge groups are larger than Ggyy,

G'local D GSM; (21)

*) Recently intersecting D brane models have been constructed which possess the chiral spectrum
of the MSSM.?'19 These models will not be discussed because there gauge coupling unification
appears to be an accident rather than built in, and the prejudice in these proceedings is unification.

**) Models obtained in the framework of F-theory so far do not fulfill this and the previous
criteria simultaneously.

***) There are also very promising models based on the free fermionic construction in the literature
(for a review see 14)). Whether or not these constructions have a geometric interpretation is
controversial.!®
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Fig. 1. (color online) Orbifold model building.
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hence these groups are precisely those discussed in the context of (4D) grand unifi-
cation,

Grocal = SU(B), Gpg, SO(10) etc. , (2-2)

where Gps = SU(4) x SU(2), x SU(2)R is the Pati-Salam group.*?) The key ingre-
dient of the LGU scheme is that states confined to a region with a GUT symmetry,
Eq. (2-2), necessarily furnish complete representations of that symmetry. On the
other hand, bulk fields turn out to “feel” symmetry breaking everywhere, and hence
come in split multiplets.

Although LGU scenarios can be obtained in the context of field theory, we will
argue that it is advantageous to embed the LGU scheme into string theory. Apart
from the reasons described in §1, strings are — unlike gauge field theories in more
than four dimensions — well behaved, i.e. they are believed to be UV complete. On
the practical side, a stringy computation of the spectrum of a given orbifold model
is straightforward whereas in field theory it is very hard to figure out what the states
at the fixed points are.

Let us briefly outline how such stringy orbifold compactifications work. (For a
detailed description and recipes on orbifold computations see 43) and 44); for the
Ze-11 case see 17).) A model is defined by the geometry and the so-called gauge
embedding (Fig. 1). Note that a model has many vacua with very different phe-
nomenological properties. The geometry of a string Zy orbifold is defined by a 6D
torus T® and a symmetry operation # which can be modded out. This symmetry
operation is to be embedded into the gauge degrees of freedom. This is described by
the so-called gauge shift V. Moreover, the torus translations e, can be associated to
discrete Wilson lines W, which have to comply with the discrete symmetry opera-
tion #. Consistency conditions then limit the possible number of models to a finite
number. A complete classification of all gauge embeddings has first been attempted
for the Zs orbifold.*?):46) The main problem is that there is a huge redundancy in
the shift V' and Wilson lines. In orbifold models, two sets (V,W,) and (V', W) are
equivalent if they are related by Weyl reflections. If they differ by vectors in the
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100 M. Ratz

root lattice of Eg x Eg, Ap,xpy, they are equivalent, or fall into a small number of
equivalence classes, called brother models in 47). However, the Weyl group of Fg
is enormously large, the number of elements is 696729600, so that in practice it is
impossible to check whether two shifts are equivalent or not. Giedt’s method?®)46)
allows one to eliminate these redundancies to a large extent, but not completely. To
obtain the true number of models, in 21) a statistical method, based on proposals
made in a different context,?®):49 has been described. There shifts and Wilson lines
are generated randomly, and the spectra are computed. One builds up sets of models
by the following procedure: generate a first model. Then generate randomly further
models and add them to the set as long as they are not already contained in this set;
if the model was already present, terminate. The criterion if two models are equiv-
alent or not is taken to be whether or not the spectra coincide; this underestimates
the true number of models somewhat. The size of thus generated model sets goes as
VN, where N denotes the number of inequivalent models. Using this strategy, one
finds that the Zg-II orbifold admits roughly 107 inequivalent gauge embeddings.

