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Abstract

String theory is known to be one of the most promising candidates for a unified description
of all elementary particles and their interactions. Starting from the ten-dimensional heterotic
string, we study its compactification on six-dimensional orbifolds. We clarify some impor-
tant technical aspects of their construction and introduce new parameters, called generalized
discrete torsion. We identify intrinsic new relations between orbifolds with and without (gen-
eralized) discrete torsion. Furthermore, we perform a systematic search for MSSM-like models
in the context of Zg-II orbifolds. Using local GUTs, which naturally appear in the heterotic
brane world, we construct about 200 MSSM candidates. We find that intermediate SUSY
breaking through hidden sector gaugino condensation is preferred in this set of models. A
specific model, the so-called benchmark model, is analyzed in detail addressing questions like
the identification of a supersymmetric vacuum with a naturally small u-term and proton de-
cay. Furthermore, as vevs of twisted fields correspond to a resolution of orbifold singularities,
we analyze the resolution of Zj3 singularities in the local and in the compact case. Finally, we
exemplify this procedure with the resolution of a Z3 MSSM candidate.
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Chapter 1

Introduction

1.1 Motivation

The General Idea of Unification

Why do we think that string theory might be relevant for describing high energy physics?
One answer is unification. Unification is a concept to describe as many aspects of nature as
possible within one consistent framework in order to reveal their common origin. In other
words, a small, consistent set of physical laws should reproduce many observations, which at
best come from various areas of physics and did not seem to be connected before. This is one
of the guiding principles in physics.

The history of physics provides many examples for unification. For example, Isaac Newton
successfully described the gravitational force here on earth and the attraction of celestial
objects by the same physical laws. Nowadays, it seems obvious to most people that these
two forces have a common origin, but we must remember the different distance scales. It is
a huge scientific step to project laws measured in small scales here on earth to the scale of
the solar system. Another prominent example for unification can be found in the theory of
electromagnetism by James Maxwell. Guided by experimental evidence, this theory unifies
electric and magnetic forces within the framework of the so-called Maxwell equations. Finally,
one can interpret Albert Einstein’s theory of gravity as a kind of unification, not of different
forces, but as a unified description of different aspects of nature: Einstein succeeded in unifying
Newton’s gravity with the observation that the speed of light is constant for any observer. His
theory changed the physicists’ view of nature radically, since space and time are from these
days on not just a static framework for the description of nature, but they are dynamical
quantities of the theory by themselves. These examples lead us to the hope that unification
of physical theories will continue in the future.

The Standard Model of Particle Physics

Additional to the historical motivation for unification, we have several hints towards unifica-
tion in some areas of particle physics today. High energy particle physics can be described
successfully by the so-called Standard Model (SM). The Standard Model of particle physics
is a quantum field theory that describes three of the four known fundamental interactions
between all known elementary particles, the fundamental constituents of matter.

In this framework, all particles are point-like and the fundamental forces are mediated by
the exchange of so-called gauge bosons, bosonic particles with spin 1, see figure (1.1a). The
interactions are best understood in terms of the gauge group Gsy = SU(3)e xSU(2), xU(1)y,
describing the internal gauge symmetry of the theory. Each group factor is related to a funda-
mental interaction: the SU(3)¢ describes quantum chromodynamics (QCD), i.e. the theory
of strong interactions, by the exchange of eight (massless) gauge bosons: the gluons. The last
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Figure 1.1: Electron-positron annihilation in the case of (a) QED and (b) string theory.

two gauge group factors SU(2), x U(1)y (where U(1)y is named hypercharge) correspond to
the electroweak theory, as they combine a quantum version of Maxwell’s electromagnetism
(known as quantum electrodynamics, or in short QED) with the weak force in a unified way.
The associated interactions are mediated by the (massless) photon v and three (massive)
gauge bosons, denoted by W+ and Z. However, the fourth fundamental interaction, gravity,
cannot be incorporated in this theory.

The elementary particles describing matter are fermions (with spin 1/2). They can be
characterized by their charges with respect to the three interactions (i.e. by their transforma-
tion properties under SU(3)¢ x SU(2)r, x U(1)y gauge transformations in terms of irreducible
representations). In detail, the matter fermions and their representations are

1); .
! (1.1)

=

(38,2)16 + (B, 1)—g3 + B, 1)ys + (1,2)y0 + (1
!
U

!
q

Q—

14

where ¢ = (u,d) and £ = (v,e) 1. Since neutrinos are found to be extremely light but massive,
a right-handed neutrino (1,1)g is often assumed to exist in addition, which can explain the
neutrino mass scale by the so-called see-saw mechanism. The particles of eqn. (1.1) are said
to form one family (or generation) of quarks (q, i, d) and leptons (¢, €). The Standard Model
contains three such families of quarks and leptons with the same charges but different masses.

The SM matter spectrum is chiral, i.e. left- and right-handed fermions transform differ-
ently under gauge transformations. A chiral spectrum has the potential to cause an incon-
sistency of the theory if quantum corrections violate a classical symmetry. This is called an
anomaly. Anomalies can be seen from one-loop Feynman diagrams. In the case of the Stan-
dard Model, so-called one-loop triangle diagrams can potentially violate the gauge symmetry
Gsm depending on the fermionic matter content of the theory, see figure (1.2). However,
luckily each generation of quarks and leptons is anomaly free by itself. Thus, the Standard
Model is anomaly-free. Yet a deeper origin for this is unknown.

Beside an explanation for the interactions between the fundamental particles, the Standard
Model contains a mechanism to give them masses: the so-called Higgs mechanism. The mass
of a fundamental particle is generated by its interaction with a scalar boson, the so-called
Higgs boson ¢, transforming in the representation (1,2); s2- 1t has a non-trivial potential
V(p) = p?¢T¢p + A¢T¢)? with u? < 0 and A > 0. By minimizing this potential, the Higgs
develops a vacuum expectation value (vev) (¢p) = v = \/—p2/\. Consequently, the W+ and

!Note that we use the convention to write right-handed fermions in terms of left-handed ones, transforming
in the complex conjugate representation. For example, the right-handed up-quark transforming as (3,1)2,3 is
expressed by its complex conjugate, denoted by @. Thus, all fields in eqn. (1.1) are left-handed.
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Figure 1.2: Example for a possible U(1)3. (U(1) — gravity — gravity) anomaly. A coupling
between three U(1)y gauge bosons (one gauge boson and two gravitons) is not consistent with
the gauge symmetry. It could however be generated by quantum corrections corresponding
to the first (second) triangle diagram, where all charged fermions of the theory run in the
loop. The amplitude of this diagram and therefore the anomaly is proportional to > ¢ Yf?’ =0
(> ¢Yr =0). Consequently, U(1)y is anomaly-free.

Z bosons get massive and the gauge symmetry breaks Gsy — SU(3)¢ x U(1)ep, yielding the
U(1)em responsible for QED?. Furthermore, quarks and leptons acquire masses proportional
to the Higgs’ vev and to their individual interaction strengths with it (the so-called Yukawa
coupling constants).

The Standard Model has been tested extensively by experiments yielding excellent agree-
ment between the predictions and observations. However, the Higgs boson - a fundamental
ingredient - has not been observed yet.

Running of the Coupling Constants and Grand Unified Theories

But where does unification enter? The Standard Model by itself successfully unifies QED
with the weak interaction by the SU(2)r x U(1)y group structure and the Higgs mechanism.

However, the electroweak force is still described by two group factors and hence by two
interaction strengths, also called gauge coupling constants. But we know from experiment
and from theory that these “constants” in fact depend on the energy scale at which they
are measured. This is a generic feature of quantum field theories, known as the running of
coupling constants. The running is specified by the renormalization group equations (RGEs)
which depend on the complete charged spectrum. It turns out, that within the Standard
Model, even though the three coupling constants associated to the three group factors are
very different at the electroweak scale of about 100GeV, their values evolve in such a way
that they (nearly) meet at 10'* — 101°GeV, see figure (1.3a).

It seems natural to assume that at the energy scale, where the gauge couplings meet, the
interactions themselves are unified such that they are all described by just one gauge group
factor and one coupling constant. This scenario is called grand unification (or GUT for grand
unified theory). However, a GUT does not only unify the interactions, but automatically also
quarks and leptons. The single, unified interaction is specified by the GUT gauge group and
the matter by its irreducible representations. The most prominent GUT gauge groups, which
we will discuss now in some detail, are SU(5) and SO(10).

2We use the convention that the electric charge associated to U(1)em is given by Q = Y + T35z, see eqn. (1.1).

3
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(a) SM (b) MSSM
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Figure 1.3: Schematic plot of the gauge coupling unification in the case of (a) the Standard
Model and (b) the MSSM. For the SM the couplings nearly meet at a GUT scale of about
10™ — 10" GeV, while for the MSSM the GUT scale is at about 3 x 1016 GeV.

SU(5) GUT

Starting with SU(5), one family of quarks and leptons is contained in a 10- and a 5-plet [1,2].
In order to see that these representations can incorporate one family, we take a look at the
breaking SU(5) — Ggym and the resulting decomposition of the SU(5) representations

].OH (372>1/6+(§71)—2/3+(171)1 and 3—> (571)1/34-(1,2)_1/2 . (12)

Thus, the 10-plet contains ¢, @ and €, while the 5-plet comprises d and /.

It is very important to note that Ggy fits into SU(5) such that the hypercharge U(1)y is
determined uniquely up to an overall normalization. In other words, the SU(5) GUT gives a
possible explanation for the observed quantization of (hyper)charges of quarks and leptons.

Additionally to the matter representations, we have to incorporate the SM Higgs (1,2)1 /2
into the SU(5) theory. The smallest SU(5) representation containing a (1,2)/, is the 5-
plet. This, however creates a new problem, the so-called doublet-triplet splitting problem.
The reason is that the Higgs 5-plet contains an additional color-triplet (3,1)_;/3 which can
mediate fast proton decay, see figure (1.4a). Therefore, it must be extremely heavy in order
to suppress this process and to extend the proton’s lifetime above the current experimental
bounds. The Higgs doublet, on the other hand, has to be light in order to provide the correct
scale of the u-term in the Higgs potential. Conventional GUT theories generically suffer under
this problem and do not provide a convincing solution.

Furthermore, the breaking of the GUT gauge group SU(5) down to the SM can be achieved
by a Higgs mechanism, where the GUT breaking scalar Higgs boson resides in an adjoint
representation 24. As the 24 contains a SM singlet (1,1)g, its vev can induce the desired
gauge symmetry breaking. However, also here one has to take care of proton decay: when we
break the SU(5) gauge group using the scalar Higgs in the 24 there are massive vector bosons
(in the representations (3,2)_5/s and (3,2)5/5, named leptoquarks X and Y'), beside the
massless ones of the SM gauge group, which can mediate fast proton decay, see figure (1.4b).

4
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SO(10) GUT

In the case of SO(10) GUTs one complete family is comprised in a 16-dimensional spinor
representation of SO(10) [3,4]. Since SO(10) contains SU(5), we can write one family of quarks
and leptons as 16 — 10 +5 + 1. The additional SU(5) singlet 1 contained in the 16-plet can
be interpreted as a right-handed neutrino (1,1)y. The SM Higgs resides in a 10-dimensional
vector representation of SO(10) which reads, in terms of SU(5)-plets, 10 — 5 + 5. Therefore,
SO(10) GUTs naturally unify one SM family in one 16-plet and predict the existence of
right-handed neutrinos. Furthermore, the Standard Model Higgs is contained in a 10-plet,
thus SO(10) distinguishes between the representation for bosons (10) and the one for fermions
(16). However, also SO(10) suffers under the notorious problems of proton decay and doublet-
triplet splitting

Further GUTs

There are further GUTs, like Pati-Salam SU(4)¢ x SU(2)1, x SU(2)g, flipped SU(5) (where
electromagnetism U(1)ey sits partially in an additional U(1)y) and trinification SU(3)¢ X
SU(3)r x SU(3)r. However, the GUT which fits very nice into the series SO(10) — SU(5) —
Gswm is equipped with the exceptional group Eg. The fundamental representation of Eg is
the 27-plet that can be decomposed into SO(10) representations as 27 — 16 + 10 + 1. Its
relevance will become clear later when we discuss supersymmetric GUTs.

The Minimal Supersymmetric Standard Model (MSSM)

Up to now we have discussed how the idea of unification can be used to partly unify the
matter content of the Standard Model and their gauge interactions by means of GUTs. It is
further possible to use unification to describe fermions and bosons within a unified framework,
called supersymmetry (SUSY). In other words, bosons and fermions are no longer distinct,
but they are related by a symmetry transformation

Q@|boson) = |fermion) and @|fermion) = |boson) , (1.3)

where @ (a two-component Weyl spinor) denotes the generator of the transformations, the
so-called supercharge. The parameter associated to an infinitesimal SUSY transformation @
is denoted by ¢, a two-component anticommuting number, which is constant for global SUSY.
The number of supercharges determines the number A of supersymmetries, where in the case
of the MSSM we have N = 1.

3y §H X
- Pa— -
q q u d
d > d d > d

Figure 1.4: Example for proton decay channel p — 7% + € by effective dimension 6 operators:
(a) rapid proton decay mediated by a Higgs color-triplet. (b) proton decay by the mediation
of an X boson. The couplings correspond to the terms %' X ¢ and ¢f Xd originating from the
covariant derivative in the kinetic terms.
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bosons spin fermions spin SUSY multiplets
squark 0 quark 1/2 chiral multiplet
slepton 0 g lepton 1/2 | _ | chiral multiplet
Higgs 0 Higgsino 1/2 chiral multiplet
gauge boson 1 gaugino 1/2 vector multiplet

Figure 1.5: Overview of the structure of the supersymmetric particle spectrum of the MSSM.
The new SUSY partners are highlighted in blue.

Beside aesthetical reasons, the main intention to introduce supersymmetry into the Stan-
dard Model is to stabilize the Higgs mass from huge radiative corrections due to quadratic
divergencies. This is the so-called hierarchy problem of the Standard Model: why is the
electroweak scale so small compared to the cut-off scale (e.g. the GUT scale) entering the
quadratic divergencies? If one introduces scalar partners for all chiral fermions such that each
scalar has the same mass as its partner-fermion and the couplings of the scalars are chosen
appropriately, then the radiative corrections to the Higgs mass vanish. The origin of the
scalar partners can be explained by SUSY.

For a complete supersymmetric theory not only the fermions are accompanied by so-called
superpartners, but also the gauge bosons and the Higgs, see figure (1.5). One can arrange the
particles and their SUSY partners into so-called supermultiplets, such that any supersymmetry
transformation maps a supermultiplet to itself. For example, in the case of global N' = 1
supersymmetry, the most important supermultiplets are the chiral multiplet and the vector
multiplet. For N' =1 in 4d there exists a nice representation of these supermultiplets: in the
superspace formulation the four-dimensional space-time is extended by four anticommuting
coordinates § and 6 transforming as two-dimensional Weyl spinors. Then, the supermultiplets
can be expressed as superfields, i.e. fields depending on the coordinates z*, # and . In this
formulation, a chiral multiplet is represented by a so-called chiral superfield ¢; containing a
scalar ¢;, a Weyl spinor 9; and an auxiliary field F; 3. The degrees of freedom of a vector
superfield V, are a gaugino \,, a gauge boson A4 and an auxiliary field D, (in the Wess-
Zumino gauge).

Since the bosonic Higgs has now a fermionic partner (the Higgsino), the new fermionic
spectrum could be anomalous. Therefore, and in order to give masses to both up- and down-
type quarks, we need a second Higgs multiplet (1,2)_; 5.

The so-called superpotential W(¢;) is a holomorphic function of chiral superfields ¢;. In
terms of the component fields (y;, 15, F;) of ¢; the superpotential yields Yukawa interactions
Yivjr and contributes to the scalar potential V(¢;) D >, |Fy|? = > |OW(i)/0p;]?. Ad-
ditional contributions to V' (p;) arise from the D—terms D, of the vector superfields. Then,
the full scalar potential reads

Vig) = IR+ 31D (1.4

Vi a

The value of the scalar potential at its minimum gives the cosmological constant and there-
fore defines the cosmological model. If (V) > 0, the universe is de Sitter with accelerating
expansion. If (V) = 0, the universe is Minkowskian. The third possibility (V) < 0 yielding

3 Auxiliary fields are introduced such that the SUSY algebra closes off-shell. They have no kinetic terms.
Hence, they do not propagate and they are not dynamical degrees of freedom. They can be eliminated be
solving their equations of motions leading to the on-shell formulation of the SUSY algebra.

6
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an anti de Sitter space, in which the universe immediately collapses, is obviously not possible
in global SUSY. Observations indicate that the cosmological constant is tiny and positive.

If supersymmetry is exactly realized in nature, all particles and their corresponding su-
perpartners must have the same mass. For example, the fermionic electron and the bosonic
selectron only differ by their spin, but share the same mass of 511 keV. Since neither the se-
lectron nor the other superpartners have been observed yet, supersymmetry must be broken.
This breaking should yield a mass-splitting of the different components of the supermultiplets
in order to explain the absence of superpartners. However, the breaking should be such that
SUSY remains a solution to the hierarchy problem, one consequence being that the scale of
SUSY breaking should be of the order Msysy ~ 1 TeV, the new cut-off scale for the SM.
This can be achieved by inserting special terms to the theory that explicitly break SUSY, but
do not induce quadratic divergencies in the Higgs mass. This scenario is called softly broken
supersymmetry. It can be realized for example by non-vanishing vevs of the auxiliary fields
F; and D, leading to so-called spontaneous supersymmetry breaking.

There is additional (theoretical) evidence for supersymmetry. In a theory with low-energy
supersymmetry (with a breaking at about 1 TeV) the gauge couplings evolve differently due
to the presence of the superpartners, such that they meet at about 3 x 106 GeV in the case
of the MSSM [5]. Therefore, one can say that supersymmetric theories support the idea of
GUTs. Note that a supersymmetric Eg GUT with 27-plets has the additional interpretation
of a family-Higgs unification, as the Higgs and the SM families both reside in chiral multiplets.

R-Parity and Matter Parity

Supersymmetric theories often contain so-called R-symmetries, i.e. symmetries that do not
commute with supersymmetry, such that the components within one supermultiplet transform
differently under the R-symmetry. In the case of the MSSM, there is a discrete R-parity
defined by R = (—1)38+L+25 (with baryon number B, lepton number L and spin s), see [6]
for a review on R-parity. “Ordinary particles” (like quarks, leptons and Higgses) have an
R-charge +1 and superpartners —1. R-parity is conserved. Therefore, superpartners need to
be created in pairs such that the lightest supersymmetric particle (the LSP) with R = —1
is stable and serves as a candidate for Dark Matter (for example the neutralino, a mixture
of Higgsinos and gauginos, singlet of SU(3)¢ X U(1)em). In addition, R-parity forbids the
“unwanted” terms udd, (e and ¢/d in the renormalizable superpotential which induce rapid
proton decay, while it allows for the “wanted” Yukawa couplings and the p-term. Thus, B and
L are conserved at the renormalizable level and consequently the proton is (rather) stable.
On the other hand, matter parity P forbids and allows the same terms as R-parity?. It is
defined by P = (—1)3(B~L) such that the matter superfields are odd (P = —1) and the Higgs
and gauge superfields are even (P = 1). It is a discrete Zy subgroup of U(1)p_r,, where the
breaking U(1)p_1, — P can be induced by vevs of SM singlets, denoted by x, with B — L
charges 3(B — L) = 0 mod 2, or equivalently (B — L) = 0 mod 2. Note that the see-saw
mechanism requires this breaking, as the right-handed neutrino (a SM singlet) is charged
with respect to B — L (with a B — L charge of —1). Explicitly, in the presence of B — L, the
Majorana mass term of the right-handed neutrino, denoted by 7, originates from the coupling

nnyxy < (1,1)0-1)(1,1)0-1(1,1)02) (1.5)

and x acquires a (large) vev breaking U(1)p_1 to matter parity (R-parity).

4Hence, we will refer to R-parity and matter parity without distinction.

7
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Supergravity

GUTs and SUSY are very appealing, but still do not contain the fourth force, gravity. As
the name suggests, supergravity (SUGRA) [7,8] tries to address this issue (for a review, see
e.g. [9]). The main assumption for SUGRA is that the parameter € of SUSY transformations
becomes space-time dependent, i.e. ¢ = ¢(x), such that SUSY becomes a local symmetry.
The gauge field of local SUSY turns out to be a spin 3/2 fermion, the so-called gravitino.
Its superpartner is the graviton, the spin 2 messenger of the gravitational force. Both, the
graviton and the gravitino, are combined in the so-called supergravity multiplet, where the
number of gravitinos is in general equal to the number A of supersymmetries.

N = 1 supergravity theories are described by the superpotential W(¢;), the Kahler po-
tential IC(qﬁi,@L) entering the scalars’ kinetic energies and the gauge kinetic function f(¢;)
yielding the gauge coupling constant Ref(¢;) = 1/g. Unlike the case of global SUSY, the
scalar potential can have a minimum with an anti de Sitter space-time, i.e. with negative
energy,

V(e ¢5) = & (DW)(DGT = 3W]) | (1.6)

where Dj is the covariant derivative, G the inverse hermitian metric and Mp; = 1. Further-
more, the contributions from the D-terms have been neglected.

However, SUGRA is non-renormalizable, because the gravitational coupling is a dimen-
sionful quantity. Therefore, one thinks that SUGRA does not serve as a good candidate of
an ultraviolet complete theory of gravity and the Standard Model interactions. Nevertheless,
SUGRA theories are of great importance, as they describe the low-energy effective theories
obtained from string theory.

Extra Dimensions and Kaluza-Klein

Initially, extra dimensions were introduced in order to unify gravity and electromagnetism by
the compactification of a five dimensional theory of pure gravity on a circle, see figure (1.6).
This toy theory revealed important results common to most theories with extra dimensions:
when a d-dimensional theory is compactified on a compact internal space My_4 times a four-
dimensional Minkowski space M3 1, a field o(zM) factorizes into two parts, one living solely
on Ms; and another one on My 4, i.e. p(zM) = > a;j(z")B;(y*) where M =1,...,d and
i =1,...,d — 4. From the 4d point of view, the massless fields (the zero modes) arise from
the harmonic fields on the compact space, i.e. AB; = 0. In addition, there is an infinite tower
of massive states, the so-called Kaluza-Klein tower, with masses proportional to the inverse
compactification radius, i.e. my, ~ n/R and n € N. For an illustration see figure (1.7a).
Consequently, if the compactification radius is small, the masses of the Kaluza-Klein fields
can be very high such that they cannot be detected.
(Y (Y () ()
e N N N,
(L= ("
Figure 1.6: Five dimensional space, where the fifth dimension is compactified on a circle: the
plane corresponds to our four-dimensional space-time M3 and a small circle is attached to
every point of M3 .
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Figure 1.7: Two interpretations of this illustration: (a) Compactifying a field on a circle of
radius R yields the zero mode with n = 0 and massive Kaluza-Klein states, e.g. with n = 2, 4.
Later, for the section on strings: (b) All elementary particles are supposed to correspond to
the same string but with different excitations, e.g. n = 0,2, 4.

String Theory and Unification

String theory is a promising candidate for a quantum theory of gravity unified with the
description of all forces. In detail, it is known that the low-energy effective theory of string
theory necessarily contains Einstein’s theory of gravity. Furthermore, gauge theories with
chiral matter spectra appear naturally from string theory. These theories are automatically
free of anomalies, the reason being the internal consistency of the two-dimensional description
of string theory. In addition, extra dimensions and supersymmetry arise naturally in string
theory. Thus, string theory incorporates the most prominent unification mechanisms.

Unlike the point-like particles in quantum field theories, strings are extended one-dimen-
sional objects. As they propagate through d-dimensional space-time they sweep out a two-
dimensional surface, the world sheet, see figure (1.1b). This is analogously to a point particle
running along its world line. Strings can be either closed or open, where the end-points of
open strings are attached to so-called D-branes, multi-dimensional physical objects. String
theories with open strings necessarily contain closed strings, since open strings can merge
yielding closed ones. The converse is not true: string theories with closed strings only can be
consistent - they do not need open strings.

Sting theory is described by a two-dimensional quantum field theory on the world sheet
with bosonic and fermionic fields. They are related by two-dimensional supersymmetry. From
the world sheet point of view, the (bosonic) string coordinates are fields on the world sheet
taking values in the so-called target space. The target space is interpreted as a d-dimensional
space-time which should give rise to our observable four-dimensional world. However, consis-
tency of the world sheet field theory restricts the number of target space dimensions to d = 10,
i.e. there are ten world sheet bosons. One possibility to relate the ten-dimensional theory to
our world is to assume that six string coordinates are restricted to take values in a compact
space only. In other words, six spatial dimensions are compactified. If the compact space
is small, these extra dimensions are not accessible from the low-energy 4d point of view. In
addition, it is known that the compactification can in principle provide us with explanations
for various aspects of the MSSM, like the amount of supersymmetries in 4d, the gauge group,
the matter representations of one family and the number of families.

There are five consistent string theories in ten dimensions that could describe our world.
They are: type I, type IIA, type IIB, heterotic Eg x Eg and heterotic SO(32). Let us briefly

9



10 CHAPTER 1. INTRODUCTION

list some of their properties. All string theories contain closed strings, related to the fact that
the graviton is a closed string. In addition, type I and ITA/B contain open ones. The strings
of type I are unoriented and those of the other theories are oriented. Both type II theories
have N' = 2 supersymmetry in 10d, while the others have A/ = 1. The type I string theory
has an SO(32) gauge group in 10d and the heterotic string theories have an Eg x Eg or SO(32)
gauge symmetry.

The five string theories are related by a web of dualities. T-duality relates for example one
theory compactified on a circle with radius R to another theory compactified on a circle with
radius 1/R, for example in the case of type ITA and IIB. On the other hand, S-duality relates
the weak coupling limit of one theory to the strong coupling limit of the other, for example
heterotic SO(32) is related to type I and type IIB to itself. The existence of these and further
dualities lead to the picture that all string theories are limits of one unique underlying theory,
called M-theory. Its low-energy effective theory can be described by 11 dimensional SUGRA,
but the real nature of M-theory is not yet understood: there are proposals - for example
Matrix models.

The Heterotic String and Orbifold Compactifications

The heterotic string theory [10,11] is special in the sense that it is the only string theory with
solely closed strings. In ten-dimensional space-time it is equipped with N' = 1 supersymmetry
and an Eg x Eg or SO(32) gauge group. Having the aim of unification in mind, we want to
relate it to the MSSM in 4d. Thus, six spatial dimensions have to be compactified.

Heterotic orbifold compactifications [12,13] provide an easy, geometrical compactification
scheme. Since the orbifold space is flat everywhere except for isolated singularities at the
so-called fized points, it is possible to perform direct string computations. However, in its
simplest construction, heterotic orbifolds generically lead to four-dimensional theories with a
huge gauge group (like Eg in the standard embedding) and a large number of families (for
example a net number of 27 27-plets). With the development of Wilson lines [13,14] in the
context of heterotic orbifolds, one has an easy tool to break the gauge symmetry and to reduce
the number of families. Within a few years the construction was so well understood that Zgs
orbifolds were constructed with the Standard Model gauge group and three generations of
quarks and leptons plus vector-like exotics [15-23]. On the other hand, the compactification
on more complicated Zy or Zy X Zps orbifolds was neglected for a long time, with the result
that their construction was not fully clarified up to now. For example, the modular invariance
conditions for Z  or Zy x Z); orbifolds and the construction of orbifold invariant states were
only partially under control.

The rank of the gauge group is not reduced by a conventional orbifold compactification,
such that there are many unwanted extra U(1) factors. However, two approaches have been
developed in the past to address this issue. First of all, the presence of an anomalous U(1),
which is canceled by terms coming from the 10d Green-Schwarz mechanism [24], induces a
Fayet-Iliopoulos D—term in heterotic orbifolds [25,26]. In order to retain supersymmetry
(i.,e. D = 0) some fields need to develop large vevs canceling this Fayet-Iliopoulos D—term.
These vevs induce a Higgs mechanism, such that the gauge group breaks (including a rank
reduction) and some vector-like matter gets massive and therefore decouples. Secondly, the
so-called rotational embedding [27] can lower the rank.

Very early it was realized that there exists a vast number of string compactifications [28]
each serving as a vacuum of the theory. From the string perspective, it seems that they are

10
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SU(6)xSU(2)
SO(10

SU(6)xSU(2)

Figure 1.8: Visualization of two extra dimensions in the case of the heterotic brane world.
The bulk gauge group is in general Eg x Eg. At the singular points of the corners it is broken,
such that there are local GUTs residing at the singularities. The 4d gauge group, being the
common intersection of the local ones, is SU(3)c x SU(2), x U(1)y.

all equivalent, i.e. no vacuum is preferred to another. The MSSM is assumed to be just
one of the possible vacua. This has recently lead to the notion of the landscape of string
vacua [29], with the aim of making “predictions” from string theory by statistical analyses of
the landscape. However, the actual meaning of the string landscape seems unclear.

