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Abstract

In this thesis, we investigate the heterotic orbifold landscape under phenomenological consider-
ations. The reason for a non-vanishing cosmological constant in non-supersymmetric heterotic
orbifolds is studied. For supersymmetric orbifold compactifications, we apply machine learning
methods to improve the search for MSSM-like string models. We use autoencoder neural net-
works to draw a chart of the heterotic orbifold landscape and identify islands where MSSM-like
models accumulate. Furthermore, we utilize contrast mining to observe constraints that dras-
tically reduce the landscape by excluding areas with a tiny probability of holding MSSM-like
models. We show that the phenomenological characteristics of MSSM-like models depend on the
specific orbifold compactification. Thus, we can utilize a predictive model to infer the orbifold
origin of the MSSM.

Zusammenfassung

In dieser Arbeit untersuchen wir die heterotische Stringlandschaft unter phdnomenologischen
Aspekten. Zu Beginn analysieren wir den Grund fiir eine nicht verschwindende kosmologische
Konstante in nicht supersymmetrischen heterotischen Orbifaltigkeiten. Fiir supersymmetrische
Orbifaltigkeit-Kompaktifizierungen werden Methoden des maschinellen Lernens angewendet, um
die Suche nach MSSM &hnlichen Modellen zu verbessern. Wir nutzen Autoencoder neuronale
Netze, um eine Karte der heterotischen Orbifaltigkeits-Landschaft zu erstellen und identifizieren
dabei Inseln, auf denen sich MSSM &hnliche Modelle ansammeln. Dariiber hinaus entwickeln
wir mittels Contrast-Mining Bedingungen, welche die Landschaft drastisch reduzieren, indem
Bereiche mit einer geringen Wahrscheinlichkeit fiir MSSM ahnliche Modelle ausgeschlossen wer-
den. Wir zeigen, dass die phédnomenologischen Eigenschaften von MSSM &hnlichen Modellen
entscheidend von der spezifischen Orbifaltigkeits-Kompaktifizierung abhangen. Daher konnen
wir ein Vorhersagemodell entwickeln, um auf die Orbifaltigkeit des MSSM zu schlieflen.
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Chapter 1

Introduction

In 2020 we are looking back at a memorable decade of scientific discoveries in fundamental
physics. Two of them especially praise the synergy between theoretical and experimental physics.
On July 4 in 2012, the ATLAS and CMS experiments at CERN’s Large Hadron Collider (LHC)
announced the observation of a new particle consistent with the Higgs boson [1, 2]. On February
11 in 2016, LIGO Scientific Collaboration and the Virgo Collaboration announced the first direct
observation of gravitational waves [3-8].

These two dates are milestones of modern physics. Interestingly, their origins lie deep in
the past. In the 1960s, physicists developed an understanding of the Brout-Englert-Higgs mech-
anism. This mechanism allows to describe the electroweak sector of particle physics in the
Standard Model (SM) [9-13], by predicting a particle called the Higgs boson. The prediction of
gravitational waves lies even further back in the past. Albert Einstein first described them in
1916 as an outcome of the theory of general relativity [14]. The relation of those experimental
discoveries to theoretical considerations implies that those events not only mark essential steps
on the journey to unveil the operations of nature. Indeed, they honor the immense predictive
power of these theoretical models that goes far beyond the known phenomena they were built
on to express the underlying laws of nature.

Especially the SM is in impressive agreement with experiment, and all ingredients, like an
effective Higgs field, have been found. However, similar considerations, like in the past, motivate
physicists to improve this model. The SM describes the strong and electroweak interactions of
the known elementary particles. The simple fact that it requires as many as 28 parameters [15],
which are exclusively determined by experiment, implies the need for a more fundamental un-
derstanding of nature. Additionally, some observations are not understood within the SM, e.g.
the origin of dark matter or the number of generations of quarks and leptons. Unfortunately,
the LHC was not able to produce significant signals of new physics so far. Equally, the theory
of general relativity reveals shortcomings under certain conditions. Quantized theories describe
high energy physics to astonishing precision. This quantization is a big hurdle for general rela-
tivity since canonical quantization leads to an unrenormalizable theory. This issue is the missing
piece of quantum gravity.

In order to tackle the mysteries of physics beyond the SM, there are two approaches. One is
the bottom-up construction. Here, the SM is modified in a modest way such that the effects of
certain injections can be classified to evaluate their value in describing aspects of nature. The
approach taken in this thesis is the top-down approach. There, we make use of a mathemat-
ical framework that incorporates the two most fundamental theories of our Universe: on the
one side, the already mentioned SM as a realization of Quantum Field Theory (QFT), which
currently dominates our understanding of physics, on the other side, general relativity. These
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two complementary descriptions of nature should ultimately be unified into one fundamental
theory. In order to get a UV-complete theory of quantum gravity, there are a few different
approaches known. For this thesis, the framework in favor is string theory, which unifies gravity
and QFT in a higher dimensional quantum theory. The reason for having chosen string theory
is that it does not only quantize gravity, like the asymptotic safety approach |16]. It is far more
restrictive and unifies all fundamental particles to be excitation modes of a more fundamental
object, i.e. a string. This concept is significantly more restrictive and leads to a framework with
only one parameter: the string length [;. Additionally, the value of string theory in this thesis is
connected to the possibility of computing the low energy spectrum of a particular model, which
describes the spectrum of a QFT. The resulting particle spectrum can then be compared to
the SM. This possibility would not be given in other competitive approaches like loop quantum
gravity [17].

The predictive power of string theory goes even further. In order to be a consistent theory,
i.e. Weyl anomaly free, the framework demands certain values for the space-time strings can
propagate in. Since a QFT can, a priori, be formulated in any dimension, experiments determine
this value for the SM to three space and one time dimension. Considering that string theory
also has to reproduce the observed 4D laws of physics, the extra dimensions have to be hidden
from direct experimental observation. This can be achieved by the so-called compactification
technique, which ‘wraps’ up these extra dimensions, thus making them inaccessible to today’s low
energy range. This compactification comes with a huge drawback: it gives rise to the so-called
string landscape. The number of possibilities to compactify the extra dimension is enormous and
was estimated early on to ~ 101°%° [18]. However, we will see that this large number of possible
choices does not lead to phenomenological valid 4D theories in general. Actually, the amount
of possible compactifications that come close to describing the known phenomena is a very tiny
fraction of the possible compactifications that are consistent in the string theory framework.
Once the compactification is selected, the physics is determined completely, i.e. the complete
particle content as well as all couplings and remnant discrete symmetries that are possible
flavor symmetries. This implies that each compactification choice leaves its particular imprint
in the resulting 4D spectrum. Thus, the selection of such a compactification configuration
is not comparable to fitting a parameter to experiment. Instead, the opportunity to select a
compactification compares to deciding for the concrete model inside the string theory framework.
This immense constraining power of the string theory framework could guide us towards QFTs
that ultimately match to an UV-complete theory. More importantly, it might provide hints
towards the origin and interplay of the parameters needed in the SM.

From the phenomenological side of ‘bottom-up’ constructions, a very promising extension
of the SM is to introduce a new kind of symmetry, i.e. supersymmetry. In contrast to the
known symmetries, this transformation has a spinorial generator and introduces a symmetry
between fermions and bosons. The popular extension of the SM, the minimal supersymmetric
standard model (MSSM), then predicts superpartners for the known particles. If those exist,
their contributions cancel various divergent effects that would appear in the SM. However, space-
time supersymmetry is not demanded by the string theory framework in general. There exist
well-defined non-supersymmetric string theories. Moreover, even if we start with supersymmetric
string theory, the concept of compactification does not preserve 4D supersymmetry in general.
These string theories suffer from a non-vanishing cosmological constant at one-loop. The absence
of supersymmetric observations at LHC reintroduces the interest to those non-supersymmetric
theories even though they come along with problematic effects. As the purpose of this thesis is
to link string theory and physics beyond the SM, both cases are considered, and we will study
non-supersymmetric and supersymmetric string theory.

10



In chapter 3| the first topic we are going to investigate using non-supersymmetric string
theory is the issue of the non-vanishing cosmological constant in the context of the so-called
orbifold compactification method. We determine the exact terms of the partition function that
do not vanish and contribute to the cosmological constant. Furthermore, we show how this
is connected to a conjecture of finite group theory. For all relevant finite groups in heterotic
orbifolds as well as for an even broader set of groups using the SmallGroups Library of Gap |19],
the conjecture is explicitly verified.

Rather than generic properties, the search for an explicit realistic 4D model from string the-
ory is an essential proof of concept. Most work on this issue is done in the string theory literature
in the context of MSSM-like models. In chapters 4| to [8| we continue the thesis with a search
for realistic MSSM-like models in the vast landscape of string compactifications. Concretely,
we investigate the existence of MSSM-like models in the Eg x Eg heterotic orbifold landscape
with orbifold compactifications that lead to N/ = 1 supersymmetric models. In the past, such
searches have been conducted by a purely random sampling of the heterotic orbifold landscape.
We are going to study the properties of the landscape by using techniques from data mining,
more concretely machine learning, and deep learning. These methods are especially suitable
to find patterns in large high dimensional datasets. Hence, the vast landscape of possible 4D
string vacua, each specified by O(100) compactification parameters, represents a prime exam-
ple of applying these techniques. In chapter 5] the starting point will be the application of an
autoencoder neural network to the landscape, which will identify fertile patches. The success
of the autoencoder approach shows that there are hidden patterns in the string landscape that
have to be obeyed in order to connect string theory to the observable world.

Due to this, in chapter [6] we have chosen to incorporate the ‘bottom-up’ approach by inform-
ing the search algorithm about the phenomenological needs of the models during search time.
Namely, we compute the intermediate physical properties of our string model while it is con-
structed and determine early on if the current subspace of the heterotic landscape can generate
a model that fulfills the phenomenological needs. Furthermore, we study the symmetries of the
string landscape and reduce the search space heavily by excluding the Weyl symmetry from the
search process. This kind of study should ultimately promote the landscape to a practically
finite search problem, such that all inequivalent physical models can be extracted from the land-
scape. On top of the previous improvements, we will use contrast mining. In this scenario, we
make use of traditional machine learning algorithms that lead to a more direct knowledge gain
in terms of interpretability. On the one hand, these contrast patterns allow us to find novel
MSSM-like models in the landscape that were never observed nor believed to exist in the past.
On the other hand, the contrast patterns are constraints on physical properties and lead to new
insights on the particle spectrum of MSSM-like models from string theory.

Furthermore, the ‘bottom-up’ models can be tightly intertwined with the string landscape, as
it is possible to infer the orbifold origin of ‘bottom-up’ models in the landscape (chapter @ based
on their phenomenology. It turns out that specific extensions of the MSSM particle spectrum
can only be realized in particular subspaces of the string landscape. Hence, the origin of these
extensions, as well as the exact MSSM (that has not been found in string theory compactifications
so far), can be guided to specific regions of the string landscape.

Finally, before we conclude in chapter [9 the interplay of the different machine learning
approaches is analyzed in chapter [8] where we also outline further improvements by synergy
effects between the approaches.

As a closing remark, all procedures developed for the supersymmetric case can straightfor-
wardly be transferred to the non-supersymmetric case by obtaining and studying those datasets.
Notably, the analytic reduction constraints we derive are necessary conditions for the SM and
not exclusively for the MSSM.

11
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Chapter 2

The string theory framework

The upcoming chapter summarizes the most important aspects this thesis relies on and sets
the notation. In this, we strongly rely on [25-28] for general string theory. Focused on the
phenomenological implications the textbook [29] is recommended. Finally, especially related to
the heterotic orbifold compactification process are [30H32]. The reader is referred to these for a
more detailed discussion of the matter.

2.1 Heterotic string theory

String theory is an ambitious approach towards unifying the theories of fundamental physics
into a single quantum-theoretical framework. The core observation that led to this idea is the
ability to quantize gravity within string theory. From quantized strings, there emerges a spin-2
particle that can be identifed with the graviton [33], 34| as it provides the proper interactions at
low energies [35]. Linking the string coupling and 4D gravitational couplings, this association
demands that the string scale M is of the order of the Planck scale.

The UV-completeness of string theory arises from a simple but effective concept. Switching
the description of the most fundamental objects from point-particles towards one-dimensional
objects. These one-dimensional objects are so-called strings. The different vibrational modes of
these strings then correspond to the particles of an effective quantum field theory. The main
advantage of this idea is based on the world-sheet covered by a propagating string. This world-
sheet can be parameterized by oy and o7 for the propagation time and the spatial extension
of the string, respectively. Hence, for one-loop amplitudes of closed strings, this world-sheet
spreads out a two-torus. This two-torus is commonly parameterized by two parameters 7y, 7o or
in the complex plane by the modular parameter 7 = 71 + ¢73. Equivalent tori are connected by
modular transformations, i.e. the group SL(2,7Z) [30], which is generated by,

1
T:17—=71+1, S:T———. (2.1)
T

The string one-loop amplitude should not be affected by this re-parametrization of the world-
sheet torus. Therefore, modular invariance is a necessary consistency condition of string the-
ory [26-29]. For example the vacuum amplitude version of the one-loop diagram computes
the Casimir energy density, i.e the 4D cosmological constant A. At the one-loop level A is
proportional to

d?r
A~ / TquH(T,’J_') . (22)
F T3

13
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The integrand Zp,; and the measure dj—{ are modular invariant by themselves. We will refer

to the integrand as the full one-loop Sartition function. A particular consequence of these
modular transformations is that they relate UV regimes to IR regimes of the dual channels.
In detail, for the integration of the one-loop diagram over all inequivalent tori the modular
transformations eq. have to be taken into account, in order to avoid overcounting on
equivalent tori. Hence, the modular integral is reduced to the fundamental domain of the world-
sheet torus F = {1 =1 +ina| — % <7< %,7‘2 > 0,|7| > 1}. The modular parameter 7 is now
defined modulo modular transformations. This shows that the UV region 7 ~ 0, which describes
energetic strings propagation for a very short time, is excluded from the fundamental domain,
i.e. it is mapped by modular transformations to 7 — —1/7. Hence, the modular symmetry
induced by the spatial extension of the string cuts off the potential UV divergence.

A controversial aspect of string theory is that in order to be a consistent theory it predicts
additional space-like dimensions, i.e the space-time embedding functions X*(og,01) for the
world-sheet to the target-space require more than the common four Minkowski dimensions.
For details let us focus on the special type of string theory used in this thesis, i.e. heterotic
string theory. Here, the bosonic and superstring theory are combined, i.e. the left-moving
degrees of freedom are formalized by the bosonic string and hence have a 26D target-space,
whereas the right-moving degrees of freedom relate to the supersymmetric string theory and
propagate in 10D [25]. In order to make sense of this combination, the 16 extra dimensions
of the bosonic string are compactiﬁedﬂ on a torus T16. Invariance under the modular group
generated by eq. demands a self-dual lattice for the torus and the only lattices that can
fulfill this condition and give rise to N' = 1 supersymmetry are the root lattices of Eg x Eg
and SO(32) [25]. This gives a very appealing 10D gauge theory as the starting point of the
heterotic string theory approach. The combination of the bosonic and supersymmetric string is
possible because heterotic string theory only contains closed strings. Their equation of motions
are governed by wave equations. Thus the solutions are superpositions of left (L) and right (R)
movers, i.e. it is possible to decompose the degrees of freedom to,

X“(Uo, 01) :Xﬁ(do—Jl)—{—Xﬁ(O‘o—Fdl) . (2.3)

Moreover, closed strings are subject to boundary conditions along the spatial extension. Without
compactification, the embedding function has to be (anti-)periodic with respect to one circulation
along the string:

X“(Oo, (71—|-7T) = X“(Uo, 01) ,
Ui (og — (o1 4+ 7)) =+ ¥i(og —01) , (2.5)

where world-sheet fermions W} can have periodic (R: Ramond) or anti-periodic (NS: Neveu-
Schwarz) boundary conditions. Hence, we can write physical states as tensor products of right
and left-moving states. This is encoded in the bosonization formalism as,

l9)r ® [P)L (2.6)

which might be affected by oscillator excitations «,,, for the right, or &,, for the left-mover.
They obey the creation and annihilation operator algebra. The subscript m labels the frequency
of the vibrational mode. With the help of the GSO projection [36] the fermionic representations
were combined to ¢, the right-moving momentum vector. Thus, ¢ € SO(8) is in the vector
(spinor) weight lattice for world-sheet fermions ¥} in the NS (R) sector. This appears from the

!Technical details on torus compactification are given in section m
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N@J Aﬂ; E8><E8
Xi X

lg)r
Vg Vg

Ip)L Xy X, Xi

p=0,....,3 pu=4,...,9 I=1,...,16

Table 2.1: Left- and right-mover notation.

light-cone gauge X* = %(XO + X1!) which reduces the Lorentz SO(9,1) symmetry to SO(8).
Whereas p corresponds to the left-moving momenta and is quantized according to the Eg x Eg or
SO(32) lattice. For the quantized heterotic string in light-cone gauge one obtains mass equations
for right- and left-movers,

Mg ¢ R M; P L

— = — 4+ N+ E —= = — 4+ N+ E; . 2.7
The zero point energy Ey for the 10D right and 26D left-movers, are given by Eclf = —% and
E(I; = —1, respectively. The oscillator number of the right-moving states is denoted by N

whereas for the left-moving states N is used,
oo _ oo
N = Za,n-an, N = Z&,n'&n, (2.8)
n=1 n=1

counting the number of oscillators, i.e. N € N. Additionally, physical states have to obey the
level matching condition M3 = Mg such that no point on the closed string is special.

Massive string states have masses of the order of the Planck mass and therefore are too
heavy to contribute to the effective field theory of the (MS)SM. Hence, only massless string
states are considered for the low energy spectrum. However, to describe the 4D world, 6D of
the left and right moving strings require to be compactified. In the upcoming section, a specific
technique for compactification, i.e. orbifold compactification, will be reviewed. Hereafter, the
main purpose of this work is to improve the knowledge of how to obtain 4D phenomenologically
promising models from a compactified heterotic string.

2.2 Heterotic orbifold compactification

In order to make contact to the observable world, it is necessary to hide the extra dimensions
from experimental measurements at the current energy scales. In the case of the 10D Eg x Eg
heterotic string these extra dimensions aggregate to six spatial dimensions,

Mo = M3z1 ® Mg . (2.9)

In this thesis, the favoured method for compactification are 6D toroidal orbifoldsE] O [44, 45).
Those allow for a conformal field theory world-sheet formulation of string theory in the compact-

2As a remark let us mention that orbifolds can also be used in a field-theoretic context where they are used
for GUT breaking [37H44] and can lead to discrete symmetries [22].
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ified theory. Other scheme use supergravity approximations after compactification, see e.g. |46~
56].

Starting from the definition of toroidal orbifolds and their geometrical action on the six
spatial dimensions, it is crucial to extend the action to the gauge degrees of freedom in order to
obey modular invariance under the modular transformations eq. . Hence, we will obtain a
so-called gauge embedding (formalized in a gauge embedding matrix M) of the orbifold geometry
O that acts on the sixteen gauge degrees of freedom XI{. Compared to the geometrical action
of the orbifold O, this gauge embedding comes with a vast ambiguity, and it appears that it is
far less restricted than its geometrical companion. This gauge embedding will be the reason for
the issue of the heterotic orbifold landscape.

2.2.1 Geometrical toroidal orbifolds

An orbifold is defined by identifying points of a manifold that differ by certain equivalence
relations. In case of toroidal orbifolds, one starts by defining a linearly independent basis of
vectors e, that build a lattice I,

n
I = {Z”aem N € Z} , (2.10)
(0%

on the space R™. Points that differ by an integer combination of the lattice vectors are identified.
Hence, any point in the plane can be mapped to a fundamental region. In case of modding out
the lattice I', this fundamental domain describes a torus T" = R"/I" with metric

Gag =€a €3 - (2.11)

Choices for the lattice I' can be the root systems of simple Lie algebras, where one can utilize
the simple roots as basis e,. This first step is illustrated for the 2D case in fig. where the
lattice was chosen to be spanned by the simple roots of SU(3) denoted by I' = SU(3).

For a more interesting structure, a new equivalence relation is introduced by the point group
P, which is a discrete lattice automorphism of I', i.e. it maps the lattice to itself. Modding out
P from the torus results in an orbifold O,

O = T"/P. (2.12)

Combined, the action of the lattice translations and the point group rotations build S, the space
group of the orbifold,

S =PxT. (2.13)

An element of S is denoted by g = (0, n4e4) with 6 € P and nyeq, € I' where summation over
« is implied. This very illustrative simplification as semidirect product in eq. holds, if
there exist no roto-translations. A roto-translation combines the action of a point group element
0 € P with a simultaneous translation by a fractional lattice vector [57], i.e. n, € Q.

An element g € S acts on the a point X € R" as

gX = 0X +ngeq . (2.14)
For space group elements ¢’, g € S we find the following product rule,
dg = (Gl,nloéea) (0,n0eq) = («9'0, nieq + 0 naea) . (2.15)

Note, that the space group is in general non-Abelian, even if the point group is Abelian.
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€9 g
€1
(a) fundamental domain T? (b) two-dimensional torus T?
&
(c) fundamental domain T? /73 (d) two-dimensional orbifold T?/Z3

Figure 2.1: Illustration of an orbifold compactification in 2D

Crystallographic classification of 6D orbifolds

Fortunately, all point groups and all space groups relevant for toroidal orbifolds in 6D have been
classified in , , as crystallographic actions in 6D. Given that # € P is an automorphism of
the torus lattice one finds,

fe = ef with 6 GL(6;7Z) , (2.16)

where for convenience we introduce the vielbein e as matrix with the columns given by the lattice
vectors e,. The hatted notation of @ indicates that it is an integral matrix, i.e. the so-called
twist in the lattice basis. Consequently, the group in the lattice basis representation is denoted
by P. In this classification, the geometrical space groups are sorted according to

e (J-classes: The geometrical point groups P in terms of the lattice basis ﬁ, see eq. 1}
e 7Z-classes: Possible lattices I' for a given p.
e Affine-classes: The possible roto-translations of the lattices.

It turns out that in 6D, there are 7 103 (Q-classes, which are a subset of the 85 308 Z-classes, and a
total of 28 927 915 affine-classes, i.e. the affine-classes label all geometrically inequivalent toroidal
orbifolds in 6D. The collection of this data is available in the CARAT package . However, we
will see later that only a tiny fraction of these possibilities can lead to meaningful string theory
compactifications when physical considerations, e.g. N = 1 target-space supersymmetry, are
taken into account.

Details on the point group

In the physics literature of orbifold compactifications the automorphism on the lattice I' is
called point group P. However, the point group P is more precisely given as the six-dimensional
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representation of an abstract finite group H,

Dy :H — P SO(6) (2.17)
a+— Dy(a) =16,

where different representations, i.e. @Q-classes, for a single abstract group H can exist. The
elements 6 of P then are called rotations. The smallest positive integer,

Nyg=min({ Ne N\{0} [¢"¥ =1 }) , (2.18)

i.e. #No = 1, is called the order of the point group element §. For each element 6 € SO(6)
separately it is possible to block-diagonalize this element by a basis transformation. Then, this
element acts as a rotation in the three orthogonal planes, that are given by (X!, X?2), (X3, X*)
and (X?°, X%). Rewriting it in complex coordinates Z% = X241 4+iX?? for ¢ = 1,2, 3 the rotation
is represented by

627ri v; 0 0
o= o 2 g . (2.19)
0 0 e2mivg
One obtains the local twist vector vy = (0, ;,vg, vg’), which parameterizes the representation.

v
Note, we introduced an additional entry vg
frequently used in this thesis.

Even though some considerations on non-Abelian orbifolds will be discussed in the context
of the cosmological constant in chapter [3] the explicit construction of non-Abelian orbifolds is
not entirely understood (see [60] for an example). Hence, for explicit constructions we will use
Abelian point groups. In the case of Abelian point groups, the abstract finite groups H are
limited to the cyclic groups Zy, and Zy, x Zy, [61,|62]. Thus, P consists of rotations generated
by 6§ and w, such that ¥ = 1 and w™? = 1. For the Abelian case the block-diagonalization
from eq. can be performed on all elements P simultaneously and the local twist vector
for the element 6%1w*2 reads vg = k1v1 + kava. Hence, it simplifies towards the twist vectors vy
and vy associated to the generators of Zy, x Zy;,, respectively. To label the different orbifold
geometries, we use the concise notation of [57]. For example, the orbifold of particular interest in
this thesis is Zg-1I (1,1), where Zg defines the cyclic group H and ‘II’ refers to the second type of
embedding this action in 6D eq. . In detail, this part encodes the Q-classes and hence the
point group P = Zg-11 is parametrized by the second twist vector, i.e. v = (1/6,1/3,1/2). The first
number of (1,1) enumerates the possible lattices (Z-classes) and the second is the enumeration
of possible roto-translations (affine-classes). A value of one in the second slot stands for no
roto-translations.

= 0 for later use. This parametrization will be

Fixed points

The interesting structure of orbifolds arises most prominently on the special coordinate singu-
larities, so-called fixed points. These special corners of the manifold still allow for a consistent
definition of string propagation [44], and moreover introduce a particular behavior of the strings
localized at these curvature singularities (see section . If the point group action P is said
to be not freely acting on the manifold, there exist fized points z; defined by,

gzf = 0zp +naeq = 2y, (2.20)

18



2.2. HETEROTIC ORBIFOLD COMPACTIFICATION

€2 €4 €g

X ° X

o—> o—>
€1 €3 €5

Figure 2.2:  First twisted sector T(y) of the Zg-11 (1,1) orbifold. The torus lattice is I' =
SU(3) x SU(3) x (SU(2))? and the twist vector v = (1/6,1/3,1/2). The dots in blue, indicate the
position of the fized points in the projection of each sub-torus, i.e. T2/Zg x T2 /7 x T2/ Zs.
One obtains 1 x 3 x 4 = 12 fized points in the first twisted sector.

with g € S. Hence, each fixed point is associated to the space group element g that maps
the coordinate to itself. These special points are illustrated in fig. as the corners of the
orbifolded space. Concretely, this will become important in the context of the Zg-1I (1,1)
orbifold. Therefore, the fixed point structure is illustrated in fig. in detail.

At this point, let us investigate under which condition two elements describe the same action
on the orbifold. Assume that g1zy, = 2y, and g2z25, = zp,. These two fixed points are certainly
equivalent if they are related by another element of the space group h € S, i.e. hzp, = zy,. This
situation is related to

g1z = hZf2 = hgghilzfl , (2.21)
and hence for equivalent fixed points the associated elements lie in the same conjugacy class
lg) = {hgh™' |Vhe S} . (2.22)

Then g is a representative of the whole set [g].

2.2.2 Gauge embedding

In the last section, we have considered the geometrical action of the orbifold, i.e. the action
on the six spatial dimensions. However, remember from section that there are also internal
gauge degrees of freedom. It turns out that the orbifold action intertwines the modular invari-
ance conditions of the space-time and gauge group Eg x Eg part of the heterotic string [30].
Consequently, they are no longer modular invariant by themselves. In order to make the whole
theory modular invariant again, the geometrical orbifold action has to be embedded into the
gauge degrees of freedom (d.o.f.). An additional benefit of this embedding is that it allows for
breaking the gauge group of Eg x Eg. From the geometrical action of the space group on the six
spatial dimensions p = 4,...,9, one can infer conditions on the embedding equivalents of  and
€a- Acting with a generic element g = (6%, nye,) we obtain,

geometrical: X" — (0FX)* + nget (2.23)

gauge d.o.f.:  X{ - X{ + kVI 4+ n W1 | (2.24)

where I = 1,...,16 and the embedding is realized by a shift embedding [44]. This is possible
since in general the action of the space group on the gauge degrees of freedom corresponds to an
inner automorphism. V is the so-called shift vector and encodes the action of the point group
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vector order N additional constraint

1% 6

Va 1 not present, i.e. Vo = (019)
W 1 W = (0%9)

Wo 1 Wo = (0'6)

%i g W3 =W,

Ws 2

W 2

Table 2.2: Geometrical constraints for the gauge embedding, i.e shift vectors and Wilson lines,
in the case of the Zg-11 (1,1) orbifold geometry.

generator 6, while W, are the Wilson lines [63] which correspond to the lattice shifts e,. From
the action of the geometrical counterparts, we can infer four kinds of consistency conditions for
the gauge embedding of the space group. For the case of a point group build on Zy, they can
be summarized by,

oM =1 = MNMVi € lggxEis »
9Na_1ea+9Na_2€a“'+ea =0 = No- W, 6FEgXEg 5 (2 25)
feq + eq = 2W, , ’
0(naea) = ngeg = nWo=ngWs .

These can be understood as follows: Acting N; times with g = (6,0) gives a trivial action in
the geometrical embedding, hence the shift vector V; that corresponds to 6 has to act trivially,
i.e. as a lattice vector of T xp,. Similarly, the space group element g = (6, e,)Ne = (87=,0)
implies the order N, of the Wilson line W,,. Acting two times with g = (6, e,) shows that fe,
corresponds to W, as does e,. This implication has consequences on the last line of eq. ,
in detail this correspondence forces certain Wilson lines to be identical. For an example that
illustrates the intuitively given explanation above, see table where the geometrical conditions
for Zg-11 (1,1) are summarized. Let us stress the fact that the Wilson lines W5 = W are related
due to the fact that the Zs action in the second tori relates fes = ey, see fig.
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Parametrization Z'28 for Eg x Eg

For later convenience in the data science approach to the landscape, chapter [6] let us introduce
a practical parametrization that was first developed in [21]. Therefore, we start by obtaining
that in Eg x Eg the sixteen-dimensional shift vector V; or Wilson line W,, consists of two eight-
dimensional vectors Vl(l) and V1(2) or Wu(yl) and WO(?), which act on the first and second Eg factor,
respectively. Then a gauge embedding is determined by a gauge embedding matrix M,

y® V@
VQ(I) - - V2(2)
w W
0 @)
M = Wy Wy . (2.26)
1 2
Wi Wi
1 2
w W
1 2
Wi w2
1 2
Wi W

The sixteen-dimensional shift vectors and Wilson lines remain in I'gg x4, which provides a basis
in terms of the simple roots a of Eg X Eg. Then, one can expand the sixteen-dimensional vectors
in terms of this basis as,

16
1
My = — CL1 QF . 2.27
N (227)

Here, N defines the order (see eq. (2.25)) and eq. ) of the shift vector or Wilson line and
cpy € Zfor k=1,...,8 and I = 1,...,16 are integers. While this would be the canonical
approach, it will turn out in chapter [6] that some ambiguities, i.e. symmetries of the landscape,
are challenging to track in this basisE] In fact, it will be beneficial to expand the sixteen-
dimensional vectors in terms of the dual simple roots aj, I = 1,...,16, which are defined as
aj oy = dr7. We obtain,

16
1 .
Mk = F]{Z dk[ ar . (228)
I=1
Here di; € Z for k = 1,...,8 and I = 1,...,16 are integers and parameterize the gauge

embedding. However, the interpretation of these integers is very different from the ¢y, i.e. the
dy ; are proportional to the Dynkin labels. Nonetheless, both choices give a basis of the (self-
dual) root lattice I'g, x4 of Eg X Eg. A particular choice for the simple and dual roots is explicitly
given in appendix Consequently, a gauge embedding matrix M corresponds to a point in
d € 7Z'?® since M has 8 x 16 = 128 dj, ;-coefficients. Note that the constructions, eq. and
eq. (2.28), inherently ensure the correct order of the vectors M}, derived in eq. . In detail,
we have

N M € FngEs Vk=1,...,8. (2.29)

3Note this basis is useful to have control over the addition of lattice vectors. However, this transformation is
not an exact symmetry in general.

21



CHAPTER 2. THE STRING THEORY FRAMEWORK

The other geometrical conditions are induced directly, i.e. for vanishing Wilson lines the corre-
sponding di; are set to zero and for related Wilson lines the djj-coefficients are equal during
model construction. All 138 orbifold geometries with Abelian point groups and A/ = 1 super-
symmetry [57] are stored in so-called geometry-files where the geometrical conditions are stated
explicitly. These geometry-files can be found as ancillary files to [64].

2.3 Strings on orbifolds

After having defined the general set-up for orbifold compactifications, we can now get into the
details of strings propagating on these special geometries in the extra dimensions. In heterotic
string theory, the 6D toroidal orbifold geometry extends the closed string boundary conditions
eq. for the corresponding coordinate fields X = (X*), with u =4,...,9. In detail, strings
on toroidal orbifolds can close up to the action of an element g = (6, nqeq) € S,

X(0p,01+m) = gX(00,01) = 0X(00,01)+ Nacq - (2.30)

In such a case, the element g is associated to the string configuration as in the case of fixed
points. Then, g is called the constructing element of the string. The specific form of the element
g gives rise to so-called

e twisted strings: The corresponding boundary condition is connected to an element g with
0 # 1.

e untwisted strings: The corresponding boundary condition is connected to an element g
with 0 = 1.

Untwisted strings are said to “live” in the untwisted sector U while the twisted strings “live”
in the twisted sectors T{;) associated to 6%. As they correspond to the fixed point structure
they are organized in the different twisted sectors k for v, = kv. For an illustration of the
twisted sectors in case of Zg-1I (1,1) see fig. These concepts directly extend to Zy, X Zn,
orbifold geometries, i.e. the twisted sectors are labeled according to the local shift vector T(z, 1,)-
However, as discussed in the gauge embedding section the action of the orbifold also
extends to the gauge degrees of freedom. Hence, associated to each constructing element g =
(0F1wh2 nye,) € S there exist so-called local shift vectors V, associated to fixed points. This
implies the local shift

Vg = kitWVi+ ko Vo +ny W, (2.31)

of the gauge degrees of freedom.
Finally, the states are in general not inequivalent for each element h € S. Assume that
[g,h] = 0 and g is the constructing element of X (o9, 071),

X (09,01 +m) = gX(00,01) , (2.32)
it then follows that h has to act trivially on the string state X since
h(gX(00,01)) = g(hX(00,01)) , (2.33)

and hence X and hX are associated to the same constructing element. Thus, they describe the
same physical state. This is related to the centralizer C, of g,

Co={heS|g,n]=0}. (2.34)

The trivial action under all elements of the centralizer C, will lead to projection conditions for
the string states.
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2.3.1 Transformation under the space group

From the vertex operator representation one can infer that a string state acquires a phase on
the orbifold. All the transformations can be decomposed into phases acquired under an element
hes,

)R — eI )R (2.35)
)L~ TPV p)y, (2.36)
GO, e el ge (2.37)
at, e U ga, (2.38)
Note, the oscillator excitations &' ; that act in the compactified directions u = 4,...,9 are here

represented in the complex directions a = 1,2,3. Moreover, we introduced the holomorphic a
and antiholomorphic @ index where the antiholomorphic transforms in the complex conjugate
representation. Combining these building blocks, we get the phase,

b — 627T1(P'Vh—q'vh)+(1\70—ﬁg)vh Dy with @y = 2™ (Vg-Vi—vg-vp) ’ (2.39)

where the vacuum phase @y, stems from geometrical considerations and details can be found in
[65]. The entries of Ny and Né‘ are integer oscillator numbers, counting the number of excitations
in the holomorphic and antiholomorphic directions, e.g. ]\7{)k = (O,NSZI,NSZQ,N(?:?’). In the
upcoming sections we will refer to these transformations and especially in the twisted sector
some generalizations are introduced.

2.3.2 Physical constraints on the orbifold compactification

The orbifold compactification discussion so far did not include all consistency conditions or
phenomenological considerations. In this subsection, supersymmetry and modular invariance
will inject strong constraints on the possible orbifold compactifications in heterotic string theory.

Supersymmetry N =1

The amount of 4D supersymmetry after orbifold compactification is determined by the number
of spinors that are invariant under the action of P. Hence, the task is to embed P C SO(6)
into spinor-space Spin(6). As Spin(6) = SU(4) the representation acts as a four-dimensional
representation 4 of SU(4). The spinor representations

Dg: P CSO(6) — PsC Spin(6) (2.40)
0 —  Dg(6) ,

can be constructed using the explicit spinor basis eq. (A.16). Then Dg(0), associated with the
element g, is given in the following form,

CO B .2 1 .3 1
DS(H) — evag 503 ® 627r1vg 503 ® 627r1vg 203 (241)

We find that the spinor representation is parameterized by the local twist vector v, as in case
of the geometrical point group eq. . To determine the amount of 4D supersymmetry it
is sufficient to compute the decomposition of 4. In detail, the amount of invariant spinors
corresponds to the number of trivial singlets contained in the decomposition. This relates the
holonomy group of a 6D torus orbifold directly to the amount of supersymmetry. If P C SU(3),
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i.e. the holonomy group is SU(3), this ensures that the four-dimensional representation of SU(4)
decomposes in a three dimensional, maybe reducible, and a one-dimensional representation:

4=331. (2.42)

If P=SU(3) exactlyﬁ the only one-dimensional representation is the trivial representation, i.e.
we have a covariantly constant spinor. However, since P is a discrete group embedded in SU(3)
we have different choices for the one-dimensional representation, i.e. we can take non-trivial one-
dimensional representations. An example will be discussed around table Hence, one has
some freedom and has to make a choice. To fix the condition such that a trivial singlet appears,
one can take the viewpoint of the orbifold phase acting on the right-moving momentum ¢ that
is associated to the spinors, and finds

0:|q)r— e ™9 |g)r , (2.43)

where we have ¢ = (j:%, i%, j:%, :I:%) with even number of plus signs. The underline of the

vector indicates that all permutations are considered. Hence, one obtains that the following
condition

g-v=0 mod1l, (2.44)

summarizes the projection condition on the spinors associated to ¢q. While, several equations
relate to the above condition, for the notation in [57], the weight ¢ = (%, %, %, %) is chosen to
survive the projection. Together, with the simplified special solution to vanish exactly,

v +vy +v3 =0, (2.45)

instead of modulo integers. If the holonomy group is SU(3) this choice ensures a trivial phase of
the chosen spinor and hence A/ = 1. Let us stress that all 138 orbifold geometries with Abelian
point groups and N = 1 supersymmetry with the special twist vector choice eq. have
been classified in [57].