Let us now come to how the promising models with the exact MSSM spectra
were found. The search strategy was based on the concept of LGU, as explained
above. In the context of the heterotic orbifolds, this means that one should look at
compactifications that exhibit fixed points with local GUT groups and localized GUT
representations, which eventually give rise to complete SM representations. The sim-
plest way to obtain a three-generation model is to look at models in which there are
three fixed points with an SO(10) symmetry and localized 16-plets.’®) However, it
turns out that stringy consistency conditions (“modular invariance”) are so restric-
tive that in all settings of this type one has to buy extra states which imply that one
either has to allow for chiral exotics or play with the normalization of hypercharge,
thus giving up the simple picture of MSSM gauge coupling unification.!”)-18)

Since the idea of three sequential families does not work smoothly, one has to
look for alternatives. The perhaps simplest possibility is to go for “2 4+ 1 family
models”, i.e. settings where two families are explained as completely localized 16-
plets while the third family comes from ‘somewhere else’. Scenarios of this type have
first been studied in the context of string-derived Pati-Salam models.?):*?) In what
follows, we shall focus on MSSM models with this structure.6)18):20),41),53) Tt turng
out that 2 4+ 1 family models are indeed promising:

1. one can find O(100) models with the chiral MSSM spectra, which denote the
so-called “heterotic mini-landscape”;
2. exotics are vector-like w.r.t. Ggym and can be decoupled consistently with van-
ishing F- and D-terms;
3. these settings exhibit various additional good features automatically, i.e. one
does not have to search for these features, they are simply there.
It is the last point which motivates the title of this paper, and which will be the
focus of the subsequent discussion.

Before discussing the surprising features, let us note that, in order to get rid of
the vector-like exotics, one has to switch on VEVs of certain SM singlet fields s;.
Giving VEVs to states localized at certain fixed points corresponds to resolving or
‘blowing up’ the respective singularity (for a recent discussion see Refs. 54) and 55)).
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Table I. Results of a random scan for MSSM models in the Zg-II orbifold. “2WL” and “3WL”
mean that two or three Wilson lines are switched on.

local GUT | “family” | 2 WL | 3 WL
FEs 27 14 53
SO(10) 16 87 7
SU(6) 15+6 2 4
SU(5) 10 51 10
rest 39 0
total 193 74

Often one can blow up an orbifold completely, thus arriving at a smooth Calabi-Yau
space. However, in the models we shall discuss it turns out that a complete blow-
up always destroys some phenomenologically important features of the models, for
instance breaks hypercharge at a high scale.?® This fact has been interpreted in
different ways. The authors of 56) regard it as fine tuning if not all singularities
are blown up. On the other hand, string theory is known to be well-behaved at the
orbifold point since the very first papers on this subject.32) Even more, the orbifold
point denotes a symmetry-enhanced configuration in moduli space, and it is well
known that moduli tend to settle at such points®™)%®) (for a recent field-theoretic
example demonstrating this see Ref. 59)). This is because these are always stationary
points of the scalar potential. It is also clear that in the presence of a 4D Fayet-
Iliopoulos (FI) term, not all fields can reside at the orbifold point. Instead, one has
to go to a ‘nearby vacuum’ in which the FI term is canceled.f?) In such a situation,
some fields get driven somewhat away from the orbifold point while other stay there.
Of course, these arguments do not tell us why only some SM singlets attain VEVs,
yet they might nevertheless allow us to give a preference for so-called partial against
full blow-ups.

The search for MSSM models in the Zg-1I orbifold has been completed in Ref. 21).
It turns out that there are O(100) models without the 2 + 1 family structure, still
giving rise to the exact MSSM spectra. In this scan, about 5 - 10° out of a total of
~ 107 inequivalent models has been analyzed. Most MSSM candidates are based on
two and some on one local GUTs (see Table I). Interestingly, although the subset
of models with 2 equivalent families, i.e. the models with two out of three possible
non-trivial Wilson lines, is very small, only about 3 - 10 out of 107 models have this
structure, the majority of MSSM candidates has this property. Only a small subset
of 39 candidates does not exhibit local GUT structures at all. This might be inter-
preted as evidence for the importance of incorporating elements of grand unification
into string model building.

§3. Phenomenological properties
Let us now discuss some of the most important phenomenological properties of

these models. We will mainly focus on the 2WL models, since they are, as of now,
better explored. They fall into two classes, depending on the shift; it can be either
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VKRZ = <171717070707070> <1711010101010a0> (31&)
333 6 6
or
‘/ESEILI{ - <:J:7 Jl; Jl; 07 07 07 07 O:) <:J;7 07 07 07 07 07 07 ({> . (23'11))
2°2°3 3

Vkrz has been first used in the context of Pati-Salam models®V):%2) while the first
MSSM models in the Zg-1I orbifold were based on VBHLR.M)’”)