The interest in heterotic orbifolds was renewed due to the so-called orbifold GUTs, field
theories in 5d [30,31] or 6d [32,33] compactified on one or two-dimensional orbifolds, respec-
tively. They combine the benefits of GUTs (like the unification of quarks and leptons) while
they have the potential to avoid their problems (for example the doublet-triplet splitting prob-
lem). The heterotic brane world is a stringy realization of this scenario, where local GUTs
reside on fixed points and fixed tori [34—41], see figure (1.8). This concept of local GUTSs has
turned out to be one of the best guidelines for connecting the heterotic string theory to the

MSSM.

1.2 Outline

The outline of this thesis is as follows:

Chapter 2 is devoted to an accessible introduction to heterotic orbifold compactifications.
It starts with a detailed discussion on the geometrical construction of orbifold spaces. Then,
after fixing the notation for the heterotic string theory, we explain the compactification of
strings on orbifolds. These sections are rather technical, the reason being that the construction
of physical states on orbifolds and the modular invariance conditions for the input parameters
of the compactification were incomplete in the literature before. The general discussion is
followed by various examples (Zs, Z3 x Zs, Zg-11 and Zg x Z3) which will be relevant in the
following chapters. Special focus lies on Zg-II. In the next section, we briefly present the
results of a classification of Zy orbifolds for the SO(32) heterotic string, published in [42].
We conclude this chapter with the string selection rules for allowed Yukawa couplings. After
explaining the selection rules, which can be understood as symmetries of the superpotential,
we briefly comment on discrete anomalies, published in [43]. Finally, we clarify some open
questions about the so-called  selection rule.

11
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In chapter 3, we explain and generalize the concept of discrete torsion in the context
of heterotic orbifolds. The results presented here have been published in [44]. The chap-
ter starts with an unknown observation about inequivalent Zpy X Zjs orbifold models, i.e.
Zn X Zy; models whose shifts differ by lattice vectors can be inequivalent. This, previously
unknown construction is named “brother models”. Afterwards, we show how this observa-
tion can be related to discrete torsion. In the main part of this chapter, we generalize the
aforementioned concepts leading to fixed point dependent (generalized) discrete torsion and
generalized brother models (where shifts and Wilson lines differ by lattice vectors). It is
shown that these new constructions cannot only be applied to Z y X Zjs orbifolds, but also to
the case of Zy. We close this chapter with the observation that orbifold models with gener-
alized discrete torsion (or likewise generalized brother models) can be equivalently described
as torsionless models compactified on an orbifold with non-factorizable torus lattice.

The next chapter, chapter 4, contains some of the most important results of this work, the
“Mini-Landscape” of MSSM candidates from the heterotic Zg-11 orbifold, published in a series
of papers [45-47]. The chapter starts with an introduction to local GUTSs, i.e. GUT theories
which only become visible locally in the extra dimensions at an orbifold fixed point. Using the
concept of local GUTs, a search strategy is developed for finding orbifold models that render
some generic features of the MSSM. It turns out that a strategy based on local GUTs is very
successful yielding about 200 models with the exact MSSM spectrum at low energies [45].
Using this sample of promising models, we explore the possibility of supersymmetry breaking
through hidden sector gaugino condensation and find correlations between properties of the
MSSM candidates and the scale of SUSY breaking, as published in [46]. Finally, we analyze
the phenomenology of a generic model (named the “benchmark” model). For this specific
model, we identify a U(1)p_z, in order to avoid rapid proton decay. It is shown how B — L
is broken to matter-parity by the vevs of some Standard Model singlets that carry an even
B — L charge. After discussing the conditions F' =W = D = 0 for unbroken supersymmetry,
we analyze some further phenomenological aspects of this benchmark model in detail [47].

Chapter 5 is dedicated to the blow—up of Z3 orbifold singularities, published in [48]. First,
the blow—up procedure is discussed locally for a single fixed point and afterwards globally for
the compact case. After explaining the geometry of the local singularity and its smooth
resolution space, it is shown how heterotic string models can be built on these spaces. Next,
the transition from the singular orbifold to its smooth counterpart is explained in detail. This
transition is parameterized by the vev of the so-called blow—up mode, a twisted string localized
at the singularity. Starting on the singular orbifold with a zero vev for the blow—up mode,
increasing the vev induces a Higgs mechanism and results in the resolution model. In the last
part of the chapter this mechanism is applied to the compact Z3 case, even when Wilson lines
are present. We close this chapter with a blow—up of a well-known MSSM candidate obtained
from a compact Zs orbifold with two Wilson lines.

In chapter 6 we give a brief summary and some concluding remarks. Afterwards, the
appendices provide many details. Appendix A presents some explicit computations to which
various chapters of the main text refer. Some of them might help to increase the intuitive
understanding of heterotic orbifolds. In appendix B we list many tables in order to provide
the details on the orbifold models which were discussed in the main text. The last appendix,
appendix C, summarizes some aspects of group theory, especially the weight lattices of Eg x Eg
and Spin(32)/Z,.

12
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Chapter 2

Heterotic Orbifolds

In this chapter, we describe how to compactify heterotic string theory on orbifolds. We start
with a detailed review of the geometrical construction of toroidal orbifolds with Abelian point
groups. Afterwards, we examine the heterotic string theory in its bosonic formulation in order
to fix the notation and to prepare for the main part of this chapter, where some explicit Z
and Z y X Z s orbifolds are constructed. We conclude this chapter with a discussion on Yukawa,
couplings and string selection rules. Some parts of this chapter have been published [42,43,47].

2.1 Geometry

The Torus

A six-dimensional torus 7% is chosen by specifying a six-dimensional lattice

I' = {na€a, no € Z, sumover a =1,...,6}, (2.1)
spanned by the basis vectors e, @« = 1,...,6. Then the torus is defined as the quotient space
T =RO/T, (2.2)

i.e. points of RS differing by some lattice vector of I' are identified. In this context, we will
also call I' the torus lattice. We choose it to be the root lattice of a semisimple Lie algebra.
The basis vectors e, of I' can be chosen to be the simple roots of the Lie algebra, or some
other basis of the root lattice. For a 2d example I' = SU(3), see figure (2.1). From the basis
vectors of I' we define the torus metric g in the absence of a nontrivial background by

gij =€ -¢5 . (2.3)

In the case of e, being simple roots, it coincides, except for a possible normalization, with
the Cartan matrix of the semisimple Lie algebra defining the lattice.

° Py °
€2

€1

[ ] [ [ ] °
Figure 2.1: Two-dimensional lattice I' = SU(3). The grey region represents the area of the
torus R?/T and is called the fundamental domain. Note the shorthand: T' = SU(3) means
that I can be spanned by the simple roots e; and ey of SU(3).
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16 CHAPTER 2. HETEROTIC ORBIFOLDS

The Point Group

In order to specify an orbifold, we need to choose a (finite) symmetry of the torus lattice I'.
This symmetry group is called the point group, denoted by P. In the following, we restrict
ourselves to the Abelian case, i.e. to cyclic groups Zy or products thereof, such that the
action of the point group P on the lattice can be visualized as discrete rotations mapping
the lattice to itself. For example, in the case of a two-dimensional SU(3) torus lattice (see
figure (2.1)), we can identify different symmetries that map the lattice to itself: Zq, Zs and
Zg. In order to be a symmetry of some six-dimensional lattice I', the point group P has to be
a subgroup of the group of rotations in 6d, i.e. a subgroup of SO(6) ~ SU(4). Furthermore,
P sits in the Cartan subalgebra of SU(4), since we want the point group to be Abelian. The
rank of SU(4) is three, i.e. the number of Cartan generators is three. It is convenient to
choose them as

J12, J34 and J56 y (2.4)

where J;; generates a rotation in the plane spanned by the orthonormal basis vectors €; and
€;. In this basis an element of P can be written as

exp (27Ti (’Ulle + 02 J5y + v3J56)) , (2.5)

where v® specifies the rotation angle in the i-th plane, e.g. v! = 1/3 is a rotation about
120° in the first plane spanned by €; , és. Using the three Cartan generators Ji2, J34 and
Js6, we can have at most three independent Zy factors. Later, in section 2.3, we will see
that requiring N’ = 1 supersymmetry in 4d amounts to choosing point groups P being in the
Cartan subalgebra of SU(3) C SU(4), which allow for at most two independent Z  factors.
Therefore, in the case of an Abelian point group, P is either Z y or Zy x Zp (for some specific
values of N and M, N being a multiple of M, see e.g. [49,50]).

Since P C SU(3), it is convenient to rewrite the six-dimensional space R% in a complex
basis as €3, i.e. as three orthogonal complex planes. We can naturally choose the i-th
complex plane to be spanned by és; 1 and éo;. In this basis, elements of P are complex 3 x 3
matrices that are diagonalized simultaneously. Then, the generator 6 of a Z  point group

reads
2

0 — diag(e2”i”1,e2”i” ’ezmaﬁ) . (2.6)
We define the twist vector as
v=(0,v',0%0v3), (2.7)
where the first entry is included for later use. The order of the generator 8%V = 1 translates
to the twist vector as Nv’ € Z, for i = 1,2,3. Thus, the point group P is given by
pP={6F|k=0,...,N—1}. (2.8)

In order for @ to be an element of SU(3) (such that det(f) = 1) the condition v! +v%+v? € Z
has to be imposed on the twist vector. It is convenient to choose the twist vector such that
this condition reads
v+l 403 =0. (2.9)
In the case of Zy X Zj; the two generators  and w are associated to two twist vectors vy
and vy satisfying
vi4v?4+0} =0 and v +vi+vi=0, (2.10)

which are of order N and M, respectively.
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Factorized and Non-Factorized Lattices

In the complex basis of C?, where the elements of the point group are diagonal 3 x 3 matrices,
the underlying lattice I" can be aligned differently inside C3. We distinguish two cases. In the
first one, the six-dimensional lattice can be written as the product of three two-dimensional
lattices and each of these two-dimensional sublattices lies inside one of the three complex
planes, e.g. I' = SU(3) x SU(3) x SU(3). This lattice is called factorized. In this case the i-th
exponent v’ of eqn. (2.6) can easily be visualized as a rotation in the i-th two-dimensional
sublattice. Otherwise, the lattice is said to be non-factorized. In this case, each basis vector of
I' is specified by three in general non-zero complex coordinates, e.g. I' = Eg. It is important
to note that one has to specify these coordinates in order to distinguish between factorized
and non-factorized lattices. For example, in the case of a Zo X Zo point group of a lattice
I' = SU(3) x SU(2)* one has to specify the orientation of the SU(3) sublattice inside C? in
order to see whether I' is factorized or not, see section 2.5.4 for more details on this example.

The Space Group

Having specified a torus lattice I' and a point group P, it is convenient to define now the
space group S as the semidirect product of the point group P and the translations associated
to I'. In detail, an element g of S can be written as

g = (¥,nqeq) , (2.11)

where ¥ € P and nqe, € I, summing over o. Then, by definition, ¢ acts on a point z € C3
as follows

9z = (0, npeq) 2 = V2 + ngpeq (2.12)

see figure (2.2) for an example. Furthermore, the product of two elements of the space group
g = (¥1,nq€q) and h = (Y2, mqe,) reads

g h = (V1,n0€q) (2, mpeq) = (9192, nq€q + 91 (maey)) (2.13)
reflecting the properties of the semidirect product of P and I'. The inverse of g = (¢, nqeq)

is easily found to be g7 = (79_1, —ﬁ_l(naea)). It is important to notice that in general two
elements of S do not commute hg # gh.

\J

€1
Figure 2.2: Two-dimensional SU(3) torus lattice spanned by the simple roots e; and e;. The
action of g = (0,e1), with § = e?™/3 on some arbitrary point z € C is depicted in detail.
First, z is rotated to 6z and then shifted to 6z + eq.
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€2

€1
Figure 2.3: The fundamental domain of the two-dimensional Zg orbifold (light grey region)
is one third of the fundamental domain of the two-torus SU(3) (grey region).

The Orbifold

Now, we can define the six-dimensional (toroidal) orbifold as the quotient space
O=T%P=0C3S, (2.14)

i.e. points of C? are identified in O if they differ by the action of some element of the space
group: z ~ gz with g € S [12,13].

In order to identify a fundamental domain of the orbifold!, it is convenient to start from a
fundamental domain of the torus 7% and identify points that are mapped to each other under
the action of P. For a two-dimensional example see figure (2.3).

Fixed Points

In the definition of the orbifold O, the space group S does not act freely on C2. This means
that there are so-called fized points z; € C3, i.e. points that are invariant under the action
of a nontrivial element g = (¥, nqeq) € S

gzf =2f <z is afixed point of g, (2.15)

see figure (2.4) for an example.

If the rotation ¢ = diag(eQWiUl,e%i”Q, BQWiUS) acts trivially in one of three complex direc-
tions, equation (2.15) will be solved by a whole set of fixed points, denoted as fized torus. For
example, if g = (9,0) with o' =0 and v?,v% # 0, equation (2.15) is solved by z; = (z}, 0,0),
where z} € C arbitrary, yielding a fixed torus located at the origin of the second and third
complex planes.

€2
.g
3
(a) . (b)
g2
a1 el el

Figure 2.4: (a) Two-dimensional Zg orbifold with three fixed points associated to the space
group elements g; = (,0), g2 = (#,e1) and g3 = (6, e1 + e3), where = ¢>™/3. (b) The action
of go on the corresponding fixed point is illustrated in detail.

!Note that the fundamental domain can be represented in various ways and is therefore not unique.
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Figure 2.5: Zs orbifold in 2d. The vector (1) is parallel transported to (2) using the flat
connection of the torus. Note that due to the orbifold this path gives a closed loop around
the fixed point at the origin. Furthermore, the Zs action identifies vector (2) and (3). Thus,
vector (1) is rotated by 120° to vector (3), illustrating the non-trivial Z3 holonomy group at
the origin.

In general, given a nontrivial element g € S, it is easy to find the associated fixed point
(or torus) from equation (2.15) as

zp = (1 —9) " ngeq - (2.16)

Therefore, we will also denote the fixed point as g, i.e. by its associated space group element.
Fixed points are curvature singularities. This can be seen from the local holonomy groups
at the various points of an orbifold. In general, the holonomy group is trivial everywhere
indicating flat space (i.e. no curvature). However, at the fixed points we find a non-trivial
holonomy group: Zy or a subgroup thereof. For a two-dimensional example with Z3 holonomy
see figure (2.5). Since a non-trivial holonomy group is related to a non-vanishing curvature
(cf. page 344ff of [51]), there are curvature singularities at the fixed points of the orbifold. In
chapter 5 it is shown how these singularities can be resolved in the context of Z3 orbifolds.

Inequivalent Fixed Points

We say that two fixed points (space group elements) g; and g are equivalent if they are
related by conjugation, i.e.

g1~¢gs < g1 =hgh ! forsomeheS. (2.17)

In the case of h being a pure translation h = (1, mqe, ), this can easily be interpreted as two
fixed points g1 and g = (¥, nqe,) that are identified on the torus. We show this in detail:

g1 = hgoh ™ = (1, mpeq) (9,n060) (1, =mgeq) = (9, (1 — 9)myeq + naca) (2.18)

and therefore the coordinates zy, and 2y, of the fixed points go and g; read
2y, = (1—=9) "ngeq (2.19)
zp = (1-— ) (L — 9)maea + naeal = Zfy + Maea (2.20)

respectively. Since zy, = zy, +maeq and mgue, is clearly from the torus lattice I', these fixed
points are identified on the torus zf ~ zs,. In the case of a general element h = (¢, mqeq)
this result generalizes to

Zf) = Pzf, + Maeq = hzy, . (2.21)
This leads us to the conclusion that equivalent fixed points are identified on the orbifold ©
and the inequivalent fixed points are given by the conjugacy classes [g] of S. See figure (2.6)
for a two-dimensional Zg example.
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€9

Figure 2.6: Zg orbifold in 2d. The lattice T’ = Gy admits a Zg point group with 6 = €27/6.
The fundamental domain of the torus (grey region) is reduced on the orbifold to one sixth
(light grey region). Four fixed points, corresponding to the space group elements go = (92, O),
g1 = (92,61), g = (92,62 — 61) and go = (92,261) are depicted. Note that the fixed points
g1 and ¢} differ by a rotation with 6. Furthermore, ¢} and g2 differ by the lattice vector e;.
Consequently, there are only two inequivalent fixed points (e.g. go and g;) with a 62 point
group element.

The Untwisted Sector and Twisted Sectors

We group all inequivalent space group elements (and hence the associated fixed points if they
exist) according to their point group elements into either the untwisted sector or the twisted
sectors. For example, in the case of a Zx x Zjs orbifold with generators # and w, some
element g = (lew’”,naea) €S with 0 <k <N and 0 < ky < M is said to belong to

e the untwisted sector U if k1 = k9 = 0. Elements of the untwisted sector are neither
associated to fixed points nor to fixed tori.

e the twisted sector T(y, r,) if k1 # 0 or kg # 0. In the case of twisted sectors, an element
g corresponds to a fixed point or fixed torus.

The untwisted sector U and the twisted sectors T(y) are analogously defined in the case of a
Z n orbifold.

Continuous Lattice Deformations

For the definition of the orbifold, eqn. (2.14), it was crucial that the underlying torus lattice
I" obeys the symmetry of the point group P. This condition strongly constrains the choice of
allowed lattices. However, a given lattice I' always allows for some continuous deformations
while keeping its point group symmetry: at least the overall size is a free parameter of the
lattice which does not affect the action of the point group.

In order to see this in more detail we consider a specific example first. In the case of a
two-dimensional Zs orbifold, the basis vectors e; and ey of the (deformed) lattice I' = SU(2)?
can be parameterized by three (real) variables Ri, Ry and a2 as

e =R, and ey = RgoelM? | (2.22)

see figure (2.7). For Ry # 0, Ry # 0 and ay2 # nm, n € Z, the vectors e; and ey are linear
independent and allow for the Z, point group generated by § = e™. Note that for special
values the two-dimensional Z, orbifold has an enhanced symmetry [52,53], e.g. for Ry = Ro
and a9 = %’T the orbifold can be visualized as a tetrahedron with its four fixed points being
located at the four corners and consequently the symmetry of the orbifold is Sy.
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€9

*79

€1
Figure 2.7: Zs orbifold in 2d. For any (non-degenerate) value of |e1], |e2| and a2 = Z(e1,e2)
the lattice admits a Zy point group with @ = ¢™. The fundamental domain of the torus (grey
region) is reduced on the orbifold to one half (light grey region). Furthermore, there are four
inequivalent fixed points.

In the general case, some torus lattice I' allows for continuous deformations as long as its
torus metric g is invariant under the action of the point group P. Let us discuss this in detail.
We start with some general torus lattice I'(«r) spanned by six (real) basis vectors e;(«), where
« indicates some coordinates that describe all deformations of the lattice. These coordinates
can for example be associated to some radii or angles. We assume that for a = 0 the lattice
I'(0) is the root lattice of some semisimple Lie algebra which is suitable for the point group
P. Obviously, the torus metric depends on the «o’s

gij(a) = ei(@) - ej(a) , (2.23)

and coincides with the Cartan matrix for @« = 0. Under the action of the point group generator
6 the vectors e;(a) transform as e;(a) — fe;(a) = 0j;(a)e;(a). Furthermore, it is easy to see
(using 79 = 1) that the torus metric is invariant under the action of the twist

g(@) % 0" (@)g(@)f(a) = g(a) . (2.24)
Now, we can distinguish two cases. First of all, if éﬂ(a) ¢ 7, the point group is not a
symmetry of the lattice. Secondly, if éji(oz) € Z is constant, then it is clearly independent
of the continuous parameter «. This means that the twist # maps the lattice to itself for
any value of a. In this case § can be identified as the so-called Cozeter element [54] of the
undeformed lattice T'(0).2
Consequently, starting with a torus lattice I'(0) and a (constant) Coxeter element 0, we
can determine the allowed lattice deformations, corresponding to some coordinates a’, out of
all possible deformations « by demanding invariance of the torus metric

07g(a)0 = g(o) . (2.25)

As an example, we will discuss the deformations of the Z3 orbifold later in section 2.5.1.

Factorizable and Non-Factorizable Lattices

In the context of the last section, we say that an orbifold has a factorizable lattice if it
can be deformed continuously to a factorized form while keeping its point group symmetry.
Otherwise, the lattice is called non-factorizable®.

2The Coxeter element is an inner automorphism of the Lie lattice T'(0) and can be expressed by a se-
ries of Weyl reflections. It can be extended to the so-called generalized Coxeter element by including outer
automorphisms (automorphisms of the Dynkin diagram). More details can be found in e.g. [55] and [56].
3Note that using this nomenclature a non-factorized lattice can be factorizable.
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world sheet target space Mg
T XH(1,0)
o €[0,7] LX
N X1

Figure 2.8: The functions X* can be visualized as mappings from the 2d world sheet spanned
by 7 and ¢ to the 10d target space Myg. Here, the world sheet has the topology of a cylinder.

2.2 The Heterotic String

To set the notation, we start with a brief review of the heterotic string theory [10,11]. It is
a theory of closed strings propagating in ten-dimensional space-time. The string is described
by maps X*(7,0) that embed the two-dimensional world sheet, equipped with coordinates
(1,0), into the 10d target space Mig. Closed strings are subject to boundary conditions, i.e.

XH(ryo+m) =X*(1,0) p=0,...,9 (2.26)

for the bosonic degrees of freedom X*, see figure (2.8). Since the heterotic string is oriented,
left-movers (7 + o) and right-movers (7 — o) can be treated separately, e.g.

XH(r,0) =X+ 0)+ Xi(T—0). (2.27)

The Bosonic Construction

In the so-called bosonic construction of the heterotic string theory, the theory is described
by two parts. On the one hand, the right-movers consist of the 10 dimensional superstring
with bosonic and fermionic degrees of freedom X§ (7 — o) and Wi (7 — o), respectively. In the
context of two-dimensional conformal field theory (CFT) on the world sheet, these degrees of
freedom are related by N' =1 (local) supersymmetry. On the other hand, the left-movers are
described by the 26 dimensional bosonic string coordinates X{'(7 + o) and X{ (7 + o), where
p=0,....,9and I =1,...,16. All bosonic and fermionic degrees of freedom are subject to
boundary conditions analog to equation (2.26), where for the fermionic degrees \Ilﬁ they can
be either periodic (Ramond - R) and or antiperiodic (Neveu-Schwarz - NS).

In order to match the number of dimensions of left- and right-movers to 10 dimensions,
16 bosonic left-moving degrees of freedom X{ are compactified on a 16-torus

Xt~ X{ 470 with AeA, (2.28)

where A is a 16-dimensional torus lattice. By modular invariance of the partition function,
this 16-torus is required to be defined by an even and self-dual lattice A. In 16 dimensions
there are only two choices*: the weight lattices of

Eg x Eg or Spin(32)/Z; . (2.29)

4Cf. for example page 193ff of [57] or page 286ff of [58]
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Some details about these lattices can be found in appendix C.1. As a consequence of this
toroidal compactification, the 16 dimensional (internal) momentum p is quantized: p € A.
Since the momenta p are elements of the weight lattice A of Eg x Eg or Spin(32)/Z,, they
have an additional interpretation as weights. In other words, strings with non-trivial internal
momenta p will transform non-trivially under gauge transformations - they form representa-
tions corresponding to their weights p. Thus, the 16 bosonic coordinates X I{ give rise to a
gauge theory and are therefore called the gauge degrees of freedom.

Quantization in the Light-Cone Gauge

It is convenient to choose light-cone coordinates for the remaining ten dimensions. For the
bosonic degrees of freedom X* they read

1
V2
together with X for i = 1,...,8 being the transversal coordinates. Then we can fix the gauge

such that only the X* are physical. In this gauge only a transversal SO(8) rotational group
of the ten-dimensional Lorentz group SO(9, 1) is manifest.

XF=—(Xx"£X?), (2.30)

The general solutions to the equations of motion for the string are given in terms of mode
expansions for Xﬁ/R’ XI{ and \IJiR as functions of (7, 0), being periodic in 0. The coefficients in
these mode expansions are named oscillators®. After quantization, they become creation and
annihilation operators depending on their frequencies being negative or positive, respectively.
For example, oscillators of the bosonic coordinates X i /R Are denoted by &¢, and of, with n
being the frequency.

After quantization the heterotic string in the light-cone gauge one obtains mass equations
for right- and left-movers

Mg _ ¢ 1 ME P

?—E—FN—g and ?_E+N_1’ (2.31)
respectively. The constants —% and —1 in these mass equations are called zero-point energies
(or normal-ordering constants, as they arise from the normal-ordering of the oscillators).
Furthermore, oscillator excitations originating from the right-moving fermionic degrees of
freedom U} were encoded in an SO(8) weight vector g. This vector is also named the right-
moving momentum (for details on this procedure, called “bosonization”, see for example
chapters 13,14 of [57]). The GSO projection [59] restricts ¢ to lie either in the vector weight
lattice (for U4 from the NS sector) or spinor weight lattice (for U4 from the R sector) of the
transversal SO(8). Moreover, the oscillator number N of the left-mover is defined as

N=Y a_, a,, (2.32)

where the scalar product sums over the transverse modes &!, and over &%. The right-moving
oscillator number N is defined analogously as N =3 07, a_p, - aup,.

Using the commutators [a! & ] = [ad, oz%] = md" §myn,0 and the property of the ground

state o |0)g = @&, |0), = O for m > 0, one sees that the oscillator numbers N and N

5The name “oscillators” for the coefficients in the mode expansion shall remind us of the harmonic oscillator,
since they also fulfill the algebra of creation and annihilation operators after quantization.
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essentially count the number of oscillators &_,, and a_,, (weighted with their frequency n)
acting on the ground state, e.g. the eigenvalue of N for a' 110y, is 1.

Furthermore, in order to ensure that no point in the o direction of a string is preferred,
we have to impose the so-called level-matching condition

M2 = M;? , (2.33)

which removes the tachyons (i.e. states with negative M?2) from the spectrum.
Finally, since left- and right-movers are independent, a physical state can be written as a
tensor product of a left-moving and a right-moving state

l9)r ® [P)L (2.34)

subject to possible oscillator excitations, for example with &_; for the left-mover.

Representations of the Little Group

In general, in D-dimensional space-time with Lorentz symmetry SO(D —1, 1) states transform
on-shell in representations of the so-called little group. For massive states this is SO(D — 1),
whereas for massless ones it is SO(D — 2).

Therefore, in our case with D = 10, we can identify in the massless case the transversal
SO(8) with the little group SO(8). On the other hand, in the massive case representations
of the transversal group SO(8) have to combine to representations of the little group SO(9).
From here we see that everything which is related to the eight-dimensional transversal coor-
dinates may contribute to the transformation property of a string under Lorentz transforma-
tions, i.e. the right-moving momenta ¢ and the transversal oscillators &‘, define the string’s
representation of the little group SO(8) (or SO(9)).

The Massless Spectrum

The solutions to the equation for massless right-movers (2.31a) are characterized by ¢? =
1 (note that N has integral eigenvalues, thus N > 0 yields massive states). Since ¢ is
restricted to lie either in the vector or in the spinor weight lattice of the transversal SO(8),
the right-movers’ momenta ¢ are given by the weight vectors of either the vector or the spinor
representation:

e The vector representation 8, of SO(8) is given by ¢ = (£1,0,0,0) and the corresponding
state describes a vector boson in 10 dimensional space-time.

e The spinor representation 8, of SO(8) is given by ¢ = (£3,£3,£3, £1) (with an even
number of plus signs) and the corresponding state describes a fermion in 10 dimensional
space-time®.

On the other hand, the solutions to the equation for massless left-movers (2.31b) are
given by either p> =2 and N = 0 or p? = 0 and N = 1. In the first case of p? = 2, the 16
dimensional internal momenta p are the roots of Eg x Eg or SO(32), see appendix C.1. In the
second case, the N = 1 oscillator states 5/_(1]0>L, where K =i, I, are found to be massless.

5For more details, see appendix C.2.
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Building the tensor product of massless right- and left-movers yields the massless spectrum
of the heterotic string:

lg)r ® [p)r, 480 generators of Eg x Eg or SO(32) (2.35)
lg)r @ &L ,]0)y, 16 Cartan generators (I =1,...,16) (2.36)
lg)r ® @' 4]0), N =1 SUGRA multiplet (i = 1,...,8) (2.37)

First, we discuss the gauge quantum numbers of these states. The 480 + 16 = 496 states in
eqns. (2.35) and (2.36) transform in the adjoint representation 248 + 248 of Eg x Eg or 496
of SO(32). The states of eqn. (2.37) are gauge singlets.

Secondly, we discuss the transformation properties under Lorentz transformation. Note
that the oscillators &', with I = 1,...,16 transform trivially under SO(8). However, the
oscillators &' ; with i = 1,...,8 transform in the 8, representation of SO(8). Thus, we have
to decompose the SO(8) tensor products in eqn. (2.37) of weights ¢ and oscillators &_; into
irreducible representations.