Modular invariance

The amount of supersymmetry can be directly related to the geometrical action of the orbifold,
which comes from the fact that solely the right-movers are based on a supersymmetric string.
Moreover, the right-movers are not involved in the gauge degrees of freedom. However, the
orbifolding of the geometrical part breaks the modular invariance of the theory and demands
that certain constraints on the gauge embedding M repair the situation. In order to obtain a
consistent string compactification we have to impose conditions on the gauge embedding matrix
M. These conditions, developed in [66], read

Ny (V@ =v3) = 0 mod?2,
Ny (Vi —v3) = 0 mod?2,
ged(Ny, No) (Vi - Vo —wv1-v9) = 0 mod 2,
gcd(Not2,N1) (Wy - Vi) = 0 mod 2, (2.46)
ged(Na42, No) (Wy - Vo) = 0 mod 2,
Not2 (W3) = 0 mod 2,
ged(Na2, Npy2) (Wa - Wg) = 0 mod 2 (a#p),

4This is the case for Calabi-Yau constructions.
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for a, 8 = 1,...,6 and where v; and vy denote the twist vectors of Zy, X Zy,. In addition,
ged in eq. denotes the greatest common divisor. Note that, included in these conditions
are consistency constraints on the vacuum phase ®y,. developed in [66]. These Diophantine
conditions are very restrictive and already forbid a huge fraction of points in the space Z!25.
lustrations and a detailed discussion of this behavior is given in chapter @] where a statistical
approach to the solutions of eq. is discussed.

2.4 Spectrum computation

Massive strings have masses of the order of the Planck scale and therefore are too heavy to
contribute to the effective field theory of the (MS)SM. Hence, only massless string states are
considered for the low energy spectrum and limit the solutions of the mass equations eq. (]: .
Moreover, we have to consider the orbifold projections by the acquired phases from eq. @
These conditions are investigated for the untwisted sector or ‘bulk’ and the twisted sector in the
following subsections.

2.4.1 TUntwisted sector

Remember that untwisted strings correspond to those strings that close already under a con-
structing element with 6 = 1. Hence, they have the same mass equations as the uncompactified
string.

Mass equation

For the low energy spectrum only massless strings can contributeﬂ ie. Mp =0= Mpg

2 2
q 1 Pt
0= —4+N-—— 0= —=+N-1. 247
2 + 27 2 + (247)
The only solutions are given for ¢?=1and N =0 in combination with the solutions for the

left-mover that are p? —OandN—lorp =2and N = 0.

Orbifold projection

Additional to the mass conditions, the states have to be invariant under the orbifold action,
R @ [p) — TPV g @ |p)y, . (2.48)

For the untwisted sector we have the trivial constructing element with 6 = 1. Since the central-
izer of this trivial constructing element is the whole space group S, this transformation has to
act trivially for all elements of S,

p-Vh—q-vp, = 0 modl VheS. (2.49)

Let us take a closer look on the case for p? = 2 and N = 0 since this will become of importance
during this thesis. This case corresponds to the breaking of the Eg x Eg gauge group and results
in the 4D charged fields.

SKaluza-Klein and Winding numbers are zero for massless strings at a generic point in moduli space.
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Charged gauge bosons

The first case is given for ¢ - v, = 0. As for a special choice of N' = 1 condition we have a
surviving spinor that is invariant under the orbifold eq. (2.43]). The common choice is positive
signs in the mod condition eq. . Hence, ¢ = (£1,0,0,0) or ¢ = + (%, %, %, %) lead to this
case. Then, only states that are tensored to roots p of Eg x Eg that fulfill,

p-Mp, =0 modl Vk=1,...,8 (2.50)

can survive the orbifold action. Note that we have rewritten the condition eq. (2.49) for each
Vi, with h € S to its irreducible conditions.

Untwisted charged matter U-sector

Contrary to the case above, the second part of the orbifold phase is non-vanishing for the values

q= (0,:|:1,0,0) or q ==+ (—%, —%, %, %) and we find different conditions for the particular ¢

that correspond to the so called U-sectors. The conditions read,

p-Mi—qu-vi = 0 modl (2.51)
p-Mz—qe-v2 = 0 modl (2.52)
p-Mp =0 modl fork=23,...,8 (2.53)

for the unbroken roots p of Eg. The gy = (0,-1,0,0), g2y = (0,0, —1,0) and g3y = (0,0,0,-1)
are then associated to the U,-sectors with a = 1,2, 3. They correspond to the three directions of
the internal vector-boson index of the ten-dimensional Eg x Eg gauge bosons and have different
R-charges [31].

2.4.2 Twisted sector

For the case of a non-trivial rotation as part of the constructing element the situation becomes
much more involved. As zero modes of twisted sectors Ty, 1,) are associated to fixed points and
hence to the constructing element g = (#¥1w*2 nye,) € S related to them. In detail, this effects
the mode expansion of the left and right-movers such that the center of mass of the twisted
strings is localized at the fixed points. Additionally, the appearance of twisted oscillators with
fractional frequency leads to a shift in the zero point energy [30] by

3

1
AB, = > wl(l-wl), (2.54)
a=1
where one can define wy = (v5)* mod 1 and Wy = — (v,)? mod 1. Note, that the shift in

the zero point energy is dependent on the local shift vector and hence on the particular twisted
sector. This indicates the subscript label g of the constructing element.
Mass equations

The twisted oscillators also lead to a shift of the right moving momenta ¢ such that the mass
equation reads together with eq. (2.54)),

+1vg)? 1
(q;g)—QJFAEg — 0 (2.55)

26



2.4. SPECTRUM COMPUTATION

Similarly, the right handed momentum p is shifted by the action of the corresponding local shift
vector V. Since the shift in the zero point energy eq. (2.54)) is the same for the left-movers, one
obtains

(p+V,)®

5+ Ny —1+AE, =0, (2.56)

with the fractional number operator N(g) according to the twisted sectors.

Orbifold projection

As the orbifold phase for commuting elements, i.e. centralizer elements, relate identical physical
states, the combined phase from section has to act trivially and vanishﬁ This results in
the orbifold projection condition for twisted states as,

~ ~ !
Dsh - Vi — qsh-vh—i—(Ng—N;)'vh—%(Vé-Vh — vg-vp) = 0 mod 1 (2.57)

where we introduced the notation gy, = ¢ + v4 and pg, = p + V. Analogous to eq. 1j Kf;
and ]Vg* @ a=0,...,3, are the integers counting the number of oscillators and are the entries of

Ny and N, 4- They are given by splitting the eigenvalues of the fractional number operator ﬁ(g)
according to

3
Ng = Y wiNg+aiNg®. (2.58)
a=1

2.4.3 Local GUTs

So far, we directly considered the full orbifold action on the physical states in order to get the 4D
perspective of our massless states. An approach that contains more information about the inner
structure of the orbifold is given by a local inspection. Concretely, it is possible to consider the
matter content on a single fixed point and inspect the local gauge group at this fixed point. This
leads to the concept of so-called local GUT's |67-77], where the fixed points are equipped with a
GUT (grand unified theory). If there is no further orbifold projection for the states at the fixed
points, then by considering the complete orbifold, the gauge group of the local GUT branches
group theoretically in representations of the 4D gauge group. This particular situation can be
found in the first twisted sector of Zy orbifolds. First of all, there are no roto-translations in the
space group. Those can lead to a non-local breaking of the local GUTs. Moreover, in the case
of the first twisted sector T(y) in Zy, orbifolds the special situation arises that the centralizer
of g is trivial, i.e. only powers of g™ € C; with m € N are included. Hence they correspond to
the same fixed point. This would not be the fact for higher-order twisted sectors as there exist
fixed tori. They insert an ambiguity on the constructing element g, which is defined only up
to lattice vectors in the fixed torus. Then, additional elements appear in the centralizer of g.
However, the special situation for the centralizer in 1{;) of Zy orbifolds ensures the local GUT
breaking and the invariance of the local matter states under orbifold projection phases [32].

For example there exist shift vectors such that a SO(10) gauge group with matter content
in 16 survives on a fixed point |78]. For the desired SM gauge group SU(3) x SU(2) x U(1)y,
this breaks into one generation of quarks and leptons, including a right-handed neutrino

16 = (37 2)1/6 + (ga 1)72/3 + (ga 1)1/3 + (17 2)71/2 + (17 1)1 + (17 1)0 . (259)

5Note, in principle also the case of [h,g] # 0 has to be investigated. However, for the massless spectrum a
so-called 7 phase for a given state can be chosen such that these cases always remain in the spectrum [32].
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It was possible to turn this concept into a guiding principle for MSSM-like searches in the
heterotic orbifold landscape. In particular, the Zg-1I (1,1) orbifold was studied with two kinds
of shift vectors V; that ensure a SO(10) with 16-plet GUT or an Eg 27-plet GUT, respectively.
This led to a fertile area in the heterotic landscape with a significantly increased probability of
obtaining MSSM-like models and was named Mini-Landscape |75}, |79].

In chapter [5| we will build upon these findings and study the inner structure of local GUTs
with neural networks.

2.5 The Orbifolder

After we have chosen an orbifold geometry © and found a consistent gauge embedding matrix
M, it is possible to compute the low energy 4D orbifold model denoted by model(M). As
the orbifold geometry O is mostly held fixed and we investigate the space of gauge embedding
matrices M, we also name M orbifold model. However, some details of the models are not
yet understood in a concise formalism, e.g. the Yukawa couplings. Nonetheless, already the
spectrum computation seen in section is rather involved and takes a considerable amount
of time. Fortunately, this procedure was automated in the orbifolder [80] project. This
program searches for consistent gauge embedding matrices M and returns the massless string
spectrum, denoted by spectrum(M ). This spectrum consists of the left-chiral matter with all
non-Abelian gauge charges. Also, the allowed couplings according to the string selection rules
as well as discrete symmetries, can be analyzed. Furthermore, the orbifolder can be used
to identify equivalent orbifold models based on their massless particle spectra. Two orbifold
models, model(M) and model(M’), are said to be equivalent if their massless spectra coincide
on the level of the non-Abelian representationsﬂ ie.

spectrum(M) = spectrum(M’) = model(M) ~ model(M’) . (2.60)

In detail, the orbifolder can produce an ID label to identify different models. This ID label
consists of,

e The number of generations of quark-like and lepton-like states, i.e. this value indicates for
MSSM-like models the necessary three generations.

e Number of non-Abelian singlets charged under U(1).

e The number of representations of the left-chiral matter in the orbifold sectors, ordered in
ascending order. This contains some information about the allowed couplings since the
string selection rules allow only for certain couplings between the different sectors.

e The non-Abelian gauge groups in 4D.

e A value indicating if there is an anomalous U(1).

e The left chiral matter spectrum in terms of their representations under the non-Abelian

gauge groups. For a comparison of the ID labels, this entry needs to be basis independent.
Therefore, the spectrum is sorted according to its representation content.

"In case of MSSM-like models the U(1)y hypercharge can also be used.
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2.6 Definition of MSSM-like models

Using the orbifolder package it is possible to quickly search the Z!2® space of dj; coefficients
for consistent gauge embedding matrices M as defined in section However, the resulting
particle spectra are in general very different from the (MS)SM. Hence, let us first state the
MSSM spectrum in representations of the SU(3)c x SU(2), x U(1)y gauge symmetry and the
left-chiral matter as,

3x[(8,2)1/6 4+ (3,1)_9/3+ (3,1)13+(1,2) 12 + (1,1)1] + (2.61)
Ix[(1,2)12+ (1,2)1)9] »

where the subscript indicates the U(1)y hypercharge. Possible right-handed neutrinos (1, 1)
are not included. In general a large number of additional fields are generated as remnants from
the orbifolding procedure. Indeed, there is no known heterotic orbifold compactification that
exactly reproduces the (MS)SM as low energy spectrum without additional particles. However,
it is possible to define MSSM-like models which allow for additional particle content that is not
a priori fatal for the model in the sense that it introduces phenomenological forbidden effects.
In detail, it is possible to allow for exotic particles that are vector-like with respect to the SM.
These exotic particles are matter that is charged under the SM. In order to be vector-like, each of
these exotic particles has a mass-partner transforming in the complex conjugate representation
with respect to the SM. The charges of the particles may be different from the ones known in the
SM and hence are exotic particles. However, in this context an additional vector-like particle
pair which is, e.g. charged like a down-type quark, will be accounted to the set of vector-like
exotic particles. Interestingly, it turns out that all types of vector-like exotics that appear in
the orbifold landscape amount to 43 different types. They are listed in table and table

As the MSSM is defined without any vector-like exotics, these particles eventually have to
decouple from the effective field theory spectrum. We let X and X denote a pair of vector-like
exotics. Usually, these exotics can become very massive through terms in the superpotential.
They are of the form W O (Mplanac)* P (s°)P X X, where p € Ny and s° is a SM singlet (1,1)o.
The SM singlet can acquire a large non-vanishing vacuum expectation value (VEV), which
generates a mass term, that can be close to the Planck scale Mpjanck, for the vector-like exotics
X and X. Thus, besides three (chiral) generations of quarks and leptons, a Higgs-pair and SM
singlets a MSSM-like orbifold model can be equipped with vector-like exotics.

Finally, let us comment on the U(1)y that is normalized such that it results from an SU(5)
GUT. In detail, the non-Abelian gauge factors SU(3) x SU(2) for which the three generations of
quark-like states appear are embedded into a SU(5) space where the generator that defines the
U(1)y is the orthogonal direction with respect to SU(3) x SU(2) in this SU(5) spaces. Hence,
the U(1)y is normalized such that it is consistent with gauge coupling unification.
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Chapter 3

Non-supersymmetric heterotic
orbifolds with supersymmetric
substructure

Supersymmetry is a promising extension of the SM that introduces a degeneracy of bosons
and fermions. This theoretically appealing symmetry is so powerful that the question arises
if a highly constrained framework, such as string theory, predicts its existence from quantum
gravity. While supersymmetry is itself widely assumed in string theory, the setting of heterotic
string theory provides a well defined non-supersymmetric SO(16)xSO(16) string |44} 81-83].
Compactifications of the SO(16)xSO(16) string |18, |50} |84-94] lead to low-energy spectra close
to the SM [95H100]. However, in this non-supersymmetric theories the issue of the cosmological
constant arises. As discussed below eq. the 4D cosmological constant is proportional to
the one-loop vacuum to vacuum amplitude in string theory. This amplitude is expressed in
terms of the so-called partition function. In the case of supersymmetry, the partition func-
tion vanishes, and hence the cosmological constant vanishes, too. Thus a small breaking of
supersymmetry would introduce a small cosmological constant as it is observed in the uni-
verse |101} |102]. However, missing signs of supersymmetry at the LHC [103], demand that also
non-supersymmetric theories are explored and understood. Unfortunately, the partition function
in non-supersymmetric string theories does not vanish at one loop by default and induces a con-
siderably too high value for the cosmological constant. This issue is tackled in various attempts
and will also be the main concern in this chapter. In the literature there already exist attempts
for a exponentially suppressed cosmological constant at one loop [91}, 99, [104H108]| trying to re-
duce the problem. Moreover, there exist non-supersymmetric constructions in the type II string
theory with a vanishing cosmological constant at one-loop, see [93, [109-112]. For the type II
construction, it was crucial that the compactification was done on asymmetric orbifolds[] While
it was argued in [99] that heterotic non-supersymmetric string theories induce a non-vanishing
cosmological constant, the type II example is the motivation for a detailed understanding of
this issue. The goal of this chapter is to investigate the inner structure of symmetric orbifold
compactifications on the heterotic string that construct 4D non-supersymmetric models.

!Note that this cancellation may not persist towards higher loop orders as in supersymmetric models [113].
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3.1 Conditions for a vanishing one-loop cosmological constant

In this chapter, we will connect the vanishing of the one-loop cosmological constant to a group
theoretical question. Hence, we will focus on the group theory part here and refer the reader for
details on the partition function to [24]. As the goal of this section is to find the minimal dif-
ference between the supersymmetric and non-supersymmetric case, let us start by investigating
the overall structure of the full one-loop partition function that is the integrand of the modular
integral eq. . The full partition function can be factorized into a 4D non-compact part Z3 1
and the orbifold © compactified internal part Ziy ,

Zra(7,7) = Z31(7,T) Zine. (1, 7) - (3.1)

Moreover, the world-sheet that describes the one-loop partition function is given by a torus.
Hence, the closed string eq. (2.30) has to satisfy a second boundary condition from the element
hes,

X(og + 771,01 +712) = hX(00,01), (3.2)

where 7 = 7| +imy parameterizes the world-sheet torus [30]. In order to ensure that the boundary
condition eq. is compatible with eq. , the associated space group element h € S has
to lie in the centralizer of Cy, i.e. [h,g] = 0 with g € S the constructing element according to
the boundary condition eq. . Then, the internal orbifold partition function can be formed
as a sum over (g, h)-sectors,

Z (17) = |113|Z S Z 7] (7). (3.3)

g heCy

Finally, the individual terms of the sum in the internal partition function, i.e. each (g, h)-twisted
sector, can be factorized in left- and right-moving parts

Zine[3] (n7) = Zun 3] () Zxa [3) (1. 7) 23 [3] (1) (3.4)

related to the supporting world-sheet fields Ui, Xg and X1,. The explicit form of the contri-
bution from the gauge degrees of freedom Zx, in eq. depends on the gauge embedding
(see section . Hence, this part is conditioned on the specific model and needs detailed
computations for each specific case.

The structure of the partition function reveals that the direct computation of the one-loop
cosmological constant eq. is, in general, connected to the particular compactification pa-
rameters and hence complicated and model-dependent. Analogous to the supersymmetric case
where the full partition function vanishes, we ask here for model-independent situations with
a vanishing cosmological constant. One possibility is to force the integral to be zero by a par-
ticular symmetry of the partition function. A suggestion in this context was the Atkin-Lehner
symmetry [1145117]. However, this requires a detailed understanding of the modular proper-
ties of the full partition function which is not generically known. The next option would be a
vanishing partition function. As the non-compact space-time part of the partition function is
non-vanishing, the full partition function Zg,j in eq. only vanishes, if the internal partition
function Ziy;. is zero. From eq. one can infer the trivial realization as Ziys. [}QL] =0V (g,h)-
sectors. However, there exists also the possibility that some Zjy. [“Z] = (0. This option involves a
non-trivial cancellation between the contributions from the various twisted sectors in eq.
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and hence needs further understanding of the model-dependent details. Since these options
involve intricate cancellations, we focus on the model-independent option and demand that

Zint.[7] = 0 for all pairs [g,h] =0 . (3.5)

This condition directly implies that we restrict ourselves to supersymmetric heterotic string
theories, i.e. the Eg x Eg or the SO(32) string. This is due to the one-loop (g, h)-sector corre-
sponding to (1,1). As this 10D sector is modular invariant, it has to vanish by itself. A fact
that would not be given for the non-supersymmetric heterotic SO(16) x SO(16) string. In other
words, the only way to have a model-independent vanishing integrand is to have supersymmetry
at least at the string scale and breaking it by orbifolding to a 4D non-supersymmetric theory.

The internal partition function eq. (3.4), consists for (g,h) # (1,1) of a product of three
parts. Thus, it vanishes whenever one factor is zero. However, the part of the partition function
associated with the right-moving fermions ¥y in eq. encodes all the information about
target-space supersymmetry. The (g, h)-twisted partition function Zx, [i] is associated with
the internal orbifold geometry and has no relation to supersymmetry. Hence, it is in general
non-zero. Then Zy, [Z] is the last factor that can yield a model-independent vanishing of the
partition function. This factor only depends on the space group S, but not on the particular
gauge embedding. Furthermore, Zy, [“Z] (1) depends only on the local twist vectors v, and vy,
corresponding to the commuting space group elements g and h, respectively, and not on the
torus lattice I', see [24]. Thus, according to the classification of 6D orbifolds in section it
is the same for a vast collection of orbifold models.

3.1.1 Vanishing right-moving fermionic partition functions

The right-moving fermionic partition function Zy, [“Z] in eq. 1) vanishes iff the corresponding
(g, h)-sector admits at least one Killing spinor. This can be shown using Riemann identities (see
Appendix A of [24]),

The space group elements g, h € S admit
at least one common Killing spinor.

Zyp [}](r) = 0 (3.6)

Thus, in order to investigate a vanishing partition function we can study the spinor embedding
of the geometrical twist 6 of g = (6, n4eq) € S. For the spinor representation eq. (2.41), we
observe that the possible eigenvalues of Ds()) are exp(42mivjy) with a = 1,2, 3,4, where

v; + vg + vg’
1| —v +0v2+03
— . ) i (3.7)
2 vy — vy + v,
3
g

Ug =
1 2
vg—l-vg v

and similarly for h = (p, maeq) € S with b € Cy. Consequently, Dg(#) and Ds(p) have a common
invariant eigenvector if the same components vy and vy are integer valued. This eigenvector
corresponds to a preserved Killing spinor. Thus the (g, h)-twisted sector preserves some amount
of supersymmetry in this substructure, such that the right-moving fermionic partition function
AT [ﬂ is zero. Hence, if a Killing spinor is invariant under a point group element Dg(6),
the corresponding (g, 1)-sector vanishes and we say that a Killing spinor exists locally for the
Zpn, Abelian subgroup generated by 6 € P. These considerations make it evident that the

partition function of any supersymmetric orbifold vanishes. Concretely, the supersymmetric
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case corresponds to one globally defined constant spinor, which implies a spinor that is invariant
for all Dg(0) with 6 € P. Such a Killing spinor will be called global. The term supersymmetry is
avoided to point out that these concepts do not relate to local and global supersymmetry. The
vanishing of the right-moving fermionic partition function Zy, [{] for all (g, h)-sectors is in case
of 4D supersymmetric orbifolds related to a global Killing spinor. However, there could exist
non-supersymmetric toroidal orbifold compactifications with vanishing right-moving partition
function in each (g, h)-twisted sector separately, due to the existence of different supersymmetries
in each (g, h)-sector. It is sufficient to demand:

i. There exists a local Killing spinor in every (g, h)-sector. In other words, each
orbifold sector preserves by itself at least /\/(g’h) = 1 space-time supersymmetry.

ii. The (g, h)-sectors preserve distinct Killing spinors, such that it is impossible (3:8)

to define a globally invariant spinor. Hence, target-space supersymmetry is
broken, N' = 0.

However, the no-go result in the upcoming sections will be that such a construction is not
possible. Hence, non-supersymmetric toroidal orbifolds for each possible space group S will
always break supersymmetry entirely in at least one (g, h)-sector.

3.1.2 Non-isomorphic embeddings

Another complication of eq. is related to the double cover ambiguity for embedding the
geometrical action into the spinor representation. As discussed in section the action of
the point group has to be embedded into the eight-dimensional spinor representation. The
spin group Spin(6) is the double cover of the orthogonal group SO(6), hence any element 6
of the geometrical point group P has two representatives in the Spin(6) group as £Dg(0), see
eq. . Therefore, if the geometrical point group P has a set of K generators, there exist
2K possibilities for the action of the point group on spinors. These different embeddings are in
general inequivalent.

Note, that this ambiguity can lead to a non-isomorphic embedding. For example, if the
order Ny of a generator 6 is odd, then the order of the corresponding spin generator depends
on the choice of embedding sign. If Dg(#) has the same order Ny as 6 € P, then we find that
—Dg(0) is of order 2Ny. However, this non-isomorphic embedding, in the case of odd generators,
can be generalized to the defining conditions of finite groups. In particular, this can happen
for groups which have only even generators. Concretely, each finite group H is defined by a
so-called presentation, i.e. by several defining relations between its generators. We can bring
these to the form of a product of generators of H that equals the identity,

Or---0, = 1g . (3.9)

Inserting eq. (3.9) into eq. (A.8]) and using the relation to the charge conjugation matrix defined
in eq. (A.7) we observe that the corresponding spinor element of eq. (3.9) has to commute with
all gamma matrices I'; eq. (A.14)) that build the basis of the Clifford algebra,

[Ds(el) : "Ds(en)v Fi} =0 ) (3'10)

forall  =1,...,6. However, the eight-dimensional I'; matrices generate the so-called extraspe-
cial finite group of order 128, with (GAP ID [128, 2327]). This group has 64 one-dimensional
irreducible representations and one eight-dimensional irreducible representation. The eight di-
mensional representation is the only one which can satisfy the Clifford algebra and is given by
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the gamma matrices I';. Using this observation we can apply Schur’s lemma for irreducible
representations of a finite group. Hence, it follows that any element Dg(6; ...#6,,) of Ps that has
to commute with all I'; and is not the zero matrix, has to be proportional to the identity matrix
Dg(6; ...0,) = alg with a € C. This condition in combination with eq. results in a® = 1.
Thus, we obtain that the defining relation for the corresponding group FPs in spinor space, can
take two forms,

Dy(61)---Ds(6,) = +1g. (3.11)

Hence, any non-isomorphic embedding of P in Py contains the element —1g. Otherwise, if all
defining relations for Py are the same as those of P, then Ps and P are isomorphic P ~ F.
Thus, for non-isomorphic embeddings the space group element g with Dg(f) = —1g has no
invariant spinor according to the condition on the eigenvalues, see eq. . Since the right-
moving fermionic partition function has to vanish in each (g, h)-sector, we have to avoid this
situation. Hence, we restrict ourselves to those cases where the point group P and FPs in spinor
space are isomorphic,

Px~Pp,. (3.12)

However, even for the isomorphic case, several embeddings exist. Those correspond to inequiv-
alent models that might have different cosmological constants. Thus, the various isomorphic
embeddings are of interest for the following investigations.

3.2 Local Killing spinors in non-supersymmetric orbifolds

Recall that all geometrical point groups that act crystallographically (eq. ) on 6D tori are
classified in CARAT and accordingly labeled from 1 to 7103 for all QQ-classes. The generators
for each QQ-class are given in some (unspecified) lattice basis e, as GL(6;Z) matrices denoted
by § € P. The task is to find a lattice basis e and the corresponding SO(6) representation.
We start with the relation between the generators in the lattice basis and the geometrical O(6)
generators,

0 = ehe . (3.13)

Using the orthogonality property 67 § = 1 and the definition of the torus metric eq. (2.11)) this
leads to the condition,

G =67Ga, (3.14)
for all @ € P. A solution to the equation above is given by
G=> p"p. (3.15)
peP

This solution can be verified by explicit insertion in eq. and the simple observation that
the action of § € P shuffles the individual terms of the sum. Next CARAT provides with the
FORM_SPACE function a option to find a basis of all G’s that are solutions to eq. . From
there, one could choose a lattice basis, to get the best approximation to a diagonal representation
for the generators. In this specific case, it is sufficient to utilize a CholeskyDecomposition of
G in order to find a lattice basis e, according to eq. . This basis allows us to transform
the by eq. . Checking the determinant, we find the 6 that are actually in SO(6).

However, the geometrical point group P determined does not fully specify the action on
the spinors because of the double cover ambiguities. Each orthogonal matrix 6 can be written
in terms of the Lie algebra as in eq. . Then, using eq. we obtain both possible
representations +Dg(f) in spinor space.
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’ # WQ-classes ‘ Restriction ‘

7103 All Q-classes in six dimensions, i.e. all inequivalent point groups P C O(6).
1616 | Orientable geometrical point groups P C SO(6)
106 No element from P rotates in a two-dimensional plane only

63 | For each element 6 € P there is an SU(3)y C SO(6) in which 6 lies, but not
necessarily P C SU(3)

60 All elements of the point group lie in the same SU(3), which allows for a
choice of Ps with N > 1 supersymmetry in four dimensions

Table 3.1: Q-classes that survive various requirements for local and global Killing spinors.

3.2.1 Number of invariant spinors

The global and local Killing spinors correspond to the invariant Killing spinors of the whole
group P, and the Zy, subgroups generated by the individual elements D4(0) € Ps, respectively.
Therefore, it is necessary to understand the number of Killing spinors preserved by some sub-
group A C Ps. As Spin(6) is isomorphic to SU(4), the point group action in spinor space is
fully specified in a four-dimensional irreducible representation 4 of SU(4). This so called Weyl
representation is given by the chiral projection of Ds(6) to D4(6) or its conjugate, see eq. (A.13).
Thus, any A-invariant four-dimensional Weyl spinor Wi, is left invariant under the elements of
the subgroup Dy4(6) € A,

D4(0) Viny. = Viny. , (3.16)

To obtain the eigenspace of A-invariant spinor spinors, we can define the projection operator by
D4 () PA = PA for all D4(0) € A. This condition is satisfied by,

PA = i > Du®) . (3.17)
D4(0) € A

Since the projection operator eigenvalues are limited to 0 or 1, we can take the trace over the
projection operator to get the dimension of the invariant subspace. Thus we can count the
number of A-invariant Killing spinors,

NA = Te(PY) = L > Tr(Da(0)) . (3.18)

1,2
4(0) e A

For A = (0), N ) computes the number of local Killing spinors according to the 7Z N, subgroup of
P;. Consequently, for N' = N'* we obtain the number of global Killing spinors which determines
the amount of target-space supersymmetry.

3.2.2 Point groups admitting local Killing spinors

The definitions for the explicit construction of the spinor representation allows us to investigate
the 7103 Q-classes associated with the geometrical point groups in 6D. However, a huge fraction
of these possibilities will not survive the most basic physical considerations as we will discuss
next. These considerations are summarized in table [3.1]

Beginning with the essential condition on the geometrical point group to preserve the ori-
entation P C SO(6) in order to allow for a definition of spinors at all. This mere constraint
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CARAT-Index | Group Generator relations Order | Local twist vectors
3375 Z3xZy| 07=03=1, 02010 =0 12 | (§,5-3).(3,-50)
5751 QS 911: ]17 9%:927 010291 :62 8 (%7%7_%) 7(%7_%70)
6737 SL(2,3) | 67 =0,=1,(6201)>=676> | 24 | (5.5.—3) (3 —1.0)

Table 3.2: The three Q-classes for which all elements have an individual SU(3) embedding but
not simultaneously. Note that the two local twist vectors are obtained from two different bases
since these groups are all non-Abelian.

reduces the number of possible point groups to only 1616. However, even more point groups
are to be disregarded for our approach. From the remaining point groups, only 106 are able to
get a trivial eigenvalue for a Killing spinor. The rest of the instances rotate only in one complex
plane. In this case, the local twist vector v, defined in eq. is given by vy, = (0, U;, 0,0).
Hence, for a non-trivial rotation v} none of the eigenvalues in the spinorial representation Ds(6),
eq. (2.41), is one and thus, Dg() has no invariant Killing spinors. These trivial considerations
already reduce the possible set of situations we can investigate massively. However, there is
more that we can demand at this point. In [57, 118] a check on the holonomy group of P was
performed to find the Q-classes that allow for N/ > 1 supersymmetry compactifications. This
check leaves only 60 point groups. However, in our case, we can ease this constraint on the holon-
omy group and modify the requirement such that each element fits into an individual SU(3). It
turns out that only 3 additional geometrical point groups benefit from this non-trivial change
in the SU(3)-check. Even though each point group element can be embedded individually into
spinor space to preserve at least one Killing spinor, not all the required choices can be made at
the same time for all elements in Ps. Hence, those 3 geometrical point groups do not allow for
supersymmetry. They are the natural first guess to be a possible solution to our investigation
and are given in table

However, it is not clear whether the 60 point groups with SU(3) holonomy also allow for
another choice of the spin embedding Py such that different Killing spinors are preserved in the
various sectors. Thus they would break supersymmetry globally but keeping invariant Killing
spinors locally. Eventually, it is necessary to construct, for each of the 63 geometrical point
groups P, all possible spinor space embeddings. However, it turns out that in each embedding,
there always exists at least one element that does not preserve a local Killing spinor if Py has no
global Killing spinor. Note that the relevant elements can change between the different embed-
dings. Consequently, this explicit check provides a nonexistence proof for non-supersymmetric
orbifolds with local Killing spinors for each point group element. We exemplify this analysis for
the Qg orbifolds in section In the following section, we will connect this no-go result to the
representation theory of finite groups.

3.3 Finite group theoretical non-existence proof

The main take away so far is that the amount of supersymmetry is not fixed by the condition
P C SU(3) alone, but only the specific representation in spinor space determines the amount
of supersymmetry. As this connects supersymmetry to the specific representation, explicit con-
structions are computationally intensive. Hence, we show that it is possible to use finite group
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theory instead. Let us state the necessary facts of group theory to follow the upcoming sections
next P

3.3.1 Elements of finite group theory

The representation theory of a finite group H is based on characters. For each representation
R the corresponding character is given by the trace ygr : H — C for the elements b € H

xr(b) = Tr(Dr(b)) - (3.19)

Since the trace is invariant under conjugation the characters of the conjugacy classesﬂ fully
determine the representation. For finite groups the number of conjugacy classes is given by the
number of irreducible representations, c. Hence, a vector of length ¢ defines the representation R

e = (xw((bi)).- o xr (b)) - (3.20)

For convenience the first entry of this vector is dedicated to the identity element, since yr(1) =
|R| determines the dimension of R. For representations constructed by direct sums or tensor
products, the characters are computed by normal sums and products of the corresponding
characters

XrRor/(b) = xwr(b) + xr/(b) , XrRor/(b) = xRr(b) xr/ (D) - (3.21)

Furthermore, the k times anti-symmetrized tensor products, denoted by [R]x, can be expressed
in terms of the characters of the representation R. Using the expressions derived in |120, |121]
we get

xwa®) = 3 (G (®)? = () . (322)
XRr), (b) = % ((XR(b))4 —6xr(0?) (xr(5)? +8xr (1°) xr (D) + 3 (xr (b?))* - 6XR(b4)> :

The power of this approach is that one can define the following inner product

— 5 ) xw (V) | (3.23)

VeH

1

for any two character vectors associated with representations R and R/ of H. With respect to
this inner product the characters of irreducible representations r, are orthonormal,

<er7Xry>H = 5zy . (324)

Thus, the irreducible representations build a simple basis of the space of representations. This
inner product efficiently computes the coefficients n, of the decomposition of any representation
R in irreducible representations,

C

R = P o)™, (3.25)

r=1

2 Details on finite group theory can be found for example in [119)].
3Defined as in the case of inequivalent fixed points in eq. 1}

38



3.3. FINITE GROUP THEORETICAL NON-EXISTENCE PROOF

where (r;®)"" =r, @ - @®r, and n, € Ng. Using eq. (3.21) and the orthogonality of the
irreducible characters eq. (3.24) we find that

XR(D) = D naxe,(b), with ne = (xr,, XR)H - (3.26)
r=1

Furthermore, the characters can be used to compute the branching to Zy representations. For
the Abelian group Zy, all N group elements commute and thus lie in distinct conjugacy classes.
Since the dimension squared of all irreducible representations equals the order of the finite
group, Yo ;(xr,(1))? = |H|, there are N one-dimensional irreducible representations of Zyx.
They are denoted by 1, for ¢ = 0,...,N — 1 and 1 labels the trivial representation. Since
all representations are one dimensional the characters are simultaneously the representations,
i.e. x1,(b) = D1,(b) = exp (2mig/N) for the Zy generator b. Thus, for a Zx subgroup that is
generated by b € H, we can give the branching of the representation R of H into the irreducible
representations of the Z y-subgroup, using the character inner product eq. for the subgroup
ZiN,

1 -
nrg = (XRox)zy = 3 DL xw®)xa, () (3.27)
VEeEZN

nR.q counts how often the irreducible representation 1, appears in the branching. Therefore, we
had to use the characters with respect to two different groups, i.e. xr are the characters of the
full group H while x1, are the characters of the irreducible group from the Z y-subgroup.

3.3.2 Spinor representation and QQ-classes

From eq. (2.17), one can infer that the 7103 Q-classes of 6D orbifolds provided by CARAT are
possible six-dimensional representations 6 of finite groups H. Those finite groups that make up
all Q-classes amount to only 1594. In general, there exist several inequivalent realizations as
integral 6 x 6-matrices with different eigenvalues for a given finite group H. For this reason, we
may take the different abstract finite groups H, underlying the Q-classes, as our starting point.

From section [3.2.1] it is clear that we are interested in representations 4 of these finite groups
H, that are reducible in general. However, not all four-dimensional representation 4 of one of
these finite groups corresponds to a spinor representation that can be connected with a 6D
toroidal orbifold. The representation can originate from U(4) instead of SU(4). Moreover, the
resulting six-dimensional representation,

6 = [4],, (3.28)

connected to the two-times anti-symmetrized tensor product of 4 (see section [3.3.1]), not neces-
sarily corresponds to one of the vector representations listed in the CARAT classification. Thus,
two conditions need to be fulfilled:

1. det (Dg4(b)) =1forallbe H

. . . . . . 3.29
2. The representation matrices associated with eq. (3.28) are isomorphic to a ( )

Q-class.

In order to circumvent the explicit construction of representation matrices, it is beneficial to
observe that the determinant is the fully anti-symmetrized one-dimensional representation of a
group [121]. Thus the determinant condition is linked to the the four-times anti-symmetrization
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of the 4. In other words, if the resulting singlet representation from [4]4 is the trivial one-
dimensional representation: x4, = (1,...,1) the determinant for all elements b € H is one.
This can be checked easily using the four-times anti-symmetrized character formula eq. .
Similarly, the isomorphism to a QQ-class can be checked using the character formula of two-times
anti-symmetrized representations eq. to compute the character x6 = X[4),- This character
values yg have to match the characters x of a H related Q-classes from the CARAT list. Hence,
by utilizing finite group characters, we can check the conditions without the need to construct
any representation matrix explicitly.