3.1. Neutrino masses

One of the most striking observations supporting the picture of the great desert
between the electroweak and GUT scales comes from neutrino masses, which are
known to be small,

my, S 0.1eV. (3-2)

The smallness of m, can, in a very compelling way, be related to the hierarchy
between the GUT and electroweak scales. The most prominent realization is the
see-saw,%!) where the neutrino masses are given by the famous formula

1}2

my ~ A (3-3)
with v and My denoting the electroweak VEV and the mass of right-handed neutrinos
Ui, respectively. Data, in particular from the atmospheric neutrino oscillations, seem
to indicate that M; has to be somewhat below the GUT scale. It turns out that
the mini-landscape has a built-in mechanism to lower the see-saw scale against the
mass scale of vector-like exotics, which can be argued to be of the order of the
GUT or compactification scale. The mechanism relies on the presence of O(100)
instead of three right-handed neutrinos ;. To understand this, let us explain what
a neutrino in these constructions is. To be specific, we focus on vacua with matter
or R parity, some of which have been explored in 18),20),53). A neutrino is then
simply an R-parity odd Ggy singlet. To obtain the see-saw formula (3-3), one has
to integrate out the right-handed neutrinos. In other words, the effective neutrino
masses get contributions from all neutrinos (Fig. 2). In the presence of Ny > 3
neutrinos, m, gets enhanced against what one gets in the the 3-neutrino case,%?)
with the enhancement factor going roughly as v/N;.9) Because of the contributions
of many neutrinos outside the SO(10) 16-plet, the flavor structure of m, is not
directly related to the flavor structure of the quarks and charged leptons. To first

\

=y
¢ —
AN 7"

\

Fig. 2. (color online) See-saw.

Downl oaded from https://academni c. oup. conl ptps/article-abstract/doi/10. 1143/ PTPS. 180. 96/ 1843488
by University of California, Irvine user

on 27 June 2018
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approximation, one gets some flavor anarchy;%% deriving reliable textures in specific
vacua along the lines of 65) appears also feasible.

3.2. Flavor structure

Let us now take a closer look at the Yukawa couplings of charged fermions. Here,
we focus on the @(100) models based on Vurr (Eq. (3-1b)). They turn out to have
the following family structure (up to vector-like states):

e 15 and 27 families come from 16-plets localized at SO(10) fixed points;

e 3" family d and ¢ (i.e. the 3'¢ family 5 in SU(5) language) come from the
Ty 4 sectors and therefore correspond to states localized on two-dimensional
submanifolds in compact 6D space;

e 3" family @, € and ¢ as well as the Higgs fields h, and hg are bulk fields, i.e.
free to propagate everywhere in compact space.

Let us discuss implications of these facts at a naive, field-theoretic level. Yukawa
couplings connecting the Higgs fields to matter may be written as overlap integrals,
one could then expect that the couplings of the first two generations are suppressed
by the total 6D volume while the 7 and b Yukawas, y, and y,, are suppressed by the
4D volume transverse to the two-dimensional submanifold and the top Yukawa y; is
unsuppressed, thus leading to the hierarchy

Yukawa couplings of the first two generations < y,, vy < ¥ .

Needless to say that this is not against data. It is somewhat surprising that the
heterotic string did not allow us to get MSSM models with three sequential families,
where the flavor structure would have been unrealistic. On the contrary, it forced us
to go to models where the appearance of the third family is somewhat miraculous,
but the flavor structure is qualitatively realistic.

The top Yukawa coupling ¥, plays a special role as it is directly related to the
(unified) gauge coupling. At tree level, one obtains an equality between y; and the
unified gauge coupling*")

Yy = g- (3-4)

This relation is subject to various corrections. Apart from the usual 4D renormal-
ization group running, the most important modifications of this relation stem from
non-trivial localization effects. To discuss these, consider an orbifold GUT limit in
which the SO(4) plane gets large. Here, the right-handed top quark and the third
generation quark doublet are contained in a hypermultiplet.41) The two different
N = 1 components of this hypermultiplet attain different non-trivial profiles due
to the presence of localized Fayet-Iliopoulos (FI) terms.%9) As a consequence, the
prediction for g, at the compactification scale gets reduced against the gauge cou-
pling g, where the suppression depends the geometry of internal space.5”) On the
other hand, the value of y; at the compactification or GUT scale translates into a
prediction for the ratio of Higgs VEVs tan 3. It turns out that the reduction is phe-
nomenologically welcome, and allows us to obtain moderately large (or even large)
tan 3, which seem to be favored by phenomenology, in particular by the LEP bound
on the lightest Higgs mass. A rough estimate of the reduction seems to indicate
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104 M. Ratz

that rather anisotropic geometries, allowing for an orbifold GUT interpretation, are
favored.67)