We begin with the first case of ¢ being bosonic

8, x 8, =1+ 28+ 35, (2.38)

giving rise to 64 bosons: the dilaton ® (1), the antisymmetric two-form B;; (28) and the
graviton g;; (35,). Secondly, in the case of ¢ being fermionic, we find

8, x 8, = 8, + 56, (2.39)

corresponding to the dilatino (8.) and the gravitino (56.), in total 64 fermions.

This shows that for the massless level we have the same amount of bosonic and fermionic
degrees of freedom for both, the vector multiplet of Eg x Eg or SO(32) given in eqns. (2.35)
and (2.36) and the supergravity multiplet of eqn. (2.37), reflecting N’ = 1 supersymmetry in
10 dimensions.

10d Anomaly Cancelation

The ten-dimensional heterotic string theories for both Eg x Eg and SO(32) yield anomaly
free field theories. Anomalies in 10d can be understood in terms of hexagon diagrams, i.e.
one—loop diagrams involving six external legs which can be gravitons and gauge bosons. The
purely gravitational anomaly gravity® (i.e. with 6 external gravitons) vanishes because the
contribution from the dilatino (8.) and the gravitino (56.) are exactly compensated by the
496 gauginos of Eg x Eg or SO(32). The mixed gauge — gauge — gravity* anomaly is more
involved. It can be expressed by the 10d anomaly polynomial 15, which does not seem
to vanish at first sight. However, it factorizes for Eg x Eg and SO(32) as I1o ~ X, - X,
where [24,60]"

Xy = R — 02(i§)? (2.40)
Xy o L [DE®)! (T(8)7)?  T(§)P0R | aR (@R)7) (2.41)
96 | 24 7200 240 8 32

This anomaly is canceled by the counterterm [ B A Xg and an anomalous variation of the
antisymmetric two-form B under gauge transformations.

"R denotes the 10d curvature and § the 10d field strength. The trace tr is defined in the “fundamental”
representation. In the case of Eg x Eg it is formally defined via tr = 3—10T1"7 Tr being the standard trace in the
adjoint representation.
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2.3 Compactification

In order to make contact with the Standard Model of particle physics or with its minimal
supersymmetric extension (the MSSM), we have to hide six spatial dimensions. In the context
of the heterotic string, this is done by a compactification on a six-dimensional internal space,
i.e. we choose the ten-dimensional target space Mg as

M10 = Mg’l X M(; . (242)

Shrinking the compact dimensions of Mg to unobservably small sizes leaves us with an effective
theory in four-dimensional Minkowski space-time M3 1. Important properties of the effective
theory (including the amount of supersymmetry, the gauge group and the massless matter
spectrum) are directly related to the geometry and topology of the internal space. The
question of low energy N’ = 1 supersymmetry in 4d severely restricts possible choices for the
internal space. Therefore, we will start our discussion with this topic. It will be explained why
important examples for these special types of compact spaces are the Calabi-Yau manifold
and the orbifold (with an additional condition on the point group).

6d Compact Spaces with N =1

By compactifying on a six-dimensional space Mg we clearly distinguish between our 4d
Minkowski space-time and the six internal coordinates. Consequently, the transversal SO(8)
of the ten-dimensional Lorentz group will break. The specific form of this breaking depends
on the geometry of the internal space and is, as we will see, directly related to the amount of
supersymmetry in 4d. Generically, the breaking is of the form

SO(8) — SO(2) x SO(6) (2.43)

which is isomorphic to

U(1) x SU(4) . (2.44)

The U(1) is associated to the uncompactified directions of the 4d Minkowski space-time and
can therefore be interpreted as the four-dimensional helicity. Furthermore, from the 4d low
energy point-of-view, the SU(4) is rather an internal symmetry than a symmetry of space-
time. As we will see in the following, 4d bosons and fermions transform differently with
respect to this SU(4). Hence, we identify it as an R-symmetry (i.e. a symmetry that does
not commute with supersymmetry).

Hence, we analyze the decomposition of the two eight-dimensional representations of SO(8)
that describe ten-dimensional bosons and fermions into representations of SU(4). For details
see appendix C.2. The decomposition reads

8 — 60+1;1+1_4 (245)
8 — 4yp+4 i, (2.46)

where the subscripts state the U(1) charges, i.e. the helicities. The remnants of the bosonic
8, describe six real scalars (69 with spin 0 in 4d) and one vector field (of both helicities
1; +1_1, where the state 1_; is the CPT-conjugate of 1; with opposite helicity and thus not
independent). In the case of the fermionic 8 the two four-plets 4, /5 + 4_, /2 are identified as
four fermions of spin 1/2 in 4d.
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Using these decompositions for the 10d vector multiplet of Eg x Eg or SO(32) in eqn. (2.35)
and (2.36), we can interpret these fields as the particle content of one N' = 4 vector multiplet
in 4d space-time®. However, in order to verify N/ = 4 we have to count the number of 4d
gravitinos. Therefore, we decompose the 10d gravitino eqn. (2.39) into representations of
SU(4)

56, — 43/2 + 11/2 + 4,1/2 + 173/2 + %1/2 + 20,1/2 . (2.47)

The two representations 43/, + 4_4 /2 correspond to the two helicity states of four spin 3 /2
fermions, the 4d gravitinos. They transform under the internal SU(4) R-symmetry in a
four-dimensional representation. Thus, from the 4d perspective we have four gravitini and
consequently N = 4 supersymmetry. Since in the case of NV = 4 all fields transform in the
adjoint representation, this theory is non-chiral and therefore cannot incorporate the chiral
particle spectrum of the Standard Model.

Taking a different perspective will help us to find compact spaces allowing for N' = 1
supersymmetry in four dimensions. The internal SO(6) symmetry assumed at the beginning
of this section is the symmetry of a flat space Mg, in other words a symmetry of a space with
trivial holonomy. We denote the parameter (field) of (local) SUSY transformations by e, being
a spinor in 10d. Due to the compactification it decomposes into spinorial representations of
the internal SO(6), being the 4 and 4. The 4-plet is the complex conjugate of the 4-plet
with opposite chirality and therefore does not describe independent fields. We denote the
field associated to the 4-plet by n; with ¢ = 1,...,4. Since the (flat) internal space has trivial
holonomy, these four fields transform as singlets of the trivial holonomy group

4—-1+1+1+1. (2.48)

In other words, all four spinors n; are covariantly constant (i.e. V,,7; = 0). The number of
covariantly constant spinors on the internal space gives the number of unbroken supersym-
metry charges (0;. Thus, we find four unbroken supersymmetry charges Q;, ¢ = 1...,4, of
N = 4 supersymmetry in four dimensions®.

Finally, one unbroken supersymmetry ()1 needs exactly one covariantly constant spinor
71. The other three spinors 12, 73 and 714 of the 4-plet should transform non-trivially. Then,
the three associated supersymmetries are broken.

This is achieved for example by compact spaces Mg with SU(3) holonomy [61], in which

case the 4-plet decomposes in the desired way
4—-3+1, (2.49)

and we have a compact space that admits one covariantly constant spinor. These spaces are
called Calabi- Yau manifolds.

Another possibility to admit only one covariantly constant spinor is generic to orbifold
compactifications. The generator 6 of the (Abelian) point group P is represented by the twist
vector v (see eqn. (2.6)). Its action on a spinor with weight ¢ yields in general a phase

0 : |q) — exp(—2miq - v)|q) (2.50)

8The N = 4 vector multiplet in 4d contains six real scalars, one vector field and four spin 1/2 fermions.
9Beside covariantly constant spinors, this additionally requires vanishing H-flux, a constant dilaton and a
vanishing variation of the gauginos, as we will assume.
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as will be discussed later in equation (2.61). We demand exactly one invariant spinor (of
both helicities) as the parameter 77 of N = 1 supersymmetry. We choose the corresponding

weights to be
1111
=(*=,=,=, =] . 2.51
1 ( 2’2’2’2> (251)

Note that if ¢ is invariant, the weight —g corresponding to the CPT-conjugate of 11 will be
invariant, too. By fixing our choice for ¢ we have to impose the following condition on the
twist vector

v+ v +v3=0, (252)

such that the transformation in eqn. (2.50) is trivial for eqn. (2.51), but non-trivial for the
other spinor components. Since additionally v0 = 0 we see that the point group P is a
subgroup of SU(3) C SU(4).

Remark: Right-Moving Momenta in Index Notation

Sometimes, it is convenient to use an index notation for the right-moving momenta g. This
notation is also used in the literature quite frequently (e.g. [58,62]). Thus, we will review it
briefly, but specialize to the cases we will need later. Consider the bosonic states |¢)r with
weights ¢ = (0,%1,0,0), corresponding to the six compactified dimensions of Mg. To each ¢
we can associate either a holomorphic index i or an anti-holomorphic index 4. In detail, this
reads

]q(i)>R & |i)g  and ’q(g)>R & ‘E>R (2.53)
with 4 =1,2,3 and i = 1,2,3, and

g = (0,-1,0,0), gy = (0,1,0,0),
4(2) = (O’O’ _]‘70) v 4@) = (0707 1a0) ’ (254)
q3) = (0,0,0,-1) , ¢ =(0,0,0,1) .

Thus, an anti-holomorphic index 7 transforms in the complex conjugate representation of the
holomorphic index i, compare to eqn. (2.50).

2.4 Strings on Orbifolds

Now we are prepared to compactify heterotic strings on orbifolds [12,13]. In other words, we
choose the internal part of the ten-dimensional target space Mg as the quotient space of an
orbifold

Mg =C3/S . (2.55)

We restrict ourselves to toroidal, Abelian and symmetric orbifolds. Examples for asymmetric
orbifolds, where right- and left-moving degrees of freedom are compactified on different six-
dimensional spaces, are considered in [16,63]. Furthermore, examples of non-Abelian orbifolds
having non-Abelian point groups like A4 can be found in e.g. [64]. We start our discussion
with the investigation of boundary conditions for closed strings on orbifolds. In this section,
the main equations which are relevant for the computation of the massless spectrum are
highlighted by boxes.
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Figure 2.9: Two-dimensional Z3 orbifold with point group generator 8 = e2™/3. A twisted
string with constructing element g; = (6,0) localized at the origin is depicted.

Boundary Conditions

On the orbifold there are more boundary conditions that lead to closed strings than on flat
ten-dimensional Minkowski space, i.e. there are new closed strings that are closed only up to
the action of some space group element. These new boundary conditions read in the case of
the bosonic degrees of freedom X'(7,0 + 7) = (9X)*(,0) with i = 1,...,6, or equivalently
in the complex basis

Zi(r,o+7m)=(9Z)(r,0) i=1,2,3. (2.56)

g € S is called the constructing element of the string. It is the element of the space group that
maps the one end of the string to the other one, yielding a closed string on the quotient space
of the orbifold, see figure (2.9). In the case of g = (1,0) the boundary condition eqn. (2.56)
reduces to the boundary condition of the uncompactified heterotic string eqn. (2.26). Accord-
ing to the grouping into untwisted and twisted sectors this string belongs to the untwisted
sector. On the other hand, strings with non-trivial constructing elements belong to some
twisted sectors and are thus called twisted strings.

Twisted Mode Expansion

Since the orbifold is a flat space, except for the singularities at the fixed points, we can write
down the general solutions to the equations of motion in terms of simple mode expansions,
like in the case of the uncompactified heterotic string, see e.g. [65,66].

First, we choose a constructing element g = (Hklw’”,naea) € 5. The corresponding
twisted string is subject to the so-called local twist vy = kiv1 + kovo 10 From the bosonic
mode expansion on can infer that the center of mass of a twisted string is attached to the fixed
point (or fixed torus) associated to g. The twisted string cannot move apart; it is localized at
the fixed point. This implies that the components of the internal momentum corresponding
to the directions of the fixed point vanish. In the case of a fixed torus only those components
of the internal momentum can be non-zero that point into the directions of the torus.

Furthermore, due to the non-trivial twist v,, the mode expansions of a twisted string
contain twisted oscillators, i.e. oscillators with fractional frequencies: for example & _y/3
for the bosonic coordinates on a Zj3 orbifold. As these oscillators originate from the mode
expansions of the bosonic coordinates Z% or their complex conjugates Z' = (Z)*, they are
equipped with holomorphic indices i = 1,2, 3 or antiholomorphic ones i = 1, 2, 3, respectively.
Figuratively speaking, an oscillator with index i or 7 acts in the i-th complex plane. In general,

1OAnaulog;ously in the case of Zn orbifolds: if g = (Qk, naea) € S then the local twist reads vy = kv.
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the twisted (bosonic) oscillators read &¢,_, or al where n € Z and

wj n+w;?’

w; = (vg); mod 1 suchthat 0<w;<1. (2.57)

Note that w; will appear quite frequently in the following. As usual, an oscillator with negative
frequency corresponds to a creation operator and an oscillator with positive frequency to an
annihilation operator. As the zero-point energies of the left- or right-moving sectors depend on
the respective oscillator contents, the presence of twisted oscillators modifies them. However,
it turns out that the shift dc in the zero-point energies is the same in both sectors and reads

3

de = Z wi(l —w;) . (2.58)

i=1

Furthermore, due to the presence of twisted oscillators in the mode expansion of the
fermionic degrees of freedom W%, the right-moving momenta g are shifted by the local twist
vg. Consequently, the equation for massless right-movers reads

(q+ Ug)2

1
S =5 Toe=0. (2.59)

As before, q is restricted to be from the vector or from the spinor weight lattice of SO(8).
Furthermore, we define the shifted right-moving momentum qg, = q + vg.

However, we cannot write down the mass equation for the left-movers now. The reason
being that the left-moving sector of the compactified heterotic string has to be changed more
than just by the six-dimensional orbifold in order to lead to a consistent theory in 4d. We will
discuss this in detail later, after we considered the transformation properties of right-movers
and twisted oscillators.

Transformation of Right-Movers and Oscillators under the Space Group

On the orbifold, right-moving states transform under the action of the space group. In order
to see this, we express a given state |gsn)r by its corresponding vertex operator (see e.g.
appendix C of [34])

e 2 H (2.60)

where H?, i = 1,...,4 are the four bosonized coordinates. Under the action of some space
group element h € S, they are shifted according to H — H + wvp. Consequently the right-
moving state |gsp)r acquires a phase

b oo
gsn)r P> e 2T VR g R (2.61)

Also the bosonic oscillators transform under the action of the space group. Since we will
need this only for the left-moving oscillators &;, . and a, ., we will restrict to this case in
the following. As a given oscillator carries either a holomorphic index i or an antiholomorphic

one i, it transforms according to the rotation fufl in the i-th complex plane, i.e.

~ h ) i
) +2miv )
Ay, € Gy, (2.62)
~T h _2 L ~T
7 TV 7
Ontw; — € b Qg

Now, we can turn back to the question of the orbifolded left-movers.
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Gauge Embedding

Modular invariance of the theory (see section 2.4.3) forbids the orbifold action to be restricted
only to the six-dimensional compact space Mg. It is necessary to extend the action of the
orbifold to the gauge degrees of freedom XI{ of the left-moving sector. Thus, the space group
S is not enough to define a consistent heterotic orbifold model. We need to define a group,
the so-called gauge twisting group denoted by G, that acts on the 16 gauge degrees of freedom

XI{, ie. Xt LA h X1, with h € G and points that are mapped to each other are identified
X1, ~ hX1,. Therefore, one can understand G as a group that defines a 16-dimensional orbifold
on the internal coordinates X{. In general, G corresponds to an automorphism of the Lie
algebra of Eg x Eg or Spin(32)/Zs. However, it is known that any (inner) automorphism can
be realized as a shift [13]

Xp s Xy 4wV, (2.63)

which acts freely. Consequently, the 16-dimensional orbifold in the gauge degrees of freedom
has neither fixed points nor fixed tori.

The space group S (defining the orbifold of the six-dimensional space) and the gauge
twisting group G (defining the one of the gauge degrees of freedom) are forced to act simul-
taneously due to modular invariance. In other words, G is an embedding of the space group
S acting in the gauge degrees of freedom

S—G. (2.64)
Explicitly, the simultaneous action of S and G on the 3 complex and 16 real coordinates reads
Z &% 07 and Xy L Xp4aV, (2.65)

for a transformation under the twist A = (0,0; V,0). Since the shift V' is the embedding of
the twist 6, it needs to be of the same order N: since 8 = 1 is the identity on Mg, NV
must also act trivially on the gauge degrees of freedom. We will discuss this in detail later.
We name the full, consistent group that acts on both, the three complex-dimensional space
Mpg and the gauge degrees of freedom X{, as the orbifold group O. An element of O, in the
case of a Zy X Zjyr point group, is of the form

h= (Htlth,maea; Vi + tQVQ,maAa) €0, (2.66)

and acts on the coordinates according to
Z D07 £ mgen (2.67)
Xi B Xy 1 (VA A+ taVa + mads) (2.68)

That is, a twist #"'w!? is accompanied by a shift ¢;V; + t2V5 and a torus lattice vector mqeq
by mqAq. In detail, whenever we go along a torus direction e, the gauge degrees of freedom
are shifted by A,. This induces a phase e2™P4« which depends on the momentum p, i.e.!!

27ip-Aa eQip~XL = ‘p>L e 627rip~Aa ’p)L ) (269)

Hence, the shifts A, are called Wilson lines [13,14].
Analogously to eqn. (2.69), we see that under the action of some general orbifold group
element h of eqn. (2.66) a left-mover with momentum p acquires a phase

e2ip- XL fo 2ip-(Xp+7Aa) _ o

p2mip- (1 Vi+t2VatmaAa) (2.70)

1A state |p)L with momentum p corresponds to a vertex operator e?? ¥t see e.g. appendix C of [34].
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Twisted Mode Expansion II

Now, we have defined two equivalence relations on the gauge degrees of freedom. First of all,
the coordinates Xi, are compactified on the 16-torus A: X1, ~ Xy, + wp for p € A. Secondly,
the gauge twisting group G defines an orbifold of the 16 gauge degrees of freedom, namely

X, ~ X, +7m (k:1V1 + koVo + naAa) . (2.71)

The combination of both yields new boundary conditions for strings being closed in the gauge
degrees of freedom

Xp(t+o+7m) = gXu(t+o0)+7p (2.72)
= Xp(r+0)+7(@+kVi+kVa+nada) (2.73)

i.e. they are only closed up to the action of the element g = (k1V} + k2Va,nqAs) € G and a
lattice shift with p € A. We define

Vo =kiVi + kaVa+no Ay and pg, =p+V, (2.74)

as the local shift V associated to g and the shifted momentum pgy, respectively. The mode
expansion for a twisted string, X1,(7+0) = x+pgn(7+0)+oscillators, gives the general solution
of the equation of motion, which is compatible with the boundary condition eqn. (2.72).
There, we see that pg, defines the internal momentum of this twisted state. Being from the
gauge degrees of freedom, pg, has the additional interpretation as the weight defining the
representation under gauge transformations.

Having defined a twisted state |pgn)1r, using the boundary conditions g = (k1V; + koVa,
naAq) € G, we can transform it along the direction h = (t1V} + taVa, maAy) € G. From the
vertex operator e2Psh' XL we see that it acquires a phase

h 1Dat -
pan)L = €TV pg )y (2.75)

Furthermore, the equation for massless left-movers from a twisted sector with constructing
element g reads

(p+Vy)?
2

where V is the local shift and dc as defined in eqn. (2.58). Note that the oscillator number
N now sums over the six twisted oscillators of the six compactified dimensions. Therefore, it
can have fractional eigenvalues, e.g. the eigenvalue of N for 072;1 /3 is 1/3.

For computational reasons, we want to know which frequencies n — w; or —n + w; with
n € N of twisted oscillators can in principle appear in the massless spectrum. Since N > (
and dc > 0 for some non-trivial constructing element g € S, we know that the solutions to
eqn. (2.76) are constrained by

+N—-14+6c=0, (2.76)

(p+Vy)?<2 and N <1-dc. (2.77)

Consequently, only combinations of the twisted oscillators (having negative frequencies)

at, and @', (2.78)

—w;

for i = 1,2,3 and i = 1,2, 3 can potentially yield massless excited left-movers.
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Transformation Phase

From the previous discussions we know the transformation properties of each part of a twisted
state under the action of the Orbifold group. Here, we want to summarize these results and
complete them by introducing the so-called vacuum phase.

We start with a state |gsh)r ® &|psh)1. that describes a closed string with constructing
element g € S and is possibly excited by some oscillators &. Under the action of some
element h € S, the state transforms with a phase

3 h 3
|gsh)R ® @|psh)r. — Plgsn)R @ A[psh)1, - (2.79)

The transformation phase ® reads in detail

@ = 627Ti [psh'vh_R"Uh} (b

vac - (2.80)

The last term of this equation, the vacuum phase ®,c, is given by'?

Do = 23 (Vo Va—vgon)] (2.81)

compare to appendix A.5 and appendix A of [44]. Furthermore, in order to summarize the
transformation properties of ¢, and of the oscillators we have introduced the so-called R-
charge. It is defined as

R = ¢4, — N+ N* . (2.82)

N and ]Sf * 4§ =0,...,3, are integer oscillator numbers, counting the number of oscillators
&' and &' acting on the ground state \p>1i, respectively. In detail, they are given by splitting
the eigenvalues of the number operator N according to

N = w;N* + &;N** | (2.83)

where w; = (vg); mod 1 and w; = —(vy); mod 1 such that 0 < w;,w; < 1.

2.4.1 Physical States

Since the massless string is completely specified by its constructing element g, its left- and
right—moving shifted momenta pg, and gs, and possible oscillator excitations &, we write down
a first ansatz for a physical state from the Hilbert space H, on an orbifold

|phys) ~ [gsn)R ® &|psh)r. @ |g) - (2.84)

Up to now it is not guaranteed that a physical state is actually compatible with the
orbifold. To ensure this compatibility, invariance of |phys) under the action of all elements of
the orbifold group O C S ® G must be imposed. To do so, the boundary condition for twisted
strings eqn. (2.56) is multiplied by an arbitrary element h € S:

hZ(r,oc+m) = hgZ(r,o) (2.85)
s hZ(r,o+7) = hgh 'hZ(r,0) (2.86)

For keeping the expressions simple, we choose shifts and Wilson lines such that the vacuum
phase ®,. = 1 vanishes. Now, we can distinguish two cases:

2More details about this extra phase can be found for example at the end of section 3 in reference [16] or
in section 5 of reference [67].
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Commuting Elements: [h,g] =0

First, let us consider the transformation property of |phys) with respect to a commuting
element h. Note that geometrically a commuting element can be interpreted either as being
associated to the same fixed point as g or as acting in directions orthogonal to the ones in
which g acts, see appendix A.4. In the case of commuting elements, the boundary condition
eqn. (2.86) reads

hZ(r,oc+m) = ghZ(r,0), (2.87)

i.e., the constructing element ¢ is invariant under the action of h,
h _
l9) = |hgh™") = lg). (2.88)

hZ closes under the same constructing element g as Z. Thus, both give rise to the same

Hilbert space H, LN Hpgn—1 = Hy. Furthermore, on the orbifold space C3/S the string
coordinates hZ and Z are identified. Thus, hZ and Z describe the same physical state.

In summary, provided a constructing element g, we have shown that for commuting ele-
ments h, h Z and Z give rise to the same physical states from the same Hilbert space. Since h
has to act as the identity on |phys), the following condition follows using eqns. (2.84), (2.80)
and (2.88):

P Vi—R-vy = 0 modl . (2.89)

Note that in the general case the contribution from the vacuum phase eqn. (2.81) has to be
included here. If the state |phys) does not fulfill the invariance condition eqn. (2.89) it is
not “compatible” with the orbifold space and hence needs to be removed from the spectrum:
non-invariant states are projected out.

In other words, the total vertex operator of the state with boundary condition g has to
be single-valued when transported along h if & is an allowed loop [h, g] = 0.

Non—-Commuting Elements: [h,g] # 0
Next, considering a non—commuting element h eqn. (2.86) yields
hZ(r,o+m) = (hgh™') hZ(r,0), (2.90)

i.e., the constructing element ¢ is not invariant under the action of h,

9) & [hgh™hy #1g) . (2.91)

In the upstairs picture, i.e. in the covering space €3 of the orbifold €3/S, one has differ-
ent Hilbert spaces for the states with boundary conditions g and hgh~'. In this picture,
eqn. (2.91) says that h maps states from a given Hilbert space H, onto a different Hilbert
space Hj, gp-1. Subsequent application of i then leads to the sequence 13

Hg L thhfl L Hh2gh—2 L Hh3gh*3 L e e (292)

The crucial point is now that on the orbifold h Z and Z are identified. This means that, on the
orbifold, the different Hilbert spaces Hjn 45— of the upstairs picture are to be combined into

13Note that in all Hpngp-n the left-moving momenta psn of equivalent states are identical. The same holds
for gsh and R.
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2.4. STRINGS ON ORBIFOLDS 35

a single orbifold Hilbert space H[y. Invariant states are then linear combinations of states
from all Hpn 4p-n. Such linear combinations do, in general, involve relative phase factors
(often called gamma—phase 7). So, the new ansatz for a physical state reads:

Iphys) ~ Y (e |gen)r © dlpsn)L © [ ghTT))

n

= [gsn)R @ &|pen)1. @ (Z e 2mny | pn gh_">> : (2.93)

n

where v = integer /N, N being the order of the orbifold. The geometrical part of the linear
combination transforms non—trivially under h

Zef2win'y ’hnghfn> £> 627ri’y Zef2winﬁ/ ’hnghfn> . (2_94)

Since h has to act as the identity on |phys), the following condition follows using eqns. (2.80),
(2.93) and (2.94) for non—commuting elements:

pen-Vha—R-vy+v = 0 modl, (2.95)

Notice that « depends on h. Thus, we can always choose y(h) such that this condition is
satisfied'*. In principle, these steps have to be repeated for all non-commuting elements in
order to ensure invariance of the physical state under the action of the whole orbifold group
O C S ® G. The result for |phys) reads

Iphys) = |gsh)r ® &|psn)L @ oo e M ngn | (2.96)
h=1 or [h,g]#0

where the summation over h is such that each term |h g h 1) appears only once. Note that the
summation over h can be understood as a summation over all representatives of the conjugacy
class of g.

Example

To illustrate the construction of physical states, let us consider an example in the twisted
sector of a two-dimensional Z3 orbifold. In the SU(3) lattice spanned by e; and eg, there are
three inequivalent fixed points associated to the constructing elements g1 = (6, 0), g2 = (0, e1)
and g3 = (0, e; + e2), or analogously g; = (0, a;e1 + b;ez) for i = 1,2,3 with a; = (0, 1, 1)
and b; = (0, 0, 1) (compare to figure (2.4)). Then, using h = (1,ne; + mez), the geometrical
part of a physical state can be written as

> e (0, (n + m o+ ag) er + (2m —n 4 bi)ea)) . (2.97)

Since the action of # has order 3, the only possible f—eigenvalues of eqn. (2.97) have v = 0, %
In the case of v = 0, eqn. (2.97) is invariant under all rotations and translations for all three

1411 this sense, building linear combinations and computing the ~ phase is not a projection condition. Note
that y(h) is well-defined: if highy! = haghs ' then vy(h1) = v(h2).
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€2
o3
hggh:l .
g2
g1 €1
[ )
h2g2h—2

Figure 2.10: Illustration of the y—factor. The fixed point associated with the space group
element go = (0, e1) is invariant under (6, e1), but transforms into equivalent fixed points
outside the fundamental domain under h = (6,0). To form an eigenstate of (,0), one needs
to build linear combinations of the equivalent fixed points. The corresponding eigenvalues
can be 1, e+27/3,

g;- However, if v = :I:%, the eigenvalue of eqn. (2.97) depends on g;: for the fixed point at
the origin associated to g1, eqn. (2.97) is invariant under 6, but has an eigenvalue e2miy (k+1)
under (1, ke + lez). Similarly, for the fixed points away from the origin, corresponding to g;
(1 # 1), eqn. (2.97) picks up a phase e 2m7 (aitbi) ypder 6 (see figure 2.10). It can be shown
that for physical states v # 0 is only possible in the presence of a Wilson line in the e; and
es directions.

In Practice only Commuting Elements: [h,g] = 0

As we have seen in the last sections, it is necessary to enforce invariance of physical states
under the action of the whole orbifold group O. For strings from the untwisted sector this
condition cannot be weakened: all elements h € S commute with the constructing element
(1,0) of the untwisted sector and hence we must project on the h-invariant subspace of the
untwisted sector.

However, in the case of twisted strings we can weaken this condition. The first step, to
project out states not invariant under commuting elements, remains unchanged. The second
step, to build linear combinations involving the gamma-phase v can be omitted. The gamma-
phases are not needed for the computation of the massless spectrum. It is always possible to
choose the gamma-phase y(h) for a given state such that this state remains invariant under
h. From this perspective, there is no projection involved in building linear combinations.
Furthermore, we will show later in section 2.7 that also for the computation of the allowed
Yukawa couplings the gamma-phases are redundant.