3.3.3 Killing spinors and singlet representations

The approach of counting the number of A-invariant spinors N4 by taking the trace of the
corresponding projection operator eq. (3.18)) (see section [3.2.1)), connects now trivially to the
concept of characters that are defined by the trace eq. (3.19). Thus we obtain,

1
NA = Al > xalt) = (xaxa)a = ni, (3.30)
beA

where in the first step, the trivial representation 1 was inserted, to make use of the inner product
eq. . According to eq. this computes the coefficient in the branching of 4 for the
trivial representation of A. Thus, the number of A-invariant spinors equals the number n{‘ of
trivial singlet representations 1 from A in the branching of 4.

Let us specify the general subgroup branching eq. for local and global Killing spinors.
First, for the case of a Zy, subgroup of H, which is generated by a single element b € H. Hence,
we identify A = (b), and recognize, that the number of trivial singlets in the branching equals
the amount of preserved spinors by b. Thus, we determine the amount of supersymmetry in this
substructure by,

NO = p (3.31)
Secondly, if we identify A = H we observe,
N = nf. (3.32)

Hence, the amount of target-space supersymmetry, i.e. the number of global Killing spinors, is
given by the decomposition coefficient eq. for the irreducible trivial singlets of H in 4.
In case the spinor representation 4 includes a trivial singlet 1 of H in its decomposition, this
trivial singlet 1 will branch for any subgroup into the trivial singlet of that subgroup eq. ,
in particularly for the Zy, subgroups generated by each element b € H. Hence, if an orbifold
has a global Killing spinor, each (g, h)-sector has a local Killing spinor.

3.3.4 Nonexistence proof

With the above results, we can use finite group theory to prove that non-supersymmetric toroidal
orbifolds only admit Killing spinors locally in all (g, h)-sectors, if there exists a global Killing
spinor. Therefore, the procedure is:

1. Consider all faithful 4’s of H, that do not contain a trivial singlet representation of H in
order to avoid global Killing spinors by eq. (3.32).

2. Reject those representations 4 that can not satisfy the conditions in eq. (3.29)). In particu-
larly, the four-dimensional representation D4 should be a subgroup of SU(4) and [4]2 = 6
should result in a six-dimensional representation of the Q-classes.
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3. Construct, all Zx C H subgroups, and compute the number of trivial Z n-singlet in the
branching.

This method shows that none of the 1594 different abstract groups H can fulfill all requirements.
Equivalently, as in the explicit approach, for each 4 remaining after the first two steps, there
is at least one cyclic subgroup, for which 4 does not branch to a trivial Z y-singlet. Hence, for
all non-supersymmetric 6D toroidal orbifolds, there is always a (g, h)-sector without any local
Killing spinor.

The power of the finite group theoretical proof lies especially in the clear and fast perfor-
mance, i.e. no numerical difficulties arise with this approach. In the next section, the explicit
construction and the finite group theoretical method will be illustrated in the case of the Qg
finite group. However, in section the group theoretical considerations will be extended far
beyond the limits of 6D toroidal orbifolds.

3.4 Examples with Qg point group

In order to illustrate several of the abstractly discussed concepts above, we utilize in this sec-
tion the example of H = @Qg. Note, this group connects to one of the three exceptional cases
table that allow for each element an SU(3) embedding but not all simultaneously. First, the
group structure of Qg is reviewed in section Afterwards, in section the conditions
of representation theory (section are determined and illustrated. It turns out that only
the representation of (Jg orbifolds with CARAT-index 5750 can fulfill all conditions simultane-
ously. Hence, this Q-class is used in the explicit construction to emphasize that there are four
inequivalent embeddings of the same geometrical (g action into spinor-space, see section

3.4.1 Group Qg and its representations

For the quaternion group Qs with 8 elements (GAP-ID [8, 4]) the generators by and by fulfill the
following defining conditions

Qs = (b1,by | b =1, b3 =07, babi by =b7") . (3.33)
It turns out that Qg has five conjugacy classes given by:
(1] = {1}, [b] = {61,067}, [ba] = {b2,03}, [bs] = {bs, b3}, [b]] = {b7}, (3.34)

where we used bg = b1by as convenient notation. Qg has 5 irreducible representations which are
denoted by 1. for the trivial one-dimensional representation, 1., 1_, 1__ for the three non-
trivial one-dimensional representations, and a single faithful two-dimensional representation 2.
The characters for the conjugacy classes [b] lead to the character table T" of Qg given in table
The matrix representations of the elements b,, a = 1,2, 3 read

Dl,\B(bl) = Al, Dlw(bg) = Bl, Dl,\B(bS) = A-B1 and Dz(ba) = —iO’a, (335)

for A,B = £ and o, are the Pauli matrices. The representation R of Qg can be decomposed in
terms of the irreducible representations

R = P Quwe)™ o 2e)®. (3-36)

A,B=%
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r=1,, 1 1 1 1 1
1 1 -1 -1 1
1, 1 -1 1 -1 1
1 1 -1 -1 1 1
2 2 0 0 0 -2

Table 3.3: Character table T of the quaternion group Qs.

From this general Ansatz of the decomposition we can compute the character of the represen-
tation R using table and eq. (3.26]) to obtain

XR = XR ([]l] ) [bl] ) [bQ] ) [b3} ) [b%]) (337)
= < —|— 277, Z AT (yB) Z BN (sp) Z A-BNg), N(1,) — 271(2)) ,
A,B=% A,B=% AB=%

where n(1,) = n4) + ng—) + ny) +n_) is the total number of one-dimensional represen-
tations in the decomposition of R. Rearranging the relations one can obtain the total number
of singlets n(y,) and the number of doublet n () representations in terms of the characters xr
of [1] and [b}]. This yields

On the other hand, the assignment of the various types of singlets is encoded in the character xr
evaluated on [b1], [b2] and [b3]. For the five irreducible representations of (s, the rules of tensor
products read:

1AB®1CD == 1A'CB'D) 1AB®2 — 2, 2®2 — @ 1AB7 [2]2 — 1++ . (339)

A,B=%

These properties arise from the characters of table and the tensor product rules of characters
eq. (3.21). In the second relation the zero entries for the conjugacy classes [by] in the character
vector of 2 annihilate the characters of the specific singlet involved. Moreover, since yag2 =
(4,0,0,0,4), it follows from the generic equation for the number of doublets in R, eq. ,
that n) = 0 for 2 ® 2. Consequently, n(;,) = 4 and hence, shows that this tensor product
decomposes into singlet representations. The characters show that only the combination of
all four irreducible singlet representations can realize the zeros in the character vector of 2.
Finally, the relation for [2]s of eq. can be confirmed by using the character formula for
anti-symmetrized representations eq. .

The explicit branching of the irreducible representation of Qg for its cyclic subgroups is given
in table In total there exist three maximal subgroups isomorphic to Z,4 generated by b,
bo, bs, as well as a Zo generated by the elements b = b3 = bg of the fourth non-trivial conjugacy
class.

3.4.2 Spinorial interpretation of 4 of Qg

The criteria on four-dimensional representations of a finite group H to ensure that a heterotic
orbifold can be obtained, which admits Killing spinors locally, can now be applied to the possible
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Subgroup || 144 [ 14 1_, 1__ 2
Zn gen. || | 4 1 \ 1
Zy b 1o, | 1o, 1> 15 |1, D13
7y by 1o | 12 1o 13 |1: D13
Zy b3 1o | 12 12 1p |[1:913
7y b2 19 | 10 19 1p |1, @1,

Table 3.4: Branching of the irreducible representations of Qg into the irreducible representa-
tions 14 of the three maximal subgroups that are isomorphic to Z4 as well as the Zo generated

from the non-trivial conjugacy class of Qs, see eq. (3.27)).

four-dimensional representation 4 of (Js. For this particular abstract group exist four Q-classes
with CARAT-indices 5750, 5751, 6100, and 6101. The generators of the QQ-classes and some details
are listed in table We begin by analyzing if the described toroidal orbifold is orientable.

For the Q-classes with CARAT-indices 6100 and 6101 there exist generators with det (9;) =-1

and det <9Al> = —1, respectively. Remember that this condition relates to the property of
toroidal orbifold geometries not admitting spinors. Hence, only the Q-classes with CARAT-
indices 5750 and 5751 do. Next, the question of a faithful four-dimensional representation is
investigated. As the highest irreducible representation of (Jg is of dimension two, any four-
dimensional representation is reducible. As the only irreducible and faithful representation of
Qs has to be in the decomposition, i.e. 2, faithful decompositions for 4 read

n(l*) =2 ) n(z) =1 s n(l*) =0 5 n(z) =2. (3.40)

D4(Qs) C SU(4)

In order to interpret 4 as spinor representation, it is necessary that D4 (b) € SU(4) for all b € Qg.
As discussed below eq. this is the case if the character vector of [4]4 equals the trivial
one-dimensional representation. Using the anti-symmetrized character relations eq. , for
the realizations eq. , it turns out that x4, ([1]) = x{aj,([bi]) = 1. From here, we proceed
with a case differentiation. Therefore, let us start with

4 =22, (3.41)

Here, we have xag2([ba]) = x2([ba]) + x2([ba]) = 0 for a = 1,2,3. Hence, it follows from the
anti-symmetric relations eq. (3.22)), that also the other three conjugacy classes fulfill

X(2a2], ([ba]) = % (3 (X202 (53))2 - 6X2®2(53)) =1, (3.42)
as Y2qp2 (bg) = —4 and Y22 (bﬁ) = x2a2(1) = 4, see table Thus, the determinant criterion,
i.e. Xj2@2], = X1, is satisfied and eq. results in a four-dimensional representation which
admits a spinor interpretation.

For the other faithful realization, 4 = 1,5 @ 1cp @© 2, requiring that x(1,,e1,e2], ([0a]) = 1
for all @ = 1,2, 3 leads to three equations

X1A3@1c1>@2<[ba])4 + 8X1AH@1CI)@2<[ba])2 - 48 = O : (343>
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Q-class Lattice basis generators Det Decomposition of v
CARAT-ind. 01 0o |61 ‘ |62 and its character

-1 -1 -1 1 0 0 0 -1 1 0 0 0

1 1 0 -1 0 0 0 0 -1 1 0 0

1 1 0 0 0 0 1 0 -1 1 0 0 L1911+ 9202
5750 0 1 -1 0 0 0 1 -1 -1 1 0 0 1 1

N o = 2,2,2,—2

00 0 0 1 0 00 0 0 1 0 Xv (6’ T )

00 0 0 0 1 00 0 0 0 1

0 1 -1 0 0 0 1 -1 -1 L 0 o0

00 1 -1 0 0 1 1 0 -1 0 0

1 0 1 -1 0 0 1 1 0 0 0 0 1191+ 9202
5751 1 1

1 1 1 -1 0 0 0 1 -1 0 0 0

=(6,—2,2—2,—2

00 0 0 -1 0 00 0 0 1 0 Xv ( ’ ’ ’ )

0 0 0 0 0 -1 00 0 0 0 1

0 0 I 1 0 0 1 -1 -1 0 0 0

1 0 0 1 0 0 1 -1 -1 -1 0 0

1 1 1 1 0 0 1 0 0 1 0 0 Li+©11- 9202
6100 1] -1

0 -1 -1 -1 0 0 -1 1 0 0 0 0

=(6,2,0,0,—2

00 0 0 1 0 00 0 0 1 0 Xv ( R )

00 0 0 0 1 00 0 0 0 -1

I -1 -1 0 0 0 0 0 1 1 0 0

1 -1 -1 -1 0 0 1 0 0 1 0 0

1 0 0 1 0 0 11 1 1 0 0 L-91 - 9292
6101 -1 1

-1 1 0 0 0 0 0 -1 -1 =1 0 0

=(6,0,—2,0,—2
0 0 0 0 1 0 0 0 0 0 -1 0 Xv ( e » )
00 0 0 0 -1 00 0 0 0 -1

Table 3.5: Table of the four Q-classes based on the finite group Qs. The first column gives
their CARAT-indezx. The second column provides the GL(6,Z) matrices of the two generators.
The third column gives the determinants. The last column states the characters xv and the
decomposition eq. of the six-dimensional representations.

From table[3.3|we observe that the finite group Qg contains no complex characters in its character
table. Thus, the solution in R to these equations are given by xi1,e1.,a2([bs]) = £2 for
a = 1,2,3. Inserting this in eq. and solving for the number of singlet representation
in x1,,¢1,02([0a]), we obtain that two identical singlet representations are necessary, i.e.

4 — 1AB@1AB@27 (344)

for A,B = +. Hence, there survive four different realizations.

Resulting six-dimensional representation defines a }-class

In order to be a valid four-dimensional representation 4 of toroidal compactification, 4 has to
fulfill the property of constructing [4]s = 6 a six-dimensional representation that corresponds to
a QQ-class, representation v, in table[3.5] Hence, for each six-dimensional representation, we will
check the condition, if it is possible to find a four-dimensional representation of (Jg, by using
the anti-symmetric character relation eq. . The first cross-check is the dimension of the
representation. This value is given by the character of 1 : x4, ([1]) = (42 —4)/2 = 6 = x6([1]).
Next, we observe that ye([b?]) = —2 for all Qs Q-classes listed in table Using eq. (3.37))
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together with x4([b{]) = xa([1]) =4,

xo(B3)) = Ixa(B)? -2 = -2, (3.45)

which implies x4([b3]) = 0. Consequently, we have for the other three conjugacy classes [bg],
a=1,2,3, of Qs:

xe([ba]) = 5 xa((ba])? (3.46)

using b2 = b?. The right-hand-side is non-negative. Thus, for negative xg([ba]), there exists no
related four-dimensional representation. From table we observe that the vector represen-
tations defined by the Q-classes 5751 and 6101 have negative characters, which rules out the
connection to a four-dimensional representation of QJs.

Resulting spinorial embedding

Altogether, a four-dimensional representation 4 of Qg admits a spinorial interpretation if either
4:2@201'4:11\]3@1/\3@2:

e For 4 = 2® 2 we get Yag2 = (4,0,0,0,—4). This directly implies x2q2([b3]) = —4 # 0
and hence eq. (3.45]) is violated and this can not be realized in any Qg toroidal orbifold
geometry.

e For 4 =1,5® 1,5 ® 2 we have x1,,¢1.,02 = (4,A-2,B2,A-B-2,0). Thus, eq. (3.45) is

satisfied by x1,,@1,,@2([b?]) = 0. Moreover, eq. (3.46) leads to xe([bs]) = 2 for a = 1,2, 3,
which correspond to the Q-class with CARAT-index 5750, see table

Summarizing, the only combination that satisfies all conditions is the spinorial embedding
4 = 1,5 P 1z ® 2 together with the QQ-class 5750 as geometrical point group.

3.4.3 Double cover embeddings

The analysis above resulted in the Qg Q-class with CARAT-index 5750, as the only class that
allows for four-dimensional spinorial representations, that are connected to toroidal orbifolds.
These 4’s are stated in eq. (3.44). There exists still the freedom to choose the non-trivial one-
dimensional representations by the signs of A,B = 4. Since all different choices correspond
to the same six-dimensional representation, this ambiguity can be understood as the different
double cover embeddings of SO(6) into Spin(6): Qg has two generators, and thus, there are
22 = 4 possible embeddings. We will show this freedom in the spinor embedding explicitly by
applying the methods of section

Explicit spinorial embeddings

We begin with the Qg group generators as GL(6, Z) matrices 51, 52 in an unspecified lattice basis
e. To derive the vielbein e, we make use of eq. (3.15)) to find an instance of the metric G and
then apply a CholeskyDecomposition. This results in,

16 8 8 -8 00 2 1 1 -1 0 0
8 16 0 -8 0 0 0 V3 -5 -5 0 0
I e S B AL (3.47)
-8 -8 =8 16 0 0 0O 0 0 V2 0 0
o 0 0 080 0 0 0 0 v2 0
o O 0 00 8 0 0 0 00\/5
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Decomposition of Number of Killing spinors locally Globally
the spinorial repr. N ‘ N (b1) ‘ N (b2) ‘ N (bs) ‘ N (B NQs
4, = 201, D14 4 2 2 2 2 2
4, =201, _o1,_ 4 2 0 0 2 0
4 . =201 _,01_4 4 0 2 0 2 0
4 _ =201 _d1__ 4 0 0 2 2 0

Table 3.6: Table of the the four spinorial representations 4 and their decompositions for the
Q-class 5750 associated with Qg. Given are the locally preserved Killing spinors for each Abelian
subgroup generated by the representatives of the five conjugacy classes [1],[b1], [b2], [b3], [b?] and
the globally preserved Killing spinors of Qs.

Then the SO(6)-representation matrices are obtained by the conjugation eq. (3.13)),

1 2
o_ﬁ_\/; 00 0 0k 00
1 2 1 11
L0 0 /2 oo L0 -L Lo
2 1 - L 0L 00
o= | Vi o 0 Hoo 0= | v v % , 3.48
’ 1 1 1 000
0 2 - o000 Vi Ve VB
: 0O 0 0 010
o 0 0 010
O 0 0 001
o 0 0 001

in the Euclidean basis. From this representation, we use the logarithmic map to the so(6) Lie
algebra element for these generators. Here the basis can be used to compute the coefficients
of the Lie algebra decomposition eq. (A.2]) for both generators. These coefficients, together
with the spin Lie algebra generators eq. are used in the exponential map to observe the
eight-dimensional spinor representation Dg. At this point, it is convenient to use the positive
chirality projector introduced in eq. to express the obtained spinor representation in the
Weyl-basis, as a four-dimensional matrix representation, namely

1 0 0 0 1 0 0 0
D4AB((91) = A \/‘z h s D4AB(¢92) = B T . (349)
0 0 0 1 0 0 0 1

The different double cover embeddings are parameterized by the prefactor A, B = £. The factors
arise in the above procedure from the complex logarithm of the geometrical group that is not
unique but leaves the freedom to add integer numbers to the coefficients. Adding those integers
leaves the geometrical action invariant but results in a sign for the spinor representation. This
corresponds to the four inequivalent decompositions eq. of 4 of Qg that admit a spinorial
interpretation. Thus, the abstract representation theory and the explicit construction yield the
same result.

Number of local and global Killing spinors

To determine the number of Killing spinors, we can utilize either the explicit spinorial repre-
sentation matrices from eq. (3.49) or the decompositions in eq. (3.44]) of the four-dimensional
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representation 4 of Qg for the local, and global case. We use eq. applied to any representa-
tive of each of the five conjugacy classes and eq. for the whole Qg point group. Table
summarizes the results for the four inequivalent choices in the double cover.

The last column of this table reveals that the choice AB = ++ returns N’ = 2 supersymmetry.
Contrary, the other three situations produce N’ = 0 in 4D, as these 4’s do not contain any trivial
singlet representation 1, of Qg. For these cases, there always exist two conjugacy classes, which
do not allow any Killing spinors. This illustrates the impossibility to build a toroidal Qg orbifold
without global Killing spinors, but where each group element by itself admits invariant spinors.

3.5 A finite group conjecture

At this point, we have already excluded the idea of local Killing spinors that do not lead to
a global Killing spinor for 6D toroidal orbifolds. However, condition 2. in eq. (3.29) is, in
fact, obsolete. In other words, the no-go result decouples from the idea to be related to a
crystallographic action associated with some 6D toroidal orbifold. Moreover, it appears that the
conditions build up a pure group theoretical no-go. More specifically, even if no relation to the
Q-classes is assumed, it is impossible to find the desired branching into trivial singlets for Zy
subgroups. This allows us to strengthen the no-go result and connect it to a group theoretical
conjecture:

Conjecture 1 There does not exist any finite group H that has a four-dimensional representa-
tion Dy with trivial determinant, i.e. det (D4(b)) =1 for allb € H, such that:

1. D4 does not contain the trivial singlet representation of H.

1. The branching of Dy to all Zy C H subgroups always contains the trivial Zn-singlet
representation.

Note already at this point how exceptional the constellation of this conjecture is. Below, we
illustrate the importance of our assumptions for conjecture [I] and how sensitive it is to small
variations. However, the conjecture is not only based on the finite groups from the CARAT set.
Additional support comes from checks performed on the list of finite groups of order up to 500
from the SmallGroups Library of GAP [19]. In total, this amounts to @(100 000) finite groups that
were verified to fulfill the conjecture. The orders of 1594 finite groups from the CARAT Q-classes
range from order one for the trivial group to order 103 680 for Zs x (O(5,3) X Zsg) with CARAT-
index 2804. Moreover, 443 groups of the set are of order 501 or higher, and extend the subset
of the SmallGroups Library. We went through the whole list of finite groups and constructed
for each group H the faithful four-dimensional representation 4, such that the decomposition
into irreducible representations of H does not contain the trivial singlet. Furthermore, the
determinant constraint Dg4(b) € SU(4) for every element b € H was checked by computing the
four-times anti-symmetrized character eq. and demand to obtain the trivial singlet of H.
Then, the branching of 4 of H to every Zy subgroup was considered with respect to the number
of trivial Zy singlets. It turned out that for all cases there exists at least one Zy subgroup
of H for which 4 does not branch into a trivial singlet. This provides strong evidence for the
conjecture.

Exceptional constellation of the conjecture

The above inspections for a wide variety of finite groups increase the confidence for conjecture
However, let us illustrate how extraordinary the constellation of this conjecture is. For this, we

47



CHAPTER 3. NON-SUPERSYMMETRIC HETEROTIC ORBIFOLDS WITH SUPERSYMMETRIC
SUBSTRUCTURE

will show two examples where the defining conditions of conjecture (1| are relaxed, i.e. the dimen-
sion of the representation and the unit determinant are allowed to deviate from the situation in
string theory.

Five-dimensional representations

For the first example, we take the five-dimensional representation,
5 =1,_6¢1_,¢1__62, (3.50)

of Qg that does not contain a trivial singlet in its decomposition. Furthermore, using the explicit
matrix representation of the irreducible representations of Qs from eq. (3.35)), we can express
the generators of this representation as,

1 0 0 0 0 -1 0 0 0 0
0 -1 0 0 0 0O 1 0 0 0

Ds(b) = 0o 0 -1 0 o[, Ds5(by) = 0 0o -1 0 o], (3.51)
0 0 0 0 —i 0 0 0 0 -1
0 0 0 —i 0 0 0 0 1 0

and check that the determinant det(Dg(b)) = 1 for all b € Qg. This five-dimensional repre-
sentation eq. has no global Killing spinor, i.e. does not contain the trivial singlet 1.
Contrary to the situation for four-dimensional representations, we find that all three non-trivial
singlets 1,5, AB # 4+, in this representation, ensure the trivial singlet 1y in each branching
to Z4 subgroups, as table [3.4] shows. Hence, we have shown that this 5 of s does fulfill three
conditions of conjecture |1 Consequently, the assumption of four-dimensional representations is
crucial to our conjecture

Representation without unit determinant

Similar to the above case, it is possible to construct an example where the determinant condition
is violated, i.e. det(Dy4) # 1, but the remaining conditions from the conjecture are fulfilled. We
choose as suitable example the finite group 7%. This group has five irreducible representations:
Namely, one three-dimensional representation 3 and its complex conjugate 3, as well as the
trivial singlet 1y and two non-trivial singlets 11, 19, see [122]. Additionally, the Zy subgroups
of Ty are of order three and seven. The one-dimensional representation 1, (¢ = 1,2) of T%
branches to 1, of Z3 and to 1¢ of Z7, respectively. Thus, to ensure the trivial singlet for the Z7
subgroup and obtain a faithful representation of 77 we choose a four-dimensional representation
4 that decomposes into,

4 =301,. (3.52)

This representation is constructed such that it does not contain a trivial singlet. However, it
turns out that the faithful 3 provides the trivial singlet for the Zs3 subgroup, i.e.

4 = 3 P 1 of Tr .
\ 2

101,91 @ 1, of Zs

L1001l @ 19 of Zr

(3.53)
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Therefore, by neglecting the condition on the determinant, it is possible to construct a repre-
sentation that has exactly the branching behavior we were looking for, i.e. a trivial singlet of
each Zy.

In combination with the Qg example, this shows how unfortunate the situation for the
vanishing of the cosmological constant is connected to the representation theory of finite groups.

3.6 Chapter summary

In this chapter, we investigated the conditions for a vanishing cosmological constant at one-loop
level, for symmetric heterotic orbifolds that lead to non-supersymmetric 4D theories. For a
model-independent vanishing of the cosmological constant it turns out that the right-moving
fermionic partition function has to preserve in each (g, h)-sector a so-called local Killing spinor.
We proof the non-existence of these constructions as a local Killing spinor in each (g, h)-sector
inevitably leads to a preserved global Killing spinor, which results in a A/ = 1 4D theory. We
extend this non-existence result to a finite group theory conjecture and verify it for a wide
variety of finite groups. This gives strong indications that the no-go result extends beyond
symmetric toroidal orbifolds, e.g. to asymmetric orbifolds. Hence, the results seem to be in
conflict with the vanishing one-loop cosmological constant for the non-supersymmetric type II
string theory. For the type II string the left- and right-moving string is supersymmetric and
hence they can preserve supersymmetry in an alternating pattern. Such a construction is not
possible for the heterotic string. Finally, we developed a number of new techniques to study
non-Abelian orbifolds systematically. These might prove useful to investigate heterotic model
building on non-Abelian orbifolds more explicitly than in the past [118] 123].
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Chapter 4

Statistics of the heterotic orbifold
landscape

As we have seen in the previous section, supersymmetric compactifications of string theories
avoid several complications. However, even if we restrict ourselves to the 138 orbifold geometries
with Abelian point group (i.e. Zy, or Zpy, X Zpy,), that preserve the SU(3) holonomy and
hence can be chosen to lead to N/ = 1 supersymmetric 4D theories [57], a significant difficulty
arises, the so-called string landscape; a name chosen to describe the huge number of possible
compactifications. Early estimates on the lower bound of possible inequivalent constructions led
to ~ 10179 [18] [124] possible 4D theories from strings. This huge but finite number seems at
first sight to be a weak spot of string theory. However, once a compactification configuration is
chosen, the resulting theory is completely fixed. Indeed, the complete particle content and all
couplings are set. In the following it will become clear that the counting of these models takes
into account the most basic consistency conditions, and includes all resulting 4D theories, even
those that are not in accordance with the phenomenology of the SM. The analytic construction
of realistic 4D models from the heterotic orbifold landscape is complicated and follows some
rules that are yet to be discovered. In this thesis, we will focus on the construction of MSSM-
like models (section that are very appealing for beyond the SM physics. In the past many
efforts were made to identify 4D string models close to the MSSM, see e.g. [46-54 75| |79, 125~
127]. These searches in the string landscape were based on random scans [126/128]. Over time
physical intuition led to guiding principles in the search for realistic models, like the pattern
of local GUTs [75, (79}, [125]. Computer-aided techniques to improve the search are based on
genetic algorithms [129], network science [130] and in general techniques from machine learning
(see e.g. [131-142]).

4.1 Solving modular invariance consistency conditions

A particularly difficult problem in the context of heterotic orbifolds is to solve the Diophantine
equations of the modular invariance conditions eq. (2.46)). To sample a set of 128-compactification
parameters for the gauge embedding matrix M eq. at once, is doomed to fail. Testing the
set against the modular invariance conditions will certainly lead to a violation of the conditions.
The reason is the low probability of success, as we will show in this section. A more elaborated
procedure to create a model is to do this step by step and draw one 16-vector M}, after another,
always checking the relevant modular invariance conditions of the vectors drawn so far. This
procedure is illustrated in fig. Recall that we can expand the 16-vectors either in terms of
the simple roots eq. , with coefficients ci; € 7Z, or in the dual basis eq. , with coeffi-
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<—1\/-[>—|> <;/-[>J> I--) o -:

cons1stent gauge embedding M } yes

Figure 4.1: Flowchart of the construction of shift vectors and Wilson lines, starting with the
shift vector V1 at step n = 1 and ending with the Wilson line Wy at step n = 8. At each
stepn =1,...,8, the vector My, is chosen randomly (eq. ) and the corresponding modular
invariance (MI) conditions are tested.

cients di; € Z. Since the upcoming chapters will make use of the dij-coefficients, we will focus
on them. However, for certain investigations in this section the simple roots basis coefficients ¢y
are more convenient. To sample the dpr-coefficients a discrete uniform distribution, eq. ,
based on the order N} of M;, is chosen,

dpr ~U{—BNy,, BN} iid. for IT=1,...,16, (4.1)

where for a given k the di; are drawn independently from the same distribution and hence are
said to be independent and identically distributed (i.i.d.). The parameter /3 scales the search
space and is set to the standard value 8 = 4, if not stated differently.

Additionally, for non-Abelian symmetries between the matter on the fixed points, which
could be used for flavor symmetry, it is beneficial to turn off Wilson lines [143]. Moreover,
it turns out that a vanishing Wilson line has a positive effect on the probability of finding
MSSM-like models [79], hence an adjustment of the joint probability seems to be appropriate.
Therefore, we increase the chance for a zero vector by modifying the joint probability with an
additional chance for drawing a zero vector,

Pr(dyy =0V 1) = 2-107° . (4.2)

Sampling from this distribution ensures an even exploration of the compactification parameter
space Z® of the landscape. However, when processed by the successive search fig. the re-
sulting output probability distribution is a highly non-trivial joint probability distribution of the
coefficients di;. Projecting the resulting distribution on the various coefficients (histograms) or
combinations of two coefficients yields random uniform (bivariate) distributions. Consequently,
the joint probability distribution that leads to modular invariant models is susceptible to the ex-
act high dimensional combination of the coefficient. Simple patterns, like a different distribution
for sampling the coefficients dy, can not be inferred from the data at this stageE

However, for further studies of the landscape, and the application of various techniques,
it is useful to estimate the probability Pr(M = MI) that a gauge embedding M fulfills the
modular invariance conditions (MI) from eq. (2.46). The probabilistic underlying principle for
the success of the successive search strategy, fig. |4.1} is given by the product rule eq. ( . One
can decompose Pr(M = MI) into,

Pr(M = MI) H Pr (M = MI ( [} = M) (4.3)
k=1

'For the projection, we use pairplot from seaborn [182].
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where {M;}*=}! = {M,..., M}_1} is the set of all gauge embedding 16-vectors M; that were
previously drawn and fulfill the corresponding modular invariance conditions. Each of these
sub-probabilities is measured during model generation in the successive search. Therefore, the
number of trials to generate a 16-vector is counted until a 16-vector is drawn that fulfills the
related modular invariance conditions. This can be done at free cost as it is a side-product of
performing the actual successive search to find modular invariant gauge embedding matrices M.
This can be used to model each sub-probability with a binomial distribution, as is explained
in detail in appendix In order to compute the margin of error for Pr(M = MI), the sub-
probabilities with 95% confidence intervals for each step of the successive creation are estimated.
The details of this statistical method are provided in appendix On a dataset of 9981245
successively constructed modular invariant models, we find for the Zg-II (1,1) orbifold geometry
that,

Pr(M = MI) = 1.439 - 107% £+ 3.395 - 10~1¢ (4.4)

with 95% confidence interval. This probability of a point in Z!?® to be modular invariant,
emphasizes the substantial restriction of the landscape given by the modular invariance condi-
tions. However, this probability is more than just illustrative. For the application of explorative
algorithms, such as reinforcement learning, it is crucial to keep this sparseness of the landscape
in mind. As an example, the neighborhood of an MSSM-like model is examined in fig. The
definition of a reward function for the direct study of the compactification space will result in
only very few positive responses, a so-called sparse reward signal problem [184]. The assumption
for this argument is that the compactification space is tested on an euclidean path.

4.2 Symmetries of the landscape

Subsequent to successfully creating a modular invariant gauge embedding M, one can compute
the spectrum of massless particles spectrum (M ), using the orbifolder (see section . Unfor-
tunately, even though it is difficult to find such a solution, it is by no means guaranteed to find
physically inequivalent solutions. This relates to the fact, that there is only direct access to the
compactification parameters di; of Z'?%, but not to the space of inequivalent physical spectra.

Due to the symmetries of the landscape, the current search strategy produces several equiv-
alent physical models, i.e., the function mapping from Z'?® to the physical spectrum is not
injective, and the complexity of finding novel physical models is a growing function of explo-
ration time. An important issue that arises with this complication was studied in [144], where
the term “floating correlations” is introduced. It refers to the fact, that the statistics of the
landscape are non-trivially related to the inequivalent physical models. A technique to compute
reliable statistics of the inequivalent physical models, taking the floating of correlations into
account, is suggested in [144]. However, since this procedure itself requires a substantial amount
of data, it is not practical in the context of this thesis. However, we take the floating of cor-
relations serious, and statistics are estimated on the equivalent physical models. The statistics
of equivalent models is not affected by this complication and still, provides guidance towards a
refined search strategy.

The primary source behind the floating of correlations for inequivalent physical models are
symmetries on the compactification parameters [145], which relate different numerical gauge
embedding matrices M such that the same physics emerges. In the next subsections, the primary
sources of such symmetries are described.

2Constructing the local neighborhood of all equivalent MSSM-like models found by the search of fig. did
not increase the total amount of inequivalent MSSM-like models stated in table
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(a) Direct neighborhood of an MSSM-like model (b) Lattice translation neighborhood of an MSSM-
in 754, i.e. generated by cpr — cprE1. 22 MSSM-  like model, i.e. cpr — crr = Ni. 4467 MSSM-like
like models which result in 4 inequivalent MSSM- models, which result in 1 inequivalent MSSM-like
like modelsEl 68 models are with no generation. model.

Figure 4.2: Neighborhood of an MSSM-like model in the Zg-11 (1,1) orbifold geometry. In red,
MSSM-like models. In blue, modular invariant models with no generation of quarks and leptons.
In black, points in Z5* that are not modular invariant. For Zg-11 (1,1) the geometrical conditions
in table show that 64 free parameters cir can be chosen, hence Z'?8 reduces to effectively
754, From the MSSM-like model in the center each distinct radius represents the correspondent
three Ly distances (in fig. i terms of the integers, in fig. i terms of complete lattice
vectors) of the models on these 64 integers. This corresponds to 357 889 points in 75* that were
created. The not modular invariant points are too dominant, and it is necessary to downsample
those. Concretely, in the second radius, a black point corresponds to ~ 8 and in third (last)
radius to ~ 34, not modular invariant parameter configurations. Note, the azimuth angle has no
information about the position of models. The points randomly distribute along this direction.
Created with Gephs :

4.2.1 Translations

In the basis of the root lattice of Eg x Eg with the coefficients ¢y, eq. (2.27)), it is possible to
see that the adding of an integer linear combination of lattice vectors

My, — My + ngrag with npr €% (4.5)

leaves most of the equations invariant. However, there are two substantial exceptions. In general
the addition of lattice vectors does not fulfill the modular invariance conditions, see fig. Fur-
thermore, translations can lead to brother models , since the projection conditions eq.
might get modified. While the second case does not apply to the orbifold geometry Zg-1I (1,1),
i.e. brother models are not possible, this possibility of different physical models has to be kept
in mind for the extension of any approach towards other orbifold geometries. Getting back to
the first exception, the violation of modular invariance conditions can lead to the exclusion of
several models. Particularly, if one restricts the search space such that no addition of lattice
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vectors is possible, such as searching in the fundamental domain of the torus T16,
ckr ~U{0, N, —1}  iid. VI (4.6)

this area does not guarantee to generate all physical models. There might exist a combination
of compactification parameters that violates modular invariance and hence is not allowed in the
fundamental torus domain. However, this model can get valid as soon as one adds special lattice
vectors that do not lead to brother models. Even more symmetries might relate these combina-
tions of points towards another combination of compactification parameters in the fundamental
torus domain. However, the physically attractive MSSM-like models show a particular taste of
finely balanced compactification parameters which makes them rare occasions in general. In a
practical approach, a successive search in terms of fig. is performed sampling the coefficients
cg7 from the torus domain, i.e. from eq. . This procedure shows a good behavior lowering
the number of inequivalent models and leads to an improvement in the number of MSSM-like
models which is related to the fact that sampling from eq. enhances the probability of
drawing a zero 16-vector significantly.

Altogether, this approach leaves considerable uncertainty about the completeness of the total
number of physical models while still being appealing for taking care of a significant amount of
symmetry. Moreover, further study of the landscape results in a more sophisticated technique
(section that divides out another symmetry of the landscape, namely the Weyl symmetry.
This technique outperforms the strategy of eq. .

Finally, let us stress that for constructed models, the points above have to be reconsidered.
In the case of Zg-1I (1,1) constructing a set of gauge embedding matrices M results in special
numerical values. For machine learning approaches, the symmetry of adding lattice vectors will
significantly increase the complexity when they do not have access to the resulting physics of
M. This is the case in the unsupervised learning approach in chapter [5] and hence we will find
a representation of M such that lattice translations do not change the numerical representation.

4.2.2 Geometrical redefinitions

The fixed point structure of orbifolds allows for certain redefinitions that correspond to per-
mutations of the local shift vectors V}. This can be seen as a relabeling of the fixed points.
However, the resulting physics is entirely equivalent. These redefinitions correspond to adding
the fractional lattice vectors M}, that correspond to the Wilson lines, to the model M itself.