Such anisotropic geometries allow us, at the same time, to reconcile the GUT
scale with the string scale [68), footnote 3]. This can be accomplished by associating
Mgut to the inverse of the largest radius, while all (or most of) the other radii are
much smaller. In this case, the volume of compact space can be small enough to
ensure that the perturbative description of the setting is still appropriate. This idea
has been studied in some detail more recently.%?) The outcome of the analysis is that
the above puzzle can be resolved if the largest radius is by a factor 50 or so larger
than the other radii. Amazingly, the estimate of the suppression of the top Yukawa
coupling reveals that, in order to obtain phenomenologically attractive values for
tan 3, one has to go to a rather anisotropic orbifold. This gives further support for
this idea of reconciling the GUT and string scales.*)

Another important issue is the flavor structure of the soft supersymmetry break-
ing terms. The fact that the two light generations reside at two equivalent fixed
points has important implications. As a consequence, the two light generations
transform as a doublet under a D, discrete flavor symmetry.?!):73) Therefore, the

structure of the soft masses is”)
a 0 O
m? = 0 a 0 | 4+ terms proportional to Dy breaking VEVs . (3-5)
0 0 b

This structure is very much reminiscent of the scheme of “minimal flavor violation”
(MFV),™7) in which the soft masses are of the form

Mipy = al+bYTY . (3-6)

Here the YTY term represents operators built up from Yukawa matrices transform-
ing appropriately under the classical flavor symmetry Gavor = SU(3)y x SU(3)g %
SU(3)qx SU(3)e x SU(3), that appears in the SM when all Yukawas are set to zero. It
turns out that, if one imposes (3-6) at the GUT scale, the form of m? stays preserved
under the renormalization group. Even more, the coefficients ¢ and b in (3:6) get
driven to non-trivial quasi-fixed points,”)> ™) which makes it practically impossible
to distinguish experimentally between zero and non-zero b, i.e. an mSUGRA ansatz
or its MFV-inspired generalization, at the GUT scale. Moreover, the supersymmet-
ric C'P phases get driven to zero,™) thus relaxing the supersymmetric C'P problems.
Hence, the Dy flavor symmetry ensures phenomenological properties very close to
those of the so-called mSUGRA ansatz, which is known to evade the phenomenolog-
ical constraints. In summary, the D, symmetry seems to represent an appropriate
means to ameliorate or even avoid the supersymmetric flavor problems, without the
need to rely on a specific scenario of mediation of supersymmetry breaking.

*) Power-like running between the different compactification scales has been analyzed recently
in Refs. 70) and 71). In the context of Zi2 it was found that stringy threshold corrections and
power-like running might be different in orbifolds with Wilson lines.”™ These issues deserve to be
studied in more detail.
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3.3. Scale of supersymmetry breakdown and moduli stabilization

This brings us to another very important question: how is supersymmetry broken
and why is the weak scale so far below the scale where gauge couplings meet? The
traditional answer to these questions relies on dimensional transmutation,®) i.e.
supersymmetry is broken by some hidden sector that gets strong at an intermediate
scale A. The gravitino mass, setting the scale for the MSSM soft masses, is then
given by®!) ,

A

m ~ — . 37
3/2 M}g ( )
However, if one is to embed this attractive scheme into string theory, one first has
to fix the moduli, in particular the dilaton, whose VEV sets the gauge coupling
and thus determines the scale of hidden sector strong dynamics A. Often this re-
introduces the problem of hierarchies.*) This is perhaps most transparent in the
effective superpotential obtained in the framework of flux compactifications (a.k.a.