In summary, the procedure to compute the massless spectrum reads: for each inequivalent
constructing element g we first have to solve the equations for massless strings (eqns. (2.59)
and (2.76)). Next, we have to identify the commuting elements h (for example by the method
presented in appendix A.4) and finally project out the non-invariant states (according to
eqn. (2.89)).
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2.4.2 Conditions on the Gauge Embeddings

The following considerations will lead us to some consistency conditions on the gauge em-
beddings, i.e. the shift V' and the Wilson lines A,. We will derive them explicitly for the
case of Zy orbifolds, but just state the results for the Z X Zj; case, which can be derived
analogously.

The Order of the Shift

Consider a Zpy orbifold with 6 being the order N generator of the point group. Now, act
N times with an orbifold group element g = (0,0;V, 0) on the 3 complex + 16 real bosonic
coordinates Z and Xj,.

N
7z 1 Ng

N 072, (2.98)
X, & X, +7NV.

We know that 8V = 1 is the identity on the three orbifolded coordinates Z. We furthermore
see that 6V is embedded as NV into the gauge degrees of freedom Xi,. Consequently, we
have to demand that the identity operation 8V is embedded as a “trivial” element acting on
the X1,. Since, the gauge degrees of freedom are already compactified on the lattice A, see
eqn. (2.28), we find that this trivial element can be a lattice vector, that is

NV eA. (2.99)

In summary, the twist 6 of order IV is transmitted to a shift V' of the same order. In the case
of a Zyn x Zyps point group, the shifts V3 and V5 have to be of order N and M, respectively.

The Order of the Wilson Line

This time we act with g = (0,es; V, Ay) on the 3+16 bosonic degrees of freedom Z and X,.
However, in general we do not do this NV times, but only N, times, where N, is determined
by the equation

ONe=le, + 0N 2e, + ... +eu =0, (2.100)

TV
No terms

and NN is a multiple of N,. Knowing the value of N, we can transform the bosonic coordinates
with g™V as follows

No
7z 9N0Z+¢9N“716a—|— ... teq
=0 from eqn. (2.100) (2101)
No
X, b Xp4+ 7NV + 7N A, .

We denote the space group part of g as gs = (0,e,). From eqn. (2.101) we see that
gNe = (HNO‘,O) does not contain any lattice vector e, of the torus. Therefore, gV should
be embedded into the gauge degrees of freedom as a pure shift without Wilson lines, i.e. as
N,V. This is achieved by demanding that the Wilson line A, is of order N,, i.e.

NyA, € A (2.102)
no summation over the index «. Hence, the name discrete Wilson line.
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In general, the Wilson lines A, are not independent on the orbifold. In detail, a Wilson
line A, is associated to a torus lattice vector e,. On the orbifold however, some torus vectors
are no longer inequivalent, i.e. they are identified. Thus, the associated Wilson lines of
equivalent torus vectors have to be identified, too. This leads us to the condition

feq =ngea = Aq=ngAa+ X\, (2.103)

where A € A and the sum runs over « = 1,...,6, such that the Wilson lines associated to
eq and fe, are the same. We can derive this condition more explicitly by transforming the
bosonic coordinates with g = (6, eq; V, Ay) twice

M

g 2
Z r—2> 0°Z 4 Oey + €4 (2.104)
g

Xi, ~ Xp+m2V +724, .

From this, we get the same conclusion: the Wilson lines associated to the torus lattice vectors
eq and fe, must be the same.

We give two short examples. First, consider the case of a two-dimensional Z3 orbifold
on an SU(3) lattice. In this case, following eqn. (2.103), the torus lattice vectors e; and e
are related by the twist and the associated Wilson lines A; and A, have to be equal [14], i.e.

661 = €9 = A1 = A2 s (2.105)

up to a lattice vector which conventionally is set to zero. Furthermore, from 0%2e;+60ei+e; =0
we find that the Wilson line must be of order 3

341 =345 € A s (2.106)

as explained in eqns. (2.100) and (2.101).

The second example concerns the six-dimensional Zg-II orbifold on an SU(6) x SU(2)
lattice. In reference [68] it is shown that this lattice allows for two independent Wilson lines:
one of order 6 and one of order 2.

Ay =Ay=A3=A,=A; with 64; € A and (2107)
Ag with 246 € A. (2.108)

The conditions on the shift and Wilson lines derived here together with further conditions
arising from modular invariance will be summarized later in section 2.4.3, for both types of
orbifolds Z and Zn X Zyy.

Remark: Rotation Embedding and Continuous Wilson Lines

As a remark, we briefly discuss the possibility to embed the twist 6 as a rotation © into the
gauge degrees of freedom X7, [27], i.e.

x5 exy . (2.109)

Following the steps of eqn. (2.98) in this case leads to the obvious requirement that also O is
of order N, that is
oV =1. (2.110)
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Furthermore, there are important consequences in the case of nontrivial Wilson lines. Thus,
we analyze the action of an orbifold group element containing a torus shift and its associated
Wilson line, for example take g = (6, e,; O, A,) and take the N'-th power of it, i.e. gV, As
we will see, it is important to distinguish between two cases for N':

1. In the first case, the Wilson line is invariant under O, i.e. ©A4, = A,. It will turn out
that setting N’ = N, using the definition of eqn. (2.100) is useful in this case.

2. In the second case, the Wilson line transforms non-trivially under ©, i.e. ©A, # A,
and it is convenient to set N’ = N.

Now, we transform the 3+16 bosonic degrees of freedom with ¢?¥'. Restricting to the gauge
degrees of freedom X7, this yields

N/ / ’ /
X, L oeNxp+eN A, +0N 24+ ... + A, . (2.111)
N’ ggrms

Again, we discuss the two cases separately:
1. Since ©A, = An, we see that @Ne—14, + ... + A, = N, A, and the Wilson line must
be of order N,. Compare to eqn. (2.101).

2. In this case ONV"14, + ©N"24, ... + A, = 0 vanishes automatically, since © is a
rotation of order N. Thus, there is no restriction on the length of the Wilson line.
Hence, the name continuous Wilson line.

Continuous Wilson lines are known to break the rank of the gauge group. This rank reduction
by continuous Wilson lines can be interpreted alternatively as a Higgs mechanism induced by
an untwisted field obtaining a vev [18,27,69-72].

2.4.3 Modular Invariance

Modular invariance of one-loop amplitudes imposes strong conditions on the shifts and Wilson
lines. In Zy orbifolds, the order N shift V' and the twist v must fulfill [13,73]:

N (V*=2*) =0 mod2. (2.112)

For Zy x Zjps orbifolds with Wilson lines, modular invariance, including some consistency
requirements as discussed in appendix A.7, yields the conditions [44]

N (Vf=v}) = 0 mod?2, (2.113a)

M (Vi-v3) = 0 mod2, (2.113b)

M (Vi-Va—vi-v2) = 0 mod?2, (2.113¢)
No ( Vi) = 0 mod2, (2.113d)

( ) = 0 mod2, (2.113e)

Qop (Aa-Ag) = 0 mod2 (a#p), (2.113f)

where N, is the order of A, and Q. = gcd (N4, Ng) denotes the greatest common divisor of
N, and Ng and, as before, N is a multiple of M.

5Tn the case of two different Z> Wilson lines we find that (2.113f) can be relaxed, i.e. gcd(Na, Ng) can be
replaced by No Ng = 4, provided there exists no g € P with the property geo # e« but geg = eg. Imposing
the weaker condition leads, as we find, to anomaly-free spectra.
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2.4.4 The Untwisted Sector

After the general discussion on strings on orbifolds, we can now turn to more explicit calcu-
lations. First, we will analyze the untwisted sector in this section. Strings in the untwisted
sector fulfill the trivial boundary conditions of eqn. (2.26), i.e. their constructing elements
are g = (1,0). Consequently, we know the solutions to the equations for massless untwisted
strings. They are given by the 10d spectrum of the heterotic string: the 10d SUGRA multi-
plet and the 10d vector multiplets corresponding to the 16+480 generators of the 10d gauge
group, as discussed in section 2.2. However, these states will in general not be invariant under
the action of the orbifold. As explained in section 2.4.1, we have to project out non-invariant
states in order to find the physical states of the orbifold model.

The SUGRA multiplet and Moduli

The 10d supergravity multiplet specified in eqn. (2.37) is a gauge singlet (with p = 0). Hence,
its compactification only depends on the twist, but is independent of the choices for shifts
and Wilson lines'S.

If the twist 6 (or # and w in the case of a Zy X Zj; point group) fulfills the N' = 1
condition, eqn. (2.9), it is easy to see that the following components of the 10d supergravity

multiplet, eqn. (2.37), are invariant
l)r ®@",|0), with p=0,1 and ¢=+(3,3,1,4) or ¢=(£1,0,0,0) . (2.114)

As usual, we can read off the transformation properties under 4d Lorentz transformation
from the right-mover. The combination of the fermionic right-moving momentum ¢ and the
oscillator @ ;| transforming as a 4d space-time vector boson gives rise to one spin 3/2 fermion
plus its CPT conjugate, the gravitino. On the other hand, combining the bosonic ¢ with this
oscillator yields a spin 2 boson plus its CPT conjugate, the graviton. Thus, in summary,
these states correspond to the 4d SUGRA multiplet for N' = 1.

Beside the 4d supergravity multiplet, there are further invariant components of its 10d
version. Here, we restrict to the bosonic states and use the index notation of section 2.2
for the right-moving momenta ¢. First, we have to discuss briefly how right-movers |i)g or
|i)r with holomorphic or anti-holomorphic indices transform under the action of the orbifold
group. From eqn. (2.54) we can see that an index 7, ¢ transforms with a phase

e—2miquy v _ p2miv' g and e~ 2miqG) v _ p2mivt g 7 , (2.115)
under the action of the twist 6, respectively. Now, we can summarize all “internal” compo-
nents of the 10d supergravity multiplet

sz = |Z>R &® d{1|0>L and Nij = |1>R X 64]71|0>L R (2.116)
with 4,5 = 1,2,3 and j = 1,2,3. The states N;; and N;; are the CPT partners of the above-
mentioned ones and are therefore not listed. Independently of the choice of the point group
P, we see from the transformation properties given in eqns. (2.62) and (2.115) that N7, Nos
and N33 are invariant under the action of P. Furthermore, a state N;; can only be invariant
if the twist 6 contains at least one rotation by 180° in one of the three complex dimensions,

5Note that in the untwisted sector the vacuum phase is trivial, as v, = 0 and V, = 0.
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ie v = % for some i. Depending on the specific choice of 6 further components of (2.116)
can be invariant for some combinations of 7,7 = 1,2,3 and j = 1,2, 3, see e.g. [74, 75].

These states are moduli and describe metric variations of the type dg;; and dg;;, respec-
tively. The states N;; are real (1,1) moduli describing variations of the Kéhler structure and
the N;; are complex (1,2) moduli corresponding to variations of the complex structure. It is
important to note that the number of untwisted moduli is a topological quantity and therefore
does not depend on the torus lattice I', but only on the point group P. On the other hand
the interpretation of a given modulus as some radius or angle depends on I'.17

The 16 Cartan Generators

The states of eqn. (2.36) correspond to the 16 Cartan generators. In detail, they read
lg)r ® &"1(0)y - (2.117)

Their left-moving momenta are trivial p = 0. However they are not gauge singlets, as they
are excited by oscillators &’ ; in the 16 gauge degrees of freedom. It is important to note that
these left-movers are unaffected by shifts in the gauge degrees of freedom, i.e. by shifts with
the shift vector V or with Wilson lines A,. Therefore, the left-movers are invariant under the

action of the orbifold group. On the other hand, the right-movers acquire phases such that

r@ali 5 T |gr @6l o) (2.118)

Thus, only those 10d states are invariant on the orbifold that have ¢ = (—1,0,0,0), ¢ =

(—%,—%,—%,—%) or the CPT conjugates thereof, i.e. —¢q. This yields 4d vector bosons

and 4d Weyl spinors and consequently vector multiplets in 4d. The other states have to be
projected out.

In summary, we find 16 4d vector multiplets associated to the 16 Cartan generators. The

rank of the 4d gauge group cannot be reduced by shift embeddings; it is always 16.

480 generators of Eg X Eg or SO(32)

The 480 states associated to the charged generators of Eg x Eg or SO(32) transform under a
general orbifold transformation h € O with a phase

[ @) — TPV gy @ [p)y, . (2.119)

The destiny of these states depend on their right-movers. For a given state the right-mover
can be either invariant under the action of the orbifold group, or not.

In the first case, ¢- v, = 0, the invariant right-mover carries a momentum ¢ = (—1,0,0,0),
q= (—%, —%, —%, —%) or a CPT conjugate thereof, as in the case of the Cartans. But what
does this imply for the left-mover? In order for the whole state to be invariant, the left-moving

momentum has to satisfy the condition
p-Vp=0 < p-V=0 and p-Ay,=0 fora=1,...,6. (2.120)

The set of invariant states in this category gives rise to the 4d gauge group. Their left-moving
momenta p are the roots of the corresponding adjoint representation.

"For a Z4 example consult reference [55] and compare eqn. (53) and (64) therein, where the deformation
degrees of freedom are listed for the SO(4)® and the SU(4)? torus lattice, respectively.

41



42 CHAPTER 2. HETEROTIC ORBIFOLDS

10d heterotic string 4d untwisted spectrum

N =1 SUGRA multiplet
and moduli

N =1 SUGRA multiplet

16 vector multiplets (Cartans) = || 16 vector multiplets (Cartans)

t Itiplets of the 4d
480 vector multiplets (charged generators) veeror 'mu P e.s O eS¢ gauge stoup
and chiral multiplets (matter)

Figure 2.11: General overview of the spectrum of the untwisted sector.

In the second case, ¢ - vy # 0, the right-mover carries a momentum ¢ = (0,—1,0,0) or
q= (—%, —%, %, %) (or a CPT conjugate thereof). From the 4d perspective, such a right-mover
corresponds to a scalar or to a Weyl spinor giving rise to a chiral multiplet in 4d. If a given

state with ¢ - vy # 0 does not fulfill the projection condition eqn. (2.119)
p-Vi—q-up,=0 (2.121)

it is not invariant and hence has to be removed from the 4d spectrum. The set of invariant
states gives rise to matter fields, transforming in representations specified by their weights p.

In summary, the untwisted sector of the 4d orbifold model contains the SUGRA multiplet,
the moduli associated to the geometry of the internal orbifold space, the 4d gauge group and
matter representations, see fig. (2.11).

2.4.5 The Twisted Sectors

As discussed before, the twisted sectors are constructed by the following procedure:

e choose the inequivalent constructing elements g,
e solve the equations (2.59) and (2.76) for massless right- and left-movers, and finally

e use the orbifold projection eqn. (2.89) to get the invariant states.

Here, we want to discuss briefly the interpretation of these twisted states as matter represen-
tation. The condition for massless right-movers eqn. (2.59) reads

2
1
(quTvg)—imc:o. (2.122)

For a non-trivial constructing element g the zero-point energy is shifted by dc > 0. Conse-
quently, (¢+ vg)2 < 1 and we see that twisted right-movers cannot give rise to vector bosons,
ie. ¢ # (£1,0,0,0). The twisted sectors cannot provide additional gauge group factors, but
only matter representations in the form of chiral multiplets. Such a chiral multiplet contains
in general a state from ¢ and its CPT conjugate from ¢g~': if ¢, is a solution for Vg, —(Qsh 1S
a solution for v,-1 = —v, and if py, is a solution for Vj, —pgy is one for V-1 = =V, + A with
A € A. If furthermore g = g1, both (the state and its CPT partner) appear in the same
sector. Having this in mind, we will from now on concentrate on the left-chiral states (with
@ = —%) and their bosonic SUSY partners. We will not list the right-chiral CPT conjugates

(with ¢ = %) and their SUSY partners any more.
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2.4.6 Anomalous U(1)

The 4d gauge group generically contains many U(1) factors (in rare cases even 16 U(1)’s
and no non-Abelian gauge group factor). It is well known that at most one U(1) factor can
appear to be anomalous for heterotic orbifold models [17,24,25,76,77]. This factor is denoted
by U(1)anom-. All other gauge group factors (Abelian and non-Abelian) are anomaly-free.
However, if we start with an arbitrary basis of U(1) generators and compute their anomalies
it turns out that more than one U(1) appear to be “anomalous” in general. Nevertheless, we
can always perform a basis change such that the anomaly is rotated to a single direction. In
the following we will discuss in detail how to construct the anomalous U(1) gauge group and
what are the conditions it has to obey.

Identifying U(1)anom

The Cartan generators of Eg x Eg or SO(32) are conventionally denoted by Hy, I =1,...,16.
By definition they act on left-moving states as

H'|paw)r, = pllpan)L. - (2.123)

Suppose we have n Abelian gauge group factors U(l)(i)7 1=1,...,n, in the 4d gauge group.
They are generated by linear combinations of the Cartans, i.e.

Qi=ti-H=t{H", (2.124)

where we sumover I = 1,...,16. The coeflicients tf could be from IR, but it is more convenient
to choose them as tiI € Q. They have to be orthogonal to all simple roots «; of the non-
Abelian gauge group factors, i.e. ¢; - a;; = 0. Furthermore, we choose them to be orthogonal
among each other, ¢; - t; = 0. Consequently, the i-th U(1) charge of the state |pgh)1, reads

Qilpsn)r. = (ti - H)|psn)1. = (i - Dsh)|[Psh)L. 5 (2.125)

in short form, @Q; = t; - psh. Hence, we will also denote t; as the generator of the i-th U(1)
factor. In principle, this U(l)(i) could be anomalous. To see this, we have to evaluate for
example the U(l)(i) — grav — grav anomaly. It is proportional to the “trace” of Q); over all

fermionic states with momenta pii

A= TrQi=Y QP ="t pll) . (2.126)
7 7

If this does not vanish the associated i-th U(1) factor is anomalous. Generically, starting with
some arbitrary U(1) generators t;, many U(1) factors seem to be anomalous. However, we
can construct the unique (up to a rescaling) generator tanom of the anomalous U(1)anom by
using the anomaly coefficients A;. In detail this reads'®

tanom = Z t— ti . (2127)

18We are thankful to Prof. Michael Ratz for pointing this out.
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Since the generators t; are chosen to be orthogonal, we can easily read off the anomalous
generator in terms of the shifted momenta pg, [43]

(f)
ti-p
tanom = Z £ - ;h t; = tanom = 12 Zpsh y (2128)
7:7f

where the rescaling with the factor 1—12 is the convention used in section 2.7.4. From here we
can check that this is the desired result: the anomaly corresponding to £anom is non-vanishing

anorn - Ztanom psh — ]-2|tanom|2 # 0 (2129)
and the ones corresponding to some orthogonal directions #; - tanom = 0 for i = 2, ..., n vanish,
A=t =1 (D)) =124 tanom =0 . (2.130)

f f

Conditions on U(1)anom

For a U(1) gauge factor there are several possible anomalies:
U(1)® — grav — grav, U)® —um® —u@m)®,

4 . . . 2.131
U0 —G-G, and UQO - UL - ULV, (2131

where G denotes a non-Abelian gauge group factor (like SU(2)) and 4,5 = 1,.
In the preferred basis where only the first U(1) is anomalous, the U(1)’s satlsfy the fol-
lowing conditions [17, 34]

1 1

3
ﬂTrQi o PTrQ =TriQ; =

otherwise

2 %\tanomP #0 if i =1, i.e. anom,
wPﬂQ@—{O
(2.132)
where i # j and [ denotes the Dynkin index!'? with respect to the non-Abelian gauge group
factor G.

In the case when eqn. (2.132) does not vanish, these conditions guarantee that the anoma-
lous U(1) is canceled by the generalized Green-Schwarz mechanism [24] (i.e. by an anomalous
variation of the B field, compare to section 2.2). It is important to note that an anoma-
lous U(1) induces a so-called Fayet-Iliopoulos D~term [25,26], a constant in D apom which is
proportional to the anomaly tr Qanom, i-€.

Danom =~ 193 5t Qanom - (2.133)

2.5 Some Orbifolds

In this section we will analyze the following orbifolds in some detail: Z3, Zg X Zs, Zg-11 and
Zo X Z. As they will recur in the following chapters, we will discuss them here and refer
to this section later on. The focus lies on geometrical aspects such as the torus lattice and
its deformations, the fixed point structure and, in the case of the Zy x Zo orbifold, on the
difference between factorizable and non-factorizable torus lattices.

9The Dynkin index £(rF)) of some representation r/ is defined by £(r) 84, = tr(ta(rP) t,(rF)), using
the generator t, of G in the representation /. The conventions are such that /(M) = 1/2 for SU(M) and
(M) =1 for SO(M)
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€1 €3 €5

Figure 2.12: The six-dimensional Z3 orbifold on a factorized I' = SU(3) x SU(3) x SU(3)
lattice with 3 x 3 x 3 = 27 fixed points.

2.5.1 The Z3 Orbifold

As the Z3 orbifold can be seen as the simplest one, it has attracted a lot of attention in the
literature [15-22,78-82]. We will mainly use it in chapter 5 where we discuss the blow-up of
Z3 singularities. However, as it is instructive, we will discuss Zg in detail here.

The six-dimensional torus lattice is chosen to be I' = SU(3) x SU(3) x SU(3), where each
SU(3) sublattice lies inside one of the three complex planes, see figure (2.12). Furthermore,
the generator 6 of the Zj3 point group is specified by the twist vector

v=(0,1,%,-3) , (2.134)

fulfilling the condition eqn. (2.9) for N = 1 supersymmetry in 4d: v! +v% + 03 = 0.

The 4d SUGRA Multiplet and Moduli

As explained in the general case in section 2.4.4, the invariant components of the ten-
dimensional N/ =1 SUGRA multiplet eqn. (2.37) are first of all

|Q>R®dﬁl|0>L with p=0,1 and ¢ = (_%a_%a_ ’_%) > (2135)

[N

corresponding to the 4d A/ = 1 SUGRA multiplet, represented by its single gravitino, and
additionally nine (1,1) moduli Nj; with i =1,2,3 and j =1,2,3

|Q>R®dzl|0>L with ¢ = <_%a_%a%a%) and j:iaiag’ (2136)
plus their scalar partners. These moduli describe continuous deformations of the torus lattice
I, where each real (1,1) modulus corresponds to one geometric parameter. Obviously, we

need to identify nine geometric parameters that deform the torus lattice in such a way that
the twist 6 remains a symmetry. These parameters are [55,67]

Ri,R3,Rs and  ai3, a15, 35, 14, 16, Oi36 - (2.137)
Their geometric meaning as the three radii of the three SU(3) tori and six angles is presented

in the appendix A.1. Furthermore, there it is shown that the twist 6 remains a symmetry of
the deformed torus lattices.
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‘ shift V ‘ gauge group from Eg x Eg ‘ label ‘
(0%) (0%) Eg x Es T
2 (-2,12,0%) (0%) E¢ x SU(3) x Eg A
1(=2,12,0) (-2,12,09) [Es x SU(3)]” B
2 (12,05) (—2,07) E7 x SO(14) x U(1)? C
1 (=2,1,0%) (2,07 SU(9) x SO(14) x U(1) D

‘ shift V ‘ gauge group from SO(32) ‘ label ‘
(0'6) SO(32) T32
2 (-2,12,013) SO(26) x SU(3) x U(1) | A32
(%2, —1° %8) SO(20) x SU(6) x U(1) | B32
(%2, 118 %5) SO(14) x SU(9) x U(1) | €32
(%2, T L SO(8) x SU(12) x U(1) | D32
(5.2.0-3") SU(15) x U(1)? F32

Table 2.1: All inequivalent shifts for the Zj3 orbifold and the corresponding gauge groups in
the case of Eg x Eg and SO(32) heterotic string.

Breaking of the 10d Gauge Group

As noted before, the 4d components of the 16 ten-dimensional Cartan generators are in-
variant. These states are |¢g)r ® &l ]0);, with ¢ = (—%,—%,—%,—%) for the gauginos and
= (—1,0,0,0) for the gauge bosons. Thus, the rank of the 4d gauge group remains 16.

The compactification of the charged gauge bosons and gauginos of the 10d gauge group
Eg x Eg or SO(32) depends on the choices of the shift and the Wilson lines. As we have
seen in section 2.4 they are subject to modular invariance conditions. In the case without
Wilson lines (i.e. A, = 0) and Eg x Eg (or SO(32)) gauge group in 10d, there are only five
(or six) inequivalent shifts leading to five (six) inequivalent Zjs orbifolds, respectively. They
are listed in table (2.1) together with their resulting 4d gauge groups. Model A of Eg x Eg
and model A32 of SO(32) are the so-called standard embedding models. For them the twist
v = (0,v!,v2,v3) is embedded into the shift as V = (v!,v2,v3,01?) such that the modular
invariance condition N(V? —v?) =0 mod 2 is trivially fulﬁlledzo.

As an example, we will explain model C in some detail. The roots of the unbroken gauge
group are determined by the condition p - V = 0. Explicitly, they are given by

(0,0, £1,+1,0%) (0°) 60

(£(1,-1), )(08) 2

<:|: 5 %)6) (08> 2 x 32 = 126 roots + 7 Cartans = 133 of E~

(0%) (O +1,+1,0°) 84 = 84 roots+ 7 Cartans = 91 of SO(14)
2 Cartans = U(1)?

As indicated, they form the adjoint representations of E7 x SO(14). Furthermore, the two

20Tn the case of a Calabi-Yau manifold the standard embedding is given by taking the gauge connection to
be equal to the spin connection [61]. In terms of the curvature this means iF = R, see section 5.1.1

46



2.5. SOME ORBIFOLDS 47

remaining Cartans give rise to U( )2. Their generators can be chosen as
tanom = (= 3,-3,0°)(0%) and t» = (0°)(3,07), (2.138)

where the first one turns out to be anomalous.

In the case of the Z3 orbifold, the three right-moving momenta ¢ = (0,—1,0,0) have the

same transformation property under the action of the orbifold group, i.e. ¢-v = —% mod 1.

Hence, states in the untwisted sector always appear with a multiplicity of three. We list the
left-moving momenta p which combine with these right-movers (or their CPT conjugate) and

form invariant matter states of the untwisted sector:

(+(3:3) (£3)")(0°) | 2x2°
(£1,0,£1,05) (0%) 48 = 112 weights = (56,1) 3  + (%,1)( 3)
2’ — 2
(£(1,1),0°) (0%) 2 = 2weights = (1,1)(_50) + (1,1)3)
(08) (£1,£1,07) 2x14 = 28 weights = (1,14) | gt (1,14) 3,
2
(08)((£1)%) 27 = 128 weights = (1, 64) 03t (1,64) ) 3,
4

In summary, the left-chiral charged matter spectrum of the untwisted sector reads

3(56,1) +3(1,1)(_30) +3(1,14) +3(1,64) 3 . (2.139)

.0) 0~3) ©0,3)

The Twisted Sector

For the twisted sectors, we will give only a few details and mainly state the results. Since
the first twisted sector 7(;) contains only the right-chiral CPT conjugates of the states from
T(2), we can focus on the later one. As there are no Wilson lines all 27 fixed points are
degenerate, i.e. have an identical copy of the massless spectrum. Thus, we can start with some
constructing element, say (92, 0). There, we compute the massless spectrum and multiply the
result by 27 yielding the complete twisted matter spectrum. An efficient procedure to solve
the equations for massless right- and left-movers is described in appendix B.3 of [83]. The
result reads

27(1,14) +27(1,1) g1y + 81(1, 1) (1) - (2.140)

(1-3)

2.5.2 The Zs X Zj3 Orbifold

Like in the case of the Zg3 orbifold, we choose the six-dimensional lattice to be factorized as
' = SU(3) x SU(3) x SU(3). This torus allows for a Zs3 x Zs point group, represented by the
twist vectors

=(0,4,0,—3) and wy=(0,0,1,-1%) . (2.141)
From eqn. (2.10) we know that this choice will retain N' = 1 supersymmetry in 4d. Further-
more, only three moduli are invariant: N7, Ny5 and Nsz. They correspond to deformations
of three radii Ry = Ro, R3 = R4 and R5 = Rg. The number of inequivalent shift vectors has
been classified in [44] taking into account that for Z y x Z s orbifolds shift vectors differing by
lattice vectors can lead to inequivalent models. We will explain this in detail in section 3.1.
All shifts and the resulting models for Eg x Eg and SO(32) can be found in [84]. For more
details on Zs3 x Zs, we refer to e.g. [22,85].