To make this concrete, let us investigate the fixed point structure of the first twisted sector
T(yy of Zg-11 (1, 1) from fig. Here, the three fixed points of the T2/Zs3 from model M are
permuted in the orbifold M’ that is shifted in the origin,

Vie—= Vi+Ws. (4,7)

This new orbifold is physically equivalent. However, the local shift vectors V;, are permuted
in an anti-clockwise direction. For example, for h = (#,0) we have for the fixed point at the
origin Vigo)y = Vigo) + W3 = Vige,). Hence, the same local shift vector acts in these two
gauge embedding matrices in different fixed points. This changes the position of the local
twisted matter but not the global spectrum of the orbifold compactification, neither the allowed
interactions. This can be repeated, and hence such a transformation can be seen as the generator
of a Z3 permutation symmetry of the Zg-1I (1, 1) landscape. Together with the redefinition of
the Wilson line,

W3 — Wi+ Wjs, (4.8)
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which corresponds to a Zs, they generate the complete S3 permutation group of the three
fixed points. Finally, let us mention the special Zs between the first and second Eg factor.
Interchanging the Eg factors results in the same physics as it only interchanges the sorting
of the gauge groups. All of these permutations lead to the same physics and together with
the permutations of the other T? sectors, we will develop in section a method to chose a
unique representative M of all equivalent gauge embeddings in the symmetry cycle of geometrical
redefinitions.

4.2.3 Weyl symmetry

Another source of symmetry is given by the Weyl group [146]. It is a symmetry of the root
system ® of simple Lie algebras, in our case Eg x Eg. The Weyl group is generated by reflections
on the hyperplanes orthogonal to the simple roots oy and are accordingly named fundamental
Weyl reflections wy. Applied to the gauge embedding vector My, which can be expanded in
terms of the Eg x Eg simple roots, the transformation is defined as,

w](Mk) = Mk -2 (7'(1[ s (49)

for I =1,...,16. Then, with (a;)? = 2 one obtains

Hence, Weyl reflections leave the modular invariance conditions eq. invariant if each My, is
simultaneously transformed by the same Weyl reflection w;. Note that this allows constructing
an element of the Weyl group such that the first and second Eg transform differently. Further-
more, one can show that these are symmetries of the full string theory

M' = wi(M) = model(M) = model(M’), (4.11)

where wy acts simultaneously on all shift vectors and Wilson lines encoded in M. Hence, the
gauge embedding matrices M and M’ = w;(M) are equivalent for all Weyl reflections.

In more technical terms, the fundamental Weyl reflections w; of the Weyl group divide the
root space into different so-called Weyl chambers. These are open cones that can be transformed
into each other by applying a series of fundamental Weyl reflections wy. A special one among
these is the fundamental Weyl chamber, which is framed by the fundamental Weyl reflections.
A consequence of this is that a vector that lies in the fundamental Weyl chamber must have
positive Dynkin labels. Dynkin labels are defined as the coefficients of the expansion in the dual
basis eq. , and hence are given by dy; /Ny in our case. To extract the values of the Dynkin
labels, one can use the relation between the simple root basis and the dual basis a7 - a; = 7.
Hence, a 16-vector My, lies in the fundamental Weyl chamber if

My-a;>0 VI. (4.12)

Each fundamental Weyl reflection maps a vector of the current Weyl chamber into another
chamber if the vector does not lie on the boundary of these two chambers.

For the Eg x Eg root lattice the generated group has O(10'7) elements. Consequently, the
Weyl group of Eg x Eg yields an enormous redundancy between physically equivalent models in
the heterotic orbifold landscape. In the upcoming analysis, this redundancy is dealt with in two
different ways:
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e In section [5.1.1f The issue is tackled by constructing an approximate representation of the
gauge embedding M that is completely invariant under the symmetries of the landscape.

e In section The search space is restricted to an extended definition of the fundamental
Weyl chamber towards the gauge embedding matrix M, i.e. it is in general not possible
to simultaneously map several 16-vectors M} to the fundamental Weyl chamber. This
technique allows searching directly in a search space that holds only one representative M
of all Weyl reflected duplicates of M in the landscape.
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Chapter 5

Clustering of MSSM-like models

In this section, autoencoder neural networks (see appendix for details) are applied to the
string landscape in order to discover novel patterns. This is done in the Zg-II (1,1) orbifold
geometry. In the past, physical intuition led to the so-called Zg-II (1,1) Mini-Landscape [75|
79). In this spirit, the aim is to discover new patterns that lead to fertile islands in the landscape.
Since the patterns observed by the neural network method are obtained by studying a dataset,
the concept is highly transferable to other orbifold geometries. This generalization property is
not given for the physical intuition approach, since the special property that in Zg-1I (1,1) the
matter at the fixed points of the first twisted sector is not subject to further orbifold projections
is crucial (see section .

The basic working principle of autoencoder networks is to generate a non-linear map onto a
lower-dimensional space, so-called latent space. This dimensional reduction forces the network
to uncover correlations inside the dataset at hand, such that the projection into the lower
dimensional space does keep as much information as possible. The arrangements made in order
to keep the approach transferable to other orbifold geometries O is to start with a coarse sample
that is not computationally intensive. From this dataset, patterns are obtained, which are
orbifold specific. Hence to transfer the results to other orbifold geometries, an orbifold specific
new dataset is needed. In order to evaluate the extrapolation properties of the found patterns,
a large scan in the Zg-1I (1,1) is performed and discussed.

5.1 Dataset of inequivalent models in the landscape

For the generation of data, we use the orbifolder. A sample of O(7 000 000) inequivalent mod-
els from the random sampling method depicted in fig. is obtained. However, as discussed
in section [4.2] several symmetries of the landscape exist. Unfortunately, these symmetries gener-
ate numerically different representations in Z'?® of the same physics. This leads to a challenging
task for the autoencoder.

To conjecture the effect of the symmetries, an autoencoder neural network is trained on the
7'?8 representation of the compactification parameters. After the training, we encode multiple
Weyl reflected duplicates of a single model M into the latent space. The duplicates start to
populate the whole latent space. The encoding of the autoencoder is not informed about this
ambiguity and hence could not prepare for this case. This test verifies the assumption and shows
that separate treatment of the landscape symmetries is necessary to get a physically meaningful
lower-dimensional space.

However, since the number of possible duplicates is enormous, e.g., the Weyl group gives
rise to (’)(1017) duplicates for each model, it is not practical to inform the neural network about
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symmetries by including transformed gauge embeddings M into the dataset.

Indeed, the strategy is to transform the compactification parameters into a representation
that is invariant under the symmetries of the landscape. This representation is based on the
local GUTs, section of the first twisted sector of Zg-II (1, 1). The details are explained in

the upcoming subsections.

5.1.1 Invariant feature representation of Zg-II (1,1) orbifold models

In this section, we will derive a 26 dimensional representation, i.e. Z2%, that is invariant under the
symmetry transformations of the landscape, described in section [4.2 This new representation
will be connected to the local GUTs and is collected in a so-called feature vector F'. This refers
to features in machine learning that are useful quantities extracted from the raw data. The full
Z'% gauge embedding M represents the raw data in our case (see appendix [C]). However, this

leads to the drawback of an non-injective mapping D,

D, 7' — 7% (5.1)
M D, (M)=F,

that takes care of the Weyl symmetry and lattice translations, i.e. M’ D, (M) = F'if M and
M’ are related by Weyl symmetry of lattice translations. Furthermore, a second non-injective
mapping Dp,

Dp : 7% — 7% (5.2)
F = Dp(F) = Fuy.,

is necessary to find a unique representative under geometrical redefinition. In detail, two equiv-
alent models under these symmetries will be mapped to the same feature vector Fi,., while for
some cases, two distinct Zg-11 (1,1) models are mapped to the same feature vector Fiy..

Invariance under lattice translations and Weyl reflections

To begin with, we define quantities that are invariant under the choice of Eg x Eg basis vectors
and the addition of arbitrary Eg x Eg lattice vectors [145]. Hence, these quantities have to be
manifestly invariant under Weyl transformations and the addition of lattice vectors. A quantity
that is invariant under those transformations is the 4D gauge group G4p. Furthermore, for
Ze-11 (1,1) orbifolds the 4D gauge group can be split into a 4D gauge group for each Eg factor
Gup = GS[)) X Gf[)). In order to have a numerical representation of this group we decide to
compute the number of unbroken roots p that build the root systems of the surviving gauge
groups that combine to G4p. This is related to eq. and we can compute the number of
unbroken roots of G4p as,

NEan = 3 (

pE Prg

=8 .
I (p.M,ga>)> o) = {(1) ifre? (5.3)

n
Pt else

for o = 1,2 corresponding to both Eg factors and ®g, is defined as the root system of Eg with
240 roots p. Furthermore, the subindex “ur” in eq. denotes unbroken roots.

As this mapping alone would destroy too much information about the inner structure of the
orbifold we extend this concept towards the local GUTs. G4p is given by the intersection of the
local GUTSs at the fixed points of the T{;) twisted sector of the Zg-II (1,1) orbifold |70]. Thus,
we additionally consider these 12 local GUTs.
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5.1. DATASET OF INEQUIVALENT MODELS IN THE LANDSCAPE

Therefore, we start with the local shift vectors Vj, of these fixed points. From section [2.2.2]
we recall the geometrical constraints for Zg-1I (1,1) that are summarized in table Due to
these constraints, we have four independent 16-vectors in the Zg-II (1,1) orbifold, namely the
shift V' and the Wilson lines W3, W5 and Wy, which build the local shift vectors. In detail, for

each constructing element g, = (6, n® eg) the corresponding local shift vector is given by,

Voo = V + (n:(;l) + nff)) Ws + néa) Ws + néa) We . (5.4)

This 16-vector is again split into two 8-vectors V,, = (Vg(al), g(f )) corresponding to the first and

second Eg factor. For each of the 24 local GUTs G,(la) witha=1,...,12 and a = 1,2, we count
the number of unbroken roots p,

Net o) = 3 s (pe Vi) (5.5)

pe(bEs

in analogy to eq. 1' As the centralizer of the T{;) sector is trivial, see section m the

number of unbroken roots can be computed only by the local shift vector Vg(aa ). Finally, we

obtain a 26-dimensional feature vector of integers F' that is invariant under the addition of
Eg x Eg lattice vectors and Weyl reflections,

(0,0,0,0)( (0,0,0,0)
(0,0,1,0)) (0,0,1,0)?
(0,0,0,1)(M) (0,0,0,1)
(0,0,1,1)® (0,0,1,1)®
(1,0,0,0)™ (1,0,0,0)
(1,0,1,0)1) (1,0,1,0)?
| {a@001)® (1,0,0,1)®
F=1\wo1ym/) \(1o011)® (5.6)
(1,1,0,0)™ (1,1,0,0)
(1,1,1,0)® (1,1,1,0)®
(1,1,0,1)®) (1,1,0,1)®
(1,1,1,1H)® (1,1,1,1)®
N (M) N (M)

For clarity the 12 fixed points are represented by the parameters of the constructing element.

(@)
As an example N (M) with g,(la) = (0, n(ﬁa) ep)(® is represented by (n:ga), ngf), néa),néa))(a)

ggl) = (6,0) corresponds to (0,0,0,0)). The specific block structure encodes the number of

fixed points in the second (T?2/Z3 with three fixed points) and third (T2/Zy with four fixed
points) complex plane and is of relevance in the next subsection.

This first part of the mapping, i.e. D, eq. , to the 26-dimensional feature vectors F
is not injective. From all Zg-II (1,1) models under consideration, i.e. @(7000000) inequivalent
models on the level of the spectrum, the transformation of models reduces this number by
0.5% for inequivalent vectors F. However, there is still some ambiguity due to geometrical
redefinition in this representation. Hence, the second mapping Dp is intended to sort F' to a
unique representation.

, l.e.
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CHAPTER 5. CLUSTERING OF MSSM-LIKE MODELS

Fixed point permutations

As described in section geometrical redefinitions permute the local shift vectors V}, of the
fixed points. However, these transformations lead to equivalent orbifold models in terms of the
particle spectrum and the full theory. Hence, we have to take care of those ambiguities as well.
In the case of the first twisted sector Ty of the Zg-II (1,1) orbifold there exists the following
three symmetries:

e 79 between the first and second Eg factor.
e S3 permutation symmetry of the three fixed points in the T2/Z3 plane.
e Dg permutation symmetry of the four fixed points in the T?/Zs plane.

For the purpose of an efficient computational implementation, one can formulate the symmetry
actions in a computational vectorized matrix multiplication scheme. Then the Zs action that
interchanges the Eg factors, is given by,

F— F ((1) é) , (5.7)

where the multiplication from the right hand side enables the permutation of the columns
of F. The S3 fixed point interchange on the T?/Z3 plane is generated by V; + Vi 4+ W3 and
W3 — W3 + W3. The corresponding Zs permutation and Zso reflection act on F' as,

]l4 ]14

14
1, F and F+~ 1

1 1

1y

F F, (5.8)

respectively. Finally the transformations Vi — Vi + W5, Vi — Vi + Ws and the interchange
Ws < Ws give rise to three Zo generators in the T? /Z3 plane that combine to the action of a
Dg permutation symmetry. In terms of the feature vector F' this reads as,

R,
R,

F— R,

F, (5.9)
1

with R,, z = 1,2, 3, given by the permutations of the four local shift vectors:

0010 0100 1000
0001 1000 0010

Bi=1y 000l =000 1|® =l 90 (5.10)
0100 0010 0001

To conclude, for the symmetries described above each instance F' is subject to a non-Abelian
permutation group Zsa x S3 X Dg of order 2 x 6 x 8 = 96. The above considerations were used
in the following implementation of a sorting algorithm for F":

1. Order the values corresponding to the fixed points, i.e. Fj; with¢=0,...,12and j =0, 1,
for each j independently in ascending order to obtain F4.
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5.1. DATASET OF INEQUIVALENT MODELS IN THE LANDSCAPE

2. Compare element-wise Fi’i‘ and FS from ¢ = 0 to 12. For the smallest value of ¢ where
Fﬁ‘ #* Fié keep the present ordering if FIA} < F{j‘-. Otherwise act with the non-trivial Zy on
F and interchange the Eg factors, e.g. like in eq. . This method is a computationally
efficient approximation of dividing out the Zs of the Eg factors. Note that there exist some
rare corner cases, i.e. Neases = 9326 out of the O(7 000 000), where both ascended sorted
Eg vectors are equal. There remains the possibility that those cases have a definite order
in their Eg factors, if the constrained positioning of the F' entries, i.e. S3 X Dg symmetry,
is considered in detail. However, for computational reasons we will exploit this speed up
and accept these rare occasions that will be part of our dataset in both configurations.

3. Multiply out all 48 copies with S3 x Dg acting on F. Than all transformed versions of F'
are compared and only the one F” that is smaller then all other transformed images F” of
F,ie. F' < F"iskept. F’' and F” indicate two different transformation of F' by nontrivial
elements of S3 x Dg. We define the metric for F/ < F” according to F}; < F}{ for the
smallest value of i. In case F; = F}| a tiebreak is taken into account, i.e. the second Eg
factor is considered F}, < F/,. If neither of these two decision conditions is positive, i.e.
the values are equal, the next value of ¢ is considered until the smaller F of this comparison
of two images is found. This is done for the set of all 48 copies of F'.

4. For the special cases where F;; = F;o for ¢ = 0,...,12 we act again with Zs of Eg such
that the smaller 4D gauge group I3 ; is assigned to Fi31. Otherwise, the Eg ordering of
step 2 is kept.

This results in the feature vector Fi,,. which is a special choice to reduce the symmetries
acting on the objects described above. The combined action of D,, and Dp on the O(7 000 000)
models yield 84% distinct feature vectors Fiy. .

5.1.2 Encoding of integer valued data

The transformations eq. and eq. consider the symmetries and the feature vectors
Fiy. € 7?5 are ready for use in the machine learning approach. However, it turns out that the
autoencoder does not perform well on this representation. This issue may arise from the fact
that the target set of values from the number of unbroken roots eq. and eq. is integer
valued. This complication for the machine learning approach refers to integer programming or
constrained optimization.

In constrained optimizations, the optimization procedure to find a solution is even more
difficult. An auxiliary condition, here, the restriction of the solution to integers, has to be
fulfilled too. A common way to improve the performance on such problems is given by a
particular encoding procedure, so-called one-hot encoding OHEnc (see eq. ) This technique
is commonly used in classification tasks to encode abstract types of classes numerically. Even
though in the case of the Z26 representation, the different values are already numerical, one-hot
encoding is a common strategy to express integer data (e.g., used in PixelCNN [185]). It turns
out that this also increases the performance of the autoencoder in this unsupervised machine
learning task.

To summarize, the 26 features are each separately one-hot encoded. Each entry of the feature
vector Fi,y. transforms into a 37-dimensional vector, where the 37 entries refer to the 37 unique
values that can appear in the whole dataset D regardless of their position in Fi,,.. This strategy
is chosen to keep the best generalization of this approach towards new data. In a traditional
one-hot encoding approach, each feature is encoded separately into an n-dimensional vector
where n is dependent on the number of categoricals that appear for a certain feature. As we
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CHAPTER 5. CLUSTERING OF MSSM-LIKE MODELS

encode each feature with the maximal number of inequivalent integers that appeared, we have a

better generalization towards new models with different local GUTs, i.e. new values for Ng{fla .
This is necessary as the one-hot encoding, and the autoencoder can not dynamically adjust to
new input values and dimensions, after training. This will get handy when we map models from
other machine learning approaches (see chapter |8) into the same latent space, i.e. the latent
space we train with the autoencoder in the next section. Hence, the input for the autoencoder

is a 26 x 37 = 962 dimensional vector FHEne

5.2 Dimensional reduction via autoencoder

After the preparation in the previous section the data is ready to be used in a deep autoencoder
neural network [186]. The data |D| ~ O(7000000) is first split into |DAE| ~ O(700000) and
|D*est| ~ O(6:300000). Thus, D*E represents the coarse sample that contains only 10% of the
whole dataset. Then the data for the autoencoder construction |D*E| is split into |D*2i8| ~
0(400000) and |D"3| ~ O(300000). The machine learning background of this data splitting is
discussed in appendix [C]

For a short introduction in the generic properties of neural networks see appendix and
in particular for details on autoencoders appendix For the ongoing discussion, these
basics are less important, and only some details on the concrete autoencoder model and training
are part of the main text. The purely physics interested reader can take the viewpoint of an
autoencoder as an algorithm to derive a deterministic highly non-linear projection from the 26-
dimensional data space into a lower-dimensional space. In this particular application the lower
dimensional latent space, is fixed to 2-dimensions. This constraint arises from the requirement
to get an interpretable and visualizable, lower-dimensional representation of the data. Higher
values of this latent space would demand the use of further machine learning techniques in order
to handle the new lower-dimensional space. This additional part of abstraction through machine
learning should be avoided. Also, our experiments showed that a higher dimension of the latent
space does not significantly increase the information stored in the latent dimension.

The autoencoder is implemented using the TensorFlow [187] package. In order to obtain a
maximally informative 2-dimensional representation, the architecture (layer size and number of
hidden layers) is varied. The manual selection of the best architecture results in fully connected
layers with seven hidden layers. The activation function of the hidden layers is the SELU acti-
vation function [188] that automatically accounts for batch normalization and hence makes the
training process faster. For the latent layer, as well as the output layer, the identity activation
function (id) is chosen. In summary, we have two mappings,

AEencoder . F(962) — SELU(F(loo)) — SELU(F(QG)) — SELU(F(13)) — ld(F(Q)) (511)
AEqecoder : Fl2) — SELU(F{}3)) — SELU(F|y)) — SELU(F|}p)) — 1d(F{gg9)) (5.12)

where ‘=’ is a linear mapping and SELU (id) act element-wise. The subindex of F' gives the
dimension of the space. Note that AE.,coder and AEgecoder are independent functions with inde-
pendent parameters, i.e. F(,) and F(’x) for x € {13,26,100,962} have the same dimension but
can describe different representations. The objective function for training is given by the Lo
loss,

1
L= & 37 F Ko (RBencoder (FE)) |l (513)
Env,e B
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5.2. DIMENSIONAL REDUCTION VIA AUTOENCODER

where || - ||2 is the euclidean norm and B is a so-called batch, i.e. a partition of the whole
dataset. Then, the autoencoder is trained iteratively on all batches B of D*?" to minimize
the Lo loss, until the loss value converges on the computational time scales. This convergence
was also visually controlled by plotting the latent space, like in fig. during training. Here,
the emergence of clusters can be traced, and the freezing of those movements was obtainedﬂ
Also, through several re-trainings with different weight initializations, it was verified that the
process is stable and gives very similar clustering maps. The reproducibility of very similar
latent space structures refers to the fact that our model has a small variance but a significant
bias and supports the interpretation of the 2-dimensional bottleneck as a strong regularization.
During training, the autoencoder was applied to the D3 set to keep track of overfitting of
the training data D®2i%  However, the number of correctly reproduced features of the 26-
dimensional representation did not decrease at any time of the training for D3, The lack of
capacity to overfit is most likely related to the strong regularization of the autoencoder, i.e.
the small latent space dimension. An exact reproduction of any model, even for training data,
seems to be impossible with such a strong constraint for the neural network. The final decoder
can reproduce on average 16.3 out of 26 features Fi,y., which corresponds to Lo = 0.013 on
Dval | While this reproduction rate is astonishing, it is still far from a perfect reproduction and
underlines the strong regularization of the latent space dimensions.

5.2.1 A chart of Ze-II (1,1) models and cluster selection

For visual analysis of the projection, all O(700000) models of the D**?3i* and D"a set are
transformed by the encoder mapping, AEq,coder, t0 Obtain their two-dimensional representation
from the latent layer. The results are illustrated in fig. The projection of the landscape
turns out to cluster in various isolated islands. The 18 MSSM-like models in D*® are emphasized
by red triangles in fig. Interestingly, the MSSM-like models accumulate in the lower region
and do not separate over the entire chart. Note that the training was unsupervised. Still,
the MSSM-like Zg-1T (1,1) models indicate that physically similar models cluster. Hence, it
seems that the autoencoder was able to identify common properties among the models in the
26-dimensional representation that correlate with physical properties.

Consequently, the next step is to select those islands in fig. that contain at least one
MSSM-like model. This selection is made by inspection by eye instead of applying any clustering
algorithm. The qualitative criteria of the selection are to collect only models in a cluster that
are close by and to keep the clusters as small as possible, in order to reduce the landscape
significantly. The constraint to project into a 2-dimensional space allows for this simplification.
The different shapes and distances between the clusters would imply a machine learning problem
by itself. In total, this selection results in eleven fertile islands. In the following, the models
cluster affiliation is used as a classification label, to find a refined search strategy for MSSM-like
Ze-11 (1,1) models.

5.2.2 Knowledge extraction using a decision tree

The projection towards the latent space AEgncoder Can be used as a filter for orbifold construc-
tions, to predict, if they can lead to MSSM-like models or not. The primary goal of this section is
to extract knowledge from the clustering. Therefore, we fit a decision tree to the 26-dimensional,
i.e. not one-hot encoded, representation Fj,, with the corresponding cluster labels R; as the

!The video is available at http://users.ph.tum.de/ga74vir/AutoencoderTrainingVid.html or by contacting
the author.
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second latent dimension

-2

-2 -1 0 1 2

first latent dimension
Figure 5.1: Projection of the symmetry invariant representation FI*E"¢ to the autoencoder
latent space. The O(700000) points correspond to Zg-11 (1,1) models. The special MSSM-like
models are highlighted as red triangles. It appears that the MSSM-like models populate eleven
isolated islands. We color these islands in green and label them by R; for i = 1,...,11. The
Zs-11 (1,1) models outside these islands are colored in blue and defined to reside in the region

Ro. Figure adapted from .

target values. In this context, the unsupervised clustering can be seen as a method to gener-
ate meaningful labels, i.e. less restrictive than the binary label MSSM-like or not MSSM-like
(MSSNI-like). It is possible to find rules based on these softened labels.

Therefore, the classical decision tree algorithm is chosen due to the high interpretability of
this technique. For details on the working principle and further explanations on decision trees
see appendix The trained decision tree DTciuster

DTciuster : 7 — {Rz}zlio s (514)

can predict the region R; a given Zg-1I (1,1) model belongs to. The tree only uses individually
simple and interpretable threshold conditions on the 26 features, i.e. (Finy.)i; < t with ¢t € Z.
For the decision tree, the software scikit-learn is used. As before the O(700 000) random
models are split into train and validation set. This time 33% of the models are assigned to
the validation set DV3'. Additionally, the individual data points are weighted such that the
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DT || depth | # nodes | f1-macro
A 6 119 0.503
B 10 599 0.693
C 15 1257 0.887
D 25 1787 0.993
E 50 1887 0.995

Table 5.1: Table of trained decision trees (DT) with regularized depth of training. Note it
was beneficial for the classification task to give individual labels to the fertile patches, i.e. for
a binary classification fertile vs. Rg’ the decision tree performed slightly worse for the same
hyperparameter. For the definition of the £1-macro performance measure see appendiz @

classification task is balanced according to the label of the regions R;. Thus, the clear numerical
superiority of the blue region Ry does not bias the decision tree. Several hyperparameters, i.e.
constraints on the complexity of the decision tree, were tried, and the resulting performance can
be found in table Unfortunately, it turned out that in order to get a very good prediction
of the corresponding region R; the tree needs a lot of splits. This resulted in a decision tree
with 1887 nodes. The performance on D'3! estimates how well the rules found by the tree
generalize to the whole Zg-II (1,1) landscape. Details of the misclassifications can be extracted
from the so-called confusion matrix given in table (see appendix for details on this
concept to analyze classification tasks). A scalar value to estimate the performance is provided
by f1-macro=0.995, which is close to one and indicates a very good classification performance.
Unfortunately, the simple decisions in such a huge tree are branched in a complex way and it is
not possible to extract easy rules. However, one advantage of the very good performance is that
DTCluster acts directly on the 26-dimensional representation. This avoids the one-hot encoding
and gives a very fast prediction.

5.3 Evaluation of the landscape projection

So far the machine learning workflow and the performance of the algorithm on the validation set
D'l were analyzed. Now the lab environment is left and the generalization to the whole Zg-I1
(1,1) landscape is the goal of this section. Especially the behavior of the MSSM-like models
from the whole Zg-II (1,1) landscape is of interest. In detail, on a qualitative level, we ask if the
MSSM-like models cluster on the fertile islands. On a quantitative level, it is interesting how
many MSSM-like models within the whole Zg-II (1,1) landscape are projected onto the eleven
fertile islands. This result implies the number of models that are neglected if the search restricts
to fertile islands. For this evaluation, we analyze two kinds of test sets. First, the evaluation set
D*es* containing O(6300000) Ze-1I (1,1) models. Hence, it provides a much larger and refined
brute force search of the landscape. These models are not only physically inequivalent towards
each other but also physically inequivalent to the models used for training. Secondly, the dataset
Dyest of O(30000) Ze-1I (1,1) models from the four patches of the Mini-Landscapes |75, 79].
The evaluation set D% contains 177 MSSM-like models in contrast to the 18 MSSM-
like models that where used to classify the fertile islands and label the Zg-1I (1,1) models
accordingly. The mapping of these models into the 2-dimensional projection is plotted in fig.
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predicted region

Ry Ri Ry R3 Ry Rs Rge Ry Rs Rg Rigo Rn

Ro (/198994 10 39 10 24 1 7 17 3 16 4 13

Ry 11 3107 1 2 0 0 0 0 0 0 0 0

R 19 3 9667 2 1 0 0 0 0 0 0 0

Rs3 24 2 1 5256 3 0 0 0 0 0 0 0

o R4 31 2 4 1 6430 0 0 0 0 0 0 0
-b% R;s 0 0 0 0 0 3138 0 0 0 0 0 0
& Rg 3 0 0 0 0 0 994 0 0 0 0 0
qé R~ 15 0 0 0 0 0 0 848 0 0 0 0
~ Rg 0 0 0 0 0 0 0 0 1139 0 0 0
Ry 10 0 0 0 0 0 0 0 0 1491 0 0

Rqo 2 0 0 0 0 0 0 0 0 0 3333 0

Ry 10 0 0 0 0 0 0 0 0 0 0 984

Table 5.2: The confusion matriz C (appendix of our decision tree DTciyster €4
evaluated for the validation set D", The entries give the number of Zg-11 (1,1) models that are
predicted by DTciuster to lie in the ‘predicted region’ but actually belong to the ‘true region’. For
example, there are 11 cases where DT¢iyster predicted a model to be in region Ry, while the true
region was Rj.

. coarse evaluation
PRI | cample DAE set Dtest total
Ry 0 65 65
Ry 4 44 48
Ro 4 17 21
R3 1 10 11
4 Ry 2 16 18
2 Rs 1 5 6
f Rg 1 2 3
% R~ 1 1 2
& Rs 1 1 2
Ry 1 0 1
Rio 1 11 12
Ri1 1 5 6
total 18 177 195

Table 5.3: Classification of MSSM-like Zg-11 (1,1) models from either the coarse sample D*E
or from the evaluation set D*®St as predicted by the decision tree DT¢iuster €4 1|

Astonishingly, the majority of MSSM-like models are joining the known MSSM-like models
inside the fertile islands. For a more quantitative statement the decision tree is applied to all
177 + 18 = 195 MSSM-like models to obtain the cluster predictions given in table The
complementary group of MSSM-like models in the evaluation set, that are classified by the
decision tree to region Ry, i.e. the blue region in the projection labeled as MSSM-like , would be
missed if the search focuses only on the defined fertile islands. However, overall the decision tree
DTCluster maps 130 of all 195 MSSM-like models to the fertile islands. Therefore, the predictive
model based on a small set of only 18 MSSM-like models, can extrapolate, to reach 2/3 of the
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second latent dimension

-2

_|2 —I1 (IJ i 2'

first latent dimension
Figure 5.2: Projection of all 195 MSSM-like models (red triangles) from the evaluation set
Dtest and the coarse sample D*E to the latent space. We color in green the eleven fertile islands

Ri, and in blue the whole Zg-11 (1,1) landscape. It turns out, that the fertile islands generalize
to the whole set of MSSM-like models. Figure adapted from .

MSSM-like models. Mainly the fertile island Ry contains in total 48 MSSM-like models, i.e. 25%
of all MSSM-like models, yet this island contains only 1.3% of the whole Zg-1II (1,1) landscape.
Thus, the fertile islands provide a search strategy with a 20 times increased chance to find
MSSM-like models.

Another critical question is how this data-driven approach connects to the Mini-Landscape
found in . In fig. one can observe that the MSSM-like Zg-II (1,1) models from
all four different Mini-Landscapes do not distribute over the whole chart. Instead, they are
concentrated on the machine learning fertile islands. Let us also analyze the performance of our
decision tree DT(jyster O the MSSM-like Zg-II (1,1) models of the Mini-Landscape. Table
shows that nearly 2/3 of the MSSM-like Zg-II (1,1) models from the Mini-Landscape accumulate
in the fertile islands. Intriguingly, the classification indicates a close connection between the two
SO(10) patches of the Mini-Landscape and the Rj, Rg, and Rg islands. In particular, models
with shift vector VSO10)1 are most likely located on the island Ra, while the islands R; and Rs
hold most of the models with shift vector V50(10):2,
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second latent dimension

-2

-2 -1 0 1 2

first latent dimension
Figure 5.3: Projection of the Mini-Landscape MSSM-like models (red triangles) to the latent
space. We color in green the eleven fertile islands R;, and in blue the whole Zg-11 (1,1) landscape.
Similar to fig. [5.3, the MSSM-like models from the Mini-Landscape accumulate in the fertile
islands. In particular, the islands Ry, Ro and Rs contain many MSSM-like models from the
Mini-Landscape. Figure adapted from .

5.4 Chapter summary

In this chapter, we showed how patterns in the heterotic orbifold landscape are obtained from
a general data level. The method is transferable to other orbifold geometries © and would lead
to geometry specific fertile islands. This geometry dependence also holds for the transforma-
tions eqs. and towards the symmetry invariant fixed point local GUTs representation
Finv.. The representation then differs in the number of fixed points and the types of landscape
symmetries. Note, there exist geometries that allow for brother models. These models differ in
their particle spectrum but relate to each other by a lattice transformation. Thus, the mapping
towards the local GUTs can not distinguish between brother models as these quantities are
invariant under the addition of lattice vectors. The information loss, i.e. the non-injective prop-
erty of the mapping, would increase for this kind of geometries. Finally, this part of the method
is not data-driven and hence requires to be engineered by hand for most of the geometries.

Furthermore, one should be aware that a significant part of the clustering arises from the
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region | VS0(0)1  1/80(10)2  Esl  y7Es2

Ro 50 37 2 1
R, 12 16 0 0
Ro 60 1 0 0
Rs 2 24 2 0
2 Ry 3 8 4 0
2 Rs 10 0 0 0
5 Rg 0 8 0 4
= Ry 0 0 0 0
& Rs 0 1 0 1
Ro 0 0 0 0
R0 0 0 0 0
Ru1 0 0 0 0
% found | 64% 61% 5%  83%

Table 5.4: Classification of Mini-Landscape MSSM-like Zg-11 (1,1) models as predicted by
the decision tree DTciyster €q. (5.14]). They are grouped according to the patches of the Mini-
Landscape, i.e. in terms of the local GUT shift vectors VSO10),1 1/80(10).2 " y/Eel gpq 1/F62
see [75)].

particular 26-dimensional representation Fi,y.. For the autoencoder egs. (5.11]) and (5.12)), a pro-
jection into the 2-dimensional plane must carry information about the 26-dimensional numerical
structure in order to reconstruct as many features as possible. Hence, since the MSSM-like
models cluster, they should have a similar numerical structure in the 26-dimensional represen-
tation. Therefore, investigating the 26-dimensional representation with competitive projection
algorithms, e.g. t-SNE [190], or direct exploration in the 26-dimensional space, can lead to
different insights about the MSSM-like fixed point structure.

Connected to this, let us comment on the possibility of drawing parameters from the 2-
dimensional plane and reconstructing the corresponding gauge embedding matrices M. While
this procedure is very appealing, there are two main obstacles. First, the autoencoder has to
be improved significantly, i.e. the reproduction rate has to be increased to decode the latent
space into accurate representations of the 26-dimensional space. Secondly, the mapping from
the 26-dimensional representation to the matrices M is not unique. Recall that the mapping
is not injective. Thus, to find a corresponding matrix M is computationally costly as multiple
realizations can correspond to the same Fj,,. representation.

Finally, we want to point out that it can be beneficial for the clustering of the MSSM-like
models, to introduce a latent loss [191} 192]. This concept informs the neural network about
the physical model behind the feature vector. Thus, the autoencoder could focus on clustering
physically and numerically similar models. Caution is necessary for the definition of the latent
loss metric. This measure should be generic in the distinction between particle spectra. A trivial
latent loss, e.g. a metric based on the number of generations, will quickly be circumvented by the
neural network, which directly memorizes the small set of MSSM-like models that are contained
in the training set.
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Chapter 6

The phenomenologically viable part
of the landscape

Analyzing the decision tree DTqjuster Of chapter [5| reveals that the learned conditions are very
advanced and tightly coupled. Further investigations, based on the spectrum of the data, lead
to the insight that many models do not fulfill basic phenomenological properties. Concretely,
they do not have a 4D gauge group G4p, that can host the SM gauge group.

Those necessary phenomenological constraints can be implemented in the successive search
fig. Demanding the analytic constraints will reduce the variety of data and may have a
data cleaning effect, such that the autoencoder clustering yields a down-scaled decision tree.
However, before reconsidering this approach, the concept of the analytic constraint is extended
towards a statistical analysis. The dataset is examined concerning so-called contrast patterns.
Those patterns are based on statistical considerations and are used to distinguish data points
from different classes. In this section, the two classes are the set of MSSM-like models and the
complementary set of MSSM-like models. It will turn out that several of those contrast patterns
exist and that the successive search can be massively improved taking them into account during
model construction.

6.1 Reduction of the search space

In this section, we investigate physical considerations to reduce the search space for gauge em-
beddings M (section. The first action is to divide out the Weyl symmetry from the search
space, such that only one representative of all M’s connected by the Weyl group remains in
the minimized parameter space. In the second part of this section, we inform the search algo-
rithm about basic phenomenological constraints, i.e. about the the necessity that a constructed
physical model has to have the ability to host the gauge group of the SM.

6.1.1 Excluding redundant parameters

As described in section the symmetries of the landscape interfere with the search goal to
find many inequivalent physical models. A particularly large amount of symmetry is related to
the Weyl group (section. Hence, a detailed understanding of the Weyl group action can be
used to correlate a vast amount of parameters on the landscape. Therefore, a specialized search
technique is developed, which accounts for this symmetry and restricts the search space towards
a unique region of the orbifold landscape. This approach is more generic than the consideration
of the Weyl group in section since the restriction is directly on the search space Z!2® and
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Q2

(a) Pundamental Weyl chamber of SU(3).  (b) Domain for Wy after a specific Vi was
chosen.

Figure 6.1: Illustration of the algorithm to divide out the Weyl symmetry from the search
process. The root space of SU(3) serves as an example. In fig. the fundamental Weyl
reflections wy and we define the the fundamental Weyl chamber of SU(3) (shaded area). Thus,
w1 and we restrict the first vector Vi to lie in the shaded region. Thus, di; € Ng for I =1,2. In
fig. a specific vector Vi along the direction of a5 was chosen. Consequently, the vector Vi is
invariant under the Weyl reflection wy, i.e. wy1(V1) = Vi. Hence, this choice for Vi has broken
wy of the Weyl symmetry and leaves w1 as remnant. Thus, the Weyl reflection wy restricts the
search space for Wy to the broken Weyl chamber (shaded area) which is defined by W1 - aq > 0.
Hence, we can constrain the coefficient do1 € Ng of W1, while doo € Z. Figures adapted from
[21].

completely divides out this symmetry. For this task, a new technique based on the concept of
the fundamental Weyl chamber is developed. As discussed in section [£.2.3] this special chamber
is uniquely related to a choice of simple roots. Once this choice is fixed there exists an algorithm
(see |146]) based on the successive application of the fundamental Weyl reflections such that any
vector in the root space is mapped to the fundamental Weyl chamber. Hence, this space is a
reference parameter space for the whole root space. Remember that the defining property of the
fundamental Weyl chamber is that all Dynkin labels are non-negative, i.e. My -a;f >0 V 1.
Although the action of the Weyl group in combination with Wilson lines is more involved than
for a single vector in the root space, the new search strategy is named after this consideration,
the fundamental Weyl chamber search.