KKLT®) superpotential)
WKkKLT = C+ Ae—aS R (3'8)

where ¢ is a constant and the second term represents the hidden sector strong dy-
namics, and Re S oc 1/¢%. In the minimum, the second term adjusts its size to c. In
particular, the scale of the gravitino mass is set by ¢,

m3/2 ~ C (39)

in Planck units. In the landscape picture®”-%®) ¢ happens to be small by anthropic
reasons, i.e. although the natural scale for ¢ in flux compactifications is order one in
Planck units, due to a huge number of vacua there are some with strongly suppressed
¢, and we happen to live in such a vacuum.

In Ref. 89) an alternative has been proposed where ¢ emerges as the VEV of the
perturbative superpotential and its smallness is explained by a symmetry (and hence
in agreement with the more traditional criteria of “naturalness”?%). It turns out that
R symmetries allow us to control the VEV of the superpotential. First, a continuous
U(1)r implies that, for configurations that satisfy the global supersymmetry F' term
equations of a polynomial, perturbative superpotential #pert

aWpert
O

the expectation value of the superpotential vanishes,5)

F; = =0, (3-10)

(Wpert) = 0. (3-11)

This statement holds regardless of whether U(1)g is unbroken, where the statement
is trivial, or (spontaneously) broken. Further, in the presence of an approximate

*) Exceptions to this statement are the race-track scheme,®?) where one needs two hidden sectors
with rather special properties, and the Kéhler stabilization mechanism®?) 8% (for a review see 85)),
which requires very favorable values of certain parameters.
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U(1) g symmetry, this statement gets modified to
<Wpert> ~ <¢>N ) (312)

where N is the order at which explicit R symmetry breaking terms appear and (¢)
denotes the typical size of field VEVs. As it turns out, orbifold models give us
approximate U(1)r symmetries. They are a consequence of exact, discrete R sym-
metries, reflecting a discrete rotational symmetry of compact 6D space. Specifically,
in the Zg-11 orbifold based on the Lie lattice Aq,xsu(3)x50(4), one has a

[Zﬁ X Zg X ZQ]R (313)

symmetry;®2)91) other orbifolds have similar discrete symmetries. Some vacua of the
mini-landscape models have been analyzed; the result is that the expectation value
of the perturbative superpotential is

(W) = 107000 (3-14)

Since the R symmetry is only approximate, the notoriously troublesome R axion
is massive and therefore harmless. One retains instead an approximate R axion 7,
whose mass is slightly enhanced against against (#pert),

o Pert)
T ()2

Further, in many configurations, this is the only light mode, i.e. the curvature in
all other directions is much larger. Explicit examples for simple field-theoretic toy
models as well as a description of the situation for the mini-landscape models will
be presented elsewhere.?2)

Let us comment that approximate continuous symmetries, which arise from high-
power exact discrete symmetries, might also allow us to solve other fundamental
problems, such as the strong CP problem.%3)

The hierarchically small vacuum expectation value of the superpotential can
be used in order to stabilize the dilaton.®?) One obtains an effective, KKLT-like
superpotential,

(3-15)

1
Weff - <Wpert> + A e—aS + §m17 772 5 (316)

which describes the ‘hidden sector’ up to heavier modes. In the supersymmetric
minimum, the non-perturbative term A e~%% adjusts its size to the VEV of the
perturbative superpotential (#}ert). At this level, one obtains a vacuum with a fixed
dilaton.*) The vacuum expectation value of the superpotential, i.e. the gravitino
mass, is given by

mssy = (Weg) ~ (Wpert) - (3-17)

As usual, m3/, will set the scale for the MSSM soft masses and the electroweak
scale. One may also speculate that the n field can be used in order to correct

) The vacuum energy depends on the Kihler potential of the matter fields [94), section 4].
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Fig. 3. Statistics of the scale of hidden sector gaugino condensation A in (a) the heterotic mini-
landscape and (b) its extension to three Wilson lines. A is peaked at values, where according
to (3-7) the soft masses are in the TeV range.

the vacuum energy in the spirit of ‘F-term uplifting’.?”) This might then lead to a
‘mirage-like’ pattern of soft supersymmetric masses,”® and will be discussed in more
detail elsewhere.