47



48 CHAPTER 2. HETEROTIC ORBIFOLDS

2.5.3 The Zg-11 Orbifold

The Zg-1I orbifold has recently become very popular [34,36,37,39-41,45-47,86,87]. Its point
group is defined by the twist vector
11 1
v=(0,4,%—3) - (2.142)

This is in contrast to Zg-1, where v = (O, %, %, —%) The invariant moduli for Zg-11 are three

real (1,1) moduli N;7, Ny3, N33 and one complex (1,2) modulus N33 allowing for continuous

deformations of in total five geometric parameters. From the form of the twist vector v we

see that the first and fifth twisted sectors T{;) and T(s) contain fixed points (since v; # 0 for

i =1,2,3), whereas Ty and T4y have fixed tori (due to 2v3 = 4v3 =0 mod 1) and 7T|3) has

fixed tori as well (3uy =0 mod 1). Their number and localization depend on the lattice.
We choose the factorized torus lattice: it reads

I' =Gy x SU(3) x SU(2)?, (2.143)

that is depicted in fig. (2.13), including the fixed point structure for the twisted sectors T|y),
T2y and T(3). The sectors Ty, T(5) are equivalent to T2y, T{1), respectively. For this lattice
the five moduli correspond to deformations of four independent radii R; = Rs, R3 = R4, Rs
and Rg and one angle asg. All inequivalent shift embeddings for Eg x Eg have been classified
leading to 61 different choices [88].

€4
T(l) ¢ [ ]
[ J
617 €3
€4
Tl *
[ J
617 €3
€4
T(3) °
er -

€3 €5
Figure 2.13: Zg-1I orbifold on the factorized lattice Gg x SU(3) x SU(2)2. The inequivalent
fixed points and fixed tori of the Ty, T{2) and T3y twisted sectors are depicted. Strings in
the second (third) twisted sector are free to move in the third (second) complex plane.

»
-

\J

€5
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2.5.4 The Z, X Z4 Orbifold

The Zg x Zs point group is generated by the twists # and w whose action on C? is defined
by the corresponding twist vectors

vy = (O, %,—%,0) and vy = (0,0, %,—%) . (2.144)
From eqn. (2.10) we know that this choice will retain N' = 1 supersymmetry in 4d. Before
choosing a lattice, we can see that three real (1,1) moduli Nyj, Ny, N33 are invariant, as
usual. In addition, there are three complex (1,2) moduli Nij, Naa, N33 giving rise to in
total nine geometric deformation parameters. Their interpretation can only be specified after
choosing a torus lattice. The four elements of the point group {1,60,w,fw} generate four
sectors: the untwisted sector U and three twisted sectors, denoted by Ty o), T(0,1) and {1 1)
Since the associated twist vectors vy, v9 and vg = v1 + vo have a zero-entry, there will be only
fixed tori and no fixed points. The number of fixed tori per twisted sector, however, depends
on the torus lattice. In the following we will discuss two examples for the torus lattice: a
factorized one and a non-factorizable one.

Factorized Lattice

The prototype for a factorized lattice in the context of Zg x Zg orbifolds is I' = SU(2)°. In
this case the moduli correspond to six radii R; = |e;| for ¢ = 1,...,6 and three angles a2,
o3z and as6. Each twisted sector contains 16 fixed tori, in total 3 x 16 = 48. Further details
on Zgy X Zs orbifolds on this lattice can be found in [35, 83].

Non-Factorizable Lattice

All inequivalent non-factorizable lattices I" for the Zgy x Zs orbifold have been classified [89]
leading to a total number of eight distinct lattices, denoted by A.1 to A.8. As an example,
we choose the lattice I' = SU(3) x SU(2)* named A.2. In order to see that this lattice is
non-factorizable we have to specify the vectors spanning the lattice I' in C?3

e1=(V2.0,0), er=(~25.1/2,0) e5=(v2,0,0), (2145)
es = (0,4/2i,0), e5=(0,0,v2), e6 = (0,0,v/2i),

where we have fixed all radii and angles, as depicted in fig. (2.14). This lattice allows for the
Zy X Zs point group generated by the twist vectors eqn. (2.144). Using the nine deformation

€3 A €4 4 €6 )

< » - »
= S -

() 6; €2 €5
Figure 2.14: The alignment of the non-factorizable lattice I' = SU(3) x SU(2)* inside the
three orthogonal complex planes C x € x C. Note that the SU(3) sublattice spanned by e
and e lies skew inside C3. This lattice allows for a point group Zsy x Zo C SU(3).
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parameters?! Ry = |ej| = 2|e|, Ry = |e3], Ry = |e;| for i = 3,...,6, ai3, agy and asg it
cannot be deformed continuously to a factorized form. Thus, it is non-factorizable. Due to
the special alignment of I" inside €3, the number of inequivalent fixed tori changes compared
to the factorized lattice. For example, in T\, o) the constructing twist 6 leaves in total 16 fixed
tori invariant as in the factorized case. However, now 6w identifies some of them leading to 12
inequivalent fixed tori, see fig. (2.15) for an illustration. Also in the other two twisted sectors
T(o,1) and T(; 1) the number of inequivalent fixed tori is reduced, from 16 to 8 in both sectors.
All 12 + 8+ 8 fixed tori are depicted in fig. (2.16). For a model on this lattice see section 3.3.

Q
Figure 2.15: Fixed points in the SU(3) sublattice of T(; ). 0 = diag(—1,—1) (in the real
basis) leaves four points invariant. However, under the action of fw = diag(—1, 1) the points
corresponding to (0, e2) and (6, e; + ez) are identified resulting in three inequivalent ones.

€3 €4 €g A

T(l,O) A ° X X

oy

€3 A €4 [ €6

€9 €1 e
T(O,l) X X °
€2 €1 €5
€3 €4 ) €6
T X X o
€2 €1 €9 €5

Figure 2.16: Localization of the fixed tori of the Zo X Zs orbifold on the non-factorizable
lattice I' = SU(3) x SU(2)* separated by twisted sectors T4 ;). The coordinates of the fixed
tori in €2 are marked by circles and triangles. There are (2 x 2) + (4 x 2) = 12 inequivalent
fixed tori in the sector T(y ), 2 x 4 =8 in T{g 1) and finally 2 x 4 =8 in T(q y).

21Using e; = (e}, e?,e?) € C.
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2.6 Classification of Zy Orbifolds for SO(32)

In this section we summarize the results from a classification of Z y orbifold compactifications
of the SO(32) heterotic string without Wilson lines [42]. For each orbifold we choose a specific
torus lattice. In detail, they read SU(3)3, SO(5)% x SO(4), G2 x SU(3), G2 x SU(3) x SO(4),
SU(7), SO(9) x SO(5), SO(9) x SO(4), Fy x SU(3) and Fy x SO(4), listed according to the
order of the Zy point groups in table (2.2).

For the classification of the shift vectors V' we use Dynkin diagram techniques, as described
for example in [42, 68, 71,90,91]. The results are summarized in table (2.2a). From there,
we see that generically there are more models in the SO(32) case than in Eg x Eg and the
difference in the amount of respective models increases with increasing order N. More details
on the SO(32) models, including the shift vectors V', the twist vectors v, the gauge groups
and the resulting massless matter spectra can be found in [92].

Finally, we analyze the appearance of massless spinors of SO(10) and SO(12) for our
SO(32) models?. Tt is a well-known fact that by breaking the adjoint of SO(32) we cannot
obtain spinor representations of SO(2M). This can be seen from the length squares of the
respective weights: the roots of SO(32) correspond to weights p of Spin(32)/Zy with p? = 2;
on the other hand spinorial weights p of Spin(32)/Zs have a length squared p? = 4. Thus,
the latter one cannot be massless in the untwisted sector, see appendix C.1. However, they
might be massless in some twisted sectors. In fact, in section 3 of [42] it is shown that for
all orbifolds Zy with N > 3 there exists a shift vector yielding a spinor 16 of SO(10) in the
first twisted sector. These models might be excellent starting points for a “Mini-Landscape”
of SO(32) heterotic orbifolds, compare to chapter 4. In addition, there are models where the
spinor appears in higher twisted sectors. To summarize that, table (2.2b) lists the number of
models equipped with spinor representations of SO(10) or SO(12) from any twisted sector.

(a)

(b)

# ineq. models in models with # models with
Zn SO(32) | Es x Eg anomalous U(1) | 16 of SO(10) | 32 of SO(12)
Zs 6 5 5 0 0
Zy4 16 12 12 2 0
Zg-1 80 58 76 4 4
Zg-11 75 61 65 10 3
Z7 56 40 55 2 0
Zg-1 196 145 193 12 0
Zg-11 194 146 166 11 7
Zyo-1 2295 1669 2269 80 36
Z12-11 2223 1663 2097 116 10

Table 2.2: (a) Comparison between the number of inequivalent Zy models for SO(32) [42]
and Eg x Eg heterotic string [68]. Note that the Eg x Eg results obtained in [68] coincide
with the older ones in [49] for point groups Zy with N < 8, but differ in the other cases. (b)
Numbers of inequivalent Zx models containing at least one spinor of SO(10) or SO(12). We
also present the number of SO(32) models having an anomalous U(1).

22Tt was shown in [42] that massless spinors of bigger groups do not appear in orbifold models of the SO(32)
heterotic string. For related work on SO(32) see [93].
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2.7 Yukawa Couplings

Consider the n—point correlation function of two fermions and n — 2 bosons [52,94]
(FFB...B). (2.146)

The corresponding physical states shall be denoted by W,., » = 1,...,n. Then, in the field
theory limit, a non—vanishing correlation function implies the following term in the superpo-
tential

W D U UyVs...9,, (2.147)

where the ¥,’s now denote the corresponding chiral superfields. A complete evaluation of
eqn. (2.146) has only been performed for 3—point couplings and yields a moduli dependent
coupling strength [52,55,94,95].

On the other hand, symmetries of eqn. (2.146) give rise to the so—called string selection
rules. These rules determine whether a given coupling vanishes or not. We use the following
notation: the constructing elements of V¥, are denoted by g, € S, their left-moving shifted
momenta by pg, , and finally their R—charges by R,., respectively. Then, the string selection
rules read:

2.7.1 Gauge Invariance

Invariance of eqn. (2.146) under variations in the gauge degrees of freedom result in a condition
on the associated momenta pg,: the sum over all left-moving shifted momenta pg, must
vanish:

> psny =0 (2.148)
T

This translates to the field theoretic requirement of gauge invariance for allowed terms in the
superpotential.

Anti-Symmetry under Particle Exchange

If some field appears more than once in a given coupling, it is important to take care of the
symmetry / antisymmetry properties under the exchange of identical particles.

Let us see this by an easy example. Consider a theory with gauge group SU(2) and a
particle content including some doublets and singlets. Furthermore, assume that the coupling
2 x 2 x 1 is allowed by all selection rules. Indeed, from gauge invariance it is clearly allowed,
since the tensor product of two doublets contains a singlet, i.e.

2x2=3,+1,, (2.149)

where s and a denote whether the representation is symmetric or antisymmetric under the
exchange of the 2’s. Thus, if both doublets correspond to the same particle the singlet
vanishes. We can also see this in the index notation, where A* and B’ denote the components
of the doublets. Then

A'BI = % (A'B7 + A'B") + % (A'B? — ATB") (2.150)
3 e

and the singlet 1, vanishes if both doublets are the same A = B. In appendix A.2, we give a
long but not complete list of the most frequent such cases.
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2.7.2 Space Group Invariance

The product of constructing elements g, must be the identity:

[Is=@0). (2.151)

This selection rule can be visualized as the geometrical ability of twisted strings to join.
Consider the example of a 3—point coupling of strings with constructing elements g1, go and
93 ! (choosing g5 ! will turn out to be more convenient than g3)- In the covering space C3 of
the orbifold C3/S the three strings look like open strings. Two “open” strings merge in order
to give the third one. However, in order to be able to merge the boundary conditions have
to multiply to the identity, see figure (2.17) for an illustration. We can evaluate the three
boundary conditions at the time of merging,

23 = 39222 = g3929121 = g3929173 (2.152)
= 019293 = 1. (2.153)

For computational purposes this condition is not very practical. For a given twisted string
with constructing element g, this condition depends on the specific choice of g, € [g,]. A given
coupling might seem forbidden by the space group selection rule using g, € [g,], but with
a different choice g/ € [g,] it could turn out to be allowed. Thus, it is more convenient to
reformulate this condition in terms of conjugate elements h,.g.h !

[ 7rgebt = (1,0) (2.154)

with v € > (1 — 6%)A, see for example [96]. Then, one can take any representative g, € [gy]
and each constructing element g, is conjugated independently by h,. Due to the definition of
v it is enough to use pure rotations for h,., e.g. hy = (6,0), ho = (3,0), hs = (1,0).

AR
g1z1
173 = %1
-1 .
29 93 %3 = 9272
gaz2

Figure 2.17: Illustration of the space group selection rule in the covering space €2 of the
orbifold ©3/S. The closed strings with boundary conditions g1, g» and g5 1 Jook like open
ones in €. In order to merge, the constructing elements have to multiply to the identity.
Note that the boundary conditions have to be evaluated at the time of the strings’ merging.
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2.7.3 R—Charge conservation

The conditions for R—charge conservation read [34]

> R =0 mod N’ fori=1,23, (2.155)
T

where N denotes the order of the i-th component of the twist vector, i.e. No' € Z (no
summation). Here, two of the R, are fermionic and the rest are bosonic. For computational
purposes, it is more convenient to use the purely bosonic notation, where eqn. (2.155) becomes
>, Ri=—1mod N’ and all R, are bosonic.

R—charge conservation can be understood as a remnant of ten-dimensional Lorentz in-
variance. In 10d couplings have to be invariant under the full Lorentz group SO(9,1). This
includes invariance under the action of

e27ria1J12 ,627ria2J34 and e27ria3J56 , (2156)
where o; € R and J; ;11 denote the Cartan generators as defined in eqn. (2.4). By the
compactification, the SO(9, 1) breaks to the 4d Lorentz group SO(3,1) times some “internal
part”. In section 2.3 we discussed that for a generic compactification the internal part is SU(4),
the R symmetry group of N’ = 4 supersymmetry. For Abelian orbifolds the R symmetry SU(4)
is in general broken to a discrete subgroup of U(1)? C SU(4) and the U(1)? corresponds to the
three elements listed in eqn. (2.156). More specifically, there are unbroken discrete symmetries
of the six-dimensional orbifold space. As they remain a symmetry of the space, they should
also remain a symmetry of the theory, i.e. of the couplings. In the literature, these symmetries
are often called sublattice rotations [18,94,97].

For factorizable torus lattices, the discrete remnants of the SU(4) R-symmetry are gen-
erated by three elements

627riJ12/N1 7 627riJ34/N2 and 627riJ56/N3 7 (2.157)
where N? denotes the order of v, as before. These elements generate an Abelian discrete
R-symmetry group

ZNl X ZNQ X ZN3 . (2158)

Next, we have to clarify how this group acts on states compactified on the orbifold. Con-
sider some generic state with possible oscillator excitations &, |gsh)R ® &|psh)r.. Under a
sublattice rotation in the i-th plane, it picks up a phase e2 /N compare to eqns. (2.61)
and (2.62). Consequently, demanding invariance of the n-point coupling under these discrete
transformations results in the conditions stated in eqn. (2.155).

In the non-factorizable case, the situation seems unclear. For example, for the Zg-11
orbifold with a I' = SU(6) x SU(2) torus lattice the only discrete subgroup of U(1)? that
maps the torus lattice T to itself is § = e2m(v1/iztv2Jsatvstz6)  compare to [68]. Note that in
this case 6 is not an R symmetry in the strict sense as it commutes with the generator of
supersymmetry and therefore all components of a SUSY multiplet carry the same R—charges.
On the other hand, the non-factorizable torus lattice discussed in section 2.5.4 in the case
of a Zo x Zs orbifold allows for normal sublattice rotations. One can check that using the
visualization of the lattice in fig. (2.14). In summary, it remains an open question how R—
charge conservation is defined in the non-factorizable case.
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2.7.4 Discrete Anomalies

The string selection rules listed in the previous sections clearly restrict the form of the super-
potential. Therefore, these rules can be understood in terms of discrete symmetries (obviously
except for gauge invariance). Very much like continuous symmetries, discrete symmetries can
be broken by quantum effects, i.e. have an anomaly [98]. If this is the case, one expects
that the corresponding conservation laws be violated through non-perturbative effects. The
criteria for discrete symmetries to be non-anomalous, and thus to be exact, have been studied
in the Abelian (Zy) case [99,100].

In [43] it is shown how to rederive the anomaly constraints using the path integral ap-
proach [101,102] for Abelian and non-Abelian discrete symmetries. However, here we restrict
to the case of a discrete Z symmetry and the anomalies Zy — G — G and Z y-gravity-gravity
are determined by

1
AZN—G—G - qu(f) (QK(T(f))) € Z, (2159)
()
2
AZN*gravfgrav = qu(m) dlmR(m) € Z, (2'160)

compare to figure (1.2) in the introduction. If Az, _c_¢ and Az, —grav—grav are both integer

the discrete symmetry is non-anomalous??.

Discrete Anomalies for Zg-11I Orbifolds

As an example, we check whether the discrete symmetries of Zg-11 orbifold models with torus
lattice G x SU(3) x SU(2)? are anomalous. For details on Zg-1I see section 2.5.3. In this case,
the space group selection rule (2.151) can be interpreted as a Zg x Zg X Z45 X Zs symmetry,
denoted as Zlg X Zga"or X Zga"or’ X Zga"or. In detail, the point group selection rule reads

> kD =0 mod6, (2.161)
r=1

where the sum runs over the n states involved in the coupling. Furthermore, the translational
part can be rewritten as

SU(2)? plane : Zkz(r) ng) = 0 mod2, (2.162a)
r=1
STk RS =0 mod 2, (2.162b)
r=1

SU(3) plane : Zk(r) ng) = 0 mod 3. (2.162c)
r=1

*3n the first equation, eqn. (2.159), the sum extends over all representations r¥ of the non-Abelian gauge
group factor G which carry integer Zy charges ¢¥). The Dynkin index E(r(f )) of some representation r7 is
defined as in section. 2.4.6. In the second equation, eqn. (2.160), the sum extends over all representations
R, where R denotes the representation under all non-Abelian gauge group factors, e.g. R' = (8,2) of
SU(3) x SU(2) which yields dim R* = 6.

95



o6 CHAPTER 2. HETEROTIC ORBIFOLDS

The quantum numbers ngr), ngr) and ngr), specify the localization of the states on the orbifold;

here, we follow the conventions of [41]. Under this symmetry, each state comes with one Zg
charge k, two Zsy charges go2,¢5 and one Zs charge g3, all being integer and defined modulo
the order of the respective Zy, i.e.

Zhvor . gy = kny mod 2, (2.163)
Ziaver! . gh = knf, mod 2, (2.164)
Zavor g3 = knz mod 3. (2.165)

Now, for a given model, the Zy — G — G anomalies are computed according to

1
Ap oo = 5 > k20 (2.166)
r(f)
1
Azf;llavor_G’_G’ — E quf) QK(T(f)) . (2167)
()

These anomalies turn out to be universal for the different gauge group factors G of a given

model. However, generically they do not vanish. The discrete symmetries arising from the

space group selection rule are consequently anomalous. We define the integer quantities kanom,
anom anom

ng"™ and nj"™ by

AZ‘g—G—G = ékanom mod 1, (2.168)

AZgavor_G_G = %ngnom mod 1, (2.169)

AZgavor_G_G = %ngmm mod 1, (2.170)

such that these discrete anomalies can be encoded in the so-called anomalous space group
element grom = (GF™ panome ),

Anomalous Space Group Element vs. Generator of the Anomalous U(1)anom

Interestingly, the anomalous space group element is closely related to the anomalous U(1) anom
present in most orbifold models. Using the normalization

1 (@)
A EZpsh . (2.171)

for the generator of U(1)anom, compare to section 2.4.6, we make the following observation

tanom = KONV 4 ndOm Ay + A, (2.172)
«

where A € A. In other words, the anomalous U(1) generator can be expressed in terms of
shift and Wilson lines, where the coefficients are given by the discrete anomalies of the space
group selection rule. For more details and further relations among discrete anomalies see [43].
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2.7.5 A Note on the v Rule

In the literature, there exists an additional selection rule, here referred to as the v rule. In
our notation, it reads [34, 55]

> i =0mod1, (2.173)

where ; denotes the gamma—phase of ¥,;. In this section, it is argued that, in contrast
to previous statements, a fully consistent approach yields to automatic fulfillment of the ~
rule [47]. The discussion here is restricted to the case where ®,. = 1, for the general case
with non-vanishing vacuum phase see appendix A.3.

The correlation function corresponding to the coupling

U Wy, U, (2.174)

should be invariant under the action of the full space group. Let us assume first that the states
W, corresponded to linear combinations of equivalent fixed points within the fundamental
domain of the torus (see e.g. [34,55,67]). For example, in the case of the Z¢—II orbifold only
fixed points in the G5 lattice could form linear combinations. Under this assumption, different
states ¥; would be eigenstates with respect to different space group elements. So one could
not transform the coupling eqn. (2.174) with a given h = (8%, maeq).

Thus the fully consistent approach for building invariant linear combinations, as presented
in section 2.4.1, is necessary. In this case, we can compute the gamma—phase for all states
U, from eqn. (2.95), i.e. v; = v;(h) for arbitrary h = (', mae,). But since allowed couplings
already fulfill the selection rules eqns. (2.148) and (2.155), the v rule is satisfied trivially

Yi(h) = Ri-vh—peni-Va, (2.175)
= yih) = (Z Rz) vy — <Z psh,z) Vi (2.176)
~0 see eqn. (2.155) =0 see eqn. (2.148)
= 0 modl.

Thus, the « rule in the fully consistent approach is not a selection rule. It is a consequence
of other selection rules and invariance of the states. We therefore conclude that the coupling
must only satisfy gauge invariance, R—charge conservation and the space group selection rule.

This has important consequences. For example, in the model Al of [34], there is no
mass term for the exotics gage up to order 9 in singlets. However, it was found in [47] that
the coupling §2g2.59515522533 is allowed by the selection rules of section 2.7. Further, using
the prescription of section 2.4.1, the gamma—phases of the corresponding physical states are
v =(3,0,0,32, 2, 0) for h = (6,0) , which sum up to 2. This is in contrast to [34], where
~vi = (0, 0, 0, %, %, 0) and linear combinations were built differently.
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Chapter 3

Discrete Torsion

Discrete torsion is an elegant way to extend the orbifold construction [50, 73,103-105]. It
yields new, consistent models, which were thought not to be accessible from the torsionless
construction. Early work mainly concentrated on discrete torsion in the case of Zn X Zjy
orbifolds [50]. However, its importance for model-building was underestimated compared to
other parameters of the theory, like Wilson lines.

In reference [44], it was shown that discrete torsion is much deeper connected to the
standard construction of orbifolds than expected. New relations to the shift-embedding and
to the torus lattice were discovered. That is, the effect of discrete torsion can likewise be
mimicked by a torsionless model which has either a different shift-embedding or a different,
non-factorizable torus lattice. Furthermore, it turns out that discrete torsion can likewise be
applied to the case of Zp orbifolds.

The results of reference [44] are presented in this chapter. More details, especially for
the examples, and some additional discussions are included in order to make discrete torsion
accessible to a broader audience.

3.1 Brother Models and Discrete Torsion

In this section we start by examining a new possibility to find inequivalent models. We
discuss under what circumstances models with shifts differing by lattice vectors have different
spectra and are thus inequivalent. Then we review the concept of discrete torsion, and clarify
its relation to models in which shifts differ by lattice vectors.

3.1.1 Brother Models

Let us start by clarifying under which conditions two Zy x Zj; orbifold models M and M’
are equivalent. First, we restrict to the case without Wilson lines, where the models M and
M’ are described by the set of shifts (V1,V5) and (V{, V5), respectively. Clearly, if the shifts
are related by Weyl reflections, i.e.

Vi, V) = WV, W V), (3.1)

where W represents a series of Weyl reflections, one does obtain equivalent models. Let us
now turn to comparing the spectra of two models M and M’, where

W, V3) = Vi + AV, Va + AVy) (3.2)

with AVy, AV, € A being some lattice vectors. For future reference, we call models related
by eqn. (3.2) brother models.
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60 CHAPTER 3. DISCRETE TORSION

The brother model described by the set of shifts (V, V5) is also subject to modular invari-
ance constraints. For the sake of keeping the expressions simple, we restrict here to models
fulfilling the following (stronger) conditions

VZi-v? = 0 mod2 (i=1,2), (3.3a)

7 i

Vi-Vo—vi-v3 = 0 mod?2. (3.3b)

Later, in section 3.2 we will relax these conditions and use the conventional ones of sec-
tion 2.4.3. Equations (3.3) imply that the vacuum phase ®,c = 1 is trivial in the trans-
formation phase eqn. (2.80). The requirement that the shifts (V{, VJ) fulfill the modular
invariance conditions of eqn. (3.3) leads to constraints on the lattice vectors (AV7, AV,).
Thus, they are not arbitrary but have to fulfill the following conditions

Vi-AV; = 0 mod1 i=12, (3.4a)
Vi-AVo+ AV -Vo+AVL-AVy = 0 mod?2. (3.4b)

Massless Spectra for the Models M and M’

By considering the massless spectra of twisted strings corresponding to the constructing
element

g = (eklwk2ana6a) e S (35)

of the models M and M’, we will see why they can be different. For simplicity, we restrict
our attention to non-oscillator states. Physical states arise from tensoring together left- and
right-moving solutions of the masslessness conditions, eqns. (2.59) and (2.76),

lg + k1v1 + kovo)r @ |p+ kiVi + koVa)r,  for M, (3.6)
\q + kv + ]CQU2>R &® ‘p, + klvll + k2V2/>L for M’ , (3.7)

where p’ = p — k1 AV} — ko AV5 and the shifted momenta pg, and pgh of the left-movers are
identical for M and M’. According to the transformation phase eqn. (2.80) with @y, = 1,
these massless states transform under the action of a commuting element

h = (0"w? mye,) €S with [h,g] = 0 (3.8)
with the phases
& — 2ril(pHhiVithaVa)-(tVitt2Va)—(g+kivi+kove) (t1v1+t202)] for M ,
(I)/ — 627Ti [(p’-i—k‘lV1/+k:2VQ’)-(t1V1/+t2V2/)—(q-‘rklvl+k2v2)-(t1v1+t2v2)] for M/ .

By using the constraints eqn. (3.4) and the properties of an integral lattice, p - AV; € Z for
p, AV; € A, the mismatch between the phases can be simplified to

q)/ _ (bef27ri(k1t27k2t1)V2-AV1 ) (39)
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3.1. BROTHER MODELS AND DISCRETE TORSION 61

The Brother Phase

That is, the transformation phase of states in model M’ differs from the transformation phase
of states in model M by a relative phase

g = 6727ri(k1t27k2t1)V2-AV1 ] (3.10)
According to the nomenclature ‘brother models’, the relative phase € will be referred to as
brother phase. 1t is straightforward to see that the same relative phase occurs for oscilla-
tor states, and the derivation can be repeated for shifts satisfying the “normal” modular
invariance conditions eqn. (2.113) rather than eqn. (3.3), yielding the same qualitative result.

The (brother) phase £ has certain properties and the fact that it can be non-trivial has
important consequences. First of all, £ depends on the definition of the model M’, i.e. on
the lattice vectors (AVy, AV;). Furthermore, it clearly depends on the constructing element
g and on the commuting element h,

g = &g,h). (3.11)

From here we see that the brother phase vanishes for g = (1,0), i.e. for the untwisted sector.
Thus, the gauge group and the untwisted matter coincide for brother models. On the other
hand, since the brother phase does not vanish in general, the brother models M and M’ may
have different twisted sectors, and therefore be inequivalent. This result extends also to the
case where we subject the shifts only to the weaker constraints eqn. (2.113).

A Z3 X Zz Example

Let us now study an example to illustrate the results obtained so far. Consider a Z3 x Zg
orbifold of Eg x Eg with standard embedding, compare to section 2.5.2. Model M is defined

by
Vi = %(1,0,—1,05) (0% and V5 = é(o,l,—1,05) (0%) . (3.12)

The resulting model has an Eg x U(1)? x Eg gauge group, 84 (27,1) and 243 non-Abelian
singlets, charged under the U(1)’s. Now define the brother model M’ by

AV; = (0,-1,0,1,0*) (0%) and AV, = (1,0,0,0,1,0%) (0%) , (3.13)

which fulfill the conditions eqn. (3.4). From eqn. (3.10) we find the following non-trivial
brother phase

F(g,h) = FOFWk2 ghu) = 5 (ta—haty), (3.14)
As expected, the gauge group and the untwisted matter of model M’ remain the same as
in model M. However, the twisted sectors get modified. The total number of generations is
reduced to 3 (27,1) and 27 (27,1). The number of singlets remains the same as before. For
the detailed spectra of the models M and M’ see table (B.1) in the appendix.

Model M’ is not an unknown construction, but has been studied in the literature in the
context of Zs x Zsg orbifolds with discrete torsion [50]. As we shall see, the brother phase,
eqn. (3.14), is nothing but the discrete torsion phase (eqn. (4) in reference [50]). To make
this statement more precise, we review discrete torsion in detail in section 3.1.3, and analyze
its relation to the brother phase in section 3.1.4.
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3.1.2 One-loop Partition Function

In order to review discrete torsion in orbifolds, we start with some basics about the par-
tition function Z following Vafa [73]. The partition function can be written in terms of a
genus expansion of the string vacuum to vacuum amplitude. We will mainly focus on the
one—loop contribution to the partition function which is given by the one-loop vacuum to
vacuum amplitude. In this case, the world sheet has the topology of a torus. This torus is
embedded into the target space by the string coordinates. As we will see there are various
different embeddings and the partition function sums over all amplitudes corresponding to
these different embeddings. In addition, some aspects of the two—loop contributions to the
partition function will be needed in order to derive sufficient constraints for discrete torsion.