To motivate the idea behind the algorithm, let us start with the inverse problem. Starting
from a gauge embedding matrix M, one can apply the algorithm of [146]E| such that the shift

'The algorithm computes the Dynkin labels of the root vector. It applies the fundamental Weyl reflection that
corresponds to the first negative Dynkin label. The action switches the sign of this Dynkin label and has side
effects on the non-orthogonal simple roots of the Dynkin diagram. This procedure is repeated for the transformed
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vector V] is rotated to the fundamental Weyl chamber. In order to leave the resulting physics of
the orbifold model unchanged, the fundamental Weyl reflections have to act simultaneously on all
vectors M}, of the gauge embedding matrix. Hereafter, the shift vector V; may be invariant under
certain fundamental Weyl reflections. Therefore, some Weyl symmetry of the complete model
M is left. These unbroken Weyl reflections are those that leave V) invariant, i.e. wr(Vy) = Vi if
and only if V] - ay = 0, since

wiVi) = Vi—Vi-ag) ar, (6.1)
——

=d11/N1

i.e. di; = 0. These remnants of the Weyl group generate the symmetry group for the next
16-vector. In the case of Zg-1I (1,1) the Wilson line W3. Corresponding to the broken Weyl
symmetry, W3 can only be mapped to a broken Weyl chamber instead of the fundamental Weyl
chamber. The reduced symmetry relates fewer parameters of the root space. Thus the broken
Weyl chamber is defined regarding those fundamental Weyl reflections that leave V; invariant.
As a result of mapping Wilson line W3 to the broken Weyl chamber, the Dynkin labels W3 - o
that correspond to the Weyl reflections w; that leave the shift vector V; invariant are non-
negative. This logic is reapplied to the next vectors until no Weyl reflection is left, which leaves
all previous 16-vectors invariant.

The general procedure above leads us towards a method to directly choose gauge embedding
matrices M that have the first vector in the fundamental Weyl chamber, and the subsequent
vectors in the respective broken fundamental Weyl chamber, as illustrated in fig. For this
the dual basis expansion eq. in terms of a7 is needed. In this basis the constraints on the
Dynkin labels can directly be imposed to the coefficients di ; of the gauge embedding matrix M,
as My - oy = Nikdkj. For the first vector, i.e. the shift vector V7, we have the complete Weyl
group and can draw this vector directly from the fundamental Weyl chamber

d
Vvl'a]:lzo & dir € Ny, (62)
Ny
for I =1,...,16. Then, it is necessary to compute the unbroken Weyl symmetry that restricts

the parameter space of the second vector. This unbroken Weyl symmetry is generated by
those fundamental Weyl reflections that leave Vi invariant. As V; lies in the fundamental
Weyl chamber, it can only be invariant under a Weyl reflection if V; lies on the boundary of
the fundamental Weyl chamber. The hyperplanes of the simple roots define the fundamental
Weyl reflections w; and yield this boundary [146]. Consequently, only those fundamental Weyl
reflections wy, which leave all previously chosen vectors M}, invariant, can still restrict the search
space. Therefore, at step n in fig. [£.1] the coefficients d,, ; can be constrained for the vector M,

in eq. (2.28)) as

dor€Ng if dpy = 0 forallk=1,...,n—1, (6.3)
dn1 € 7 if dyy #0 foranyk=1,...,n—1. (6.4)

Translating these constraints to the distribution, eq. (4.1]), for sampling the coefficients leads to
the distribution for V7,

dif ~U{0, BN} iid. VI (6.5)

root vector until all Dynkin labels are non-negative.
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and to the case dependent sampling for any subsequently drawn M}, where the djj-coefficients
are drawn from,

drr ~ U {0, BN} in case (/6.3))
dk] ~ U{—,BNk, ﬂNk} in case 6.4

For the range coefficient 3, the commonly used value for upcoming searches is 8 = 4, in order
to consider an extensive area that does allow for a wide variety of physical models.

level frequency first appearance of models with special properties
of occurrence
1 8008 | gauge group U(1)!6 (with 218 matter fields)
19 1915 | non-Abelian gauge group (SU(2) x U(1)%?)

635 114 | SU(3) x SU(2)

739 10 | SU(3)c x SU(2), x U(1)y with 1 generation

47 2 | SU(3)c x SU(2), x U(1)y with 2 generations

748 1 | MSSM-like model

Table 6.1: Special models from the Zg-11 (1,1) orbifold geometry, ordered by their frequency
of occurrence in a set of 107 random models. Note that the first column displays the label of
the frequency of occurrence levels. Each level is degenerate by different physical models with the
same frequency of occurrence. We list the first appearances of models with special properties that
are given in the last column.

6.1.2 Phenomenological constraints

Beyond the restriction of the landscape due to symmetries, there exists also gauge embedding
matrices M that do not fulfill basic phenomenological properties. Of particular interest in this
section are orbifold models with 4D gauge symmetry G4p(M) that do not contain the SM
gauge group. Hence, these models are unable to match the SM with their effective QFT. The
reason why this situation becomes important is that the main part of created heterotic orbifold
landscape models is of the type described above. A search of 107 random models in the Zg-II (1,1)
orbifold geometry, verified this. The models correspond to approximately 3.5 - 10° inequivalent
massless spectra. The frequency of occurrence for the inequivalent spectra is visualized in
fig. and some special properties of the models are given in table Astonishingly the
phenomenologically excluded models turn out to have the highest repetition values, and the
most interesting models are the rarest. To avoid these invalid models in our search for MSSM-
like orbifold models seems to be necessary. Therefore, the upcoming sections show how the
constraints can be taken into account during the search and focus on those areas of the heterotic
orbifold landscape that at least satisfy the necessary condition of the SM gauge group.

The pseudo-GUT constraint G,(M) > Gy,

Phenomenologically uninteresting models that have a gauge group smaller than the non-Abelian
SM gauge group factors Gg,; = SU(3) x SU(2) can be circumvented by checking the gauge
group G, (M) at each step n = 1,...,8. This extends the algorithm fig. naturally. Together
with further constraints developed in the upcoming sections, this algorithm is illustrated in
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Enumerated inequivalent models

Figure 6.2: Frequency of occurrence of inequivalent Zg-11 (1,1) orbifold models. The inequiv-
alent models are enumerated from 1 to 3690513, on the horizontal axis. On the vertical axis
we see the corresponding frequency of occurrence, i.e. model # 1 has a frequency of 8008. For
more details on some of these models see table[6.1. Moreover, the different frequencies of occur-
rence levels from 1 to 748 are indicated. At level 748 the first MSSM-like model appears with a
frequency of occurrence of 1. Figure adapted from [21)].

fig. The reason why this extension is easy to implement, is that additional vectors, e.g. M, 11,
break the gauge group further or leave it equal, i.e. Gp41(M) C G,(M). Hence, the SM gauge
group provides a lower bound on the breaking pattern at each step n. A quick option to control
the size of the remaining gauge group G, (M) is to compute the number of unbroken roots Ny;.
In eq. we computed Ny, for the full gauge embedding matrix M. As we here want to check
this quantity at each step of constructing M we define,

o ‘ N 1 ifzelZ
s = 5 (Tofa)) - se={; G250 s
p€<I>E8 k=1

Note, that the product runs from k = 1,...,n. We introduced the shorthand notation that n
labels the number of vectors that have been chosen to specify a consistent gauge embedding
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matrix M. For of the SM, the SU(3) holds six unbroken roots while we get plus two unbroken
roots from the SU(2) factor, i.e. Ny(Ggy) = 8. This defines a lower bound at each step n in
the production of a model M for the first Eg factor, i.e.

NI(M,) > 8 at each step n , (6.9)

which is called the pseudo-GUT constraint. The second Eg factor is unconstrained and free to
produce any hidden gauge groups. Hence, we force the model to be able to host the MSSM
spectrum in the first Eg. Different constraints on the Eg factors have the additional benefit to
divide out their Zs symmetry from the search space, see section

However, due to some special cases we have to extend this check. First of all SU(2) x
SU(2) x SU(2) x SU(2) could fulfill the constraint eq. but can not host the SM gauge
group. Therefore, the gauge factors of G,,(M) are forced to contain a root system ® that allows
for SU(3), i.e. there exists |®| > 6. There are also the special cases SO(8) and SU(4), which can
not be broken to Gg,;. Before we consider these situations we introduce another consistency
constraint in the following subsection.

An important factor is the response of the algorithm if a newly chosen vector M} results
in a gauge group breaking below these lower bounds. Several strategies are reasonable: A
straightforward strategy would be to replace the current vector M} by the zero vector, which
automatically satisfies the modular invariance conditions (eq. ) for Wilson lines and leaves
the gauge group unbroken for this step. Another could be to take the coefficients dj; of the
insufficient vector M}, and set individual coefficients to di; = 0 mod N in order to ease the
breaking of roots. However, these approaches deform the distribution massively and seem to be
not conservative enough for an even exploration of the compactification parameter space. The
strategy in this investigation is to neglect the vector M} and draw the di; coefficients again

from the distribution eq. (6.5)) and eq. , until they fulfill the constraints.

The Standard Model gauge group constraint: SU(3) x SU(2) C G4p(M)

For a model to contain the non-Abelian gauge group factors Ggy;, the pseudo-GUT constraint
is a necessary condition. However, the search focuses on MSSM-like models with SU(3)¢ x
SU(2)1, x U(1)y gauge symmetry in 4D. Hence, after we have chosen the last vector My, we
have to check that the model M has a 4D gauge symmetry

G4D(M) = SU(B) X SU(Q) X Ghidden . (610)
We denote this constraint by,
SU(3) x SU(2) C G4p(M) . (6.11)

The geometrical conditions eq. make this condition geometry specific. In particular, the
initial step is to identify the last shift vector or Wilson line that can be chosen independently,
i.e. which is not of order one N = 1 and not related to a former 16-vector. For the Zg-1I (1,1)
orbifold geometry, this results in the Wilson line W, see table However, for other orbifold
geometries, e.g. Z3xZg (2,2) the geometry fixes all Wilson lines and the second shift vector V5
has to enable the constraint eq. . The constraint is checked by calculating the unbroken
roots from the first Eg factor and the sizes of the orthogonal root systems. Concretely, this
implies that in order to contain SU(3) x SU(2) at least two root systems ®gyy(), Psy(2), one of
size six |@gy(3)| = 6 and another of size two [®gy(2)| = 2, are included in the set of root systems
of G4p(M). Note, extra gauge group factors are allowed.
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Now we can come back to the SO(8) and SU(4) gauge groups, which can not be broken to
su- They occur on rare occasions, and in order to keep the search fast, a separate check is
only applied previously to the last freely selectable vector Mj. In the case of Zg-II (1,1) this is

before the Wilson line Wg. If it appears that the gauge group G(71)(M ) has only one root system

and this root system is of size N (SO(8)) = 12 or N (SU(4)) = 24 the construction of the
model is discarded and starts from scratch. This method avoids trying to find the impossible
last vector M that breaks towards G/SM.

The phenomenological constraints from eq. and eq. implemented into the search
algorithm get applied to the test case of Zg-1I (1,1) orbifold models. It turns out that the
proportion of MSSM-like models increases from m()()lw = 1077 in the case without the phe-
nomenological constraints to Wg%?, ~ 1079 in the case with phenomenological constraints. The
proportions are computed based on the equivalent models in order to avoid “floating correla-
tions” (see |144]). A cross-check on the increase of MSSM-like models is the fact that ~ 90%
of all models of the fundamental Weyl chamber search do not fulfill the essential gauge group
constraint. Hence, this approach reduces the landscape parameter space to a tenth. Let us
stress that such direct implications on the proportions are entirely trustworthy for the set of
equivalent models. However, this makes no direct implications on the probability of finding more
inequivalent MSSM-like spectra. In upcoming sections, this issue arises, and specific analysis
is needed to find patterns for inequivalent models. In addition, the empirical observation that
MSSM-like models are often related to a vanishing Wilson line [79] is the reason for a second
search with W5 = (0'6). The results are summarized in table (the corresponding dataset is
called phenomenology).

6.2 Contrast patterns for Zg-1I (1,1) orbifolds

In the previous section, phenomenological constraints that can be checked easily during the
search for MSSM-like orbifold models were discussed. Importantly, these conditions are nec-
essary for a model to be MSSM-like while not sufficient. An extension of this procedure is
introduced to include new constraints for MSSM-like models by exploiting methods from con-
trast data mining [193|. This specific type of data mining focuses on finding so-called contrast
patterns that allow distinguishing between different types of classes. A statistical approach will
determine these new constraints. Thus, demanding them can potentially miss MSSM-like models
even though the probability for this to happen is tiny. In other words, the new constraints have
not yet an analytical origin, but they have strong statistical evidence and remarkably enhance
the probability for a constructed model to be MSSM-like. Utilizing the contrast patterns will
further reduce the heterotic orbifold landscape, to the subspaces of MSSM-like models. The
conventional search algorithm fig. rarely reaches some of these subspaces since the distri-
bution for sampling has to be strongly deformed. The additional constraints from the contrast
patterns will allow accessing these subspaces with a much higher probability by deforming the
probability mass function according to those subspaces.

A contrast pattern ¢ can be defined as a pattern with significantly different supports for
distinct datasets [193]. The support is defined as

{M € D | M satisfies c}|
|D| ’

supp(c, D) = (6.12)
where D is a set of data points, i.e. orbifold models, and c is a set of specified constraints that
have to be fulfilled. Particularly, the two datasets are Dyissm-like @and Dyggsariike, Which is the
set of MSSM-like models and the complementary set, respectively. We seek for constraints ¢
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MSSM-like
co?lcsi‘i(ﬁnt dataset condition | # models : # : :
equiv. inequiv.
— fundamental
g eq. (6.3) Weyl chamber 10000 000 1 1
E 2665 463 3/ 3
g eq. |) phenomenology 130
Ws=(016) | 2551272 509 | 129
2543415 12| 11
2 | eq. 1' hidden Eg 136
5 Ws=(016) | 2609872 863 | 135
é 1876273 | 3299 | 245 415
- dynamic
£ ca (6-31) | pidden B Ws=(0"9) | 1231608 | 8455 | 321 | 395 468
§ W3 =(016) 378604 7 2
4793146 | 4953 | 357
eq. |) U-sector 459
Ws=(016) | 3046262 | 17406 | 358

Table 6.2: Table of all datasets constructed in the Zg-11 (1,1) orbifold landscape. In terms of
the applied constraints the datasets are sorted in ascending order, i.e. a new dataset incorporates
all of the previous constraints. Note that in the dynamic search Nl(n%) > X from section
the case X = 6 was disregarded since it was already sampled in the hidden Eg dataset. We also
made use of the additional conditions W5 = (016) or W3 = Wy = (01¢), where W5 = (0'°) is
known to be beneficial for finding MSSM-like models [79].

that are satisfied for (almost) all MSSM-like models while a considerable fraction of MSSN-like
models violate them.

In the ideal case, one can identify contrast patterns ¢ with supp(c, Dyssiyiiike) = 1 and
supp(¢, Dyssariike) = 0. As an example, one can reformulate the phenomenological constraints
from section as perfect contrast patterns,

Coninzay, = {NPO) = 8, 32| =6}, (6.13)
CG/SMQG4D(M) = {3 (I)l,q)g - (I)G4D(M) ‘ ‘q)l‘ =6 and ’(I)Q| = 2} 5 (614)
Cphenomenology — {CGn(M)ZG’SMu CG”SMQGQ;D(M)} ) (615)

i.e. they have no uncertainty since they are derived from analytical conditions rather than
statistics. Furthermore, from the previous section we can infer that all MSSM-like models but
only a tenth of the MSSM-like models can survive the constraint, i.e.

Supp(cphenomenologyaDMSSM—like) =1, (616)

1
Supp(cphenomenologyv DMSS‘IVElike) ~ TO . (617)

However, in the case of contrast patterns that are derived from statistics one should be careful
if the found patterns generalize to all (or at least other) MSSM-like physical spectra, or if the
contrast pattern restricts the whole landscape only to the type of MSSM-like models that are
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Figure 6.3: Successive creation of a gauge embedding matriz M. The flowchart illustrates the
new construction algorithm that is an extension of the search strategy fig. [4.1 Additionally, to
the modular invariance (MI) conditions, two extra types of conditions are imposed at each step
n of the construction:

(i) As discussed in section[6.1.9 the gauge group Gyn(M) in terms of the root system eq. is
computed using the already chosen vectors My, for k =1,...,n. If G,(M) satisfies the pseudo-
GUT condition eq. to allow for the non-Abelian gauge group factors Ggy, = SU(3) x SU(2)
of the SM, the construction process continues with the next vector My1.

(ii) The new contrast mining constraints from section the contrast patterns (CP) are im-
posed.

Finally, for the last Wilson line that is not constrained by geometrical conditions, e.g. table[2.3,
the 4D gauge group Gap(M) must contain Gy, see section . Here illustrated for the last
Wilson line Mg = Wg. Figure adapted from [21).

included in the statistical analysis. For example, imagine the extreme case where DyissM-like
contains only one model and the contrast mining algorithm is allowed to use any feature, e.g.
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the individual coefficients di; of the gauge embedding matrix M. Indeed, this can lead to
an overfitted pattern cg,, that enforces exactly the set of coefficients dir of the one MSSM-
like model to the search algorithm. For the support we obtain supp(cq,,, Dmssm-like) = 1 and
supp(ca,, , Dussariike) = 0. However, this contrast pattern would certainly show poor generaliza-
tion performance, applied to the heterotic orbifold landscape. Hence, too promising constraints
should raise suspicion and demand an analytical explanation. Due to this, a conservative ap-
proach should be taken when mining for contrast patterns.
The generic goal of contrast mining can be formalized by defining the growth rate

supp(¢, DmssM-like)
supp(¢, Dyssnriice)

gr(c, Dyvissm-likes Dyssariike) = (6.18)

which has to be maximized. In the following, gr(c) is used for convenience if the datasets
Dyissmtike and Dyssrriice are clear from the context. To get some intuition for the growth
rate, we rewrite it in terms of the probability p. Here, the hat indicates that the probability is
estimated by the sample proportion p(Y') = %, where the label Y € {MSSM-like, MSSM¥-like}
and the total sample size is given by N = NyssM-like + Nussirlige- For a reminder on the
connection of sample proportions and probabilities see appendix In detail p¢(Y) = %%
with Ny = [{M € Dy | M satisfies c}| is the probability of a model being ¥ = MSSM-like or
Y = MSSM-like given the constraints c¢. The corresponding probability without imposing the

constraints c¢ is denoted by p(Y). It follows for p¢(MSSM-like) as a function of p(MSSM-like),

" . B gr(c) p(MSSM-like)
PUMSSM-like) = 4 )~ 1)p(MSSM-Tike) ° (6.19)

As the probability for MSSM-like models is typically very small, one can observe:
p(MSSM-like) < 1 : p¢(MSSM-like) = gr(c)p(MSSM-like) + O(]ﬁ(MSSM—like)Q) , (6.20)

where the Taylor expansion in eq. converges if p(MSSM-like) < m. Thus, for
gr(c) < 1 the proportion of MSSM-like models in the constrained space is expected to decrease.
For gr(c) = 1 the effects on both classes cancel each other and for gr(c) > 1 one expects a
higher probability to find MSSM-like models in the subspace defined by the contrast patterns
c. However, before the search for contrast patterns ¢ can start, one has to define some (phys-
ical) quantities that possibly can lead to such patterns. This is known as feature engineering,
see appendix for a conceptual introduction.

For further convenience, only the impactful features are stated. Furthermore, it is essential
to realize that the features have to be controllable in the sense that they are testable during the
successive construction. Thus, physical quantities related to the bulk (see section [2.4.1]) turn
out to be useful. Content from the twisted sector is strongly related to the exact combination
of shift vectors and Wilson lines by depending on the local shift vectors V},, see section [2.4.2
Hence, these quantities change non-linearly the projection conditions on the physical states,
which makes them challenging to implement even though patterns in the final orbifold model
might exist. From section [6.1.2] it is known that the 4D gauge group has a significant impact
and it can be checked easily at every step in the production of a model, by estimation of the
number of unbroken roots N&?)(M ) see eq. 1@) Hence, we expect that further features can be
obtained from the 4D gauge group. Additionally, the numbers of orbifold-invariant bulk matter
fields, eq. (2.51f), will be used as features. They are calculated similar to the number of unbroken
roots of the gauge group in eq. , with the difference of the action of the geometrical twist
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vector v (see section [2.4.1)). Thus, at each step n of our search algorithm displayed in fig.
we compute

n

N @) = > T (pe M =02 = k) gy - v ) (6.21)
p€¢'E8 k=1
for a = 1,2 and @ = 1,2,3. Note that the term q(q) - v(1) in eq. (6.21) vanishes for the Wilson
lines Mlga), k=3,...,8, due to
0 if =<0

O(z) = { . (6.22)

1 if >0

Furthermore, the twist vectors in eq. (6.21]) are geometry dependent and are given for Zg-11
(1,1) orbifold geometry by v(1) = (0, %, %, —%) and v(g) = (0%). Finally, the setup is ready for the

first Eg hidden Eg

feature | Ny NG NG NU NG NG NG NG

Table 6.3: Tuable of the features for contrast mining.

mining of contrast patterns from the features listed in table A decision tree (appendix
is applied to the defined feature space of our datasets, in order to identify threshold conditions on
the features that correlate with the property of a model being MSSM-like. If such a correlation
exists, the corresponding threshold condition can be used as a contrast pattern in our search
algorithm for MSSM-like orbifold models.

However, a decision tree is not able to model any function precisely, especially with the small
feature space we provide here. Thus, we can distinguish between two types of errors, i.e. cases
where Yeorrect (M) # Ypredicted (M ). They are called:

o false positives: Yeorrect (M) = MSSNM-like but Ypredicted (M) = MSSM-like
o false negatives: Yeorrect (M) = MSSM-like but Ypredicted (M) = MSSN-like

Every classification task (appendix attempts to minimize the number of false predictions.
Nonetheless, at a certain point it always comes to a trade-off between false positives and false
negatives. Thus, the decision is unavoidable whether one wants to suppress one of them for
the inconvenience of raising the other one. In our case, a false positive classification by the
decision tree is less problematic, since afterwards we can check each of these orbifold models
explicitly, using the orbifolder. A single verification takes only a very short time. Certainly,
the purpose of this investigation aims towards excluding vast regions, i.e. huge combinatory
possibilities. As long as the reliably excluded region is substantial, the explicit checks do not
lower the effectiveness of this procedure.

However, in the case of a false negative classification, the consequence would be that we
neglect areas in which MSSM-like orbifold models exist. Because these MSSM-like orbifold
models are the primary goal, we want to minimize the number of false negatives by all means,
while we want to keep the number of false positives as low as possible. Therefore, a loss matrix
[ teaches the machine learning algorithm about the different rank of specific models [194]. This

reads,
0 106
(0. 62
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where the values Ypredicted (M) being either MSSM-like or not correspond to the two columns and
the two rows correspond to the correct value Yeorrect (M) being either MSSM-like or not. Then,
l12 corresponds to the false negative cases of MSSM-like orbifold models M that have been
classified by the decision tree as Yjredicted(M) = MSSM-like. As this should be avoided, the
arrangement is penalized with a high loss value of l13 = 10%. The other potential error of a false
positive classification is not as problematic. Consequently, we set lo; = 1. This will supervise
the decision tree algorithm towards suppressing the false negative cases such that (almost) all
MSSM-like orbifold models are correctly classified.

The concrete realization of this loss matrix is given by a python dictionary handed to the
class_weight argument of the DecisionTreeClassifier from the scikit-learn package [189],
i.e. class weight={ MSSM-like : 105 MSSNlike : 1 }. Note, that the value of l15 is not fixed
for all upcoming investigations but can be adjusted as a hyperparameter in order to balance the
trade-off between the false negatives, as well as, to give the decision tree enough flexibility to
cut off larger areas of the landscape. A concrete example of this will appear in section

To quantify the quality of the predictions we use the so-called Recall(MSSM-like) score.
It is defined in detail in appendix and is given as the ratio between the number of cor-
rect predictions of the MSSM-like class and the total number of MSSM-like orbifold mod-
els. Thus, if the number of false negatives for MSSM-like orbifold models is zero, we find
Recall(MSSM-like) = 1.00. This is analyzed on the validation set D"2* and all MSSM-like orb-
ifold models are expected to be assigned with the correct value Y = MSSM-like. In upcoming
sections, we will transform our data to the defined feature space and apply decision trees to this
representation in order to obtain contrast patterns.

6.2.1 The hidden Eg contrast pattern

For the machine learning setup the dataset phenomenology from table is split randomly in
Dt3in and D! with a validation size of 33%. However, a necessary modification is added to the
dataset to avoid data leakage. Data leakage refers to a corrupted data mining process, through
a confusion in the dataset arrangement (appendix . Such a mistake can emerge if there exists
an MSSM-like spectrum that completely dominates Dyissm-like With all of its equivalent copies.
Then, this model would appear most likely in both, D®*2i% and D3, Thus, the algorithm
can already use the characteristics of this model during training. Moreover, the same model
would dominate the classification result of this algorithm on the D3 and pretend that the
learned predictions generalize to generic MSSM-like models. (Recall that the performance of
any machine learning approach is estimated on the validation set D'®L.) However, it is sufficient
that this particular MSSM-like model is predicted correctly by the method. Therefore, the
dataset has to be adjusted to be in accordance with the true target of this analysis. Especially,
the patterns we are aiming for should generalize to inequivalent MSSM-like models. Hence, only
inequivalent MSSM-like models from the dataset phenomenology are used and split to D*r3i?
and D3, Then the performance on D3 will evaluate how the approach generalizes towards
MSSM-like models with distinct matter spectra from the MSSM-like models used for training.

Contrary, for the MSSM-like models, it is required to keep the equivalent models. The
frequency of occurrence gives a notion on the size that these models occupy in the landscape,
i.e. in the space of compactification parameters Z28. A split of the decision tree is thus especially
valuable for reduction if it excludes a considerable region in Z'?8. As each equivalent MSSN-
like model is a particular point in Z'2®, the reduction in the search space correlates with the
exclusion of equivalent MSSN-like. Hence, in terms of the space of compactification parameters,
our goal is to exclude as many points in Z'?® as possible, regardless if they are related to many
different inequivalent physical models or not.
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As the defined features directly depend on spectrum(M) and not on the coefficients di; of
7'?8 the decision tree performs its splits based on these features. Here an additional advantage
of this approach emerges. A specific split in the decision tree will exclude all points Z® that
give rise to the same forbidden feature values. Due to this, a small restriction in feature space
can give rise to a massive effect in the space Z'?® of gauge embedding matrices M. In cases of
many equivalent models, the restriction of the feature space can be kept minimal. The advantage
is that enough room for the discovery of novel MSSM-like models is left available in the feature
space. In opposition, if only inequivalent MSS¥-like models are used, the decision tree would
not consider excluding a single physical model, e.g. U(1)!¢ even though it might correspond
to a vast area in Z'?% ie. a lot of equivalent copies are produced during the search of the

landscape, remember fig.

The decision tree is trained on , such that the hyperparameters are tuned to realize
Recall(MSSM-like) = 1.00, eq. , on D@, This corresponds to the case of no false nega-
tives, hence all MSSM-like models are assigned to the correct class. The reason for this strong
restriction is that the focus lies on contrast patterns that are satisfied by all MSSM-like models,
and the performance on D"3! gives this estimate. For example lowering the loss value l15 to 10°
already leads to undesirable false negatives.

Dtrain

During training, the decision tree identifies areas in the feature space and assigns the two
classes MSSM-like or MSSM-like to them. However, the goal is that the decision tree assigns
the class MSSM-like only to those areas that are highly populated with MSSN-like models.
Thus, it can be ensured that the probability of an MSSM-like model is extremely small in these
areas of MSSN-like models. Therefore, only the very first cuts of the tree where a lot of data is
available are considered. From fig. we can infer the pattern for a lower bound on the number
of unbroken roots from the hidden Eg factor,

Chidden By = {Nl(lf)(M) > 6}, (6.24)

for a model M to be MSSM-like. According to its origin, this constraint is called hidden Ejg
contrast pattern. In principle, the decision tree keeps splitting the feature space to separate
the data further. However, these separations are based on fewer data and hence have a larger
margin of error. In order to only consider splits with very high confidence, we stop the tree
after the first and most crucial division. Later, we collect new data and revisit the subsequent
splits of the tree. Before we implement the new contrast pattern hidden Eg, we can estimate
the growth rate on the training set D*2® from our phenomenology dataset,

1
g1 (Chidden Ess DMSSM-likes DMSSM-hke) = 8061691551310 '~ 24, (6.25)
3494867

using eq. with supp(chidden Es» PDMSSM-like) = 1 for our phenomenology dataset and the
numbers for supp(chidden g, Pmssiriike) cant be read off from figure fig. Thus, the contrast
pattern eq. provides a method to exclude a vast area of the Zg-II (1,1) orbifold landscape.
Statistically, it is highly unlikely for this area to lead to MSSM-like models. The computational
resources can be focused on searching in areas where the proportion of a model to be MSSM-like
is nonzero.

The hidden Eg contrast pattern can easily be implemented into the search algorithm displayed
in fig. The collected dataset is called hidden Eg and summarized in table[6.2] One recognizes
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G'sy in both E; ?
samples = 3494956
value = [89, 3494867]

class = MSSM-like

True iilse

N@_ < 5.0
samples = 2943617
value = [69, 2943548]
class = MSSM-like

AN

samples = 896238
value = [69, 896169]
class = MSSM:-like

Figure 6.4: Visualization of the decision tree trained on the phenomenology dataset from
table[6.3. The numbers are evaluated on the training set D* ™. We can extract the contrast
pattern ng%) <5 for MSSM-like models from the first node in the right branch. For MSSM-like
models the threshold condition can be inverted to ng) > 6. The informative labels shown at
each node state: (i) the threshold condition, e.g. G'q,, in both Eg? (i1) total number of models
in this node, e.g. samples=3494956 (iii) the number of MSSM-like and MSSN-like models in
this node, e.g. value = [89, 3494867] (iv) the class assigned to all models in the node, e.g.
class = MSSM-like. The final prediction for the models is given by the leaf nodes, i.e. the last
nodes without further splitting. Figure adapted from .

the increase for the probability to detect an MSSM-like model from

R . 512 _

H(MSSM-like in Dphenomenology) = I 107% to (6.26)
- . 875 _
p(MSSM—hke mn Dhidden E8) = m ~ 2. 10 4 s (627)

which is consistent with the estimated growth rate in eq. . However, these are the ex-
pectations of obtaining any MSSM-like model. Thus, they are not necessarily inequivalent to
the previously identified MSSM-like models. Unfortunately, the collected total number of in-
equivalent MSSM-like models was not adequate. The increase from 130 inequivalent MSSM-like
models in the phenomenology dataset to 136 in the hidden Fg dataset is rather small. Before we
will investigate the reasons for this and present a solution that will lead to many new inequiv-
alent MSSM-like models, the next section is dedicated to estimating the probability of missing
MSSM-like models due to this constraint.

6.2.2 Confidence intervals on contrast mining patterns

To neglect areas of the heterotic orbifold landscape on statistical reasoning gives rise to the
question of how reliable these constraints are. The possibility to miss MSSM-like models that
are hidden in between the overwhelming amount of phenomenologically excluded models is still
present, as no analytical solution exists. This analytic solution might be discovered by generating
a lot of different MSSM-like models and recognizing the underlying pattern. However, until this
can be done, it is possible to quantify the uncertainty by assigning confidence intervals to the
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resulting contrast mining patterns. Therefore, the probability of events that did not occur at all
can be modeled by a binomial distribution. (Details on this and a derivation of the formula can
be found in appendix . For a confidence interval of 95% it turns out that the probability of
an event A that did not occur in the sample is,

Pr(A) <1— 3/(0.05) (6.28)

where n is the number of samples. Thus it is possible to assign a maximal probability to events
related to finding MSSM-like models in the excluded area. From the dataset phenomenology
with W5 = (06) of table one can infer that

Pr (3 M : M € Dygspiike but N2 (M) # 6) <1— °"%¥0.05 = 0.0059 . (6.29)

This is the probability that a new point in Z'?®, which is MSSM-like, violates the contrast mining
condition, eq. . Note that this probability only applies to MSSM-like models, which are
very rare and difficult to find in the first place. Therefore, one can also set a probabilistic
limit to the hypothetical case of actually finding an MSSM-like model in the excluded region.
Concretely, to be able to filter such a model against the background of MSSM-like models. This
refers to compute the probability to find the Z'2® configuration for the MSSM-like model in this
region,

Pr (MSSM-like models in excluded area) < 1— "“*¢/0.05 ~ 3-107%, (6.30)
_ W5=(0'°) (2) 6
where Nexe = M € Dphmomemlogy Nur’ (M) < 6 ~ 10° is the number of models that

reside in the excluded region. Let us explain why the estimates are based on the subset with
W5 = (0'6) of the whole dataset phenomenology. A detailed analysis shows that the constraint
Chidden Eg €Q- 1' is actually based on data points from the subset W5 = (016). Hence, the
subset without W5 = (0'¢) would lead to a higher value for the constraint cpiggen gs- Thus, it is
embedded into the more significant dataset, and the analysis for the second subset would have to
take the higher value for Nl(lf) into account. As a remark, throughout the thesis and especially in
chapter [§] we show that we are unable to find counterexamples to the derived contrast patterns
even with an immense search effort.

6.2.3 The dynamic hidden Eg contrast pattern

In order to understand why the improved probability to find MSSM-like models did not equally
increase the number of inequivalent MSSM-like models, the next step is to analyze the effect
of the hidden Eg contrast pattern in more detail. To do so, the equivalent MSSM-like Zg-11
(1, 1) models from the hidden Eg dataset are visualized with respect to the number of equiv-
alent MSSM-like models that appear for various values of ng?)(M ) and inequivalent spectra,
spectrum(M ). Hence, in fig. every inequivalent spectrum is represented by an individual
bar. The bar height gives the number of models M that have the same spectrum in the dataset.

From fig. it is clear that the models with small numbers of unbroken roots Nl(lf)(M ) €
{6,...,14} are frequently sampled in the hidden Eg dataset, while it seems to be very difficult
to construct models with Nl(lf)(M ) > 30. This can be understood as an effect of the chosen
search strategy. What appears in the contrast patterns is that the uniformly drawn coefficients
for the gauge embedding matrix M, on average, cause a too strong breaking of the visible
and hidden gauge group in order to allow for MSSM-like models. By redrawing again from the
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Figure 6.5: Frequency of occurrence for inequivalent MSSM-like Ze-11 (1,1) models for the
number of unbroken roots N&%)(M) from the hidden Eg. Based on the dataset hidden Eg with
the contrast pattern Nl(l?)(M ) > 6. In detail, each bar represents an inequivalent MSSM-like
model M. The number of duplicates of each model is shown by the height of the bar. As an
example, for the green bars at Nl(lf) (M) = 10 there are three inequivalent MSSM-like models,
each represented by one bar. These inequivalent models have 6, 6 and 7 duplicates in the whole
dataset, respectively. Note that in this chart only those MSSM-like models appear that have Gy,
exclusively in the first Eg. Figure adapted from [21)].

uniform distribution, the probability mass function of the coefficients is cut-off for the constraint
value. However, the newly drawn coefficients do then accumulate very close to the lower bound
since these combinations have a higher likelihood to emerge. Nevertheless, it is unintended to
modify the probability mass function since for further conservative investigations of the heterotic
orbifold landscape an even exploration of the space Z'® is desired, and only the exception is
made for the known pattern to set a Wilson line to zero. This pattern is easy to handle and
compare. Moreover, especially for NISE)(M ) = 22, the bar chart shows a lot of distinct bars.
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X 6 8 10 12 ... 20 22 ... 30 32 ... 40 42
a(NPM)y>x)|| 1 5 6 6 ... 12 26 ... 48 75 ... T3 82

Table 6.4: Growth rate gr for different threshold values X of the contrast pattern Nl(u%) (M) > X,
estimated on the hidden Eg dataset.