An important question concerns whether the size of the non-perturbative term is
consistent with a phenomenologically viable gauge coupling g, i.e. whether the dilaton
gets fixed at realistic values. This question can be answered affirmatively. In order
to see this, let us briefly review the analysis of 19), where the scale A of hidden sector
strong dynamics in the mini-landscape has been studied. Here, the hidden sector
is defined as the gauge group with the largest g-function coefficient. It was found
that, for a realistic gauge coupling, A takes values which are, by the relation (3:7),
consistent with TeV-scale soft masses. This is illustrated in Fig. 3, where we also
show the result of the completion of the mini-landscape search.2!) These statistics
show that, under the assumption of a realistic gauge coupling, A is such that by
relation (3-7) a phenomenologically attractive gravitino mass emerges. Turning this
argument around, we see that once we are in a vacuum with (#pere) ~ 10715, the
hidden sector g-function coefficients are such that the dilaton gets fixed at a realistic
value.

The hierarchically small vacuum expectation value of #}er; has important con-
sequences for the solution of the MSSM g problem. In these models, (#pert) is
proportional to the MSSM parameter?”) up to terms from the Kihler potential,®®)
which are also of order m3/,. Altogether,

Taking into account both contributions, which correspond to holomorphic®® and
Giudice-Masiero type'%?) terms in the 4D field theory description, can lead to con-
sistent boundary conditions for the soft masses.!?) This has been discussed recently
in the framework of 5D orbifold GUTSs,'%?) where the holomorphic (bulk field) con-
tribution to the p term appears as Chern-Simons term. It turns out that the Chern-

Downl oaded from https://academni c. oup. conl ptps/article-abstract/doi/10. 1143/ PTPS. 180. 96/ 1843488
by University of California, Irvine user

on 27 June 2018



108 M. Ratz

Simons contribution is crucial in order to obtain a viable phenomenology.'%?) It
appears also interesting to see if, by having a better understanding of the origin of
the MSSM p parameter, one might be able to shed some light on the MSSM fine
tuning problem.

Before summarizing the good features in the last section, let us briefly comment
on open questions and potential problems. There might be a mild tension between
the estimated size of the coefficients of dimension five proton decay operators and
the observed proton longevity; on the other hand, we have not really obtained a full
understanding of the patterns of the Yukawa couplings. It might well turn out that,
once we fully understand why the u and d Yukawa couplings are so small, we will also
be able to explain why the first generations coefficients of the qqqf and @ude operators
are highly suppressed (cf. also Ref. 103) for a recent, very similar discussion).*)
We have further argued that highly anisotropic compactifications might allow us to
reconcile the discrepancy between the string and GUT scales. However, so far we do
not have obtained a dynamical mechanism that allows us to understand why there
is a hierarchy between the radii. And, of course, we have not much to say on the
most fundamental questions such as the observed vacuum energy.

§4. Summary

In this paper, some progress of embedding ideas of grand unification into string
theory is described. Field-theoretic orbifold GUTs provided us with the geometric
intuition for how to efficiently search for realistic models. This has lead to the concept
of local grand unification which gives a simple explanation for the simultaneous
existence of complete GUT multiplets and split multiplets in Nature. Using this as
a guideline, potentially realistic models with the exact MSSM spectra and a simple
geometric interpretation have been obtained. These models have vacua with R parity
and are consistent with MSSM gauge coupling unification. That is, we imposed our
prejudices of supersymmetry and unification in our model search, where we had to
disregard models which are not consistent with our criteria. Amazingly, those of the
models which survive this selection process have many unexpected features, which
were not ‘put in by hand’ but happen to occur automatically. The most striking of
these ‘stringy surprises’ are:

¢ neutrino see-saw with the see-saw scale somewhat below the GUT or compact-
ification scale;
“gauge-top unification” and a correlation between reasonable values for tan (8
and anisotropy of the model;
a potential solution to the supersymmetric flavor and CP problems based on
the non-Abelian discrete flavor symmetry Dy;
high-power discrete R symmetries explaining a hierarchically small gravitino
mass;
a hidden sector whose scale of strong dynamics is consistent with a TeV scale
gravitino mass;

D

*) The author is grateful to E. Witten for stressing this.
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v¢ a relation between the p term and the scale of supersymmetry breakdown.
Future might tell us whether these are just accidents or connected to the real world.
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