However, before we can return to the partition function we need to summarize some facts
about the world sheet torus and its symmetries, the group of modular transformations (see
e.g. page 92ff of [58]).

World Sheet Torus

It is convenient to use complex coordinates on the world sheet. Then, the world sheet torus is
described by a (complex) one-dimensional lattice Iy which is spanned by two complex vectors.
We denote them by

wi, wo with L¢R, (3.15)
w2

such that they are linearly independent, see figure (3.1a). Since we are working with a confor-
mal field theory on the world sheet, we can rescale this lattice by a conformal transformation
to an equivalent one which is spanned by

=" and 1, (3.16)

w2

where we have introduced 7, the modular parameter of the torus. In order to avoid confusion,
we will denote the (real) world sheet coordinates by (o1, 02) in this section. Then a point on
the world sheet torus is described by the complex number

o1+ 1o with 01,09 € [0, 7] . (3.17)

(a) world sheet (b) target space

w x°
2/4 X2
XH(r, O’)‘ /

% X

> w1
Figure 3.1: (a) In the case of the one-loop vacuum to vacuum amplitude the world sheet
has the topology of a torus which is spanned by w; and ws. (b) Here, its embedding into
the ten-dimensional target space is illustrated for the case of trivial boundary conditions

g=h=(1,0).
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Modular Group SL(2,7)

The world sheet torus is not uniquely described by the lattice I's = {7,1}. For example,
the basis vectors {7 + 1,1} and {1,—7} span the same lattice and therefore define the same
torus. In general, two sets of basis vectors define the same two-dimensional torus and are thus
considered to be equivalent if they are related by an element of the modular group SL(2,7),

<I>~<Z 2)(1) with ad—be=1, (3.18)

with a, b, ¢, d € Z, see e.g. page 309ff of [51]. The group SL(2,Z) is generated by two elements,
denoted by S and T'. They are conventionally chosen to be of the form

S:<_01(1]>, S<;>:<_17> and (3.19)
T:(éi), T(I):(T;d). (3.20)

As a remark, we note that the group that relates equivalent world sheet tori can also be
represented by the following transformation of the modular parameter 7

at +0b a b
—— where < e d ) € PSL(2,Z) . (3.21)

Here, we are actually defining a PSL(2,7Z) = SL(2,7Z)/Z2 transformation, since a SL(2,7)
matrix and its negative are the same for the mapping on 7, i.e. if A € SL(2,7Z) then A and
—A are identified in PSL(2,Z). Now, the generators S and T are represented by

S
T F— —

= oand T 741, (3.22)
.
Their action on the modular parameter 7 is illustrated in figure (3.2). The T transformation

given here is obviously the same as the one of eqn. (3.20). The S transformation is conformally
equivalent to the one of eqn. (3.19), i.e.

S<I>:—7<_ﬁ> = Tﬁ—% (3.23)

up to a scaling factor —7. The generators S and T' of PSL(2,7Z) obey the relations

S?=1 and (ST)*=1. (3.24)

_1 T T+1
Figure 3.2: The actions of S and T on the modular parameter 7 are depicted. The resulting

tori are (conformally) equivalent to the original one (grey region).
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The Structure of the Partition Function

By using different boundary conditions for closed strings we can embed the world sheet torus
into the target space in different ways. Each embedding will give some contribution to the
one-loop vacuum to vacuum amplitude and for this reason to the one-loop partition function.
Considering the bosonic coordinates Z(o1,09) € C? in the complex basis we find that for
each closed string with constructing element g

Z(oy,090+m) =g Z(o1,02) , (3.25)
there are several possibilities to close also in the o1 direction
Z(Ul—i-ﬂ',ag):hZ(Ul,O'Q). (3.26)

Note that the string needs to be closed in both directions in order to describe the process
of vacuum to vacuum transition. The easiest possibility is ¢ = h = (1,0), see figure (3.1b).
However, there are many more. From the following consideration

Z(oy+m,090+7) = gZ(oy+m09) (3.27)
= gh Z(01,02) and (3.28)
Z(oy+m,09+7) = hZ(oy,09+m) (3.29)
= hg Z(o1,09) (3.30)

we see that we can choose any two commuting space group elements g and h'. Thus, an
embedding of the world sheet torus into the target space is characterized by a pair of (com-
muting) boundary conditions (g, k). Each pair of boundary conditions (g, h) contributes to
the partition function with a term denoted by Z(g, h). Hence, the one-loop partition function
Z has the overall structure

zZ =Y Zgh, (3.31)

l9,h]=0
where the sum runs over pairs of commuting space group elements g, h € S and the integration
over the modular parameter is included in Z(g, h). Here, we are not interested in the specific
form of Z(g, h), but refer to the literature, e.g. [16,65,105-108].

Modular Transformations of the Partition Function

Next, we analyze the action of modular transformations generated by S and T  on the boundary
conditions eqns. (3.25) and (3.26). First, we need to know how S and T act on the world
sheet coordinates (o1, 02). Using eqns. (3.19) and (3.20) we find

10+ 709 ¥, —701+1 09 =1oy+ (—7)o1 (3.32)
loy+700 & lop+ (t4+1)o2 =1 (014 02)+ 7092 (3.33)
Comparing to eqn. (3.17) we see that the world sheet coordinates transform as

(01,02) ¥ (02,—01) (3.34)
(01,02) V> (01 +02,09) . (3.35)

'For a geometrical interpretation of commuting space group elements see appendix A.4.
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Now we can act with the generators of SL(2,7) on the boundary conditions. We start with
generator S acting on eqns. (3.25) and (3.26). This yields

Z(on,00+m) = gZ(o1,02)
Z(oy+m,02) = hZ(o1,02)

Z(UQ +7T,_O-1) = g Z(JQ,_UI)

g (3.36)
Z(og,—o1—m) = hZ(o9,—01),

—
S
—

where we have used the transformation properties of the world sheet parameters eqn. (3.34).
Furthermore, we have introduced transformed boundary conditions (g, ﬁ) They can easily
be expressed in terms of the original elements (g,h) by evaluating the right-hand side of
eqn. (3.36) using the eqns. (3.25) and (3.26)

gZ(O'Q,—O'l) == hZ(O‘Q,—O'l) (337)
h Z(oy,—01) = g ' Z(og,—01) . (3.38)

This is the desired result: it states that the boundary conditions of the target space torus are
transformed under the action of the world sheet transformation S according to

(9:h) > (G,h) = (hg™") . (3.39)

These steps can be repeated for the generator 7" and result in

T .7

(g9:h) = (g,h) = (gh,h) (3.40)
In summary, an embedding of the world sheet torus into the target space using the boundary
conditions (g, h) is transformed by a modular transformation according to

(9, h)

Since modular transformations map the world sheet torus to an equivalent one, the par-
tition function eqn. (3.31) must be modular invariant, i.e. invariant under modular transfor-
mations. Therefore, we know that two summands of the partition function have to be equal
if they are related by a SL(2,7Z) transformation,

SEED) (gonb, gohd) . (3.41)

a b

Z(g,h) = Z(g°h®, g°h?) for < . d > € SL(2,7Z) . (3.42)

Remark: Higher Genus Contributions

The two-loop contributions to the partition function Z are given by the different embeddings
of the genus 2 world sheet into the target space. This embedding is characterized by four
boundary conditions (g1, h1; go, he) defined along the four inequivalent cycles on the genus 2
surface. There is a fifth cycle, denoted by ¢, which connects the two handles. The situation
is depicted in figure (3.3). The genus 2 surface is supposed to be factorizable into a pair of
one—loop diagrams touching at a point. In order for the resulting one-loop diagrams to be
well-defined we have to demand [g1, h1] = [g2, ha] = 0, as before. Furthermore, a Dehn twist
along ¢ changes the four boundary conditions according to?

(91,1592, ha) — (grhahi', hi;gahihyt, ha) . (3.43)

2A Dehn twist is a homeomorphism of the surface to itself, generated by cutting the surface along ¢ twisting
the cut by 27 and gluing it back together.
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(a) Wofild sheet X0 ; (b) target space
2 1 ——————

hy
Figure 3.3: (a) In the case of the two—loop amplitude the world sheet has the topology of
a genus 2 torus (after identifying the sides according to the labels and arrows; first, fold at
the dashed line and then identify both g;’s and both go’s). (b) Here, its embedding into
the ten-dimensional target space is illustrated for the case of trivial boundary conditions
gi = h; = (1,0). c denotes the cycle connecting the two handles with associated boundary
condition hghl_l.

3.1.3 Discrete Torsion Phase for Zpn X Zjs Orbifolds

Following the idea of Vafa [73], we can introduce relative phases (g, h) between the different
terms in the partition function

Z = Y elgh) Z(g.h), (3.44)
[9,h]=0

where different assignments of phases lead, in general, to different orbifold models. Since these
phases can only take discrete values, as we will see later, e(g, h) is called discrete torsion phase.
We use the convention that the phase of the term (g, g) is trivial, i.e.

elg,9) = 1. (3.45)

Modular transformations interchange the terms (g, h) Z(g,h) in the partition function, ac-
cording to eqn. (3.42). Therefore, the corresponding phases have to be identical

e(g,h) = e(g°h’, g°n?) . (3.46)

On the other hand, modular transformations do not mix all terms of the partition function
in general, thus some non-trivial phases will remain to be allowed.

At two—loop, the partition function allows to switch on analogous phases, (g1, hi; g, he).
From the requirement of factorizability of the two—loop vacuum to vacuum amplitude into
two one-loop diagrams touching at a point, one infers [73]

e(g1,h1592,ha) = €(g1,h1)e(g2, ha) . (3.47)

Furthermore, the Dehn twist along ¢ interchanges the boundary conditions according to
eqn. (3.43). Thus, the corresponding torsion phases have to match

e(g1,h1;g2,h2) = e(gihahi', ha;gahihy ' o) . (3.48)
These conditions can be rephrased into [73]
(9192,93) = €(91,93)€(g2,93) ; (3.49a)
e(g1,92) = elga, )", (3.49b)
e(gr,91) = 1. (3.49¢)

66



3.1. BROTHER MODELS AND DISCRETE TORSION 67

Old Interpretation

Following the discussion of reference [50], for orbifolds without Wilson lines g, h are chosen
to be elements of the point group P. In Zy orbifolds, due to this choice and eqns. (3.49) the
phases have to be trivial, e(g,h) = 1 for all g,h € P. Therefore, in the case of Z y orbifolds
without Wilson lines, non-trivial discrete torsion cannot be introduced.

In Z n X Z s orbifolds, still without Wilson lines, the situation is different because there are
independent pairs of elements (such that the first element is not a power of the second) which
commute with each other. If we take two point group elements g = #*1w*2 and h = 11w,
the eqns. (3.49) determine the shape of the corresponding phase,

E(g,h) _ 6(0k1wk2,0t1wt2) _ 627561771(]?11527162151)’ (350)

where m € Z [50]. In particular, there are only M inequivalent assignments of . Later, in
section 3.2.2 we will give a new interpretation of discrete torsion allowing for more possibilities.

The most important consequence of non-trivial e-phases for our discussion is that they
modify the transformation phase of twisted states and thus change the twisted spectrum, i.e.
the transformation phase of eqn. (2.80) is modified according to

O r—e(g,h)P . (3.51)

3.1.4 Brother Models versus Discrete Torsion

Let us now come back to the task of establishing the relation between the discrete torsion
phase and the brother phase as introduced in section 3.1.1. From eqns. (3.10) and (3.50) it
is clear that both phases can be made to coincide. More precisely, since Vo can be written as

Vo = )‘—Aj with Ay € A (cf. eqn. (2.99)), one can achieve

VAV = % (3.52)

for an appropriate choice of AV; € A. Since the solutions to the mass equations and the
projection conditions are the same in a model with discrete torsion and a brother model,
whose associated phases fulfill eqn. (3.52), the spectra of both models coincide. We will
therefore regard both models as equivalent. This means that introducing a discrete torsion
phase, eqn. (3.50), is equivalent to changing the gauge embedding according to

(V1,Va) — (Vi + AV, Vo + AVy) (3.53)

with AV; € A and —V2 - AV} = m/M. In particular, the assignment of discrete torsion to
a given Zy X Zjr model is a ‘gauge-dependent’ statement in the sense that torsion can be
traded for changing the gauge embedding (see figure (3.4)).

model M
(Vh ‘/275 = 1)

/ T

model M’ model M’
(V1,Va,e #1) (Vi 4+ AV, Vo + AV, e =1)

R

Figure 3.4: Models with non-trivial discrete torsion have an equivalent description as models
with trivial discrete torsion but a different gauge embedding.
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Example: Standard Embeddings for all Zy x Z,

To illustrate the results, we construct the standard embedding models for Z y x Zjs orbifolds
with an Eg x Eg lattice of reference [50] first with discrete torsion and secondly in terms of non-
standard embedding shifts without discrete torsion (brother models). We use the following
recipe to construct brother models, i.e. mimic models with discrete torsion:

For a given set of shifts Vi and V5 fulfilling the modular invariance conditions, find a new set
of shifts V/ = Vi + AV; and Vj = Vi + AV, with the following properties:

(i) the new shifts differ from the original set only by lattice vectors, i.e. AVy, AV, € A
(ii) the new shifts also fulfill the modular invariance conditions, and
(iii) the ‘interference term’ V5 - AV) is not an integer.

In practice (and for any N, M), the above properties can be expressed in terms of linear
Diophantine equations for which we always find solutions.

Possible choices for the shifts (V1+AV;, Vo4 AV,) are shown in table (B.4) in the appendix,
where we list the shifts of torsionless models equivalent to the discrete torsion models of
reference [50].

The results obtained so far in this section have important consequences for the classifica-
tion of Zx x Z s orbifolds. Introducing a discrete torsion phase in the sense of reference [50]
does not lead to new models. That is, all models with this discrete torsion can be equivalently
obtained by scanning over torsionless models only.

It is also instructive to interpret the equivalence between discrete torsion and changing the
gauge embedding in terms of geometry. Discrete torsion can be regarded as a property of the
6D compact space while changing the gauge embedding affects the (left-moving) coordinates
of the gauge lattice only. Hence one might argue that discrete torsion and choosing a different
gauge embedding are two different features of orthogonal dimensions. However, by embedding
the ‘spatial’ twist in the gauge degrees of freedom, these features get combined in such a way
that it is no longer possible to make a clear separation. Using a more technical language
one might rephrase this statement by saying that, since physical states arise from tensoring
left- and right-movers together, the phases ¢ and & cannot be distinguished. Consequently,
properties of the zero-modes can be ascribed neither to the gauge embedding alone nor to the
presence of discrete torsion, but only to both.

3.2 Generalized Discrete Torsion

The results of the previous section can be generalized. To see this, we first generalize the
brother phase of section 3.1.1 for orbifolds with Wilson lines. It will turn out that generalized
brother models do also exist for Zy orbifolds with Wilson lines. Also discrete torsion can
be generalized [105]. Thus, in a second step, we write down the most general ansatz for a
generalized discrete torsion phase consistent with the modular invariance conditions. Finally,
we compare the generalized brother phases to the generalized discrete torsion phases. As
before, we can relate both phases.
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3.2.1 Generalized Brother Models

Let us turn to the discussion of orbifolds with Wilson lines [14]. A (torsionless) model M is
defined by (V1, Va2, Ay). A brother model M’ appears by adding lattice vectors to the shifts
and Wilson lines, i.e. M’ is defined by

(V{,Va, A,) = (Vi + AV, Vo + AVy, Ay + AA,) (3.54)

with AV;, AA, € A. From the modular invariance conditions (2.113), the choice of lattice
vectors (AV;, AA,) is constrained by

M(Vi-AVa+Vy-AVi + AV -AV3) = 0mod?2 = 2z, (3.55a)
No (V- A+ Aq - AVi+ AV - Ady) = 0mod2 = 2y , (3.55b)
Qap (A AAg+ Ag-AAy + AAy - AAg) = 0mod2 = 22,5, (3.55¢)

where , yin, 208 € Z. Repeating the steps of section 3.1.1 one arrives at a generalized brother
phase

g = exp {_2”1 [(kl ty — ko t1) (Vz AN %) + (k1Mo — t1n4) (Aa CAV] — %)

(ks Mo — t2ng) (Aa AV, — yQ—“) + o mg (Aﬁ AAg - z‘*—ﬁﬂ } , (3.56)
Na Qaﬁ

corresponding to the constructing element g = (#*1w*?, nye,) and the commuting element
h = (0"w', mye,). One can see that Dyg = Ag - AA, — 208/Qap is (almost) antisymmetric
in o, G,

Do = —Dgo mod 1. (3.57)

Notice that also in the case of orbifolds with lattice-valued Wilson lines, A, € A, the last
three terms of eqn. (3.56) can be non-trivial, giving rise to new brother models.

Brother Models in Zp Orbifolds

From eqn. (3.56), it is clear that the generalized brother phase is also important for Z
orbifolds. More precisely, in Z y orbifolds with Wilson lines, the second term (A, - AV}) and
the fourth term (Ag - AA,) of eqn. (3.56) are not always trivial and thus also lead to brother

models.

Let us illustrate this with an example in Z4 with twist v = i(O, —2, 1, 1) acting on the

compactification lattice I' = SO(4)2, and standard embedding [49,109]. The gauge group is
E¢ x SU(2) x U(1) x Eg. By turning on the lattice-valued Wilson lines

Ay = (0%) (12,09, A5 = Ag = (0°) (0,1%,0°) , (3.58)

a non-trivial generalized brother phase with D15 = Dig = —% is introduced. The untwisted
and first twisted sectors remain unchanged, but the number of (anti-) families in the second
twisted sector is reduced from 10 (27,1,1) + 6 (27,1,1) to 6 (27,1,1) + 2 (27,1,1). The

detailed spectra of both models are given in table (B.2) in the appendix.
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3.2.2 Generalized Discrete Torsion

In section 3.1.3 we have discussed the discrete torsion phase as introduced in reference [50].
More recently, this concept has been extended by introducing a generalized discrete torsion
phase in the context of type ITA /B string theory [105]. This generalized torsion phase depends
on the fixed points of the orbifold. It weights differently terms in the partition function
corresponding to the same twisted sector but different fixed points, and is constrained by
modular invariance.

Following the steps of section 3.1.3 and considering g, h € S, we write down the general
solution of eqns. (3.49) for the discrete torsion phase as®

6(9 h) — 27 [a (k1 ta—k2 t1)+ba (k1 ma—t1 na)+ca (k2 Mma—t2 na)+dag na mgl ) (359)

Modular invariance constrains the values of a,bq,cqa,dag, o, 3 = 1,...,6. Therefore, a =
Q/M, by = bo/Na, ¢o = ¢a/Na, dag = dap/Nag with @, ba, G, dag € Z, Nag being the
greatest common divisor of N, and Ng. In addition, d,g must be antisymmetric in «, (.

The parameters by, o, dog are additionally constrained by the geometry of the orbifold.
It is not hard to see that if e, ~ eg on the orbifold, then b, = bg, ¢, = cg and d,g = 0 must
hold (cf. the examples below).

The generalized discrete torsion is not restricted only to Z y x Zj; orbifolds, as the usual
discrete torsion was, but will likewise appear in the Zy case. Clearly, since in Zy orbifolds
there is only one shift, the parameters a and ¢, vanish.

Examples

Let us consider the Z3 x Zs3 orbifold compactified on an SU(3)? lattice, see section 2.5.2. In
this case we have e; ~ e, e3 >~ e4 and e5 ~ eg on the orbifold. This implies that there are
only three independent b,, namely by, b3, bs, while by = by, by = b3, bg = bs. Analogously,
only c1, c3, ¢5 are independent. Further, the antisymmetric matrix d,g takes the form

0 0 di di do do
0 0 di  di do do
—dy —d; 0 0 d3 ds
dos = | _q0 —ay 0 0 dy ds |- (3.60)
—dy —dy —d3 —d3 0 0
—dy —dy —d3 —d3 0 0
Including the parameter a, there are 10 independent discrete torsion parameters, which can
take values 0, % or %

For the Zso x Zs orbifold on an SU(2)° lattice (as discussed in section 2.5.4) an analogous
consideration shows that there are no restrictions for the discrete torsion parameters. There-
fore, there are 1 + 6 + 6 + 15 = 28 independent parameters a, bq, o, dog, With values either
0 or 2. However, since the coefficients namg of dug for (a, 8) € {(1,2), (3,4), (5,6)} vanish,
the corresponding d,g are not physical, leading to 25 effective parameters.

In the case of the Zg-II orbifold on a Go x SU(3) x SU(2)? torus lattice (cf. section 2.5.3)

the following discrete torsion parameters can in principle be non-vanishing: bg = by = 0, %, %,

3Note that we employ the stronger constraints (3.49) rather than the conditions presented in [105]. Tt
might be possible to relax condition (3.49b), in which case additional possibilities could arise. We ignore this
possibility in the present study.
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3(1,1)

Figure 3.5: Sketch of a (2D) SU(3) plane of a Zj3 x Z3 orbifold (the second plane in the
example). On the left: parts (‘corners’) from different brother models can be ‘sewed together’
to a model in which the torsion phase differs for different fixed points. This is equivalent to
switching on the generalized discrete torsion phase b, as depicted on the right.

bs,bg = O,% and dsg = 0, % However, the corresponding coefficients in the torsion phase

eqn. (3.59) vanish. Thus, generalized discrete torsion has no effect in Zg-1I orbifolds.

Generalized Discrete Torsion and Local Spectra

In order to understand the action of the generalized discrete torsion, let us consider the
following example. We start with the Z3 x Zj3 standard embedding without Wilson lines,
A, = 0, and switch on the discrete torsion phase, eqn. (3.59), with bs = by = % The total
number of families is reduced from 84 (27,1) to 24 (27,1) and 12 (27,1). For details on the
spectrum see table (B.3) in the appendix.

Due to its form, the discrete torsion phase ¢ = €27t (F1ma—tina) Jistinguishes between
different fixed points of a particular twisted sector. That is, generalized discrete torsion can be
thought of as a local feature. In general, the additional phase at a given fixed point coincides
with a brother phase of the torsionless model (cf. first term of eqn. (3.56)), i.e. locally one
can find AV; such that

— eQﬂ'iba(k‘lma—tlna) — 6727‘(‘1([{)1tgfkgtl)(VQ-Avlfg) (361)

with appropriate . Then, each local spectrum coincides with the local spectrum of some
brother model. The interpretation of generalized discrete torsion in terms of ‘localized discrete
torsion’ parallels the concept of local shifts (cf. [35,37,41,110]) in orbifolds with Wilson lines.

Note that AV; as in eqn. (3.61) cannot be found for twisted sectors where b, corresponds
to a direction e, of a fixed torus, where b, projects out all states of the sector.

For concreteness, we first focus on the three fixed points in the second torus of the T(q i)
twisted sector. As depicted in figure (3.5), the local spectra of the three brother models, a =
— (V2 AV — %) =0, %, %, can be combined consistently into one model with bg = by = %
On the other hand, in the T(; o) twisted sector there is a fixed torus in the directions e3, e4;
thus the sector is empty.

This procedure can also be applied to the terms ¢, and d,g of the generalized discrete

torsion phase, eqn. (3.59).
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Generalized Brother Models versus Generalized Discrete Torsion

As in our previous discussion in section 3.1, also the generalized versions of the discrete torsion
phase and the brother phase have a very similar form. Indeed, whenever there are non-trivial
solutions to the eqns. (3.55), one can equivalently describe models with generalized discrete
torsion phase in terms of generalized brother models. This is the generic case.

However, there are exceptions. Namely, as we will explain below, models with d,g # 0 in
Z3 x 73 orbifolds without Wilson lines cannot be interpreted in terms of brother models.
Consider the fourth part of the generalized discrete torsion phase of eqn. (3.59),

g = e¥ridapnams (3.62)

with dng € { 0, 1,2 } An analogous term appears in the generalized brother phase as

1303
~ . Zaf
€ = exp [—2771nam5 <Ag -AA, — —>] , (3.63)
Qaﬁ
where Qo3 = 3, since the Wilson lines have order 3. In general, both phases can be made

coincide by choosing AA, € A such that

— (454, - %ﬁ) = dog . (3.64)

On the other hand, in the case when A, = 0 and AA, # 0, eqn. (3.63) simplifies to

20 AAa-AAg

= _ e27rinam@(T> _ 62W1"amﬁ<f) (3.65)

)

where the second equality follows from the definition of 2,4, eqn. (3.55¢). As AA, are lattice
vectors, this equality can only hold if z,3 = 0 mod 3, which implies that the brother phase
eqn. (3.65) is trivial. Thus, in this case, the generalized discrete torsion phase leads to models
which cannot arise by adding lattice vectors to shifts and Wilson lines.

In summary, the generalized discrete torsion phases admit more possible assignments
than the generalized brother phases. Nevertheless, a large class of the models with general-
ized discrete torsion has an equivalent description in terms of models with a modified gauge
embedding.

These results have important implications. By introducing generalized discrete torsion, or
lattice-valued Wilson lines, one can control the local spectra. One can therefore expect that
introducing generalized discrete torsion, or alternatively shifting the Wilson lines by lattice
vectors, will gain a similar importance as discrete Wilson lines [14] for orbifold model building.

As stated above, switching on generalized discrete torsion can lead to the disappearance
of complete local spectra. This raises the question of how to interpret this fact in terms of
geometry. Some of the localized zero-modes can be viewed as blow-up modes which allow
to resolve the orbifold singularity associated to a given fixed point [52,94,103,111,112] (see
chapter 5 and [48,113-115] for recent developments). If at a given fixed point there are no
zero modes, one might argue that, therefore, the associated singularity cannot be ‘blown up’.
In what follows, we shall advertise an alternative interpretation.
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| | Too | Tony | Taay | total | #s [[dap =75 [[ Aa #0 |

A1 ]| (16,0) | (16,0) | (16,0) | (51,3) | 246 — —
A2 || (12,4) | (8,0) | (8,0) | (31,7) | 166 doy Ay = (9)(0%), Ay = (V)(0®)
A3 || (10,6) | (4,0) | (4,0) | (21,9) | 126 || dia,daz || A1 = (S)(0%), A2 = (0%)(S),
As = (0%)(V), Ay = (V)(0%)
A4 (8,0) (8,0) (8,0) | (27,3) | 126 || da6,dss Ay = (V')(08), Ay = (V)(0%),
A = (9)(0%)
A5 || (6,2) | (6,2) | (4,0) | (19,7) | 106 || da2a,d3s || Aa = (S)(08), A3 = (0%)(S),
Ay = (V)(0%), Ag = (0%)(V)
A6 | (6,2) | (4,0) | (4,0) | (17,5) | 86 || die,das, || A1 = (V)(0®), Ay = (0%)(V),
d36 A = (V')(0%), Ay = (0°)(S),
As = (5)(0°%)
A7 (4,0) (4,0) (4,0) | (15,3) 66 || dig,dos, || A1 = (V)(O8), Ay = (08)(V),
dze,das || Az = (V')(0%), Ay = (0%)(V"),
As = (0%)(S), A = (5)(0%)
A8 (3,1) | 3,1) | (3,1) | (12,6) | 66 || dig,das, || A1 = (W1)(0%), Ay = (0%)(W7),
dss As = (0%)(W]), Ag = (0°%)(W2),
As = (0%)(W3), As = (W2)(0%)

Table 3.1: Survey of Zy x Zs orbifolds with generalized discrete torsion. The 2"9-4* columns
list the number of anti-families and families, respectively, for the various sectors Ty, 1,). In
all models, the untwisted sector gives a contribution of (3,3) (anti-)families. # g denotes the
total number of singlets. These spectra can either be obtained by turning on generalized
discrete torsion d,g as specified in the next-to-last column, or by using lattice-valued Wilson
lines A, as listed in the last column, compare to eqn. (3.66).

3.3 Connection to Non-factorizable Orbifolds

In this section it is shown that in many cases orbifold models M with certain geometry,
i.e. torus lattice I', and generalized discrete torsion switched on are equivalent to torsionless
models M’ based on a different lattice I'. Model M’ has less fixed points than M, and the
mismatch turns out to constitute precisely the ‘empty’ fixed points of model M.

The simplest examples are based on Zs X Zs orbifolds with standard embedding and
without Wilson lines. As compactification lattice I', we choose an SU(2)% lattice, as discussed
in section 2.5.4. As we have seen in section 3.2.2; in this case there are 25 physical parameters
for generalized discrete torsion, with values either 0 or % For concreteness, we restrict to the
12 d,p parameters and scan over all 212 models.