This proposes that the diversity of inequivalent MSSM-like models lies in subspaces of the Zg-11
(1,1) orbifold landscape where models have larger hidden sector gauge groups. Those areas
are especially unlikely to reach due to the distribution for sampling. Furthermore, based on the
dataset hidden Eg, it is possible to simulate the effect of higher threshold values X by computing
the change of the growth rate for the contrast pattern NI(I?)(M ) > X. This leads to table
Therefore, it is not only the variety of models that seems to lie in the region with higher threshold
values X, but also the growth rate is increasing and indicating that such models are easier to
uncover as soon as the search reaches this subspace. Thus, it seems very promising to change
the threshold value X = 6 of the contrast pattern Nu(z) (M) > X into a dynamic variable X,
and in referring to this, the new constraint is named dynamic hidden Esg,

Cdynamic hidden ES(X) = {ng)(M) > X} . (631)

A search based on the dynamic hidden Eg contrast pattern for various values of the threshold X
and different constraints on the Wilson lines is performed. The new type of pattern, i.e. the
dynamic variable X, introduces some freedom on the parameter handling in the search procedure.
Details on this are postponed to the next section in order to give a concise result discussion
here. For evaluation of the contrast pattern the new dataset dynamic hidden Eg is obtained,
see table Compared to the hidden Eg dataset with 136 inequivalent MSSM-like Zg-1I (1,1)
models in total, it is now possible to find 415 inequivalent MSSM-like models with comparable
search effort, i.e. a similar size of the dataset. This is already more than in any existing Zg-II
(1,1) search [75] 79, 126, |127]. Hence, a significant improvement of the search for inequivalent
MSSM-like models in the Zg-II (1,1) heterotic orbifold landscape is achieved. Moreover, this
search is also able to solve the long-standing puzzle of the absence of MSSM-like models in the
case W3 = W, = (0'). So far, it was not possible to find any MSSM-like model if M5, of
order N5 = 3, is turned off, even though there is no theoretical obstruction for such a model to
exist. The strongly increased probability to find MSSM-like models leads to the possibility of

identifying two MSSM-like Zg-II (1,1) models with W3 = Wy = (0'6), M"*=") and p2V»=")
as can be seen in table[6.2] These models have hidden gauge groups,
G (MIVV?’:(OIG)) — SU(3) x SU@) x U(1)*, (6.32)
a2 (MZW?’:(OIG)) — SU(5) x U(1)*. (6.33)
In particular, ng)(vag,:(olﬁ)) =12 and Nu(z) (M;VB':(OM)) = 20 and consequently heavily benefit

from the dynamic hidden Eg contrast pattern, as these models reside in regions of the landscape
with high X value. Additionally, due to the vanishing Wilson lines in the T2/Zs3 plane, these
models are equipped with a phenomenologically appealing A(54) flavor symmetry [143]. Still
note that the probability of finding a MSSM-like model with the condition W3 = Wy = (0'°) is
far below the probabilities for the other Wilson line conditions.

In order to understand why the new search strategy is so successful and audit the first
estimations made at the beginning of this section, a detailed analysis of the results is reasonable.
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Figure 6.6: Frequency of occurrence for inequivalent MSSM-like Ze-11 (1,1) models for the
number of unbroken roots Ng«)(M ) from the hidden Es. Based on the dataset dynamic hidden
Eg with the contrast pattern ng)(M) > X. For details see fig. . Note that increasing

the threshold value X leads to a more intense search in those areas of the Zg-11 (1,1) orbifold
landscape that were insufficiently sampled by the static search with X = 6. Figure adapted from

.

Astonishingly, it turns out that a huge fraction of the diversity of MSSM-like models lies in
subspaces of the heterotic orbifold landscape where the hidden sector gauge group is large, see
fig. In more detail, using the dynamic hidden Fg contrast pattern it is feasible to obtain
novel MSSM-like models with Nl(lg)(M) = X for X € {34,36,44,46,56,60,62,72,74,84} and
uncover plenty MSSM-like models for higher X values, e.g. with X € {30,40,42}. The reason
for this improvement, compared to the non-dynamic hidden FEg (fig. , is that the new search
strategy that led to fig. adjusts to the regions with higher X values by constraining the
probability mass function of the gauge embedding matrix M, i.e. parameters di; accordingly.
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Figure 6.7: Effect of the dynamic hidden Eg search. On the vertical azxis the number of
inequivalent MSSM-like models and on the horizontal axis the number of equivalent MSSM-like
models are given. They are chronologically ordered with respect to the search time. The dotted
lines mark the X wvalue used for the NS?)(M) > X constraint.

6.2.4 Inverse search strategy

Random searches are, in general, not exhaustive. This also accounts for the search developed in
this thesis. During any random search process, the number of inequivalent MSSM-like models
will follow a saturation curve [144]. This behavior is indicated by the first part X > 6 of fig.
where the inequivalent versus equivalent MSSM-like models are plotted. It shows a decreasing
gradient of the function. Consequently, the effort for creating a new inequivalent MSSM-like
model grows exponentially during sampling time. The same applies to the dynamic hidden Eg
search. However, it is possible to generate a small steep increase of novel MSSM-like spectra by
changing the value for X, e.g. X = 16. After some time, the new constrained search follows
the same behavior. Thus, any attempt to reach these results using a basic random search would
take an unfeasible amount of computing time and is only a theoretical possibility rather than
an alternative approach. Although it is possible to generate the steep increases, it remains an
open question of how much computational effort should be invested for a certain value of X.
Furthermore, the growth rates in table and the actual search show, that it is much more
efficient to search for high values of X, in order to get novel MSSM-like spectra quickly. Hence,

91



CHAPTER 6. THE PHENOMENOLOGICALLY VIABLE PART OF THE LANDSCAPE

200
0
9]
i)
3]
g
)
X
= 150
=
n
n
=
-+~
<
Q
©
2
5
2 100
]
RS
.
5]
o
(]
Q
g
5
< 5
< < m m H m m m o~ NP NP NG
N N N N PN PN A NP NE NG A
< x x < PoX < < < PX < ><
4500 5000 5500 6000 6500 7000 7500 8000

Number of equivalent MSSM-like models

Figure 6.8: Inverse search strategy for the dynamic hidden Eg search. Plotted is a part of the
cumulative function of new MSSM-like models. On the vertical axis the inequivalent number of
MSSM-like models and on the horizontal axis the number of equivalent MSSM-like models are
given. They are chronologically ordered with respect to the search time. The dotted lines mark
the X wvalue used for the ng)(M) > X constraint.

this leads to the suggestion of inverting the search process starting from high values of X and
then easing the constraint until we hit the lower bound X > 6. As the lower regions always
include the deeper ones this search gets broader and broader.

Additionally, this is supported by the fact that precisely the models in the higher X regions
are the ones with very low probability to appear in an unconstrained random search. These mod-
els are the ones that pop up occasionally in the long tail of the saturation curve. This indicates
the search to proceed since these models have compactification parameter configurations that
are very unlikely to appear and hence need a long exploration time. The graph of inverse search
in fig. indicates that the inverse search rather strictly indicates if a particular subspace still
has some novel MSSM-like models left or generates just already known ones, see e.g., X > 42.
In other words, it shows the probability of finding a new inequivalent model. This quantity is
related to the gradient of the curve. Hence, the sharp profile of the inverse search allows for a
saturation check in order to quantify if a certain subregion should be explored further or not.
One realization of this check is to investigate the inverse cumulative plot fig. The estimate
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on the probability for new inequivalent MSSM-like models can be computed byEL

FDY (Dcdyn.(X)) - FDY (gDCdyn.(X))
(1 =& Deyy, (0]

Pr (inequiv. MSSM-like for cqyn. (X) | Dy) ~ (6.34)

where Dy = {D, dym. (V) with Y > X} is the combined dataset of all previously constructed
datasets with stronger constraints cgqyn. (Y'). The shorthand notation cgyn. (Y') refers to eq. .
The cumulative function Fp, computes the number of inequivalent novel MSSM-like models of
D, (x) with respect to Dy, i.e. only MSSM-like models that are not contained in Dy can be
counted as novel MSSM-like models. The approximation parameter £ defines the proportion of
the cumulative plot that is taken into account to approximate the gradient at the tail of the
saturation sub-curve. A common value used in this thesis is to consider the last quarter, i.e.
&= %. If the probability for novel MSSM-like models in eq. vanishes, the search is assumed
to be exhaustive for constraint cgyn (X) and the value X can be lowered to explore the next
region. This condition implies, that the last quarter of the cumulative graph is flat. Note that
it is important for the analysis to consider all searches performed with higher values Y > X i.e.
the cumulative result. This indicates if the X-constrained search still produces novel MSSM-like
spectra, or occasionally reaches the models from the already performed stronger constraints.

Note that the parameter £ determines the strength of the estimator for the probability
eq. . It can be taken to smaller values for a more exhaustive search or to larger values
in order to get a more efficient, less exhaustive result. Nonetheless, since the construction of
any orbifold model is independent, the search can be performed in parallel. We recommend to
perform the search in parallel batches over multiple values X and check the saturation before
new submissions to the batch-queuing system. As soon as a particular value of X can not fulfill
the condition, this constraint is taken out of the submitted batch series, and a lower one is
appended.

In fig. not all subspaces are entirely flat in the last quarter. One should keep in mind that
this plot does not indicate the overall probability to generate a MSSM-like model. Thus, even
if there is a small remaining probability that novel MSSM-like models are in the subspaces, the
search effort to find them, can be massive. The estimate of the computational effort is given by
multiplying the probability eq. with the overall probability of finding MSSM-like models
in this subspace. The probability to find a MSSM-like model in the sub-spaces of Zy orbifolds
can be inferred from the sample proportions. A qualitative overview is given in fig. [D.2] Indeed,
this value provides an alternative, more efficiency-oriented indicator for exploring the landscape.

6.2.5 The U-sector contrast pattern

After an intense search with the static and dynamic hidden Eg contrast pattern egs. (6.24))
and (/6.31]), we are equipped with a new and more informative dataset, that has 415 inequivalent
MSSM-like models in DV = Diidden Es U Ddynamic hidden Es, Where DN g obtained by combin-
ing the datasets hidden Eg and dynamic hidden Eg from table Based on this new dataset, a
search for further contrast patterns is reasonable. The same logic as in section [6.2.1]is applied,
i.e. a decision tree is used to mine contrast patterns on the basis of the new combined dataset
DMur Tt turns out that the remaining features N[(JC:)(M ) contain the next strongest contrast
patterns for the data.

2Note, in practice, a large enough background set is necessary to estimate the probability. Likewise, for a
very small number of MSSM-like values, we recommend to skip the probability computation and search for more
models.
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For computational reasons, it is necessary to downsample the background of MSSM-like
models. This implies choosing only a random fraction of ~ 50% of the total dataset. Due to
the enormous amount of data, this can be considered to be a valid approach. The decision
tree has approximately the same statistics for the analysis in comparison to the whole dataset.
Furthermore, for the limited and important MSSM-like models, all instances of these models
are taken into account. As described in section they are reduced to their inequivalent
models to get a generalization measure based on this quantity. The D®21® and DVl split is
then performed with 33% of models in the validation set.

The decision tree hyperparameters are adjusted with respect to the same metric as before,
i.e. Recall(MSSM-like) = 1. The goal is to classify all MSSM-like models correctly. However,
it turns out that this is rather challenging due to two MSSM-like models. One of these models is
misclassified during training, the other one during validation. These two MSSM-like models are
the special A(54) models, where W3 = Wy = (0'6) from section Because these models lie
in a very specific subspace within the Zg-1I (1,1) orbifold landscape and hence are tractable, it
seems to be appropriate to sacrifice these types of models in the new contrast pattern, in order
to get a sufficient reduction of the landscape. Furthermore, there are no new models expected
so far in the subspace W3 = W, = (0'°), at least for a reasonable amount of search effort. Note,
that it is possible to tune the hyperparameters, i.e. the l12 from eq. , such that these
models get also correctly classified as MSSM-like. However, then nearly all models are classified
as MSSM-like and the expected growth rate eq. of this pattern tends towards one, i.e. no
gain at all.

Accepting the trade-off that two MSSM-like models are misclassified, a new contrast pattern
can be identified from fig. ie.

CUseeror = {NG (M) = 2, NOI(M) < 5}, (6.35)

for a model M to have an enhanced likelihood of being MSSM-like. This contrast pattern
is called U-sector constraint as it provides bounds on the bulk matter fields (section [2.4.1),
depending on a = 1, 2, respectively. Employing this new constraint on top of the former ones,
the estimated growth rate reads,

N, N, 0999
gr (CU—sectora DM‘érSM_like, DMléiS‘M'%hke> ~ 13200687 ~ 1.8. (6.36)
2215901

Let us discuss some distinctions of the U-sector constraint. To begin with, the computation
of gr(c) given in eq. : Contrary to the hidden Eg contrast pattern, it is not ensured that
the U-sector contrast pattern covers models which fulfill the constraint of Gg,;, section
in both Eg factors. For N&?)(M ) > 6 models with Gg,; in both Eg factors fulfill the more
restrictive condition N&?)(M) > 8 for aw = 1,2. This is not the case for the U-sector constraint.
See fig. and follow the right branch. This branch, according to the first node, only contains
models with G§,; C GELID) and hence the contrast patterns might only hold for this preceding
condition. Therefore, the growth rate in eq. is estimated using only those models where
Gy is solely in the first Eg factor. However, remember that models with Gg,; in both Eg
factors are always contained in the dynamic hidden Ejg searchE| Secondly, the arrangement
of the U-sector constraints hides that A(54) MSSM-like models excluded by the constraint

NI(JQS)(M ) < 5 do obey the subsequent constraint N&)(M ) > 2. The decision tree selects the
order by taking the statistics into account. It is necessary to misclassify these two MSSM-like

3In chapter |8 we will argue that even the models with G%y; in both Eg factors are contained in the U-sector
search.
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G'sy in both Eg ?
samples = 2915217
value = [274, 2914943]
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Figure 6.9: Visualization of the decision tree trained on the hidden Eg and dynamic hidden
Es datasets from table[6.4. The numbers are evaluated on the training set D™, The hyper-

parameter lis from eq. (6.23|) is changed to 115 = 10°. We obtain the contrast pattern (N&) >2
and N[(fg) < 5) for MSSM-like models from the right branch of the tree. Notice that this tree

misclassifies one MSSM-like model after the N[(st) -split in order to get better performance. See
also ﬁgurefor further details. Figure adapted from .

models for optimization reasons. However, it is still appealing that all MSSM-like models (with

Gy € Eél)) obey this constraint. This observation deserves further investigations towards
analytic conditions for MSSM-like models.

Realizing the U-sector contrast pattern in the search algorithm represented by figure [6.3] and
executing a search, the final dataset, called U-sector is collected, see table Once again, the
contrast data mining procedure shows its strength, and the probability of finding MSSM-like
models increased further, as shown in figure [6.10, The U-sector contrast pattern generalizes
to the Zg-1I (1,1) landscape and uncovers several novel MSSM-like models. To analyze the
benefit of the new constraint, the appropriate dataset for comparison is the dynamic hidden Eg
dataset. The dynamic search is the background, and the cy_gector cOnstraint is used on top of it.
This results in a growth of 395 inequivalent MSSM-like models to 459 models. Finally, merging
all datasets yields in total 468 inequivalent MSSM-like Zg-1I (1,1) models. In conclusion, all
former searches for MSSM-like Zg-II (1,1) models [75] were significantly exceeded
by rejecting those regions in the Zg-II (1,1) orbifold landscape where most likely no MSSM-like
model exists and additionally balancing the search which is uniform in the Z'?® space but not
in the physical space of MSSM-like models.

Furthermore, some of our contrast patterns might even be necessary conditions for all MSSM-
like models. In the following section[6.3] it is demonstrated how efficiently the derived constraint,
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Figure 6.10: Estimated probability p¢(MSSM-like) to find MSSM-like models for the threshold
value X of two different dynamic hidden Eg searches. The contrast pattern c refers to Nl(lf) > X
or Nl(u%) > X in combination with the U-sector constraint. Figure adapted from .

i.e. hidden Eg contrast pattern, can be transferred to the other orbifold geometries and actually
can find novel models. The lower bound of this constraint will be orbifold geometry specific.
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6.3 Generalized contrast patterns

The contrast patterns were acquired solely on the Zg-II (1, 1) orbifold geometry. Nevertheless,
the fundamental insights from this analysis can be applied to other geometries as well. The
contrast patterns are based on the particle spectrum and not on properties of the geometry
itself. The idea of the hidden Eg contrast pattern can be used rather directly in the context of
other orbifold geometries. Unfortunately, this is not the case for the U-sector contrast pattern.
The number of bulk matter fields N[(i) for a = 1,2,3 depends on the individual entries in the
twist vectors of a given orbifold geometry, see eq. . These entries are not sorted according
to some physical quantity, rather the sorting of the entries in the twist vectors is given in
ascending order of rotation angles. Hence, it is not clear why a particular U-sector might be
special among the different sectors, i.e. if a special status of a U-sector is related to the rotation
angle or some nontrivial relation between all sectors. Permutation invariant constructions, i.e.
the elementary symmetric polynomials in NI(J?>

N 4 N 4 N (6.37)
NEING) + NEING) + NN (639
NL(JOI)N[(IO;)NI(Jag) (639)

have been tried, but could not be used as a replacement of the contrast patterns which act
directly on the individual U-sectors, neither did they contribute as distinct patterns.
Therefore, the dynamic hidden Eg search is directly utilized and the U-sector thresholds are
analyzed for the individual orbifold geometries ©. The result is summarized in table In
order to apply the dynamic hidden Eg contrast pattern to all Zy orbifold geometries the lower
bound X,y (O) of Nég) (M) > Xmin(D) for each Zy orbifold geometry has to be identified by,

Xuin(O) = min ({NS?)(M) ‘ M e D((D from [126} 127])}) . (6.40)

Remember that Nl(lf)(M) > Xmin (Zg-11 (1,1)) = 6. To get an estimate for these bounds,
the datasets collected using the basic search technique fig. of [126] 127] can be used as
background searches. Therefore, we extract the dataset of the relevant orbifold geometry O from
the combined dataset Do from fiz6, [i27]) that correspond to the different Zy orbifold geometries.
Then, the conventional search in [126] [127] compares to the phenomenology search from our
investigations in the previous chapters. Concretely, for this scan there is no lower bound on
the hidden sector gauge group, i.e. N&?) > 0. Thus, it is possible to analyze the results of the
traditional search [126, (127] to derive the lower bounds Xmin(©) for all Zy orbifold geometries.
As it is already known which constraints are searched for, the construction of a decision tree
is not necessary. Note that at this point, it is assumed that similar patterns can be found in
the other orbifold geometries. The actual training of the tree can interchange the patterns on
the features. However, this straightforward approach will turn out to be useful. The results are
stated in table Moreover, the background datasets Do trom [126,[127)) allow us to focus the

dynamic hidden Eg contrast pattern on thresholds greater than Xy, (O), i.e. ngf) > Xnin (0),
to save computational resources.

The final results of the search are given in table Here for each Zy orbifold geometry, the
numbers of inequivalent MSSM-like orbifold models that were found using the dynamic hidden Eg
contrast pattern is compared to those numbers in the literature [126, 127]. The dynamic hidden
FE search is capable of finding several new inequivalent MSSM-like orbifold models in nearly
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orbifold Z4 ZG-I Z6—II Z7 Zg-I Zg—II Z12—I ZIQ-II
geometry O | V |V Vol @) (21 31| @) @] v o] (1)
Xmin(O) 4 | 12 6 56 6 6 4 0 4 4 6

Table 6.5: Lower bounds Xpnin(O) on the number of unbroken roots ng) from the hidden Eg
factor for MSSM-like orbifold models. Obtained from [126,127] for the Zy orbifold geometries
O listed in the first column of table[6.6, In case of “N7” all lattices for a given Zy orbifold
geometry have the same lower bound.

all orbifold geometries. In particular, the numbers for the different Zg-1I orbifold geometries,
as well as the Zo-1 case, have increased using the contrast patterns. Additionally, focusing on
the effect of the models from the novel search on the combined dataset from the literature, it
is noticeable that nearly all orbifold geometries get a boost of new models even in cases where
the total number was lower than the one from the literature, i.e. Zg-II (1,1), Zg-1I (2,1),
Z12-11 (1,1). Moreover, we observe 13 additional MSSM-like models from [126, 127] for the
orbifold geometry Zg-11 (1, 1), which we used to develop all the constraints of this chapter. This
geometry was of particular interest, and the intense searches performed could not find all MSSM-
like models. However, these models satisfy all the constraints derived in section Hence, an
extended scan with contrast patterns can find these models. Furthermore, the appearance of
the Z7 MSSM-like model is also a great achievement of our contrast patterns. So far, this
model was only observed in orbifold-specific scans [31,127]. Besides, the Zg-I orbifold geometry
is unusual in terms of the Xy, value. This is the only Zx geometry (except of Zy) with a
lower bound higher than needed for the SM gauge group. The lower bound Xy (Ze-1) = 12
(see table , is computed for those models where Gg,; appears in one Eg factor only. Thus,
our search algorithm could miss MSSM-like Zg-I models where each Eg factor contains Gg,;.
Analyzing these models individually, a lower bound Xy, (Zg-I) = 10 for these cases is found.
Furthermore, it seems that for some orbifold geometries like Zg-1I (1, 1) the standard approach is
advantageous. However, a comparison is difficult since it is not known how much computational
effort was needed to produce the results from the literature. Moreover, for Zg-II (l,ﬁ)ur

contrast patterns seem to be not as useful, since the lower bound for NS) = 0 (see table [6.5) is
practically not present and thus does not reduce this sub-landscape. Hence, it seems that our
search algorithm is too involved for such geometries and the extra work in computing constraints
is not rewarded. However, the merged datasets in table shows that the contrast patterns
could still significantly enhance the numbers of inequivalent MSSM-like orbifold models in these
geometries. Thus, the search algorithm is able to find new MSSM-like orbifold models in corners
of the landscape that are missed by the conventional approaches.

On the basis of the ‘merged’ datasets the decision tree approach to derive the U-sector con-
straints, as in the case of the Zg-II (1,1) orbifold geometry section[6.2.5] can be used. The results
are given in table In nearly all orbifold geometries it is possible to get a Recall(D"al) =1.00
and no MSSM-like model is missed in the training set.

Only Zg-1I orbifold geometries (1,1), (3,1) had a Recall(D") = 0.99, i.e. produced a
false negative. For the Zg-11 orbifold geometries (1,1) and (3, 1) the decision tree sacrificed one
MSSM-like model during training, while Zg-II (2, 1) misclassified two models during training.
Overall, this similarity in the behavior of the different Zg-11 geometries shows how strongly the
MSSM-like patterns are connected to the point group of the orbifold geometries. Only, the Zg-11
(4,1) orbifold geometry can avoid these misclassifications.
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number of inequivalent MSSM-like orbifold models

rbifol i
ooy | 38| [ | (5020 | 0 | et
7y (2,1) || 128 | 138 161 125 179
(3,1) 25 26 29 33 33
Zig-1 (1,1) 31 30 31 31 31
(2,1) 31 30 31 31 31
Ze-11  (1,1) 348 363 390 468 481
(2,1) 338 349 372 395 443
(3,1) 350 351 390 415 482
(4,1) 334 354 404 407 464
Zr (1,1) 0 1 1 1 1
Z.g-1 (1,1) 263 256 271 248 271
(2,1) 164 155 164 144 164
(3,1) || 387 | 377 418 408 430
Zg-11  (1,1) 638 | 1833 1903 1259 2289
(2,1) || 260 | 489 508 349 555
Zy2-1  (1,1) 365 956 068 610 625
(2,1) 385 554 572 607 625
Zyo-11 (1,1) || 211 | 352 371 365 435

Table 6.6: Inequivalent MSSM-like orbifold models for all Zy orbifold geometries, see also [21)].
The second and third column show the number of inequivalent models known in the literature. The
fourth column states the number of inequivalent models combining the datasets of the literature.
The number of inequivalent models constructed by the search fig. using the dynamic hidden
Eg contrast pattern eq. are listed in the fifth column. The last column, gives the final
results, i.e. the numbers of inequivalent MSSM-like orbifold models obtained by merging the
three datasets.

Another special case is the Zg-II (2,1) orbifold geometry. In order to get a growth rate
larger than one the decision tree has to split the set of MSSM-like models into two sets at the
first node with a constraint on N[(Jlg). Then, for both sets a second split takes NI(JQS) into account,
resulting in a growth rate gr(c) = 1.78 for the first set containing only 3% of the inequivalent
MSSM-like Zg-1IT (2,1) models from D*2® and a growth rate of gr(c, D) = 1.01 for the second
set containing 97% of the models, respectively.

In this context, it is interesting that for the Zg-I (1,1) geometry, one can increase the
growth rate by tuning the hyperparameters and train another decision tree. In detail, this
results in a constraint ¢'y_sector = {N[(Jlg) > 8,N[(J23) < 25} that has Recall(D"al) = 1.00 and
gr(c'U—sector) = 2.18. The only disadvantage is that for this tree one MSSM-like model from the
training data is misclassified.

Moreover, let us mention that the expected growth rate for the 74 orbifold geometry is
significantly higher than it was for the Zg-11. For this geometry the U-sector constraint could
be even more important than the hidden Eg constraint. A detailed analysis like in the case of
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orbifold —
geometry N I(Jll) N[(le) N[(Jl; N[(i) NI(J22) N[(i) gr(c)
t (1) = <1] 532
(31) =4 <1/ 6.92

Ze-1  (1,1) | > 13 > 14 570
(2,1) | > 13 > 14 578

Zell (L1 22 <5]| 1.81
(1) =2 <5 1.60

(3.1 =2 <5 1.70

(4.1 =2 <5| 1.86

Bl (L) =4 <925 | 1.22
1) >4 <925 | 1.23

3.1) =8 2.21

il (L) =4 <41 | 161
(&1) <3 <1] 178

e <41 | 101

Zip-T  (1,1) | <10 > o
21) | <10 =2 1.24

Gl (D] 22 <5| 171

Table 6.7: Decision tree derived U-sector constraints for Zy orbifold geometries, obtained
from the merged datasets of table[6.6 The Zz orbifold geometry is neglected, because only one
MSSM-like model is available.

Ze-11 seems necessary.

Contrary to the expectation, that the configuration of the U-sector constraints is highly
sensitive to the specific orbifold, table shows global patterns. These patterns generalize
over the orbifold geometries. Foremost, it is remarkable that for the hidden sector, nearly all
constraints are ‘<’ and in the Us-sectors. For the visible sector, a clear preference to ‘>’ is given.
On a refined level, the twist vector does not have any significant effect, and the specific threshold
value is correlated to the order of the point group. One should use this global pattern and take
the weakest constraint among a family of orbifolds, e.g. N[(i) > 4 for Zg orbifolds. Overall, this
indicates more structure in the heterotic orbifold landscape and that necessary conditions for
MSSM-like models can follow from further considerations in this direction.

6.4 Chapter summary

In this chapter, we reduce the heterotic orbifold landscape massively. Analytical constraints
based on the SM gauge group and the Weyl symmetry of the landscape exclude vast areas of
the compactification parameter space. By a statistical analysis with decision trees, we uncover
contrast patterns that distinguish between areas of the landscape with a tiny probability to
hold a MSSM-like model and others. Based on these constraints, we develop a search algorithm
fig. that focuses on the phenomenologically viable part of the heterotic orbifold landscape.
The apparent result is that it was possible to substantially improve the search strategy for
MSSM-like models in the heterotic orbifold landscape table Thus, it was possible to identify
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models with very special and far from generic properties in heterotic orbifolds, i.e. models with
W3 = (0'6) and hence A(54) flavor symmetry.

For the technique itself, it is to mention that it is challenging to uncover suitable features
table that have a monotonic behavior concerning the successive search. Moreover, for very
restrictive contrast patterns, the random sampling of the djr-coefficients takes rather long.
This is because the constraints have to modify the probability mass function of the coefficients
heavily. Learning a better probability mass function for drawing the coefficients might be useful,
see chapter [J]for potential methods. Finally, the contrast pattern technique seems to be far more
valuable than expected on the task to find the characteristic features of MSSM-like models with
a stringy origin. Further statistical evidence will be analyzed in chapter [, They might help to
find the necessary conditions for beyond the SM physics to connect to a UV-complete framework.
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Chapter 7

Bottom-up guide for the heterotic
orbifold landscape

In the previous machine learning approaches, we studied the patterns of the heterotic orbifold
landscape in order to find explicit constructions of MSSM-like models, as were defined in sec-
tion However, an obvious question is if the heterotic orbifold landscape includes the exact
MSSM of particle physics. The concrete orbifold parameters of a string compactification that
lead to a model that is in agreement with all experimental facts from particle physics would be
a definite answer. Due to the enormous number of 4D string models, the question arises, if it
is possible to predict the orbifold geometry with the highest likelihood to generate a particular
MSSM-like model, i.e. the exact MSSM. Indeed, the contrast mining approach from section
showed orbifold specific threshold values for the generic contrast patterns. Inspired by this obser-
vation, we will show in this chapter that the particular phenomenology of the MSSM-like models
is strongly correlated to the point group P. Hence, in terms of phenomenological properties,
the landscape is divided into subregions.

For this task, the dataset consists of the known MSSM-like orbifold models constructed in
the literature, as well as novel MSSM-like models from the advanced search strategy fig.
The feature space is formed of phenomenological properties, like the number of various types
of vector-like exotics, and the value of the gaugino beta function coefficients. The intention is
to develop a classifier that predicts the orbifold origin of MSSM-like bottom-up models. Thus,
we train the machine learning model to predict the orbifold point group P that has the highest
probability of reproducing a given MSSM-like model, see fig.

7.1 A feature space of vector-like exotics

The dataset D of MSSM-like orbifold models consist of 126 783 inequivalent MSSM-like string
modelsE] from the Eg x Eg heterotic string, compactified on 52 Abelian orbifolds (DE] In or-
der to obtain such a huge dataset, constructed models from several landscape investigations
were merged. In detail, the largest dataset available for the Zy, orbifolds was constructed in
section were the datasets [126] [127] were extended by novel MSSM-like models created by
the dynamic hidden Eg contrast pattern search. This procedure is extended to the Zy, x Zy,

!The MSSM-like orbifold models are available as arXiv ancillary files of [20} [21].

2From the 138 Abelian orbifolds with A/ = 1, 23 Zs x Zs orbifolds forbid chiral matter spectra [118, |147].
Furthermore, the orbifolds are reduced to those that can generate non-Abelian flavour symmetries (Zs X Zs is
the only exception) as investigated in [127].
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Figure 7.1: Quverview of the machine learning (ML) method. A predictive model (boosted
decision tree) is trained to infer the probability p(P;) of the orbifold point groups P; to reproduce
a gwen MSSM-like bottom-up model. Note that > ,p(P;) = 1. As input, we specify certain
phenomenological features Fy. Figure adapted from [20)].

MSSM-like models using the same contrast pattern for the enhanced search algorithm and merge
them with the models from [126, |127] to obtain the dataset D.

A review of the exotics in the inequivalent MSSM-like dataset can be found in table and
table In the first row of the tables the different orbifold point groups P; that produce the
MSSM-like string model are given. There are 14 different point groups and hence i = 1,...,14.
The second row states the number of inequivalent models per P;. An important observation for
the procedure is given by the fact that the dataset is highly imbalanced. In detail, the number of
inequivalent MSSM-like models for the different point groups are spread over a wide range. As
an example, Z4 contains only a few hundred MSSM-like models, while Zs x Z4 holds several ten-
thousand MSSM-like models. Besides, since only one MSSM-like orbifold model, based on the
Z+7 point group, is part of the dataset, this point group is excluded from further considerations.

To predict the orbifold origin based on phenomenological features Fj as depicted in fig.
we compute the following phenomenological features of MSSM-like modelsﬂ

e Fi: # SM singlets: The average MSSM-like model contains O(100) SM singlets. These
can be understood as right-handed neutrinos, that are charged under hidden gauge group
factors, i.e U(1)’s and the non-Abelian Gpiqgen- Recall from section that SM singlets
are relevant for the decoupling of vector-like exotics.

o Fo — F3g : # vector-like exotics for each type: Recall from section that MSSM-
like models are defined to allow for vector-like exotics. The total number of different
vector-like exotics that appear in the landscape is of small cardinality, i.e. 43 distinct
exotic particles (table ,table ). Thus, it is feasible to use the number of vector-
like exotics of each type as features. Note, 8 types of vector-like exotics solely appear
in the unique MSSM-like Z7 model and are neglected. Phenomenologically, vector-like
exotics can be appealing for model building as new elementary particles. For instance,

3For convenience we use # as abbreviation for 'number of’.
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so-called leptoquarks were proposed, to address flavor anomalies [148-151]. However, they
can compromise gauge coupling unification and can lead to cosmological problems. Thus,
we choose to search for “(almost) perfect MSSM models” that have (almost) no vector-like
exotics.

F37 : Heavy top quark from bulk: This scenario describes a stringy mechanism that can
explain the large mass hierarchy between the top quark and the lighter quarks. Therefore,
we require an O(1) renormalizable Yukawa coupling for a left-chiral top quark doublet g3,
its right-chiral top quark partner ug and the up-type Higgs h,. If these fields originate
from the twisted sectors their coupling can be suppressed if they are not located at the
same fixed point. This is not the case for bulk matter. Actually, if the left-chiral top
quark doublet g3, its right-chiral top quark partner #3 and the up-type Higgs h,, distribute
among the three untwisted sectors U,, for a = 1,2,3 (see eq. ), respectively, the
string selection rules [156, [157] and in especially the conservation of R-charges |31} 32,
158| allow for this unsuppressed coupling, which is related to the ten-dimensional gauge
coupling constant [152-155]. Thus we incorporate this feature as binary-value, i.e. true or
false, for a given model.

F3s: # vanishing Wilson lines: Non-Abelian flavor symmetries of the 4D effective
theory can emerge in heterotic orbifolds from the twisted strings, that are localized on
the fixed points of the extra-dimensions (section . If Wilson lines vanish, an addi-
tional permutation symmetry of some of the twisted strings can emerge such that the full
flavor symmetry becomes non-Abelian. Because non-Abelian flavor symmetries are phe-
nomenologically interesting [159], this feature is included indirectly in the feature space
by the number of vanishing Wilson lines, see also [64, (67, [126| {127} |143]. A non-zero value
indicates the presence of non-Abelian flavor symmetry.

F39 : Anomalous U(1): In general 4D models from the heterotic orbifold landscape
are equipped with an anomalous gauge factor U(1)anom. However, it turns out that the
anomaly of this pseudo-anomalous U(1) can be canceled by a universal Green—Schwarz
anomaly cancellation mechanism [160]. Furthermore, this procedure is phenomenologi-
cally appealing, as it sets the scale for a Froggatt—Nielsen-like mechanism [161], where
some SM singlets develop non-vanishing VEVs. Thus, these VEVs spontaneously break
the additional U(1) factors and some of these VEVs decouple parts of the vector-like ex-
otics from the spectrum. Moreover, they are responsible to give the lighter quarks and
leptons masses. Even though 99% of the MSSM-like orbifold models possess an additional
U(1)anom, this interesting feature is included as a binary value.

F40 : hidden sector beta-function coefficient: The last feature is connected to spon-
tanous supersymmetry breaking through hidden sector gaugino condensation [47, 50, 76,
126/, 1162-165]. Therefore, it is assumed that the vector-like exotics decouple without break-
ing the non-Abelian hidden sector gauge groups Ghpidden- For a strongly coupled hidden
sector the gauginos build a condensate and spontaneously break supersymmetry. To de-
termine the energy scale Apjqden Where this happens, we have to analyze the running of
the coupling and the corresponding Landau pole where the coupling becomes infinite, for
each Ghiqden. It turns out that,

1672
Atidden = Mgur exp —m ) (7-1)
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Figure 7.2: Number of MSSM-like orbifold models from dataset D for the hidden sector gaugino
condensation scale Aniaden- Ercluded are a few models with smaller Apiqaen as well as ~ 24 000
models with b = 0, i.e. Apiggen = 0. Note, for the peak at Apiggen = 10° GeV the scale of
supersymmetry breaking is far too low. It consists mainly of MSSM-like orbifold models from
the point groups Zia X Zy and Zg X Zg (each contributing ~ 19000 models). Figure adapted from

Py

with Mgyt ~ 3 -10%GeV and ¢g?(Mgur) ~ /2. We assume in eq. that the gauge
coupling constants of the MSSM coincide at the GUT scale approximately with the one
of the hidden sector gauge group. Thus, to determine the gaugino condensation scale,
we can compute the known beta-function coefficient b = 3Cy — > 4(r) of Ghidden With
Cy = N and ¢(N) = 1/2 for SU(N), and Cy = 2(N — 1) and ¢(2N) = 1 for SO(2N).
The summation over r runs over the chiral matter in the spectrum, where r is given by
the representation of the matter under Gyiqqen. The phenomenological preferred energy
scale is Apiqden = 10'3GeV for supersymmetry breaking at least around TeV scale, as the
gravitino mass can be approximated by

A%'dd

Majy R — 5t (7.2)
MPlanck

and supersymmetry breaking is communicated to the observable sector by gravity. Note,
that for this estimate string threshold corrections [166-168] are neglected. Those can
increase the value for Ayjqden, such that a reasonable range to consider are three orders of
magnitued . This corresponds to the lower bound Apjqden 2 10'19GeV, ie. b 210 .

In our MSSM-like models, the distribution of Apiqden is given in fig. [7-2] for all point groups
and in fig. for Ze-11 (1,1) only.

These features define the basis that spans the whole feature space. The original dataset,
consisting of the physical spectra, had 126 783 inequivalent MSSM-like string models. The
attribute inequivalent is linked to the full orbifold geometry, i.e. inequivalence is defined here
within each different orbifold geometry separately. The dataset transformed into the feature
space corresponds to a set of 112670 inequivalent data points (F,O). However, neglecting
the orbifold origin and comparing the feature vectors F' results in 106 009 inequivalent vectors.
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Figure 7.3: Number of Zg-11 (1,1) MSSM-like orbifold models for hidden sector gaugino con-
densation scale Apiggen (models with b =0, i.e. Apiqgen = 0, are excluded). Figure adapted from

[20].

Hence, this introduces a substantial internal, unavoidable, misclassification error. In detail, this
would not train a well-defined function but rather have identical input values (feature vectors
F) that lead to different target values ©. As we will train a deterministic algorithm, in terms
of its prediction, the final model will decide to map all instances of a certain F' to the dominant
O. The reason for this ambiguity is the hidden sector that is not taken into account in detail, in
our feature space, as the feature vector characterizes the properties concerning the MSSM only.
Thus, models with different hidden sectors can yield the same feature vector .

However, combining the feature vectors with the point group, i.e. (F, P;) results in 106 027
inequivalent data points. Contrary to the above situation, there is nearly no overlap if the
point group F; is taken as label. Hence, this label is a natural choice for the prediction task.
This result connects strongly to the contrast patterns behavior concerning the point group (see
section [6.3). The contrast patterns showed a strong correlation with the point groups and not
with the specific lattice. Thus, the tuples (F, P;) build the machine learning dataset D.

Closing this discussion, we point out that the reduction to the inequivalent subset of the data
is necessary to avoid data leakage (appendix. Concretely, the duplicates can get separated
in test and training set, and hence the performance on the test set is no longer the performance
to unseen data but to the duplicates of the training set (compare to section. As we want to
predict the origin of the MSSM that is certainly not contained in the dataset, this generalization
property is of utmost importance.

7.2 Point group classifier from 4D physics

To tackle this classification task, several methods from machine learning may be valuable. The
two most widely applied and successful methods are neural networks and boosted decision trees.
As our dataset is highly imbalanced, the neural network approach becomes disfavored. To handle
imbalanced data in neural networks is still tricky , even though research in this direction
leads to improvements, e.g. specialised loss functions .

For the non-neural network tools of machine learning, several hyperparameters exist to con-
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sider unbalanced data. In case of decision trees we already used in section[6.2.1|the class_weight
argument to adjust the importance of the minority class. This is one reason why a boosted de-
cision tree will be used in this imbalanced classification task. A boosted decision tree consists
of an ensemble of simple classification trees (appendix . A single predictive model from the
ensemble is called a weak learner since they do not have the capacity to reach sophisticated
results on the classification task. In the classification task here, a single decision tree was only
able to reach a performance of f1-macro = 0.66, after hyperparameter optimization. Combining
weak learners, it is possible to create a single strong learner. The resulting prediction is then
a weighted majority vote of the collection of weak learners. However, in order to contribute
different information to the voting, the weak learners have to be trained with different goals.
In the boosting approach, this is achieved by a successive training of the weak learners, where
the misclassified training data of the previous trees are weighted with a higher value in order to
enforce the next weak learner to classify these models correctly. The weights of the previously
correctly classified data are decreased accordingly, see also [197]EI

Training of the classifier

The first task is to split our dataset D of inequivalent tuples (F, P;) into 80% training D®*ai?
and 20% test data D®®s*. The test set D*®s* is kept aside for the evaluation of the trained
classifier. D®™3% js used to perform a grid search for the optimal hyperparameters, i.e. each
possible combination of hyperparameter values, from a predefined parameter set, is used to
train the classifier in a 5-fold cross validation (CV) (for an explanation of CV see appendix [C.4)).
The metric to evaluate the trained classifiers is f1-macro, which is suitable for imbalanced
data. We use for hyperparameter tuning the scikit-learn [189] module GridSearchCV and for
the boosted decision tree the Light GBM implementation [200]. The large-scale hyperparameter
search results in:

e class weight=‘balanced’ (default=None): The argument ‘balanced’ automatically ad-
just the class weights w; inversely proportional to the class frequency of occurrence in the
input data, i.e.

|Dtrain‘
|P| - |D¥rain(Py)]

W = (7.3)
where for this dataset, we have the number of classes |P| = 14 and |D**2*(P;)| = {F €
D | Y et (F) = P} for each class. ’Dtrain‘ is the total number of data points.

e learning rate=0.2 (default=0.1): The learning rate for boosting. Hence, this value
determines how strong the weights of the misclassified models get adjusted for the next
weak learner.

e min child _samples=8 (default=20): In order to get good predictions on the minority
classes it was beneficial to allow the individual trees to split to lower number of minimum
samples per child node.

e min_child weight=0.01 (default=10"3): Regularization method. Minimum sum of in-
stance weight (hessian, i.e. second derivative of objective function) needed in a child node.
Roughly speaking, a measure for the impurity of the data in the child node. Stops if the
impurity is very low and hence regularizes the trees.

4In gradient boosted decision trees, the correction of the weights is generalized to the optimization of an
arbitrary differentiable loss function [198,[199|. In our multiclass prediction this is the softmax objective function.
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e n_estimators=1500 (default=100): Number of weak learners to train.

e num_leaves=50 (default=31): Maximum number of leaves a single decision tree learner
can have.

Note, multiple classification algorithms were examined as alternatives: k-nearest-neighbors
(kNN), linear discriminant analysis (LDA), random forest, support vector machines (SVM) and
fully connected neural networks with softmax classification)] These other techniques are not
able to outperform the f1-macro score of Light GBM. Only another boosted decision tree algo-
rithm, XGBoost , yields comparable results. Besides, we constructed an ensemble of these
different estimators, where the prediction of the ensemble is a weighted linear combination of the
predictions of each individual estimator . None of these approaches led to an improvement
of more than ~ 1% for the fi1-macro score. Hence, the positive effects of these ensembles do
not justify the additional obscurification of the classification algorithm. In particular, the usage
of LightGBM as a single estimator allows us to read out and interpret the inner structure of the
boosted decision tree by visualizing the feature importance, see fig. [7.4] One obtains that, the
SM singlets and the hidden sector beta function are frequently used to separate the different
point groups.

# SM singlets
#(1, 1)1
#(3, 113
#(1, 2)-1p2
#(1, 2)o
hidden sector beta function
#(3, Dy
heavy top from bulk
#(3, 2)y6
# vanishing Wilson lines
# (3, 1)_o3
#(1, 1),
#(1, 1)13
#(1, 2)6
#(1, 1)z
anomalous U(1)
#(3, 1)
#(1, 1)y
#(3, 2)-13
#(3, 1)i3
#(3, 1)-s6
0 5 10 15 20 25 30
Percentage of total number of splits

Feature

Figure 7.4: The importance of the features for the boosted decision tree, based on the num-
bers of times the feature is used for a threshold condition in the model. Obtained from the
feature_importances_ method of Light GBM. We give the numbers as percentage and rank the
features accordingly. As a result, the feature “# SM singlets” turns out to be used in 30% of the
nodes and is the most important feature for our boosted decision tree. Figure adapted from @/

Evaluation of the predictions

The performance of the boosted decision tree on the test set D*®®* is estimated in a classification
report, see table The overall high values for the f1-score, even for the minority classes,

5The implementations from scikit-learn \ are utilized for the non-neural network algorithms. The Keras
APT [201] is used for the neural networks.
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indicates that our classifier is well balanced and did not get heavily biased by the majority
classes. For the upcoming predictions the Precision value is also of special interest. This value
indicates how reliable a certain prediction is, i.e. for the lowest value of 0.75 in case of Zg-I, we
have a 0.25 percent chance that this area belongs to a different point group P; that is misclassified
as false positive to the class Zg-I. However, the capability of the classifier to correctly identify
the point group origin of the individual feature vectors is astonishing. It was unknown that
the spectrum of vector-like exotics, in combination with some additional phenomenologically
interesting features, allows for such a clear-cut inference of the point group.

point group F; | Precision Recall fj-score | support

Zy 0.85 0.85 0.85 33
Z-1 0.88 0.88 0.88 8
Z-11 0.82 0.75 0.79 305
Zs-1 0.75 0.78 0.76 125
Zs-11 0.86 0.84 0.85 444
Z2-1 0.95 0.90 0.92 232
Z2-11 0.69 0.68 0.69 82
Zy x o 0.88 0.83 0.85 255
Ty X Ty 0.97 0.98 0.98 8 155
Zy x Z-1 0.84 0.59 0.69 211
73 x Tis 0.99 1.00 0.99 483
Z3 x T 0.87 0.88 0.87 1019
Ty x Ty 0.98 0.98 0.98 9113
T x T 0.93 0.96 0.94 741
macro avg | 0.88 0.85 0.86 | 21206

Table 7.1: Classification report of the boosted decision tree classifier. Evaluated on DSt of
21206 feature vectors. The support gives the number of feature vectors with point group P; in
Dtest. In gray we highlight the three highest values for the f1-score. For the full classification
matriz see [20)].

7.3 Predicting the stringy origin of the MSSM

After we have reviewed the predictions of our classifier, the next step is to slightly predict
beyond the dataset space, towards the exact MSSM. Concretely, a feature vector without any
vector-like exotics is given to the classifier to infer its orbifold origin. However, extrapolations
with machine learning models are, in general, rather difficult as no confidence intervals are given
for the predictions. In this particular case, the feature vector lies outside the border of the
dataset D. However, we use additional features besides the numbers of vector-like exotics, e.g.
the number of SM singlets and the hidden sector beta-function coefficient. These features are
not a priori fixed for the exact MSSM spectrum. Hence, we can scan over a parameter space
to predict the origin of exact MSSM spectra with a varying number of SM singlets and values
for the hidden sector gaugino beta function. Thus, the inference for the MSSM also involves
non-trivial features that are embedded in the orbifold dataset, i.e. orbifold models from the
training set have values for these features above and below the values used in the feature vectors
of this prediction task.

Moreover, the experience gained with regularized decision trees in the context of contrast
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mining (see chapter @ indicates that these models can be utilized for predictions slightly beyond
the dataset. The general procedure of a decision tree is to divide up the feature space into smaller
subspaces. Each of those subspaces gets assigned to a class of the prediction task. Concretely,
the class is identified based on the dominant class of the models from D®*2% that lie in this
subspace. However, a decision tree necessarily leaves open subspaces at the boundary of the
training set. Since the feature vector of the MSSM is outside the region of feature vectors of
MSSM-like orbifold models, the MSSM will lie in one of these open subspaces. Still it will get
a meaningful prediction assigned, due to the models from the training set, that reside in the
same open subspace. Then, an ensemble of decision trees gives an additional regularization that
improves the generalization to a broader range in feature space. In this way, regularized boosted
decision trees can be used to get meaningful predictions.

Parameter scan for the exact MSSM

For the parameter scan we generate a new dataset D"SM of feature vectors F"" that have a
zero entry for all types of vector-like exotics, i.e. Fj°o" =0 for k = 2,...,36. Furthermore, for
each of the 4 combinations of the binary valued features “# vanishing Wilson lines” and “heavy
top from bulk”lﬂ, we generate the following sub-set of feature vectors:

e For each N € {20,...,350} and b € {0,...,36} we create one feature vector with
FISSM = N and Fj5" = b,

where the sets for IV and b represent the values for the # SM singlets and the hidden sector beta
function that appeared in D, respectively. Hence, in total we generate 37 - 330 feature vectors
for each combination of the binary valued features. For each F™" of the dataset DY we
predict the corresponding point group P; with the boosted decision tree, according to fig.
The outcomes of this prediction are illustrated in fig. In order to emphasize how confident
the boosted decision tree is, we introduced a transparency parameter « that indicates if one
point group dominated the prediction, or other point groups reached comparable likelihoods.
It turns out that overall, the parameter space is dominated by the two classes, Zo X Z4 and
7y x 7Z4. These classes build up the majority of MSSM-like orbifold models in the dataset D
with 55429, and 48 812 MSSM-like models, respectively. Moreover, they achieve the second and
third highest f1-scores and thus are reliable, see table Beyond that, for MSSMs without a
heavy top from bulk, the Zsy x Zs orbifold point group (with 1711 MSSM-like models) occupies
a large fraction of the prediction area, especially in cases with SM singlets < 100 , see fig.
and fig. Furthermore, for MSSMs without a heavy top from bulk and without a vanishing
Wilson line, several orbifold point groups become relevant in distinct areas of fig.

Finally, there is a further exceptional ingredient that strengthens the prediction for the
Zo X 7.4 orbifold point group. Namely, we observe the first “almost perfect” MSSM-like orbifold
models (marked as yellow points in fig. in the orbifold geometry Zs x Z4 (2, 4) and (1,6).
Their particle spectrum is very close to the exact MSSM and only contains additional Higgs-pairs.
Thus, the boosted decision tree has clear evidence to estimate this point group as the origin of
an exact MSSM spectrum. In the upcoming section, we will present one representative of the
“almost perfect” MSSM-like orbifold models, as those models were unknown in the literature to
exist,.

SFor the “anomalous U(1)” feature the predictions turned out to be identical. Hence, this feature is set to true
for the prediction task.
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(a) With heavy top fmm bulk and vanishing Wilson lines.
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(b) With heavy top from bulk but without vanishing Wilson lines. The small black region corresponds to
Zg-1. In yellow, we highlight 20 almost perfect MSSM-like orbifold models, see section@
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(c) Without heavy top from bulk but with vanishing Wilson lines. The small black regions correspond to
etther Zeg-11 or Zg-I.
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(d) Without heavy top from bulk and without vanishing Wilson lines. The black regions:
(1) 90 - 115 SM singlets Zg-1 (i1) b > 20 and ~ 90 SM singlets Z12-1 (ii1) b > 30 and 140 SM singlets
Zs-1 (iv) SM singlets > 290 and b <5 Zs x Zg and for 5 S b < 10 Zg X Zg.

Figure 7.5: Predicted orbifold point groups for the MSSM for four different cases (a) - (d)
depending on the features “heavy top from bulk” and “vanishing Wilson lines”: in each case, the
horizontal azxis corresponds to the number of SM singlets (i.e. right-handed neutrinos), while the
vertical axis gives the beta-function coefficient b that sets the scale of supersymmetry breaking
via hidden sector gaugino condensation. The colors are associated to point groups as follows:
(i) blue: Zo x Za, (i) orange: Zy X Zy, (iii) turquoise: Zo X Za. Black indicates a different
point group than the three dominant ones. The transparency o = p(15%) — %p(2nd) of each pizel
indicates the difference between the highest and the second highest probabilities of the predictions,
p(15%) and p(2°Y), respectively. Note that Y, p(P;) = 1. Hence, the color gets very transparent

if p(15%) ~ p(2"). Figures adapted from 1@/
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7.4 An almost perfect MSSM-like orbifold model

For the particular case of “almost perfect” MSSM-like orbifold models, we present here an
explicit construction from the orbifold geometry Zo X Zg4 (2,4)[] The entries of the gauge
embedding matrix turn out to be

(0,0 00, 35 3 5 3)| [ (0 5 5 3 3 3 3 2
(_iv %7 %7 17_1a 07_17 i) (_%7 07 07 07 07 Oa %7_%)
1 2
i = ) i = ()
1 2
M- Y = (") i = (") (7.0
(_1 15 _5 5 5 _5 _é) (_§ 5 1 _ 1 1 5 9 §)
4 40 4 4 40 4 40 4 4 40 4 4 40 4 40 4
Wf) _ W3(1) Wf) _ W?Sg)
( 07 07 07 07 07 07 07 O) ( %7_%7_17 27 07_%7 17 %)
Wél) _ Wél) WéQ) _ W?EQ)

with the orbifold specific geometric conditions (eq. (2.25) W3 = Wy = W and Wy = Wy = (016).
Furthermore, the 4D gauge group reads

G4D = SU(3>ﬂaV0r X SU(3)C X SU(2)L X SU(5)hidden X U(l)y X U(1)6 s (7.5)

with a gauged SU(3) flavor symmetry SU(3)gavor- Concretely, the reason for this gauged flavor
symmetry is that from the massless matter spectrum given in table[7.2) we observe that the quark
doublets (g), up-type quarks (), electrons (€) and up-type Higgses (h,,) transform as triplets
under the SU(3)gavor- These fields live all in the bulk of the orbifold. Moreover, one down-type
quark (d) is a singlet of SU(3)ﬁaN9r and lives in the Us-sector. Finally, the T{; 3) twisted sector
provides two down-type quarks (d) and lepton doublets (¢).

Moreover, with respect to the MSSM this model contains exactly three additional Higgs-pairs
(hu,hg) and ten flavons fO that transform as triplets of SU(3)gavor- These flavons contribute
10 x 3 = 30 SM singlets to the in total 75 SM singlets (s°). Their VEVs are important in this
model to explain quark and lepton masses using the SU(3)gayor as family symmetry [169, [170].

To estimate the hidden sector gaugino condensation scale, we have to analyze the chiral
spectrum with respect to the hidden sector gauge group factor SU(5)pnigden- It turns out that
the massless spectrum contains two 5-plets and two 5-plets, that are SM singlets s°. Thus,
these SM singlets can decouple without breaking the SM gauge group or SU(5)piqden- Hence,
there is no remaining matter charged under SU(5)piqden that can contribute to the beta-function
coefficient. Thus, with Co = 5 we obtain b = 3-5 = 15, which relates to the phenomenologically
interesting condensation scale Apiggen =~ 102 GeV eq. .

The entire set of 20 almost perfect MSSM-like orbifold models is available as arXiv ancillary
files [20]. They originate all from the Zg X Z4 point group. In detail, one model was found in the
(1,6) orbifold geometry and 19 in the (2,4) orbifold geometry. These 20 almost perfect MSSM-
like orbifold models are very similar in their massless matter spectrum. To get an overview
concerning their hidden sector gaugino condensation scale, we marked these 20 almost perfect

"Note, for this geometry, the two rotational generators are roto-translations.
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’ sector ‘ # ‘ irrep ‘ labels
Uy 1] (3;3,21); 4
6
1 (1, 1,2; 1) 1 &' or hd
—3
2| (1;1,1;1), 59
Us 1 (37 1,2;1) 1 | 4 or hy
2
1](3;1,2;1) hu
2
Us 11](3;3,1;1) » u;
1] (1;3,1;1); i
3
1] (3;1,1;1), é;
2 | (1;1,1;5), 5
1| (1;1,1;1), s
Tas |22 (1;1,1;1), s
2| (1;3,151)1 d;
3
21(1;1,2;1) 1 | 4 or hyg
—3
10 | (3;1,1;1), fo
2| (1;1,1;5), sY

Table 7.2: Massless matter spectrum of an “almost perfect” MSSM-like orbifold model origi-
nating from the Zo x Zy (2,4) orbifold geometry. The third column gives the irreducible repre-
sentations with respect to the gauge group factors in the order Gyp = SU(3)gavor X SU(3)c X
SU(Q)L X SU(5)hidden X U(l)Y X U(l)ﬁ.

MSSM-like orbifold models as yellow points in fig. For further details on these models see
[20].

However, a detailed phenomenological investigation of these models is not possible. Unfor-
tunately, those orbifold geometries correspond to the two exceptions for the Zo X Z,4 point group
for which R-symmetries are not understood [158,171H173]. Hence, to analyze the almost perfect
MSSM-like orbifold models, the R-symmetries have to be re-analyzed for these orbifolds.

Finally note that, even though the Zs x Z,4 point group is one of the majority classes, i.e.
48 812 MSSM-like orbifold models, the specific geometries Zo x Za4(1,6) and Zo x Z4(2,4) of
this point group lead to only 82 and 320 MSSM-like orbifold models, respectively. Thus, further
investigation on the impact of the specific lattice for the same point group might reveal why
these minority classes achieve almost perfect MSSM-like models.

7.5 Chapter summary

In conclusion, the trained predictive model shows that the heterotic orbifold landscape gets
partitioned into several sub-landscapes that strongly correlate to phenomenological properties.
Concretely, the point group P that underlies an orbifold geometry leaves a particular imprint
on the particle spectrum of vector-like exotics and some additional phenomenological features.
This imprint can be exploited to assign likelihoods to the point group’s capability of creating a
certain MSSM-like particle spectrum. Furthermore, we present the first “almost perfect” MSSM-
like orbifold models, see table They originate from the Zs x Z4 (1,6) and (2,4) orbifold
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geometries. These findings may encourage further research to complete the understanding of
R-symmetries for these two Zg x Z4 orbifold geometries [158, 171-173].

Moreover, fig. [7-3] implies, that it is possible to utilize the hidden sector gaugino condensa-
tion scale to formulate a refined definition of MSSM-like models. In detail, the dataset D of
inequivalent MSSM-like spectra can be reduced by =~ 50% if models with Apiqden < 10° GeV are
excluded. In the upcoming chapter 8] we show how this refined definition of MSSM-like models
can be used for contrast mining patterns, from section to further reduce the landscape.

115



CHAPTER 7. BOTTOM-UP GUIDE FOR THE HETEROTIC ORBIFOLD LANDSCAPE

116



Chapter 8

Interplay of machine learning results

In this section, we are revealing the interplay among the machine learning approaches and
illustrate how synergy effects can be used for further improvements. Concretely, the effects of
the different machine learning approaches are studied among each other, e.g.: Where lie the new
contrast mining MSSM-like models from table in the 2-dimensional autoencoder clustering
of chapter [5| 7 How does the phenomenological property of hidden sector gaugino condensation
from chapter m correlate with the contrast mining pattern on the hidden Eg eq. ? Each
of the machine learning approaches individually is able to produce insights into the heterotic
orbifold landscape. However, it is important to examine how these concepts interact with each
other. Note, for clarity, we will refer to the large-scale random scan of type fig. observed
in chapter |5, as C2PAP random search, since it was generated by runs on the Computational
Center for Particle and Astrophysics compute cluster.

Therefore, let us start by examining the behavior of the special MSSM-like models generated
in the contrast mining procedure. First, regarding the prediction of the decision tree DTciuster
trained to decide on which island the MSSM-like models are located, see eq. . The pre-
dictions are summarized in table Although the models of the contrast mining techniques
originate from areas in the landscape that are very different from the C2PAP random search (see
fig. [6.6), nevertheless, 2/3 of the contrast mining MSSM-like models are assigned to the fertile
islands. This is the same ratio as obtained for the C?PAP and Mini-Landscape datasets from
chapter ol Hence, this confirms the reliable predictive power of the autoencoder clustering that
extends beyond the C?PAP random search.

Consequently, the question arises: Are those patterns different from the contrast mining
patterns (particularly the phenomenological patterns eq. ), or do the patterns of the two
methods correlate? Hence, it is crucial how the complete contrast mining dataset of Zg-1I (1,1)
interacts with the clustering, i.e., how the MSSM-like models distribute in the latent space. The
position of the contrast mining models from table projected by AEcpcoder €q. (5.11)) into the
2-dimensional ChartE] of the heterotic orbifold landscape, is shown in fig. Although these
models already obey the SM gauge group in the first Eg and have a hidden gauge group bigger
than Nt(lf) > 6, they still populate all the clusters from the autoencoder approach. This implies
that the autoencoder was not able to recognize these underlying conditions in its clustering. The
result indicates that the two methods are orthogonal to each other, and therefore one method
can improve on the other since they found different patterns that do not correlate. Moreover, the
MSSM-like models from contrast mining populate the fertile islands of the landscape in similar
proportion to other datasets, e.g. compare with table Note the autoencoder latent space

IThe ability to project new instances into the same 2-dimensional space is not given for another powerful
2-dimensional projection technique named t-SNE [190].
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region ‘ Contrast Mining C?PAP

Ro 156 65
R, 63 48
Ro 63 21
Rs 47 11
2 Ry 35 18
Z Rs 19 6
f Re 20 3
= Ry 2 2
& Rg 2 2
Ry 4 1
Rio 36 12
Ris 34 6
total 481 195

Table 8.1: Classification of 481 contrast mining MSSM-like Zg-11 (1,1) models within the
various regions R; of the landscape, as predicted by the decision tree DTcyyster €q. (5.14]). For
comparison the 195 MSSM-like models from the C?PAP random search of chapter@ are given.

can be used as a filter in the contrast mining approach. This filtering is more effective than
in the C?PAP random search, as the contrast mining approach forces the algorithm to produce
models with involved particle content. The computational time on the physically more intricate
models is significantly increased for the orbifolder, compared to the models excluded from the
contrast mining patterns. Hence, the fast decision if the model lies in the fertile island can save
computational time if applied after the sophisticated search algorithm fig.

Furthermore, merging the 195 MSSM-like models from the C?PAP random search in chap-
ter [5] with the 481 MSSM-like models of the contrast mining search, chapter [6] results in 517
inequivalent models. This is an unexpected increase in inequivalent MSSM-like models given
table from which it appeared that new models are complicated to find. Moreover, other
MSSM-like models from the Mini-Landscape do not contribute further models. In this context,
it is crucial that the 195 MSSM-like models likewise extend the old scans in the literature [126,
127] by 89 models. Hence, this demonstrates that the guided searches with W5 = (0'%) and
the Mini-Landscape are different from the C?PAP random search and make up the majority of
MSSM-like models known in the literature. Even though the C?PAP random search was intense,
it only led to 195 inequivalent MSSM-like models. This scan corresponds to the phenomenolog-
ically unconstrained search, i.e. 1 out of 10" modular invariant gauge embedding matrices M
results in an equivalent MSSM-like model (see the last paragraph in section . This implies,
that in order to find 195 inequivalent MSSM-like models it is reasonable to assume that O(103)
equivalent MSSM-like models were produced (compare to table , thus we can estimate that
O(10'%) modular invariant Z'?® points where tested in the C2PAP random search.

Astonishingly, all new models from the C?PAP random search of the Zg-II (1,1) landscape
obey the contrast mining conditions, in particular, they have the properties NS?) > 18 and
fulfill the U-sector condition. This observation is a great success for the generalization of the
contrast mining patterns. No MSSM-like model of Zg-11 (1,1) scans in the literature, and even
the large-scale C2PAP random search was able to violate the contrast patterns[] Note that the

20Only the special A(54) models with W3 = (0'®) do not obey all U-sector conditions, however, they were found
by the contrast mining search itself, see section
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Figure 8.1: Projection AEgncoder €4 of the models constructed by the contrast mining
successive search (fig. with the hidden Eg eq. and SM gauge group eq. con-
straint. It is fascinating that still all areas, in particular all blue areas, are populated by this
very specific dataset. The red triangles visualize the combined set of the 481 MSSM-like models
from contrast mining and the 195 MSSM-like models from the C?PAP random search. In total,
there are 517 inequivalent MSSM-like models.

C2?PAP random search, as discussed in chapter IEI, scans especially in the area excluded by the
hidden Eg constraint, i.e. Nl(lf) < 6 . Nonetheless, it was impossible to find a model that violates
this condition. Identical arguments hold for the U-sector constraints.

Let us stress the importance of the contrast mining constraints with additional observations
on the models that can host G/SM in both Eg factors. So far, those models were excluded from
the analysis as it can not be decided during the construction process, which Eg becomes the
hidden Eg sector. However, they do not violate the constraints either. It is always possible to
choose one of both Eg factors (there exists the Zs of both Eg factors section as the hidden
sector such that all the contrast mining patterns are satisfied. In other words, not a single model
of this type violates the conditions for the U—sectorﬂ For some models, both variants satisfy
the contrast conditions, i.e. it is irrelevant which Eg factor is assigned to be the hidden sector.
These are significant indications that the contrast mining patterns are fundamentally connected

3Recall from section mthat the hidden Eg lower bound is trivially fulfilled.
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Figure 8.2: Contrast mining pattern dynamic hidden Eg eq. (6.31) correlates strongly with
the gaugino condensation scale. The vertical dashed line is at In(Apidden/GeV) = 11 and the

horizontal line at Nl(lz) = 20. We see with this new phenomenological ingredient the observed
contrast patterns gain importance, and the lower bound on the hidden Eg could be raised.

to the property of a model to be MSSM-like.

Finally, it is interesting that the efforts from predicting the orbifold origin of the exact
MSSM (chapter (7)) link to the contrast mining constraints. In particular, we want to analyze the
connection of the hidden sector gaugino condensation scale to the contrast patterns. A direct
investigation of the hidden sector gaugino condensation is not possible during the successive
creation of the gauge embedding. The resulting hidden gauge group and the matter content
depend non-linearly on the subsequent Wilson lines. Furthermore, the condensation scale is
connected to the decoupling assumption of the vector-like exotics, see section Interestingly,
the observed pattern for the hidden Eg unbroken roots correlates phenomenologically benefi-
cial with the hidden sector gaugino condensation scale, see fig. Concretely, higher values
X for the hidden Eg constraints generically increase the gaugino condensation scale and hence
make the models phenomenologically more viable for supersymmetry breaking at the TeV scale.
Moreover, it appears from fig. that the contrast pattern, here in the case of Zg-1I (1,1),
can improve to reduce the landscape further by taking this supplementary phenomenological
property into account. Recall the estimated growth rate gr <NSE) > 20> = 12 from table

which indicates that for the threshold in fig. [8.2] the reduction of the landscape would be sig-
nificant. Furthermore, remember from fig. that this effect is even stronger for the whole
MSSM-like orbifold landscape as other geometries produce even more models in the region of
small supersymmetry breaking scales. This connection can lead to an immediate impact of the
gaugino hidden sector condensate on the scans, even though it can not be tested directly.

To summarize, the above results suggest that we uncovered some building blocks that can
be iteratively applied to reinforce each other and lead to a virtuous circle of further insights into
the heterotic orbifold landscape.
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Chapter 9

Conclusion and outlook

In this thesis, we have studied several phenomenological aspects of orbifold compactifications in
heterotic string theory. After a concise introduction to the string theory framework in chapter
the starting point in chapter [3|is an analysis of a perturbatively vanishing cosmological constant
A at the one-loop level, in the context of non-supersymmetric heterotic orbifolds. The one-
loop vacuum amplitude that computes A can be factorized according to the (twisted) sectors
of the orbifold geometry. We show that for a model-independent vanishing, it is sufficient that
each of these sectors preserves a local Killing spinor. Investigating this option, this results in a
non-existence proof that for non-supersymmetric heterotic orbifolds, there exists always at least
one twisted sector without a local Killing spinor. Moreover, we connect this to a more general
group theoretical no-go conjecture that we verify for @(100000) finite groups. This observation
emphasizes how important further considerations of a general formalism for non-Abelian orbifold
point groups are. Furthermore, the study of the model details, in non-supersymmetric theories,
seems to be unavoidable in tackling the issue of the cosmological constant in this setting. For
both concerns, our analysis provides the basis for such investigations.

In light of the obstacles associated with the cosmological constant for non-supersymmetric
theories, we study the structure of the supersymmetric heterotic orbifold landscape with Abelian
point groups. The ultimate goal is to confirm the importance of string theory by explicitly
constructing a string model that reproduces the spectrum of the MSSM in the low energy
limit. Hence, the searches focus on MSSM-like models that allow for vector-like exotics beside
the exact MSSM spectrum. In chapter [4] we introduce a statistical procedure to solve the
intricate modular invariance conditions for the gauge embedding compactification parameters.
Here we also explore the parameter space neighborhood of an MSSM-like model in the Zg-1I (1,1)
landscape. This makes clear how disordered the landscape appears as the local neighborhood
consists of entirely different physical models as well as numerous string-inconsistent models. We
develop a statistical method to explicitly compute the extraordinary low probability to find a
set of modular invariant compactification parameters and thus verify the necessity for a guiding
principle when exploring the landscape.

Therefore, we pioneer in this thesis in applying the new and powerful techniques of machine
learning to the string landscape. In chapter |5, we construct a representation of the Zg-II (1, 1)
orbifold compactification parameters, that is invariant under the symmetries of the landscape.
This enables us to train an autoencoder neural network to project the O(100) compactification
parameters highly non-linearly to a 2-dimensional representation. The resulting chart reveals
the clustering of MSSM-like models, even though the neural network had no access to the related
physics of the parameters. In this representation, the physically realistic models are traceable for
the first time. Concretely, the MSSM-like models accumulate and populate specific regions, so-
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called fertile islands. In those islands, the proportion of MSSM-like models is approximately 20
times higher than in the rest of the projected landscape. The significant dimensional reduction
of the parameter space in combination with a physically meaningful clustering illustrates the
high informational content of the 2-dimensional chart. Hence, the search technique based on
the uncovered fertile islands provides a prime example for a systematic search in the landscape.

Inspired by the vast area in the autoencoder clustering that does not contain realistic 4D
models, we work out in chapter [6] an advanced search strategy that directs the construction
process towards areas that can produce phenomenologically viable models. Therefore, we an-
alytically reduce the search space by developing a method to divide out the Weyl group (with
O(10'7) elements) of the landscape. Furthermore, the search is informed about the necessity to
reproduce the SM gauge group, which excludes 90% of the Zg-II (1,1) orbifold parameter space.
Proceeding to these substantial reductions of the landscape, a data-driven approach, so-called
contrast mining, is utilized. This statistical analysis yields constraints with clear physical in-
terpretation. Namely, lower bounds on the number of unbroken roots in the hidden Eg and the
number of bulk matter fields emerge. Imposing these bounds raises the probability of obtaining
MSSM-like models tremendously. Moreover, we develop a systematic search that reaches corners
of the parameter space that hold many inequivalent MSSM-like models but are hardly accessi-
ble by the normal random search. Finally, since the improved search for MSSM-like models is
not only superior by orders of magnitude but also easily generalizable to all Abelian orbifold
geometries, a considerably more comprehensive dataset of MSSM-like models is obtained. This
leads to the first practical results of machine learning in string theory. Concretely, the search
solves long-standing issues and can find special models, such as those with A(54) flavor sym-
metry (W3 = Wy = (0%)) in the Zg-II (1,1) orbifold geometry or MSSM-like models in Z7 (1,
1) geometry, that previous random searches could not discover. This substantially improved
datasets of MSSM-like models are published as ancillary files of [20, 21].

The generalization of the contrast patterns showed that the specific numerical threshold
values on the number of unbroken roots in the hidden Eg and the bulk matter fields correlate
with the point group P that underlies an orbifold geometry. Hence, in chapter [7] we investigate
the phenomenology of MSSM-like models and discover that a boosted decision tree is suitable
to infer the point group P the MSSM-like model originates from. In detail, phenomenological
properties like the various types of vector-like exotics (see table and table , the number
of SM singlets, the existence of non-Abelian flavor symmetries, and the hidden sector beta
function relevant for supersymmetry breaking via gaugino condensation are considered. This
observation is an important step that indicates that the specific orbifold compactification leaves
an imprint on the particle spectrum and divides the orbifold landscape into phenomenological
sub-regions. Consequently, it is also possible to predict the most likely origin of perfect MSSM
models, i.e. models with additional SM singlets but no vector-like particles in the spectrum.
This prediction is performed over various values for the number of SM singlets and the hidden
sector beta function. Almost the whole parameter space is occupied by Zo X Zy4, %4 X Z4 and
Zo X 7o and some rare exceptions of other point groups. In this regard, we find the first almost
perfect models from heterotic orbifolds, that solely have Higgs-like fields as additional vector-like
particles from orbifolds with Zs x Z4 point group. Hence, these astonishing results provide a
natural indicator to focus future searches on the orbifold geometries related to the predicted
point groups.

The individual machine learning results mean enormous progress in understanding the land-
scape. However, there is even more in the interesting interplay between the different approaches.
In chapter |8| we point out that the new type of MSSM-like models from the advanced contrast
mining search still accumulate in the fertile islands of the autoencoder clustering. This strength-
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ens the generalization property of the islands that operate on entirely new models. Furthermore,
the contrast mining patterns of chapter [] are orthogonal to the patterns that lead to the cluster-
ing of the MSSM-like models in chapter 5} Concretely, the autoencoder projects a huge amount
of not MSSM-like models, from the advanced search to the region outside of the fertile islands.
Thus, these methods can improve on each other as their provided information is not correlated,
and both identify complementary regions of the landscape that do not lead to MSSM-like mod-
els. Moreover, we increase in chapter [§] the statistical evidence for contrast mining patterns to
have an analytical connection to the MSSM-like models. The large-scale search of the Zg-11 (1,1)
landscape from chapter [5| scans mainly in the region of possible counterexamples. Even though
this large-scale scan finds several novel MSSM-like models, they all confirm the contrast mining
conditions. Further developments of contrast patterns in combination with investigations to find
their analytical source is a fascinating research direction.

In addition, we show in chapter |8 that the hidden sector gaugino condensation scale of
MSSM-like models correlates with the number of unbroken roots of the hidden Eg, such that the
constraint from chapter [6] can be improved. This may spark a renewed interest in the detailed
computation of the hidden sector gaugino condensation scale, i.e. the threshold corrections, as
this feature is crucial to predict the orbifold origin of the perfect MSSM in chapter[7] The precise
supersymmetry breaking scale can now directly be translated to contrast mining constraints on
the hidden sector. Thus, this phenomenological property gets incorporated in further reduction
of the landscape and a refined search for MSSM-like models.

Besides, the methods presented in this thesis are not limited to the heterotic orbifold land-
scape. This work already inspired the first attempts in this direction. In particular, the autoen-
coder clustering of chapter [p|is applied to other compactification schemes based on Calabi-Yau
threefolds with line bundles [174] 175]. Similar to our findings, there exist clusters of phenomeno-
logically realistic models in this schemes. Thus, the developed techniques are far more general
and can be used in different compactification attempts. To generalize the prediction of the per-
fect MSSM origin, from chapter [7] across compactification techniques, seems an important step
to classify compactification methods and to focus the search effort in the future.

Constraints to reduce the landscape and the construction mechanism fig. reshape the
probability mass function of the compactification parameters to approximate the distribution
for MSSM-like models. A straightforward implication would be to use the large set of MSSM-
like models, gathered in chapter [6] to learn the probability distribution of the compactification
parameters for MSSM-like models. In the context of neural networks, several approaches to
estimate joint probabilities of utmost complexity exist. Those models correspond to the type
of generative models, e.g. variational autoencoders (VAE) [204], generative adversarial neural
networks (GANs) [205, [206] and autoregressive models, like PixelCNN [185, [207]. Primarily
GANSs have been used in string theory related investigations [176, 177]. Initial tests suggest that
an autoregressive approach is conceivable for the heterotic orbifold landscape. These models
would extend the procedure fig. and predict a distribution for every single compactification
parameter based on all previously drawn parameters. Thus, further exploration to find the
distribution of compactification parameters that relate to MSSM-like models seems promising.