Beside other models with a net number of zero families?, we find eight models (and
their mirrors, i.e. models where families and anti-families are exchanged). They are listed
in table (3.1), where we present the number of (anti-)families for each twisted sector and
the total number of singlets. As discussed in section 3.2.2, models with non-trivial d,g are
equivalent to torsionless models with lattice-valued Wilson lines. Possible representatives of
these Wilson lines can be composed out of the building blocks

Wy = (051,1), Wy= (0°1,1,0), Wi = (1,1,09), W= (0,1,1,0°),
S= (1%, V= (07,2), V' = (0°,2,0), (3.66)

and are listed in the last column of table (3.1).

“More details on models with a net number of zero families can be found in the table (B.5) in the appendix.
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Relations between different Zs X Zgs Constructions

Models leading to spectra coinciding with the ones in table (3.1) have already been discussed
in the literature. They appeared first in reference [116] in the context of free fermionic string
models related to the Zo x Zs orbifold with an additional freely acting shift. More recently,
new Zgy X Zo orbifold constructions have been found in studying orbifolds of non-factorizable
six-tori [89,117]. We find that for each model M of table (3.1) there is a corresponding
‘non-factorizable’ model M’ with the following properties:

(i) Each ‘non-empty’ fixed point, i.e. each fixed point with local zero-modes, in the model
M can be mapped to a fixed point with the same spectrum in model M’.

(ii) The number of ‘non-empty’ fixed points in M coincides with the total number of fixed
points in M.

Generalization to Zn X Zps and Interpretation

These relations are not limited to Zy X Zs orbifolds, rather we find an analogous connection
also in other Zy x Zps cases, see table (B.6) in the appendix (Zy X Zjs orbifolds based on
non-factorizable compactification lattices have recently been discussed in [118]). This result
hints towards an intriguing impact of generalized discrete torsion on the interpretation of
orbifold geometry. What the (zero-mode) spectra concerns, introducing generalized discrete
torsion (or considering generalized brother models) is equivalent to changing the geometry
of the underlying compact space, I' — I'V. To establish complete equivalence between these
models would require to prove that the couplings of the corresponding states are the same,
which is beyond the scope of the present study. It is, however, tempting to speculate that
non-resolvable singularities, as discussed above, do not ‘really’ exist as one can always choose
(for a given spectrum) the compactification lattice I' in such a way that there are no ‘empty’
fixed points.

3.4 How to classify Zn X Zjps Orbifolds

In [44] it is shown how to use the knowledge obtained from discrete torsion to classify Z ny X Z s
orbifolds using the concept of brother models. The strategy is exemplified for the case of
Z3 x Z.3 orbifolds resulting in 120 and 131 inequivalent shift-embeddings in the case of Eg x Eg
and SO(32), respectively. More details can be found in [44, 68, 84].

74



Chapter 4

The Mini-Landscape

In the previous chapters we have obtained a detailed understanding of the construction of
heterotic orbifolds. Now, we can turn to more phenomenological questions: the aim of this
chapter is to establish connections between the heterotic string on the one side and particle
physics on the other, where the link is assumed to be the orbifold compactification.

In detail, since the MSSM is one of the most promising candidates for describing particle
physics at the LHC, we will try to obtain MSSM candidates as 4d low-energy effective theories
from the compactification of the heterotic string on orbifolds. For doing so, we have the main
tools at hand. Starting from the input parameters of the heterotic orbifold (the torus lattice
I', the point group P, the shift V' and the Wilson lines A, ), we can compute the 4d gauge
group and the massless matter spectrum (see section 2.4). Furthermore, with the help of the
string selection rules we can derive the form of the superpotential (see section 2.7). Additional
information about mass hierarchies for example can be deduced from geometrical aspects of
the orbifold, i.e. from the localization of the MSSM fields in the extra dimensions.

However, the main problem we are facing now is that the input parameters of the com-
pactification seem to be arbitrary, yielding a vast number of different 4d models [28]. We do
not know any selection mechanism which prefers one compactification scheme to another. In
other words, all orbifold compactifications seem to be equal from the string theory point of
view. In contrast, from the low energy point of view we have a model in favor, the MSSM.
So, how can we resolve this clash? In this chapter, we will use the landscape [29] as a tool,
not to build all models, but to find as many good ones as possible. Then we can hope to
find similarities among the good models that might help us to understand better the actual
meaning of the landscape. The guiding principle which will lead us to the allocated regions
of the landscape of heterotic orbifolds will be the concept of local GUTs [34-41].

The work presented in this chapter has been published in a series of papers [45-47].

4.1 Local GUTs

In order not to get lost in the landscape of string vacua by building a huge number of
phenomenologically invalid models, we need a guideline that points us to promising regions of
the landscape. In general, when we choose a search strategy we can only know its success after
we have actually performed the search. However, there are some hints towards a promising
strategy coming from models already constructed in the heterotic landscape, e.g. [34,39,119].
These constructions have in some sense the idea of GUTs in common. Starting from a big
gauge group Eg x Eg or SO(32) in 10d it seems natural to encounter a GUT on the way down
to 4d. It is possible to encounter the GUT as an intermediate step of the compactification
(e.g. in bd or 6d [87]), or as an ordinary 4d GUT. In addition, there is the possibility that the
GUT only becomes manifest in some special region of the compact space. This is the concept
of local GUTs.
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Figure 4.1: Visualization of the local GUT picture: (a) In the zoom-in picture at the fixed
point g a local SO(10) GUT becomes visible. (b) At every fixed point g; there is a local GUT
induced by the local shifts Vg,: SO(10), E¢ and SU(5), respectively. At the respective fixed
points matter forms representations under its local GUT gauge group.

A Local GUT for every Fixed Point

In the context of heterotic orbifolds, the 10d gauge group is broken at the fixed points to local
GUT gauge groups. In the following, we will discuss this in detail starting with fixed points
from the first twisted sector of Z orbifolds.

We begin with some Zy orbifold and consider one of its fixed points from the first twisted
sector T(q) in detail. By g we denote the space group element associated to this fixed point.
Now, we zoom-in to the fixed point g. Since g is from the T{;) sector, the local orbifold space
looks like €3 /g and is not modded out further by some other element of the full space group!.
Only g describes the local space. If we now “compactify” the heterotic string on this local
orbifold, we have to project on g invariant states only. Consequently, the 10d gauge symmetry
breaks according to the local shift Vy, i.e. only those roots p of Eg x Eg or SO(32) remain
unbroken that fulfill the condition

p-Vg=0mod 1, (4.1)

and hence give rise to the local GUT gauge group, see eqn. (2.120). Moreover, g defines
twisted boundary conditions that give rise to twisted strings. Since there are no further space
group elements in the zoom-in picture that define the local orbifold C3/g, we do not have to
ensure invariance of the twisted strings in addition?. Thus, we have found the local matter
spectrum. Obviously, the matter spectrum at g has to form representations with respect to its
local GUT gauge group, see figure (4.1a). However, if we zoom-in to different fixed points we
have different local shifts with different local GUTs and hence matter representations under
various local gauge groups. For a visualization of this situation see figure (4.1b).

' At the fixed point g, the local orbifold space is determined by all commuting elements [g, h] = 0. Since g
is assumed to be from the first twisted sector, the commuting elements are trivial, see appendix A.4.

2Twisted states from the first twisted sector are automatically invariant under the orbifold action, see
appendix A.6.
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SO(10)

Figure 4.2: The 4d gauge group of the Standard Model SU(3) x SU(2) x U(1)y x U(1)x
(dashed region) containing U(1)p_r, can be obtained from SO(10) as the intersection of a
local SU(5) GUT and a local Pati-Salam GUT, as explained in [32].

The 4d Perspective

Now, we zoom-out from the local picture to the 4d one. First, consider the local GUT gauge
group. The associated untwisted sector states are free to move on the full orbifold space now.
Thus, from the four-dimensional point of view, only those roots p of Eg x Eg or SO(32) remain
unbroken that fulfill all local conditions simultaneously, i.e.

p-Vy =0mod 1 for all elements g;, (4.2)

giving rise to the 4d gauge group (compare to eqn. (2.120)). In other words, the 4d gauge
group arises as the common intersection of all the local ones, see figure (4.2) for an example.
As mentioned before, there are no further projection conditions for the twisted matter states
from T{;) when we zoom-out to the 4d picture. Thus, the T{;) twisted matter representations
of the local GUT gauge group just branch group theoretically into representations of the 4d
gauge group. Let us consider an example.

Local SO(10) GUT

If we have a local SO(10) gauge group with a local 16-plet at some fixed point of the first
twisted sector and if additionally the 4d gauge group is SU(3) x SU(2) x U(1)y, the spinor
of SO(10) decomposes according to [3,4],

16 = (3,2)1/6+ (3,1) o3 + (3, 1)1y3 + (1,2) 1o + (1, 1)1 + (1,1)o, (4.3)
giving rise to one generation of the SM matter plus a right-handed neutrino
16 — g+u+d+l+e+n. (4.4)

Thus, using the concept of local GUTs for the first twisted sector provides an easy mechanism
to obtain complete generations of quarks and leptons in terms of single (local) GUT repre-
sentations, like 16-plets. The important difference to conventional GUTs is that the local
GUT gauge group breaks to the Standard Model one by the orbifold compactification to 4d
and not via a Higgs mechanism.
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Split Multiplets for the Higgses and Local GUTs

As discussed in the previous section, quarks and leptons can be combined to form a complete
representation of the GUT gauge group. On the other hand, the Higgs fields ¢ and ¢ of
the MSSM do not form complete GUT multiplets. This leads to the famous doublet-triplet
splitting problem of conventional GUTSs [5,120,121]. For example, in SO(10) the smallest
representation that can incorporate the Higgses is the ten-dimensional vector representation
10. In terms of the Standard Model gauge group it decomposes according to

10 = (3,1)1/3+(1,2)_10+ (3, 1)_1/3 + (1,2)12 - (4.5)

The MSSM Higgses ¢ and ¢ in the representations (1,2)_; /2 and (1,2), /2, respectively, shall
be light if the p-term

f1p (4.6)

is small. On the other hand, the Higgs-triplets (3, 1),/3 and (3,1)_;/3 are not observed and
more importantly can mediate fast proton decay due to dimension 5 operators. Furthermore,
they can alter gauge coupling unification. Therefore, they must be heavy with a mass pre-
sumably at the GUT scale or higher. So, what mechanism distinguishes between the light
doublets and the heavy triplets?

Local GUTs can also provide an intuitive answer here. Up to now, we have restricted
to local GUTs from the first twisted sector of Zy orbifolds, since then no further orbifold
projections could remove local matter representations or parts thereof. But now, this is
actually the desired feature: by zooming-out from the local picture to the 4d one, the Higgs
representation decomposes the into Standard Model ones containing doublets and triplets and
the orbifold can potentially project out the unwanted triplet states.

Remark: Local GUTs of Higher Twisted Sectors

Local GUTs from the first twisted sector provide complete GUT multiplets decomposed into
representations of the 4d gauge group. The origin of this feature is the absence of orbifold
projection conditions for matter from the first twisted sector. Note, however, that this situa-
tion is not unique to T(y). In principle, it applies additionally to some fixed points of higher
twisted sectors. Geometrically, these are fixed points that only arise in some higher twisted
sectors T() and its “anti-sector” T _y) such that the orbifold space can be written locally
as C3/g (with g from the twisted sector T(y)-

For example, in the case of the Zg-II orbifold with torus lattice Go x SU(3) x SU(2)?,
the fixed points of the second (and fourth) twisted sector, away from the origin in the Go
plane, are not present in the other twisted sectors. In figure (A.2) in the appendix they
are denoted by go. Only Wilson lines that go along the directions of the fixed torus induce
orbifold projections for matter states originating from these fixed points. This breaks the
local GUT and projects out some matter states resulting in a “smaller” GUT. However, the
matter representations with respect to this smaller local GUT are not affected further when
we zoom-out to the 4d picture, since further orbifold projections have to be carried out using
the constructing element itself (and powers thereof) and are thus trivial.

In summary, also higher twisted sectors allow in principle for local GUTs such that com-
plete GUT multiplets just decompose into representations of the 4d gauge group.
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4.2 The Zg-11 Landscape

Having the guideline of local GUTs in mind, we perform a search for MSSM candidates in the
framework of Zg-11I orbifold compactifications of the heterotic Eg x Eg string. The underlying
torus lattice is chosen to be Gg x SU(3) x SU(2)2, as discussed in section 2.5.3.

Next, we choose the local GUT by choosing the shift. Looking through the list of all 61
inequivalent shifts and their massless matter spectra for Zg-1I [88], we select local SO(10) and
local Eg GUTs as the most promising. In detail, there are two gauge shifts leading to a local
SO(10) GUT with 16-plets in the first twisted sector,

ySOOL — (1171 0.0.0,0,0) (L,0,0,0,0,0,0,0) (4.7)
VSO(10)72 = ( T %, 0, O, 0, O, 0) (%a %a 0, 07 Oa 07 O’ 0) ’

and two shifts leading to a local Eg GUT with 27-plets in the first twisted sector,

VEG’l = (%; %a %, 03 07 07 O’ 0) (0’ 0’ O’ 0’ O’ 0’ 0’ 0) ’ (48)
vEe2 = (2,110,0,0,0,0) (4 £0,0,0,0,0,0)

where VF6:1 corresponds to the standard embedding. Since these shifts provide 16- or 27-
plets in the first twisted sectors and therefore complete generations of quarks and leptons, we
can hope to find MSSM candidates with three generations using the strategy described in the
following. In other words, these four shifts are the starting points for our journey through
the Mini-Landscape. By turning on Wilson lines we will explore the corresponding regions in
detail now.

4.2.1 The Search Strategy

Starting from the four local GUT shifts, a search strategy for finding phenomenologically
interesting models is developed. The strategy reads:

1. Generate all two Wilson line models.

2. Identify “inequivalent” models.

3. Select models with Ggm € SU(5) € SO(10) or Gsm € SU(5) C Eg
4. Select models with three net (3, 2).

5. Select models with non—-anomalous U(1)y C SU(5).

6. Select models with net 3 SM generations + Higgses + vector—like.

In detail, the steps are as follows: At step 1, one of the four GUT-shifts, eqns. (4.7) or
(4.8), is chosen and all two Wilson line models are constructed using the methods described
in [71,78] and in the appendix of [42]. These models can be separated into two cases: either
these two Wilson lines are of order two (As and Ag) or one Wilson line is of order three
(A3 = A4) and one of order two (As). Since the Zg-1I orbifold neither allows for discrete
torsion nor for brother models (see section 3.2), the ansatz of [42, 71, 78| is sufficient to
construct all different models.
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However, this ansatz for constructing models has redundancies and thus many models are
equivalent. To determine the inequivalent models at step 2, a simple and fast comparison-
method is used: two models are considered to be equivalent if they have the same gauge group,
the same non-Abelian matter spectrum and the same amount of non-Abelian singlets. Thus,
models differing only in U(1) charges are treated as equivalent. In addition, some models
differ only by the localization of states on the different fixed points. We know that these
ambiguities occur and it is likely that in some cases Yukawa couplings are affected. Hence
this criterion may underestimate the number of truly inequivalent models.

At step 3, those models are retained that have a Standard Model gauge group SU(3) x
SU(2) x U(1)y originating from an SU(5). This SU(5) in turn shall lie inside the local GUT
under consideration, i.e. SO(10) or Eg. Technically, this is done by demanding that the simple
roots of SU(3) x SU(2) can be written as a linear combination of the ones of SU(5). This
choice of the SM gauge group ensures that we can use the standard SU(5) GUT hypercharge
generator. Generically it is of the form

ty =(0,0,0, 3,4 -4 -1 -1)(0,0,0,0,0,0,0,0) , (4.9)
which is appropriate for gauge coupling unification and yields a weak mixing angle sin 0y, =
3/8 at the GUT scale.

The next search criterion at step 4 selects models having a net number of three left-
handed quark doublets (3,2), where net number means that we also allow for situations like
4(3,2) plus (3,2), for example.

Step 5 ensures that the hypercharge chosen previously in step 3 is non—anomalous. Tech-
nically, this is achieved by demanding that the generators of U(1)y and U(1)anom are orthog-
onal, i.e. ty - tanom = 0. A non—anomalous hypercharge is necessary, because an anomalous
one would be broken at the high scale due to the presence of the Fayet—Iliopoulos D-term,
resulting in a catastrophe for electroweak symmetry breaking.

In the last step models are selected if they have the chiral matter content of the MSSM,
i.e. three generations of quarks and leptons and at least one pair of Higgses. In addition,
models at step 6 are allowed to have vector-like exotics. In order for some exotics to be
vector-like with respect to the SM gauge group, they either have to form real representations
of SU(3) x SU(2) x U(1)y or they have to come in pairs of some representations plus their
complex conjugates. Then, it is in principle possible to write down a mass term for these
exotics with a very high mass such that the exotics decouple from the low energy effective
theory. Note, however, that the couplings in the superpotential relevant for the mass terms
can not be put in by hand, but they have to be derived from string theory, as explained later.

4.2.2 The Results - Part I

The results of this search strategy are summarized in table (4.1). It leads to 1284-90+3+2 =
223 models having the chiral matter content of the MSSM [45]. Surprisingly, all of these 223
MSSM candidate models have one order three Wilson line and one of order two [41]. This
leads to the situation that two SM generations of quarks and leptons originate from the local
GUT structure of SO(10) or Eg, as depicted in figure (4.3), and the components of the third
generation are localized at various twisted or untwisted sectors. None of the good models is
based on two order two Wilson lines.

Many details of these models, including the Wilson lines, the (hidden sector) gauge group,
the massless matter and their localization, are listed in a web page [122].
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criterion H 1780(10),1 | 1/80(10),2 H v Eel ‘ /7 E6.2
2. inequivalent models with 2 Wilson lines 22,000 7,800 680 1,700
3. SM gauge group C SU(5) € SO(10) (or Eg) || 3,563 1,163 27 63

4. 3 net (3,2) 1,170 492 3 32

5. non—anomalous U(1)y C SU(5) 528 234 3 22

6. spectrum = 3 generations + vector-like 128 90 3 2

Table 4.1: Statistics of Zg-II orbifolds based on the shifts VSO10).1 1/50(10):2 1/Ee,1 j/Ee,2
with two Wilson lines.

It is instructive to compare this model-scan to others. In certain types of intersecting D—
brane models, it was found that the probability of obtaining the SM gauge group and three
generations of quarks and leptons (in some cases with chiral exotics) is at best 1079 [123-125].
The criterion which comes closest to the requirements imposed in [123,124] is step 4. We
find that within the sample presented here the corresponding probability is 5 %. In [126,127],
orientifolds of Gepner models were scanned for chiral MSSM matter spectra, and it was found
that the fraction of such models is 1074, In table (4.1) the corresponding probability, i.e.
the fraction of models passing criterion 6, is of order 1%. Note also that, in all 223 models,
hypercharge is normalized as in standard GUTs and thus consistent with gauge coupling
unification. This comparison shows that this sample of heterotic orbifolds is unusually “fertile”
compared to other constructions. The probability of finding something close to the MSSM is
much higher than that in other patches of the landscape analyzed so far.

If one relaxes the constraints of step 3 (i.e. SM gauge group C SU(5) C SO(10) (or Eg))
and step 5 (i.e. U(1)y € SU(5)) the number of models increases by a factor of about 10 [128].
However the additional constraint that sin? 6y, = 3/8 reduces this number by 90% so that
there are only a handful of additional models. It suggests that in order to find the MSSM,
one may need to require local GUTs.

In the following, we will investigate the 223 MSSM candidates further. Each model allows
for a vast number of different vacuum configurations, i.e. different choices for the fields that
develop vevs. Most of these choices will break the SM gauge group and are therefore clearly
not relevant. Other choices that keep SU(3) x SU(2) x U(1)y might only differ in the structure
of the Yukawa couplings for quarks and leptons. However, it is neither possible nor desirable
to analyze all vacuum configurations for a given model. An analysis of some general properties
seems more promising.

€2

€1

As

Figure 4.3: First twisted sector Ty of the Zg-II orbifold on the lattice Go x SU(3) x SU(2)?
with one Wilson line A3z along the e3 and e, direction and another one As along the eg
direction. The Wilson lines lift the fixed point degeneracy such that only at the 1 x 1 x 2 =2
black fixed points the local SO(10) GUTs with local 16-plets remain.
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4.2.3 Properties of the MSSM Candidates
Heavy Top and Decoupling of the Exotics

The next task is to find out whether the exotics of the 223 MSSM candidates can be made
heavy according to the string selection rules for the superpotential. As the computation of
the superpotential terms relevant for the decoupling of the exotics is a very time consuming
issue, an intermediate step (“heavy top”) was included in the model search in [45]3. In step
(7a), we require a renormalizable O(1) Yukawa coupling (3,2)1/6 (3,1)_2/3 (1,2)1/2, i.e. one
of the following types

Uuu, UTT, TTT, (4.10)

where U and T denote generic untwisted and twisted fields, respectively. The U U U coupling
is given by the gauge coupling, U T'T is a local coupling and thus is unsuppressed, while the
T T T coupling is significant only when the twisted fields are localized at the same fixed point.
Models in which the above couplings are absent or suppressed are analyzed in step (7b).

Using the string selection rules of section 2.7, all terms entering the superpotential which
are relevant for the masses of the exotics are computed up to order 8 in the fields. In detail,
such a term looks like

XXs...s, (4.11)

with at most six (in general different) singlets s € {s;} and X transforms in the complex
conjugate representation of X. Note that the singlets s are only demanded to be singlets
with respect to the Standard Model gauge group, i.e. they transform as (1,1)¢ but are
charged under the extra U(1)’s and possibly also under some hidden non-Abelian gauge factor.
Consequently, the vevs of these fields induce a gauge symmetry breaking. For many models,
all extra U(1) factors are broken, but some hidden sector non-Abelian gauge group factors
remain unbroken. This results in most cases in a separation of hidden and observable sectors,
i.e. particles from the hidden and the observable sector are not simultaneously charged with
respect to any gauge group factor. This situation yields the possibility of SUSY breaking by
hidden sector gaugino condensation as discussed in section 4.3. Furthermore, X and X are
complex conjugate only with respect to SU(3) x SU(2) x U(1)y.

Having the relevant terms of the superpotential, we assume that all singlets s; develop
vevs. Only those models are selected at step 8 where all mass matrices of all exotics have
maximal rank such that all exotics are heavy and decouple from the respective low-energy
effective theory.

D-flatness

Next, at step 9 of the search strategy it is checked whether for a given model the exotics
decouple along D-flat directions in order to be in agreement with N' = 1 supersymmetry.
In fact, this requires additionally F—flatness. However, F—flatness is more involved, since
the whole superpotential including the coupling strengths is needed and not only the terms
relevant for the masses of the exotics. Therefore, F-flatness will only be explored for certain
examples, see section 4.4, and we restrict to D—flatness here.

3However, here we will follow both methods, with and without heavy top. The first method will be denoted
by an (a), the second one by a (b).
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D-flatness is ensured by specifying a gauge invariant monomial* of the fields that shall
develop vevs [129,130]. For example, consider some fields s; and assume that the following
monomial I(s;) is gauge invariant

I(s:) = (s1)° (s2)" (s3)% (54)* . (4.12)

A field involved in this monomial attains a vev which is related to the power to which it
appears in I. Explicitly, for eqn. (4.12),

sl _ Isadl _ [ssl _ [(sa)l
V3.V V2 V2
and the vevs of all other fields ss, sg, ... vanish.

The situation changes slightly in the presence of anomalous U(1)’s, which are in fact
contained in all 223 MSSM candidates of the Mini-Landscape. The D-term of such an
anomalous U(1) gauge symmetry includes the Fayet—Iliopoulos term [25,26], a constant which
is proportional to the anomaly tr Qanom, see section 2.4.6. Then, the monomial I(s;) has to be
gauge invariant with respect to all gauge factors except for the anomalous U(1). Furthermore,
the total charge ). Qanom,i of the monomial has to cancel the Fayet-Iliopoulos term, i.e.

(4.13)

()2 =0, (4.14)

9

Danom =~ Wtr Qanom + Z Qanom,i
7

From this we infer that the vevs of at least some fields s; contributing to the cancelation of

the Fayet—Iliopoulos term are required to be at a high scale. Further details on D = 0 can be

found in appendix (B) of [47].

4.2.4 The Results - Part 11

Following the steps 7 to 9 for both cases, with and without heavy top, we obtain results as
summarized in table (4.2) [45,47]. For most of the models the exotics decouple at order 8
(or less). It is likely that if we go to higher orders in the superpotential, the exotics of more
MSSM candidates (maybe even of all) will decouple. In addition, it turns out that D = 0
is not a severe constraint. That is, for nearly all models, we find gauge invariant monomials
that contain almost all Standard Model singlets such that they can develop vevs.

criterion H VSO(lO),l VSO(lO),Q H VEG’l ‘ VEG’2
Ta. heavy top 72 37 3 2

8a. exotics decouple at order 8 || 56 32 3 2

9a. D—flat direction 55 32

7b. no heavy top 56 53

8b. exotics decouple at order 8 || 50 53

9b. D-flat direction 50 53

Table 4.2: Further analysis of the 223 MSSM candidates, either along method (a) or (b), as
discussed in the text. For these steps we concentrated on the SO(10) shifts.

“In general, one has to specify an analytic gauge invariant polynomial I(z) such that 0I(z)/02%|,—¢ = C&q
defines a D, = 0 solution, where C' is a complex constant C' # 0 and £, denotes the vev of the field z, [129].
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4.3 Low-Energy SUSY Breaking

As briefly mentioned in the last section, the MSSM candidates have the necessary ingredients
for supersymmetry breaking via gaugino condensation in the hidden sector [131-134], pub-
lished in [46]. In particular, the models contain non-Abelian gauge group factors beside the
Standard Model with little or no matter. The corresponding gauge interactions become strong
at some intermediate scale such that the corresponding gauginos condensate (A\). This can
lead to spontaneous supersymmetry breakdown in the hidden sector, communicated to the
observable sector by gravity [131]. The specifics of the SUSY breaking depend on the moduli
stabilization mechanism, but the main features such as the scale of supersymmetry breaking
hold more generally. In particular, the gravitino mass is related to the gaugino condensation

scale A = (A\)1/3 by
(4.15)

while the proportionality constant is model-dependent. The gaugino condensation scale in
turn is given by the renormalization group (RG) invariant scale of the condensing gauge

group,

A ~ Mgur exp< (4.16)

1 1 >
28 g*(Mgur) /)’
where [ is the beta—function and g is the gauge coupling constant related to the dilaton .S by
1/g?> = Re S. This translates into a superpotential for the dilaton, W ~ exp(—3S5/283), which
suffers from the notorious “run—away” problem, i.e. the vacuum of this system is at S — oo.
For a discussion on the stabilization of the dilaton (at the realistic value Re S ~ 2) and of
the T—modulus see [135-138] and [46]. Finally, for a gaugino condensation scale of about
A ~ 10'3GeV the gravitino mass is in the TeV region which is favored by phenomenology.
Obviously, in order to retain a hidden sector non-Abelian gauge group we have to modify
step 8 of the search strategy: only fields neutral under both, the Standard Model and the
hidden sector non-Abelian gauge group, are allowed to acquire vevs. This yields in general less
fields with vev than before. Consequently, the number of models with decoupled vector—like
exotics is reduced, see table 4.3.
As the beta—function depends on the hidden sector gauge group (and its light matter
representations), we start with a discussion on the various hidden sectors that appear in
the MSSM candidates. Figure (4.4) displays the frequency of occurrence of various gauge

criterion H 17S0(10),1 | 1/80(10),2 H VEe1 ‘ V7 E6.2
2. inequivalent models with 2 Wilson lines 22,000 7,800 680 1,700
3. SM gauge group C SU(5) C SO(10) (or Eg) || 3,563 1,163 27 63

4. 3 net (3,2) 1,170 492 3 32

5. non—anomalous U(1)y C SU(5) 528 234 3 22

6. spectrum = 3 generations + vector-like 128 90 3 2

7. heavy top 72 37 3 2

8. exotics decouple + gaugino condensation 47 25 3 2

Table 4.3: Statistics of Zg-II orbifolds based on the shifts VSO(10),1 /80(10).2 '/ Ee,1 1y Ee,2
with two Wilson lines for the study of gaugino condensation.
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Figure 4.4: Number of models vs. the size of largest gauge group in the hidden sector. N labels
SU(N), SO(2N), Ex groups. The background corresponds to step 2, while the foreground
corresponds to step 6.

groups in the hidden sector (see [139] for a related study). The preferred size (N) of the
hidden sector gauge groups depends on the conditions imposed on the spectrum. When
all inequivalent models with 2 Wilson lines are considered, N = 4,5,6 appear with similar
likelihood and N = 4 is somewhat preferred. If we require the massless spectrum to be the
MSSM + vector-like matter, the fractions of models with N = 4,5,6 become even closer.
However, if we further require a heavy top quark and the decoupling of exotics at order 8,
N = 4 is clearly preferred (see figure (4.5)). In this case, SU(4) and SO(8) groups provide
the dominant contribution. Since all or almost all matter charged under these groups is
decoupled, this leads to hidden sector gaugino condensation at an intermediate scale. (We
note that before step 8, gaugino condensation does not occur in many cases due to the presence
of hidden sector matter.)