During the investigations of this thesis it was observed that neural networks have difficulties
to approximate the function of the orbifolder. Indeed, the modulo operations of orbifold
projections are challenging to model for neural networks and need very high capacity, i.e. many
adjustable parameters. Hence, it seems beneficial in physical applications to implement the
system knowledge in the neural network architecture. Learnable activation functions [208] based
on periodic functions, e.g. Fourier expansions, could be useful to allow the network to learn
the modulo operation. A first attempt to improve the extrapolation behavior on Calabi-Yau
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threefold hypersurfaces in toric varieties [178] used equation learners [209], which utilize a set
of base functions, inspired from natural science, as activation functions. This could be a joint
improvement for machine learning and physics to include more concrete functional dependencies
into the neural network to make it more efficient and precise.

An essential parallel aspect of the results of this thesis is that the search for MSSM-like
models is vastly improved for inequivalent and most importantly, equivalent MSSM-like particle
spectra in chapter [6] As we reduce the amount of symmetry that can lead to exactly equivalent
physical models, these models may still vary in additional model parameters. Hence, there is a
necessary demand to compute more details of the models, e.g. the Yukawa couplings and the
decoupling scenarios of the vector-like exotics towards the MSSM [77]. The intriguing results
for almost perfect MSSM models and the new insight on the phenomenological imprint of an
orbifold geometry, seem to be an exciting exploration task to close the gap and find the perfect
MSSM in string theory.

124



Appendix A

Representation theory of SO(6),
Spin(6) and SU(4)

A.1 SO(6)

For the so(6) Lie algebra the generators J;; in the vector representation can be given by,
(Jij)kt = Girdji — Ojkdur (A.1)

fori,j =1,...,6. J;; = —Jj; fori < jand ¢, = 1,...,6 and form a basis of anti-symmetric

6 x 6 matrices. J;; generates a rotation in the (X ¢ X7J)-plane. The exponential map from the Lie
algebra so(6) to the Lie group SO(6) for a specific element 6 is specified by the anti-symmetric
parameters w;; as

0 = exp (%wij Ji~) . (A.2)

A.2 Spin(6)

The Euclidean Clifford algebra in six-dimensions is generated by 8 x8 Hermitian gamma matrices
Ly,i=1,...,6 [179],

{T,,T;} = 20;1s, 2 = 1g, {r;,T} = 0. (A.3)

where the chirality operator [ =il y...Ts. With the chirality operator we can define the
Weyl-spinors using the projectors,

[ 2
p _ s 2“ with (P®)" = P& and PO PO = 0. (A4)

The charge conjugation matrix C' has the properties
cr,ct =1, crct= -1, = -0t =cC. (A.5)

It follows that, C P ¢—1 = (PF)T and (CT;)T = —CT; are anti-symmetric matrices. With
the anti-Hermitian spin generators X;;,

Sy o= =% = 3Ty, CSyCc' = —xf, and Tr(S;) =0, (A.6)
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we can define the spin representation as
Ds(f) = exp (% Wi zij) with CDg(8)C = Dy(0 1T = Dy(8)*, (A7)

The generators ;; fulfill the so(6) Lie algebra that can be defined from the generators J;; of
the vector representation of so(6) given in eq. . Furthermore, Dg(6) is a unitary matrix,
since Dg(0)T = Dg(071) = Dg(0)7L.

Thus, the vector and spinor representation are related by

Ds(0)T CT; Ds(0) = 6;;CT; . (A.8)

The quadratic form of the left hand side shows that Spin(6) is the double cover of SO(6), as
—Dg(0) and Dg(6) result in the same SO(6) group element §. This means that the generators
O of the geometrical point group P C SO(6), can be connected in two different ways to the
corresponding Spin(6) generators: Dg(6y) or —Dg(6,). Contrary, Dg(f) determines 6 uniquely,
ie.

01-]- = %TI‘[DS<9_1)FZDS(0) F]] ; (AQ)

using eq. (A.8) and eq. (A.7).

A3 SU(4)

For a convenient chiral basis we give the six-dimensional Clifford algebra in terms of the five-
dimensional Clifford algebra. Concretely, we observe for the gamma matrices I';, chirality oper-
ator I' and charge conjugation C' that,

o 0 o Oij 0 = 14 0 . 0 ¢
D) - 2) (58 en D)

where 5, = 7%, & = 1,...,5, and charge conjugate matrix c, satisfying cy,c™! = 7! and
ct = ¢! = —¢T in five dimensions and —3 = 7 = ily. Similarly, we express the spin
generators X;; eq. (A.6) in terms of anti-Hermitian su(4) generators,

oy = Y — ) and Gy = (v — ) (A.11)
that are all traceless. The two sets of 15 generators related to each other by 7;; = —c! 0;-‘? c.

This allows us to use the the projectors eq. (A.4]) to define the two irreducible chiral repre-

sentations Déi) (8) = P®)D4(6), from the reducible spin representation eq. 1) Those can
be identified with the SU(4)-matrices

Da(8) = exp(%wij oij) D3(8) = exp (%wij aij), (A.12)

generated by the matrices 0;; and 05, as

e () B S U (AN (A13)

respectively. Note, that the four-dimensional representations 4 and 4, are connected by charge
conjugation (A7) as Dz(0) = ¢ ' Da(6~ 1T c.
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A.4 An explicit Spin(6) basis

A convenient choice for the I'-matrices in six dimensions is given by

I =@ ly®ly, I's=o003®01 1, I's = o3®03®01, (A.14)
I =00® 1@ 1y, Iy =o0300:1 1, I'e = o3®@03®02, '
where the chirality operator reads
I = 0303 Q03 . (A.15)

Furthermore, the corresponding Cartan algebra of Spin(6) can be represented by commuting
spin generators X1 = Y19, Yo = X34 and X3 = Y5¢ given by

21:%0'3(8]12@]12, 22:%]12@03@]12, 23:%1[2@]12@03. (Alﬁ)
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Appendix B

Statistical methods

B.1 Probabilities

In a frequentist [210] perspective the probability Pr(X) of an event X is given by the proportion
of occurrence Pr(X) for observed events,

ﬁ(X):BV(' N2 pr(x) (B.1)

which converges to the true probability for an infinite number of trials V.
The basic computation rules for probabilities Pr(X) of an event X, can be summarized by
the sum and product rule [194],

Pr(X) = ) Pr(X,Y), (B.2)
Y
Pr(X,Y) = Pr(X|Y)Pr(X), (B.3)

where Pr(X|Y) is the conditional probability for X, given that event Y appeared and Pr(X,Y)
is the joint probability of X and Y. Even though these building blocks are simple, they are
frequently used and can lead to superior solutions, see fig. Moreover, they are a crucial
concept in generative deep learning models, i.e. so-called autoregressive models.

B.2 Distributions

In the context of this thesis, some distributions are frequently used and are summarized here.
Let us start with the discrete uniform distribution,

d~U{a,b} . (B.4)
Using this distribution one draws d from the integer set X = {a, a+1,..., b }, i.e. a,b € Z,
with equal probability for each element of the set Pr(z € X) = bié +7 to occur as result. As the

distribution is discrete it corresponds to a probability mass function for d.
The most famous probability distribution used in this thesis is the normal distribution (or
Gaussian),

(B.5)



APPENDIX B. STATISTICAL METHODS

Specified by the parameters mean p and standard variance o, it gives the probability density
function for the random variable  ~ A (i1, 0%). The normal distribution is used for statistical
approximations that are based on the central limit theorem. This theorem ensures that the
distribution of the means u, of any distribution, are converging towards a normal distribution.
In this context, also the confidence intervals are easy to compute, and several well-defined
approximations exist.

Finally, there is the binomial distribution. This distribution is used in scenarios like the
results of a coin flip. In this thesis, something similar happens when drawing dg; from the discrete
Uniform distribution and observe if the resulting vector M), fulfills the corresponding modular
invariance conditions or not. Moreover, for some statistical experiments, the distribution of the
samples can not be approximated by the normal distribution, e.g. because the event of interest
does not occur at all in the sampling due to a very tiny probability of appearance. The binomial
distribution reads,

B(t, p) = (t

Ja-peme, (B.5)
n
which is parameterized by ¢ € N the number of trials and p € [0,1] the probability of the
desired event to occur. This probability mass function then assigns different probabilities to the
resulting n, i.e. the likelihood of a certain number of occurrences, such that n ~ B(¢,p). This
interpretation will later be inverted as the number of occurrences n is set such that one obtains
the probability for the number of trials to reach n.

Data points that are drawn independently from the same distribution are said to be inde-
pendent and identically distributed, which is often abbreviated by i.i.d. .

B.3 Estimating probabilities

The purpose of this section is to provide the statistical details for the statistics of the het-
erotic orbifold landscape (chapter [4]) and the confidence intervals on the contrast patterns from
section [6.2.2)

B.4 Binomial distribution and the probability of succeeding

In section one draws the coefficients di; from a discrete uniform probability mass function
eq. (B.4)) in order to statistically solve the modular invariance conditions (MI) eq. (2.46)). The
building block is the probability,

Pr (Mk — MI ‘ (M}=) = MI) with {M; =l = (M, ..., My_1} (B.7)

to draw a set of di; such that the corresponding 16-vector M}, satisfies the corresponding modular
invariance conditions, i.e. all modular invariance conditions that only contain the already drawn
M; from ¢ = 1,...,k — 1 and the new M. This can be modeled by a binomial probability
distribution. Therefore, let us denote the probability of success by p. Hence, the probability
distribution to find n modular invariant 16-vectors within t trials is given by eq. . During
the process of constructing modular invariant gauge embedding matrices, we can count the
number of failures until we find M}, such that modular invariance is fulfilled. This means we can
keep track of the case n = 1 counting the number ¢ of trials. Note that the binomial factor equals
one as we only consider the single combination for the successful drawing to appear, i.e. at the
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Event E(t) | Pr(M | (M} =) o

Vi =MI 6.04 1.66 - 10! 2.31-107*
Vo =MI | V; = MI 1.00 1.00 0.00

Wi =MI | {V1,Vo} = MI 1.00 1.00 0.00

Wy =MI | {Vi,Vo, W1} =MI | 1.00 1.00 0.00

Wi =MI | {Vi,...,Wa} =MI | 36.04 2.775 - 1072 1.019-10*
Wy=MI| {Vi,..,W3} =MI | 1.00 1.00 0.00
Ws=MI | {Vq,..,W,} = MI | 282.57 3.5389 - 1073 3.6841-107°
We=MI | {V4,...,Ws} =MI | 1131.99 8.83400 - 1074 1.84311-107°

Table B.1: Results from a dataset D in Zg-11 (1,1) with 10° constructed modular invariant
gauge embedding matrices with 8 = 2. The first column describes the event to occur in the
successive construction of gauge embedding matrices. The second column shows the mean number
of trials in D, necessary to find a 16-vector that fulfills the corresponding modular invariance
conditions. The third column is the resulting estimate for the probability of finding a 16-vector
eq. . The last column gives the standard deviation eq. for the probability of the
third column.

last step. This means we stop the trials ¢ as soon as a valid vector is drawn. This constraint
appears to form the specifics of our counting technique. Hence,

Pr(t) = (1-p)*Vp. (B.8)

Then we can compute the expectation value of ¢, i.e. the mean of ¢:

o0
1 1
t Pr(t t( t 1) p P t( =p 5=-, B.9
SNEE VI > Lol
where we used the geometric series,
oo o
t ao df (t-1) ao

ag ¢ = = — = ap t q = —. B.10
nel T T Wk A

Therefore, the probability to find a valid 16-vector can be estimated by the mean of all the trials
constructing this 16-vector,

1
m )

with ¢ the number of trials until a consistent 16 Vector was drawn. To be precise the probability
of success p is given by Pr (Mk = MI ‘ {M i 1 = MI) The label k is inherently in ¢ as only

the trials for the specific 16-vector M}, are used in the computation. The results on a dataset
generated according to the successive search in fig. with 8 = 2 are given in table

Pr (Mk — MI ’ (M=) = MI) - (B.11)

=
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B.5 Confidence interval and margin of error

A standard procedure to estimate the margin of error of a variable for a certain confidence inter-
val is given by approximating the sampling distribution by the normal distribution N (,u\02)ﬂ
Especially in our case, this is a valid approach since the central limit theorem guarantees that
the distribution of the mean of any distribution converges to the normal distribution. Remember
that we will primarily be interested in the mean as in eq. . Our goal is to find the range
within the unknown actual probability Pr(A) lies with a certain confidence level. As we have no
direct access to the probability Pr(A), we will take finite samples from the distribution behind
Pr(A) and compute the sample proportion IS}(A) This sample proportions distribute as the
normal distribution with Pr(A) as the mean u. Hence, with 95% the f’\r(A) are in the range of
20py(4) of the true probability Pr(A). This statement can be reformulated in a more practical

one, as it is equivalent to a 95% probability that Pr(A) is within 2013;( A) of 1/3;(14) Hence, we

can estimate the true probability Pr(A) on the statistics of our samples to which we have full

access. The standard error o5, ,, is an unbiased estimator for op, 4y such that we find,
Pr(A) r(A)

Pr(A) (1 - ﬁ(A))

015}(14) = - . (B.12)

Error propagation

With eq. we can estimate the margin of error for the probability of finding an individual
My, vector in the successive construction of the gauge embedding matrix M. To estimate the
error for the full gauge embedding matrix M we can use table and the error propagation
formula [211],

o 2
or=> (aﬁ) o2, (B.13)

where in our case f corresponds to Pr(M = MI) and the sum over x goes over the probabilities
for finding the M} vectors, i.e. Pr (Mk = MI ’ {Mi}fz_ll = MI) for k = 1,...,8. Assuming a
vanishing covariance between the different probabilities.

B.6 Probability of absent events: The Rule of Three

In case a specific event X did not appear in the sampling procedure, the typical method of
using the normal distribution to compute the margin of errors is not a valid approximation.
Then the so-called ‘Rule of Three’ method can be applied [212, 213]. In detail, the method
is based on the binomial distribution, i.e. on the binomial one-sided confidence interval for
the binomial distribution eq. with ¢ number of trials and n number of times event X
appears. For example X can be MSSM-like models that do not fulfill the contrast pattern
constraint eq. . Then, p is the probability of such an absent event to occur in a broader
scan, e.g. to find an MSSM-like model that does not fulfill the constraint. Hence, since the
absent event X does not occur at all (n = 0), we find,

Pr(X is absent) = (1 — p)* . (B.14)

LThis approximation is only valid for certain constraints on the total number of samples n and the probability
p of a binary event [180], e.g. a popular qualification is that the approximation holds if np > 5 and n(1 —p) > 5.
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The aim is to estimate the probability p, which can be done in a certain confidence interval
(CI). The probability of observing only negative results can have any value provided that it is
more significant than (1 — CI). Otherwise, it is assumed to be unlikely for p to show no positive
results. This leads to the inequality,

(1-p)t>(1-CI). (B.15)
This can be reformulated into an upper bound for the probability p of the event X to appear,
p<1-Y@a—cr. (B.16)

The ‘Rule of Three’ then uses for CI=0.95 and p close to zero, the approximations In(1 — p) =
—p + O(p?) and In(0.05) ~ —3 to find,

~ | W

(B.17)

hence the name ‘Rule of Three’.
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Appendix C

Machine learning

This section is dedicated to providing detailed explanations on the general concept of machine
learning (illustrated in fig. , as well as on some exemplary techniques, which were used in
this thesis (see also |181] for an overview of these techniques applied to string theory). Machine
learning is a set of routines to turn information in the form of data into knowledge. In detail,
the goal is to learn a function

Ypredicted X =), (Cl)

that maps the data of the input space X to the space of the output or target space ). The
spaces X and ) are often identified with R™ and R"™, respectively.

The input space X is usually called feature space, and the dimension n corresponds to the
number of different features, i.e. they label the coordinates of the space X'. These so-called
features can be raw numerical values from the input data, e.g. the individual pixel values of an
image. However, they can also be sophisticated properties computed from the raw data. In our
case, physical quantities. For example, the number of surviving roots on fixed points, computed
from the gauge embedding matrix M (section . In this thesis, M represents the raw data
from heterotic orbifold compactifications. This kind of creating powerful features is called feature
engineering (see appendix for details). The elements z € X are then the corresponding
feature vectors. The dataset D is in general a sequence of tuples (zy,yx), enumerated by k.
The machine learning algorithm is trained to learn the mapping Ypredicted(x) = yi for any
possible pair (x,yx) even if they are not covered in the dataset D. This property is called the
generalization ability of the machine learning model.

In the context of this thesis, two different kinds of learning scenarios appear. In chapter
a neural network, i.e. autoencoder, is trained in a so-called unsupervised process. In contrast,
chapter [6] and chapter [7], make use of supervised training of decision tree algorithms. These two
branches of machine learning refer to the conditions if the dataset D contains so-called labels
y € Y for the target space or not. In particular, in supervised learning, the model learns from
the space X x ) and masters to approximately reproduce the same labels for the training data
that were given. In the unsupervised learning scheme, the algorithm has no examples of ) but
rather determines a meaningful mapping based on patterns of the data in X. In most cases,
the dimension of ) or other general concepts of the target space are given instead of specific
examples.
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C.1 Splitting the dataset and data leakage

In order to verify if the general idea of learning the function Yjedict Was successful, the gen-
eralization ability of the model has to be estimated after the training process. Therefore, the
procedure in machine learning is as follows: The complete dataset D is split in order to have a
held-out dataset with data that was not used during training. The performance on this dataset
estimates how well the machine learning model generalizes to new unseen data. In detail, the
dataset D is often split into three datasets:

e DtTain: Dataset used to train the inner parameters of the machine learning model explic-
itly.

e D'3l: Dataset used to adjust the hyperparameters of the machine learning model and
to estimate the generalization ability. Hyperparameters are arguments on the machine
learning algorithm that define properties of the training in general. Most importantly,
they are used for regularization in order to maximize the generalization to new data by
avoiding overfitting to the training data.

e D®est: Dataset for the final evaluation. This data is not used to adjust any (hyper)
parameters of the machine learning model and solely determines the final generalization
ability. If there is no flaw in the splitting of the dataset, this estimate coincides with the
real-world application of the machine learning model. More precisely, the application of
the machine learning model to the feature space X such that any point of the system can
appear without limitation to those data points contained in D.

A common way to perform this splitting is given by a random division of the dataset D. In
this case an element (z,yx) € D has the probability prest to be send to D*®5t the probability
Pyar to be send to D3 and the probability pirain to be send to D¥*2® where prest + Pvai +
Ptrain = 1. This can for example be done in a successive approach by train_test_split from
the sklearn package [189], which divides the data in two sets. A different arrangement for
small datasets is called cross-validation. Detailed explanations are given in appendix This
technique was utilized in chapter [7], even though it is a computationally more intensive method.

While the above set up gives a general procedure that should ensure the learning of a function
Yiredicted that generalizes well on new data, it is in practice important to know the specific goal
of the prediction as well as the structure of the dataset. This system knowledge allows avoiding
overfitting that was not prevented by the dataset splitE] This difficulty refers to the term data
leakage. The naming is based on the issue that the data separation was not done carefully
enough. Concretely, information of the D*®s* (D) set ‘leaked’ into the training process, such
that the algorithm could overfit on these data. Then applying the algorithm in a real-world
application, the generalization to completely new data is much worse than expected from the
evaluation on D®*s* (Dv3). The algorithm underperforms in real-world applications and does
not match the estimated performance of the development environment. A dataset with several
duplicates gives a simple case of this situation. The random split then might move one instance of
the duplicate pair towards D*®s* while the other instance remains in D*2i*, Hence the machine
learning algorithm sees the duplicate of the instance during training and can fit directly towards
the specific data. If then, truly new real-world data does not have the property to be a duplicate
of the data already acquired for the machine learning approach, the trained model will have poor
performance at least compared to the estimate from the performance on D®®st,

!For this situation in the context of physics see section for the MSSM-like classification task or at the
end of section in context of the prediction of the orbifold origin of the MSSM.
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Y

Dtest

e

ML model

!

‘ﬁ‘—' Train ML model

Hyperparameter search

Control trained
model

Final test:
Performance on unseen data

Figure C.1: Illustration of machine learning (ML) workflow.

C.2 Feature engineering

In general terms, feature engineering denotes the process of computing useful quantities from
the raw data, in order to improve the learning task. This process is complicated and demands
a lot of domain knowledge to develop these features.

The machine learning methods that are especially successful without these higher-level fea-
tures are neural networks (see appendix . Neural networks generate features on their own
during training. Concretely, each hidden layer constructs a higher level of abstraction from the
first layers towards the later. This is used in so-called transfer learning where the first layers
are reused in another prediction task by only changing the last layer, assuming that the first
layers learned basic principles. For example, in image analysis, the early layers learn basics like
edge detection. However, this is one of the biggest open problems of neural networks. It is,
in general, unfeasible to extract the meaning of the features that a neural network has learned
on its own [214H216]. Hence, these features hardly yield any knowledge gain. Simultaneously,
this is one of the reasons why the transfer of neural network concepts towards the application
in string theory is so difficult. The architectures and the successful pre-trained models do not
trivially generalize to the string theory data.

The alternative approach, used in this thesis, is based on physical intuition and knowledge
of the system in order to create features. The machine learning techniques are used to quantify
if our educated guess for a particular feature, or combinations of multiple features, leads to
a correlation between these features and the property of the task at hand. The advantage of
this approach is that by construction, we have a straightforward physical interpretation of our
features.

C.3 Regularization

Regularization in the context of machine learning refers to the concept of additionally constrain-
ing the freedom of the model parameters to avoid overfitting. Overfitting is the phenomenon
that the machine learning model parameters are fine-tuned to the training data D**?®. Con-
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sequently, the trained model has a poor performance on unseen data, even if it comes from the
same origin (distribution) as the training data.

In the context of this thesis, this was used in several approaches. In detail, the information
bottleneck layer of the autoencoder in chapter [f| was a strong regularization of the neural network.
Decision trees, especially in chapter [6] were regularized by limiting the depth of the tree, i.e.
the number of splits that can be performed. Finally, in the case of the boosted decision tree,
the ensemble technique itself is a form of regularizing the algorithm. Moreover, the individual
trained trees were regularized by limiting the number of leaf nodes num_leaves and the minimum
number of datapoints to allow for further splitting min child_samples.

C.4 Cross-validation

Partitioning the available data D into three sets D®¥3in Dval prest  drastically reduces the
number of samples which can be used for the statistical learning algorithm. One possible solution
to this problem is a procedure called cross-validation (CV). The validation set D3 is in this
approach a dynamic subsequence of the training data D®2™® and not a separate dataset. In
detail, the classical approach is k-fold CV. Here D" is split into k equal subsets Dzrain.
One of these k sets is then defined to be the validation set D;rain = D"3l. Then the following
procedure is applied for each of the k folds: First, a model is trained using k — 1 of the folds
as training data J, Ly Dyrair Secondly, the resulting model is validated on the remaining part
of the data, i.e. D3 = D;rain. Let us stress that this is done k times each time with the
next chunk as the validation set, i.e. y = 1,...,k. The performance measure reported by k-fold
cross-validation is then the average of the values computed in the loop over y. This approach can
be computationally expensive but does not waste data, which is a major advantage in problems
where the number of samples is small. Often this technique is combined with a grid search
for the optimal hyperparameters, as e.g. scikit-learn [189] provides with GridSearchCV. Then
the CV is done for every point in the grid of hyperparameters, i.e. all combinations of the
values for the hyperparameters are explicitly tested. The trained model with the best-averaged
performance measure after CV is then selected as the best hyperparameter set. Note, there are
also random approaches RandomizedSearchCV and Bayesian hyperparameter optimization [217]
based on Gaussian processes fitted to the already used hyperparameters and their performance
results.

C.5 Classification

In general machine learning tasks are divided into regression and classification tasks. Regression
tasks refer to predict continuous target values. In a classification tasks the machine learning
approach is asked to predict abstract classes as target value y, i.e. the labels do not have a
inherent order like values on R. As example one can define the two classes MSSM-like and
MSSM-like which are the labels of interest when searching the landscape for physical models.
This kind of binary classification task has different outcomes as shown in table i.e. there
exist misclassification errors.

Before we discuss the measurement of the performance of such a classification, let us gen-

eralize to n-classes. While in binary classification tasks like above the classes can simply the
represented by the binary values 0 and 1, e.g. by a sigmoid function, this is not possible for
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predicted class

Positive Negative
Positive true positives | false negative
true class
Negative | false positive true negatives

Table C.1: Special case with two different classes. One is called positive, while the complemen-
tary is named negative. In our case positive can be set to MSSM-like and negative to MSSM-like.

multiclass classification. A common method for this situation is one-hot encoding,

OHEnc : {c1,c¢2,...¢cn} — {0,1}" (C.2)
Cy (61x762x7 T a(snw) .

This function maps categorical variables ¢, to vectors of length n such that only one entry is 1
and all others are zero, see eq. . The generalization of the binary classification case shown
in table is the so-called confusion matrix C', where C;; contains the number of observation
with true class c; and predicted class c;. Hence, we can generalize the classification types for a
class c; in the multiclass setting as,

# of true positives for c; : Cy; , (C.3)

# of false positives for c; : Z Cij , (C.4)
J#i

# of false negatives for c; : Z Cji . (C.5)
J#i

The performance of a predictive machine learning model can be measured by the accuracy that
is defined by the number of correct predictions divided by the total number of all predictions.
Or in terms of the confusion matrix C,

>i Cii

Accuracy = . .
d Eij Cij (C6)
However, for an imbalanced dataset this normal accuracy measurement can be misled in the
following way: Assume a classification task with two classes A and B, where the class A builds
the majority of the dataset with 99% of all instances. Any prediction method can now achieve
an accuracy of 99% simply by predicting always class A, but never class B.
In order to avoid such a behavior, there exist several metrics for imbalanced classification
tasks. The one we are using are based on the types of predictions from egs. to . This
allows us to define three different metrics for an imbalanced classification task,

C:
Precision(c;) = : (C.7)
> Cij
Cii
Recall(c;) = (C.8)
> Ci
Precision(c;) - Recall(c;) Cii

fi-score(c;) =

Precision(c;) + Recall(c;) - > Cii+ 2, Cy) (C.9)
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Finally, one can define the “f1-macro” as the average of the f1-scores

fil-macro = Zfl—score(ci) (C.10)
i=1

for all classes. Then, to deal with imbalanced data, the f1-macro can be used to measure the
performance of the model.

Let us briefly illustrate the benefit of using the f1-macro on the example from the beginning
of this section. In this case, we have fl1-score(A) ~ 1 and f1-score(B) = 0. Consequently,
the f1-macro=1/2(f1-score(A) + fil-score(B)) ~ 0.5, which rates the naive classification of
a binary classification task as insufficient.

C.6 Decision tree

A decision tre{] (fig. is a supervised learning algorithm and therefore makes use of the labels
y of D*3% in order to find correlations in the data, based on the features f (remember that
features are called the dimensions of the space X) to predict the label y,

DT: X = )Y (C.11)
Ty .

It recursively partitions the feature space such that the samples with the same labels are grouped
together. Doing so he uses only so called thresholds on certain features f and hence splits the
space orthogonal to the feature axes. Let the data at node m be represented by D*21%(m). For
each possible split s = (f;,t,) consisting of a feature f; and threshold ¢,,, the tree partitions
the data into complementary subsets D¥21%(m, s) and D¥21%(m, s),

Dzrain(m, 8) _ { (.’E,y) c Dtrain(m) ’ fj <itm } (012)

and consequently DY (m, s) = D*?®(m)/D}* 2" (m, s). The impurity G at node m is com-
puted using an impurity function H,

GO (), 5) = 2 H(DF(n, ) + 12 H(DF(m, ) (©13)
m m
where Ny, =np +ng with ny g = \Dzr/%n(m, s)|. The algorithm selects the parameters s* that
minimizes the impurity G,

s* = argming G(D**™"(m), s) (C.14)

This is done recursively for subsets D¥2"(m, s*) and D%¥?'"(m,s*) until the regularization
parameters prevent further training, e.g. maximum number of splits or minimal number of
samples per node N,, < min _samples are violated. If no regularization constrain is exceeded
the decision tree can train until the final nodes (leaf nodes) consists of only one element, i.e.
Ny, = 1.

If a target y is a classification outcome taking on values ci for k =1, ..., K for node m with
N,, observations, let

1
pmt) =5~ D Owic) (C.15)
" (24,y:)€ DR (m)

2For an introduction to tree based methods see [197, [218] and the documentation of [189)].

140



C.7. NEURAL NETWORKS

be the proportion of class k observations in node m. A common measures of impurity is the
Gini index,

K

H(D¥*®(m)) = " pu(k) (1= pu(k)) - (C.16)
k=1

A huge benefit when we have to deal with imbalanced data is that the classification decision
tree, DecisionTreeClassifier, of sklearn [189] allows for balancing the importance of the data
with class weights (class_weight = ‘balanced’), i.e. those weights raise the importance of a
class with small frequency of occurrence and decreases the weights of classes that dominate the
dataset.

C.7 Neural networks

Neural networks are a specific technique from machine learning. They are special since neural
networks are universal function approximators [219, 220] for continuous functions. This means
they can approximate the effective mapping of a wide variety of interesting functions. A neural
network is a computational graph [221] where the building blocks of a neural network are so-
called neurons (see fig. . These neurons n; are computational functions,

nz(x) =f Z Wijl'j + b; , (C.17)
J

where the scalar valued W;; are the so-called weights of neuron n;. The parameter b; is the bias
value and f is the activation function. The weight vector and bias are adjustable parameters

Zk:Zjij$j+bk

Figure C.2: Illustration of a neuron.

of the function to fit the data during training. The activation function adds non-linearity to
this object. The universal function approximation theorem holds only for such induced non-
linearities. Putting many of these neurons together results in a neural network (see fig. .
The basic approach is to align them in so-called layers. The number of neurons in one layer
define the corresponding width. Stacking several of those layers on top of each other results in a
deep neural network where the depth is defined by the number of layers stacked on each other.
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\th )

Figure C.3: Illustration of a feedforward neural network (FNN). The green neurons x; build

the input layer for the data, The blue neurons hl(-l) and hEz) represent the two hidden layers.
Finally, the red neurons y; form the output layer.

There are special layers like the input, output and hidden layer. Input layer simply feed the
data into the network. Hidden layers are all the layers in between the input and output layer.
They are called hidden since their output is not accessed but seen as the internal operations of
the function. At the end we have the the output layer. This layer gives the prediction (or image
of the function) of the neural network for the input.

We can then formalize the function of the neural network as,

ng't = ZW(" i ZW(Z) Z x3+b D) b | L+ bi | (Cas)

i

where the superscript (n) enumerates the layer and n2" is the final output for each dimension o of
the target space ). One can obtain that without the non-linearity of the activation function f the
network would be a simple linear mapping, i.e. matrix multiplication. Hence, adding additional
layer could be collapsed to a single matrix multiplication. In this sense, the non-linearities are
the reason why multiple layers stacked on each other can lead to a more sophisticated function
approximator.

C.7.1 Training neural networks

The concept of adjusting the parameters in a neural network is very general among this class of
techniques. First we define a quantity that we want to optimize, i.e. the objective function [221}
p.78] (also called cost function or loss function). It is defined as,

L(n*, ) (C.19)
where y is the ground truth, i.e. the supervised target labels in D®*3% The other part n°%
is the prediction of the neural network and is the neural network realization of Y edicted for
a generic machine learning function. In order to train a neural network one uses a stochastic
gradient descent approach. First the parameters of the neural network are randomly initialized.
Then the input z; of D*2® are processed by the neural network and give a first prediction.
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Figure C.4: Conceptual architecture of an autoencoder neural network with latent layer of
dimension two in orange. To emphasize the autoencoding concept, i.e. output equals input, the
put and output layer are both in green.

This first prediction is used to compute the value of the loss function L with the ground truth
values y from D®3®  As the goal of this approach is to minimize L the gradient of L with
respect to all adjustable parameters w is computed,

VyL(w) , (C.20)

in terms of a computational graph, i.e. recursively applying the chain rule of calculus. Then
each parameter is updated according to the negative gradient correspondent to its contribution
to L. The algorithm to compute the negative gradient with respect to the adjustable parameters
is called back propagation. As this is done in a iterative way 7 labels the number of iterations.
Then the updates of the parameters read,

w(T+1) =w(r) — aVyL(w(r)) . (C.21)

As the stochastic gradient approach is taken because an exact Newtonian optimization is com-
putationally not feasible for large datasets, the step length is still needed. This is introduced
as a hyperparameter « the so-called learning rate [194]. A more advanced version of stochastic
gradient descent is given by the widely used Adam optimizer [222]. As the gradient also back-
propagates through the activation functions, one should be aware that an activation function
with zero gradients can bring the training to a standstill, e.g. dying ReLU and vanishing gra-
dient with sigmoid activation function are two specific issues that interfere with the learning
algorithm.

C.7.2 Autoencoder

Neural networks allow for various architectures, i.e. complicated arrangements of the individual
neurons that lead to different computational graphs and allow to solve different problems. In
some architectures the goal is to encode some known structure of the input into the neural
network. One example are convolutional neural networks that detect translations in images of
our 3D world.
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Other architectures force the neural network to perform a task in a specific way. This is the
case for autoencoder neural networks [186] (see fig. for the network architecture) that were
used in chapter [5] and are explained in detail here. A remarkable property of autoencoders is
that they are unsupervised. This is achieved by a simple trick, i.e. the neural network is trained
to reproduce the input at the output layer and hence the labels are given by the input itself.

L(TLOUtv xtruth) (022)

The specialty in the architecture of autoencoders is that the neural network has a so-called
information bottleneck. There exists a so-called latent layer that has a small dimension compared
to the input dimension; hence the neural network has to encode the information from the input
through the hidden layers into the latent layer and then decode this information back towards
the output layer, in such a way, that it can reproduce the input as good as possible. This forces
the neural network to find redundancies in the feature space (such as irrelevant features) in order
to find a non-linear map to a lower dimensional parameter space. Thus, an autoencoder yields
a lower-dimensional, “compressed”, representation of the feature space in the latent space.
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Aspects of orbifolds

D.1 Simple roots of Eg x Eg

The simple roots aj of Eg X Eg are given by the simple roots of Eg as,
a1:<a?8, aOEB) forI=1,...,8
ar = (onES, O‘?Is—s)) for [ =9,...,16

where we introduced agg =(0,0,0,0,0,0,0,0) and the simple roots basis for Eg ,

o = ( 0 1, -1 0, 0 0 0 0 ),
g ( 0, 0 1 -1, , ., 0, 0 ),
ay® ( 0 0 0 1, -1, ., 0, 0 ),
ol ( 0, 0 0 0 1, =1, 0, 0 ),
oL ( 0, 0 0 0 0 1 -1, 0 ),
ag® ( 0, 0 0 0 0 0 1, -1 ),
N R A e e TR RL
ag® = (0, 0 0 0 0 0 1, 1.

Analogously, this is defined for the dual basis

af = (a;ES, a;EE‘) forI=1,...,8
o = (az‘)Eg, az}Efg)) for 1=9,...,16

such that o} - a; = 07, with ags = aSES. The dual root system basis is then given by,
o = ( 1, 1, 0 0 0 0 0 0),
ayBr = (2, 1, 1, 0, 0, 0, 0, 0 ),
s = (3 1, 1, 1, 0, 0, 0, 0 ),
s = (4 1, 1, 1, 1, 0, 0, 0 ),
s = (5 1, 1, 1, 1, 1, 0, 0 ),
*E 7 1 1 1 1 1 1 1
° =0 2 2 2 2 2 3 » 7z)
ar? = ( 2, 0, 0, 0, 0, 0, 0, 0 ) ,
ZES _ 5 1 1 1 1 1 1 1
g = ( 27 27 2 2 2 2 2 2 ) -
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D.2 Twisted sectors of Zg-1I (1,1)

For completeness we illustrate here the higher order twisted sectors of Zg-1I (1,1). Note that for
T2y and T3, fixed tori appear.
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Figure D.1: [lllustration of the fived points in Zg -11 (1,1) on T = SU(3) x SU(3) x (SU(2))2.
The twisted sectors T(4y and T(5) have the same fized point structure as T(z) and T(y), respectively.

D.3 Probability for MSSM-like models in Zy orbifolds

As in the main text for Zg-11 (1,1) (fig. |6 we give here the estimated probabilities to find an

MSSM-like model in the subspaces for hlgher l(lr)(X ) computed from the dataset observed by
the scan that led to table [6.5
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Figure D.2: For the dynamic hidden Eg search, we display the probability p¢(MSSM-like)
(estimated on the samples) to find MSSM-like models under the constraint of the respective

contrast pattern ¢ as a function of the threshold value X, where c is Nl(lf) > X.
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Percentage of MSSM-like orbifold models with certain types of vector-like exotics.
Hypercharge is normalized such that (3,2)./s is a left-chiral quark-doublet. The row “# MSSM”

Table D.1

lists the number of inequivalent MSSM-like orbifold models in our dataset. A complex represen-

tation has to be amended by its complex conjugate, e.g. (3,2)1 stands for (3,2)1/s © (3,2)-1/4-
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Awverage numbers of vector-like exotics for MSSM-like orbifold models. Hypercharge
is normalized such that (3,2)y is a left-chiral quark-doublet. The row “# MSSM” lists the

number of inequivalent MSSM-like orbifold models in our dataset. A complex representation has

Table D.2

to be amended by its complex conjugate, e.g. (3,2)1s stands for (3,2)i/s © (3,2)-1/.
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