Possible scales of gaugino condensation are shown in figure (4.6). These are obtained from
eqn. (4.16) by computing the beta-functions for each case and using g?(Mgut) ~ 1/2. The
correlation between the observable and hidden sectors is a result of the fact that modular
invariance constrains the gauge shifts and Wilson lines in the two sectors.

We see that among the promising models, intermediate scale supersymmetry breaking is
preferred. The underlying reason is that realistic spectra require complicated Wilson lines,
which break the hidden sector gauge group. The surviving gauge factors are not too big
(unlike in Calabi—Yau compactifications with the standard embedding), nor too small.

50%
40%
30%

20%

% of models

10%

2 3 4 5 6 7 8 9
N

Figure 4.5: As in figure (4.4) but with models of step 8 in the foreground.
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Figure 4.6: Number of models vs. scale of gaugino condensation [46].

There are significant uncertainties in the estimation of the supersymmetry breaking scale.
First, the identification of (A\)!/3 with the RG invariant scale is not precise. A factor of a
few uncertainty in this relation leads to 2 orders of magnitude uncertainty in mg/,. Also,
there could be significant string threshold corrections which can affect the estimate. Thus,
the resulting “prediction” for the superpartner masses should be understood within 2-3 orders
of magnitude.

4.4 R-parity

As a detailed analysis of all 223 MSSM candidates is very time-consuming, we will only choose
one of them in this section and analyze its phenomenological implications in detail. We will
call it the benchmark model, as some of its properties are likely to be generic for other models
of the Mini-Landscape, too. We construct a supersymmetric configuration F'= D =W =0
for the benchmark model which additionally yields a possible solution to the p problem for
free. Furthermore, in order to avoid rapid proton decay we identify a U(1)p_z symmetry.
By breaking U(1)p_r, by the vevs of fields with even B — L charges, we obtain a discrete
symmetry, R—parity (or matter-parity), that forbids dangerous dimension-4 baryon/ lepton
number violating operators. In addition, the see-saw mechanism for light neutrino masses
and the structure of the Yukawa couplings for quarks and leptons are analyzed. The results
presented here have been published in reference [47]°.

Technical Details of the Benchmark Model
The benchmark model is defined by the shifts and Wilson lines

Vo= (373750 66 -3 -3 02 —53) (4.17a)
A5 = (0,_%a_%a_%a%a07070) (45 _33_%’_ 7_37_%’_%’%) ) (417b)
A3 = (_%a_%a%a%’%,%a%a%) (%,0707§a07§,_270) . (417C)

A possible second order 2 Wilson line is set to zero (Ag = 0). The gauge group after com-
pactification is SU(3) x SU(2) x [SU(4) x SU(2)] x U(1)?, where the nine U(1) generators can

be chosen as
t1 = ty = (0,0,0,—3,-%, 2 1 1 0°%) (4.18)

®The benchmark model discussed here is named “benchmark model 1B” in [47]
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and

t2 — (_17015)7 t3 = (07_1a014)7 t4 — (0707 _17013)7
ts = (03,(=1)°,0%), tg = (0% —1,00), t7 = (0%,1,0,0,—1,0%), (4.19)
ts = (0'2,-1,0%), t9 = (0'3,-1,0,0).

Therefore, the benchmark model contains the gauge group SU(3) x SU(2) x U(1)y of the
Standard Model. The generator of the anomalous U(1) reads

9
tanom = Zaiti, where {o;} = {O,%,O,—%,%,—%,%,Q,%} i (4.20)
i=1
Since oy = 0, hypercharge is non-anomalous. The details of the spectrum are given in

table B.7 in the appendix.

Supersymmetric Minkowski Vacuum

Now consider the vacuum configuration where the fields

T 0 .0 .0 .0
{Si} - {XI?X25 X35 X4 hl, h?, h3a h4a h5a hﬁa h7, h8, hg, tha 515589, 53, 54,
0.0 .0 .0 .0 .0 0 0 0 0 0 0 0 0 0
85156, 575 885 89, 810> $115 512> 5135 $14> 515 516> 517> 5185 5209 (4.21)

o 0 0 0 0 0 0 0 0 0 0 .0
8915 522, 5935 5245 595 S26, 5975 S28, 520 530, 5315 32}

develop a vev while the expectation values of all other fields vanish. By an appropriate choice
of the vevs this configuration yields D = 0. The corresponding gauge invariant monomial is
given in [122].

In order to get a supersymmetric Minkowski vacuum we have to demand F' = W = 0 in
addition. An interesting feature of this model is that the superpotential of the SM singlets
X, h ands® factorizes into polynomials of D, doublets and Dy singletsS, i.e.

W(x.h.s%) = Ri(D) B(S) . (4.22)
PZ(ZN)) denotes polynomials in SM singlet fields which transform as D4 doublets D and Pi(S)

denotes polynomials in SM and D, singlets S. In particular, the D4 doublets which enter
W(3S) up to order six in fields are

V)

51:(3

B — (s (4.23)

0.59))

55511
3) D¢ = (3873(1]4) :
The polynomial in D4 doublets is, to order six, quadratic in doublets and is given by the
trivial Dy singlet scalar product, for example,

Dy - Dy = (s3 s9+ s s%,) . (4.24)

5The D4 family symmetry is a consequence of the space group selection rule in the SU(2)? torus lattice
and the trivial Wilson line Ag = 0 [34,53]. States sitting at the two vertical fixed points on the SU(2)? torus
transform as doublets under D4, compare to figure 4.3.
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We then find (up to calculable dimensionful coefficients in units of the string scale)
W(x; h,s%) = (Dl ' D2> (96 + 99 + (596506 + 56529 + 529529) (515 + s15))  (4.25)
+ <D1 Do + D2 - DS) 530 [Sgo(s% + 5%6) + s17(s55 + 53)
+ 895594 + s97) + 551 (830 + 31) + 552(s3 + s53)

+ (s + 5751 + 55577) (596 + 599) + b1 (hs + h1o) + ha(h7 + ho)
+ <53 : 54) 5959 (3?73(1)8 + hihy + (s + 91) (s + 383)) .

Thus, to order 6 in SM and hidden SU(4) singlets, the polynomials Pi(D) are completely
determined by the D4 symmetry, while the polynomials P;(S) are non-trivial for all i. One
particular F' = D = 0 solution is given by the roots of

(P(D)) = (Fi(S)) =0 (4.26)

for all polynomials i (compare to e.g. [41,47]). Hence, the superpotential up to order six in
SM singlets vanishes
W(x,h,s%) = 0. (4.27)

Therefore, the total superpotential is given solely by its non—perturbative part. This is
expected to be very small and thus a small gravitino mass and a small cosmological constant
can in principle be achieved.

Identifying a U(1) p—; Symmetry

In the MSSM lepton doublets ¢ and Higgs doublets ¢ carry the same charges with respect to
the SM gauge group. Consequently the superpotential contains the operators

le ,qfd and in addition udd (4.28)

at the renormalizable level. These dimension 4 operators lead in general to rapid proton
decay. Therefore, they have to be suppressed. One solution to this problem is U(1)p_r, as
it distinguishes between lepton doublets ¢ and Higgs doublets ¢. One can easily see that a
U(1)p—r, symmetry forbids these dangerous operators.

It is possible to identify a non-anomalous B — L generator for the benchmark model. Tt
reads

373 3

where the first half of tp_;, which acts on the first Eg has the standard SO(10) GUT form,
but the second part is different. Nevertheless, we have chosen it due to the following two

2 2 2
tp_1 = <0,0,0,0,0,——,—— ——> (0,0,0,0,0,2,0,0) , (4.29)

essential properties:

e the spectrum includes 3 generations of quarks and leptons plus vector-like exotics with
respect to Ggy X U(1)p—r, , and

e there are SM singlets with B — L charge +2, labeled by x. Therefor it is important that
tp_1 acts non-trivially in the second Eg.
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‘ # ‘ representation ‘ label ‘ ‘ # ‘ representation ‘ label ‘
31 (3,251,1)(1/6.1/3) qi 31 (811, 1)(—2/3,—1/3) Ui
31 (1,1;1,1) & 8 | (1,2;1,1), m;
41 BLL1) | d LB L) 518 | di
41 (L251,1) gy | 1| (1,2;1,1) b
UL (L21,1)yng) | 6 1] (1,2:1,1) 59 Pi
6 | (B.1i1,1) 5, |6 6 | BLL 1) yys o) | 0
4 (L,L1,1) ., st 4| (LLL1) ), s;
16 | (1,151,1) gy n; 13 (L,11,1),_y n
5 1 (1,1;1,2) i (1,151,2) gy n;
10 | (1,1;1,2) 4 hi 2 | (1,2;1,2) Vi
6 | (1,1;,4,1) 4., fi 6| (1,14,1),, fi
2 (1713471)(71/2,71) fi 2 (171?11)(1/2,1) fir
41 (1,151,1) g 4 Xi 32 | (1,1;1,1) sy
2 | B LL,1) g0 | O 2 1 B LL,1) 6 _0/3 |vi

Table 4.4: Spectrum. The quantum numbers under SU(3) x SU(2) x [SU(4) x SU(2)] are
shown in boldface; hypercharge and B — L charge appear as subscripts. Note that the states
sfc, fi, i and m; have different B — L charges for different ¢, which we do not list explicitly.

Using this definition for U(1)p_7, it turns out that there is only one pair of Higgs candidates
¢ and ¢; and 4 — 1 lepton doublets. The spectrum of charged matter is summarized in
table (4.4). Comparing to eqn. (4.21) we see that in the current vacuum configuration only
one SM singlet vev is set to zero, i.e. (s{y) = 0.

The p-Term

In this model we also find an intriguing correlation between the py—term

2
N
$1=¢1=0

and W(x, h,s”). We note that both Higgs doublets are untwisted states, the combination
&1 @1 is a gauge singlet with respect to the full orbifold gauge group and in addition neutral
with respect to all string selection rules, e.g. R, 5 = (0,0,0,-2) ~ (0,0,0,0). Consequently,
each monomial of fields appearing in W(x, h, s°) couples also to the Higgs pair ¢, ¢; giving
rise to the p—term. This implies that”

p=0 < W(x, hs")=0. (4.31)

Consequently, the u-term is of the order of the expectation value of W, i.e. the gravitino mass.
This mechanism has been discussed before, see e.g. [140]. However, here it was not put in by
hand, but it is a result of the string construction.

Note that there is no doublet-triplet splitting problem for the benchmark model since the
Higgs color-triplets have been removed by the orbifold projection.

"This applies to the untwisted Higgs pairs in many models of the Mini-Landscape, for instance also to the
model presented in [39,41].
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Breaking of U(1) p_;, and Neutrino matrices

As mentioned before, there are SM singlets with B — L charge +2, labeled by x. If they
acquire vevs, they break U(1)p_; to R-—parity (or matter parity). Thus, the dangerous
baryon/ lepton number violating operators of eqn. (4.28) remain forbidden. Furthermore,
we can have a see-saw mechanism for light neutrino masses, as we have Majorana and Dirac
masses for the neutrinos,

nnx and (én . (4.32)

For more details, see the web page [122] and [86].

Charged fermion Yukawa matrices

The charged fermion Yukawa matrices are

P P P 3?50 3 5 5
Yo=| 8 3 35 |, Y, = P 0|, Y. = 3 56 (4.33)
9055 1 59 5% 0 5655 0

The up-type quark Yukawa matrix is given directly in terms of the coupling of the up-type
Higgs to the three ¢ and u fields. The down-type quark and charged lepton Yukawa matrices
are obtained by integrating out a pair of vector-like d- and d-quarks and ¢- and ¢-fields,
respectively. We find that the up and charged lepton Yukawa matrices have rank three, while
the down quark Yukawa matrix has only rank two, at this order in § singlets. In fact, to this
order in SM singlet fields, the superpotential does not couple two right-handed down quarks,
Ci374, to the quark doublets. This is because CZ3’4 are in the Ty twisted sector. However, we
have verified that some of the zeros in Yy get filled in at higher orders and at order 8 Y, has
rank 3. Note that in this vacuum configuration the Yukawa matrices retain a form consistent
with the underlying D4 family symmetry.

Dimension 5 baryon and lepton number violating operators

We further analyzed the question of dimension 5 proton decay operators. We find that both
gqql and uude (4.34)

appear at order $5. They are also generated by integrating out the heavy exotics. For example,
the following couplings exist

10104, 10105, g2l20s, q2lad5, q1q1 01, 1105, q2q204, G2q2 05 - (4.35)

Hence integrating out the states d;, §; produces dangerous dimension 5 operators. These
must be sufficiently suppressed to be consistent with present bounds on proton decay [141,
142]. We have verified that, for some particular s vevs, it is possible to suppress the ¢qq/
operators induced by the trilinear couplings of eqn. (4.35). However, higher order couplings
also introduce baryon and lepton number violating operators. We have not been able to
identify a suppression mechanism for such operators yet.
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Chapter 5

Blow—up of Orbifold Singularities

From the construction of MSSM candidates in the framework of Zg-11 orbifolds as discussed
in chapter 4, we know that twisted fields have to attain vevs due to two main reasons. First
of all, the Fayet—Iliopoulos D—term forces some fields to get vevs in order to maintain a
supersymmetric solution. Secondly, from a phenomenological point of view we need to give
large vevs to some Standard Model singlets in order to generate mass terms for the unwanted
vector-like exotics.

On the other hand, it is known from the early beginnings of orbifold construction that
a twisted field attaining a vev can be interpreted as a so-called blow—up mode [18,94]. By
turning on its vev the singularity of the corresponding fixed point is smoothed out, yielding the
resolution space. In this chapter, we aim at a deeper understanding of this blow—up procedure.
For doing so, we concentrate on the easiest orbifold singularities, the ones appearing in Zg
orbifolds. Furthermore, we restrict to the Eg x Eg heterotic string as we want to connect the
blow—up method with early Zs MSSM candidates®. The general outline of this chapter reads:
First, the local resolution space of a single singularity is constructed explicitly building on the
results of [115]. Then, the transition between the string model on the singular space and the
effective field theory on the resolution space is discussed in detail, focusing on the role of the
blow—up mode. Afterwards, it is shown how the singularities of a compact Z3 orbifold can
be resolved, even in the presence of Wilson lines. Finally, the blow—up procedure is applied
to the Zs MSSM candidate of reference [15]. The results of this chapter have been published
in [48].

5.1 Blow—Up up Local C3/Z3 Orbifold

We consider the heterotic string quantized on the singular non-compact space M3z 1 x C3/73
and on its resolution denoted by M3. We start by giving the geometrical details of the
©3 /73 singularity. Then we show how to resolve it and how to construct gauge fluxes on the
resolution. After this study of the geometry, we consider the heterotic string on the singular
space and on the resolution, leading to 4d heterotic orbifold and resolved models, respectively.

Finally, we briefly comment on the anomaly cancelation in both cases: in contrast to
the orbifold model which allows for at most one anomalous U(1), the resolution model can
have up to two. On the orbifold side, the standard Green—Schwarz mechanism, involving
one single universal axion, is combined with a Higgs mechanism giving rise to the blow—up.
On the resolution, this combination is mapped into a Green—Schwarz mechanism involving
two axions. These axions are mixtures of the orbifold axion and of the blow—up mode. This
identification is completed by the observation that the new Fayet—Iliopoulos term produced
on the resolution is nothing else than the (tree-level) D—term due to the non—vanishing vev
of the blow—up mode.

'The SO(32) theory was considered in [115,143].
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Figure 5.1: The three complex planes C? are modded out by the Z3 twist §. The grey region
depicts a fundamental domain of €3/Z3 and corresponds to the patch U, (1)~ The black lines
in the first complex plane illustrate that the angle is restricted to be 0 < arg(Z!) < 27/3. In
the case of U(y) and U(s) this (deficit) angle lies in the second and third plane, respectively.

5.1.1 Orbifold and Blow—up Geometry

In order to describe a Zs singularity locally, we start from C? parameterized by the three
complex coordinates Z* (i = 1,2,3). Then, the Zg3 orbifold rotation 6 acts as

0: Z'— 237l =(1,1,-2) . (5.1)

Note that in this chapter we define the twist vector without the factor 1/3. The Z3 singularity
is locally described by the non—compact orbifold

C?/%s , (5.2)

which is obtained by identifying those points in C? that are mapped into each other by 6. In
other words, the equivalence relation §Z ~ Z defines the quotient space C3/Zs3. Following
the holonomy arguments of section 2.1, such a space is singular in the fixed point at the origin
{0}. The orbifold space €3/Zs3-{0} is naturally equipped with a Kdhler potential, inherited
from €3, which reads

ICCS/ZS - ZZZZZ 5 (53)

such that the metric
o 0

9= 57t 973" = °

ij (5.4)

is Euclidean and the space is flat apart from the origin. We can cover ©3/Zs3-{0} by means
of three coordinate patches, defined as

Upy={Z€CZ #0,0<arg(Z’) <2r/3}, i=1,23. (5.5)

Each of this patches gives a representative of the fundamental domain of ©3/Z3. As an
example, the coordinate patch U(yy is depicted in figure (5.1).
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Convenient Coordinates

It is convenient to choose new coordinates on the orbifold C2/Z3, which allow for a systematic
construction of a resolution of the singularity as a line bundle over CP2. In the language
of toric geometry [113,144], the CP? is called an exceptional divisor, and it replaces the
singularity in the resolution M? of ©3/Z3. When its volume shrinks to zero, the singularity
is recovered, and the space M? approaches C3/Z3 (blow—down). Thus, the blowing-up/down
procedure is controlled by the size of the exceptional divisor. To make this more explicit we
consider the patch Ug;), where Z' # 0, and define 2/ = Z7/Z" for j # i. To remove the deficit
angle of Z¢ we perform the coordinate transformation Z% — z = (Z%)3. In this way the Kihler
potential, eqn. (5.3), becomes

1
Kesjz, = X (5.6
where X is defined (in the patch U(;) as
_. VANANC _ . A3
X=z(1+220% = X= (ZZ)3<1 +3 ) (Z1)3 = (Z ZJZJ) . (5.7)

77
J# Z J

Thus, we see that the Kéahler potentials eqns. (5.3) and (5.6) are equivalent.

The Resolution Space

A resolution M? of the orbifold is given by considering the open patches introduced above,

equipped with a new Kéhler potential [115]

X dx’
XI

Kp = M(X'), M(X)= %(r +X)3 (5.8)

that is Ricci-flat and matches the orbifold Kéhler potential eqn. (5.6) in the 7 — 0 limit (up
to a constant which is irrelevant for a Kéahler potential). In this limit the curvature vanishes
for points x # 0, whereas for x = 0 it diverges. Moreover, it vanishes for any value of » when
|x| — oo. Therefore, blowing up means that the orbifold singularity is replaced by the smooth
compact CP? that shrinks to zero as r — 0 (the situation is illustrated in figure 5.2).

CP?

blow—up

Figure 5.2: Visualization: the parameter r controls the size of the CPP2. Starting with r = 0
and the singularity, the orbifold is blown—up by increasing .

93



94 CHAPTER 5. BLOW-UP OF ORBIFOLD SINGULARITIES

5.1.2 Gauge Fluxes

Now, we turn on gauge fluxes, i.e. non-trivial background values for the internal field strength
F, for both the singular orbifold C3/Zs3 and its smooth counterpart, the resolution space M3,

Gauge Fluxes Wrapped on the Orbifold

When defining the heterotic string on €3 /Z3, the 10d gauge group Eg x Eg is broken by the
orbifolding procedure. We can understand this breaking from two perspectives:

On the one hand, following the discussion on compact orbifolds of section 2.4, we know
that we have to embed the Z3 point group into the gauge degrees of freedom. As before, we
do this by a shift embedding V. For later convenience, we define the shift in this chapter
as a lattice vector Vi, € A. In detail, we absorb the factor 1/3 into the transformation phase
e2m/3(Psn-Vorb—Gsh'?) guch that the unbroken gauge group is determined by the roots fulfilling

p-Vorb =0 mod 3. (5.9)

On the other hand, we can also understand the gauge symmetry breaking from an effective
field theory perspective: let i2l be the one—form gauge field, which takes values in the Lie
algebra of Eg x Eg. iF denotes its field strength. Moreover, define Hy, for I = 1,...,16, as
the basis elements of the Cartan subalgebra of Eg x Eg. In a given coordinate patch with
local coordinates z,z = |z|e'?, the orbifold action 6 is realized as ¢ — ¢+ 27. On the orbifold
there can be non—trivial orbifold boundary conditions for 2

A0 Z) = 1U(z, |z|, ¢ + 2m) = Uid(z, |z|, p)U L, (5.10)

where U = e2m(Van H1)/3 and Vorb 18 a vector in the Eg x Eg root lattice as before. These
boundary conditions correspond to a constant Wilson line background (see eqn. (22) of [115])
and hence induce a gauge symmetry breaking, precisely to those Eg x Eg algebra elements

with root vectors p such that p- Vo, = 0 mod 3.

Gauge Fluxes Wrapped on the Resolution

The non—trivial orbifold boundary conditions of eqn. (5.10) can be reformulated in terms of
fields with trivial ones, but having a non—zero constant gauge background. The existence of
this non—vanishing gauge flux, localized at the singularity, should become “visible” on the
resolution. To obtain a matching of orbifold models with models built on the resolved space,
we consider the possibility of a gauge bundle wrapped around the resolution. In general such
a bundle has structure group J embedded into Eg x Eg. This embedding breaks the 10d
gauge group Eg x Eg to the maximal subgroup H C Eg x Eg that commutes with J. We
therefore expand the 10d field strength two—form

iF =iF +iF (5.11)

around the internal background iF, living in the algebra of 7, in terms of the 4d field strength
iF', taking values in the algebra of H. To preserve N = 1 supersymmetry in four dimensions,
the bundle field strength has to satisfy the Hermitian Yang-Mills equations [61]2

Fij=0, F5=0, G"F;=0, (5.12)

2Here we ignore loop corrections to these equations, discussed in [145]. We will return to this point later.
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where G¥ denotes the inverse Hermitian metric of M3, computed from the Kéhler potential
eqn. (5.8). One further (topological) consistency requirement follows from the integrated
Bianchi-identity of the two—form B of the supergravity multiplet:

/ (trR? — tr(iF)?) =0, (5.13)
c4

for all compact four—cycles C* of the resolution and R denotes the curvature of the internal
space M3. This condition is crucial to ensure that the effective four dimensional theory is
free of non-Abelian anomalies [76]. The resolution space M? only contains a single compact
four—cycle, the CIP? at the resolved singularity, leading to a single consistency condition.

Examples

We give two examples of gauge fluxes on the resolution that satisfy eqns. (5.12) and (5.13).
The simplest construction of such a bundle is the standard embedding (to which we refer as
“AS”) with the gauge connection taken to be equal to the spin connection [61]. In terms of the
curvature this means i = R. Since R € SU(3), this describes an SU(3) bundle, embedded
into Eg x Eg, leading to the 4d gauge group H = Eg x Eg. However, we will focus on the case
of a U(1) gauge bundle with a background field strength two—form

= () T (e P e (5.14)
1/ = ee — .
r+ X n? T+ X )

where n = 3 is the order of the orbifold, X is defined in equation (5.7), r is the blow—up
parameter and e, ¢ denote the holomorphic vielbein one—forms. Note that this choice for the
fields strength satisfies the Hermitian Yang-Mills equations (5.12). For more detail see [115].
Such a U(1) bundle can be embedded into Eg x Eg as

iFy =iF Hy , (5.15)

where we use the notation Hy = V! H;. In other words, we have chosen a non-trivial gauge
background for the field strength of a single U(1) direction of the Cartan subalgebra of Eg x Eg
and the background values of the field strengths corresponding to the other generators of
Eg x Eg vanish. Since the bundle is only well-defined if its first Chern class, integrated over
all compact two-cycles, is integral, an extra consistency requirement arises for the vector V1.
For the two-cycle CP! at 2 = 0,

1
— iFy =VIH; (5.16)
27T1 C]Pl

must be integral for all Eg x Eg roots. This implies that V' has to be an Eg x Eg root lattice
vector itself. The two—form F as given in eqn. (5.14) is regular everywhere for r # 0. In the
blow—down limit » — 0, it is zero for x # 0 and it diverges for x = 0, in such a way that the
integral eqn. (5.16) remains constant. This means that the bundle is “visible” as a two—form
only in the blow—up, but in the blow—down it localizes in the singularity to a delta—peak.
Thus, its physical effect is not lost. In this sense, this bundle is exactly the counterpart of
the orbifold boundary conditions discussed above.
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5.1.3 Classifying Orbifold and Resolution Models

The Orbifold Models

The heterotic string on the €3 /Zs is specified by the orbifold gauge shift vector Vg, defined
in eqn. (5.10). The freedom in the choice of Vi, is constrained by modular invariance of
the string partition function. In the case of the Zs twist eqn. (5.1) the modular invariance
constraint eqn. (2.112) reads

V2, =0mod 6. (5.17)
There are only five inequivalent shift vectors [13,14], each of them giving rise to a different
orbifold model. In table (2.1) we list the possible V,,,}, together with the gauge groups surviving
the orbifold projection. Using the standard CFT procedure as discussed in section 2.4, it is
possible to compute the spectra of these models. They are listed in the second column of
table (5.3). The spectra are given with the multiplicity numbers with which the various states
contribute to the 4d anomaly polynomial localized in the singularity. Thus, these numbers
can be fractional if the corresponding states are not localized in the €3 /Zs singularity. The
untwisted states have multiplicities that are multiples of 3/27, because the compact orbifold
T°/Z3 has 27 singularities and untwisted states come with multiplicity three. On the other
hand, these multiplicities are integers for localized (i.e. twisted) states.

bundle vector gauge group label
V=MW)Vs) VE+VE=V2=12
(3,13,0%) (0%) (23,0%) (0%) (22,1%,0%) (0%) SO(10) x U(3) x Eg Al
(3.228)0) (3134 () 1240
(2,12,09) (2,12,0°)  (2,12,0%) (15,0%)  (2,1%,0°) (32, %6) (B¢ x U(2))? BI
(1502 (15,00 (1500 (374°)  (374°) (3%5") 6+6
(22,00) (2,07) (22,0°) (14,01 (22,09 (<3,47) | Brxso(ay xup | cr

(1%) (2,07) (1%) (1%,0") (1) (-3.37) 8+4
(12,09) (3,1,0%)  (1%,05) (22,1%,0%)  (12,0°) (2,1%,0) E7 x SO(12) x U(1)? CII
(1209 (3.-3.4°) (@09 (3h8")  (37) 1o

(3%) 221201 (37) (2.1%0) (

0
) 2+10
6

3,57) SU(8) x SO(14) x U(1)? | DI
L) (-4.47) 8+4

((117)@0) (L) ho) (1) (<55

Table 5.1: This table lists all consistent U(1) bundles embedded into Eg x Eg. Those bun-
dle vectors V' that produce the same gauge symmetry breaking and localized spectrum are
grouped together. Each group corresponds to a distinct blow—up of the orbifold models. The
bundle vector V' contains two parts corresponding to both Eg’s. Most models are character-
ized by the values of V> and V2 given in the 2nd column; only the splitting 8 + 4 has two
realizations.
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The Resolution Models

The resolution model is completely specified by the way how the gauge flux is embedded in
Eg x Eg, i.e. by the vector V. The Bianchi identity eqn. (5.13) integrated over CP? yields
the consistency condition

V2=12 (5.18)
and enormously constrains the number of possible models to a finite number. Having specified
the gauge background by V, we can analyze the “compactification” of the Eg x Eg vector
multiplet on M?3. Generically, it decomposes into 4d vector multiplets of the unbroken gauge
group and 4d chiral multiplets giving rise to charged matter. In detail, the unbroken gauge
group in 4d is given by the roots of Eg x Eg which fulfill p- V' = 0. The chiral matter
content, on the other hand, originates from those roots fulfilling p - V' # 0. Their multiplicity
is determined by the Dirac index theorem that for U(1) bundles takes the form

1 1
= —(Hy) - -H 5.19
see [115] for details. In practice, the eigenvalues of Hy and of the multiplicity operator Ny

are restricted to five inequivalent cases, listed in table (5.2). Let us consider one example in
detail: Starting from V = (3, 13, 04) (08), the 480 charged roots of Eg x Eg split into:

e 286 roots with p-V = 0 + Cartans transforming in the adjoint of SO(10) x U(3) x Eg

Ny

e 48 roots with p- V = —1 transforming as (16,3,1)_4
e 30 roots with p -V = 2 transforming as (10,3,1)s
e 16 roots with p -V = 3 transforming as (16,1,1)3

3 roots with p - V = 4 transforming as (1,3,1)4

Note that for the matter representations, we only display one chirality (with positive mul-
tiplicity operator Ny ). The other chirality corresponds to p-V = 1,—2,—3, —4. The total
number of states is 286 + 2(48 + 30 + 16 + 3) = 480.

All solutions to eqn. (5.18) together with the corresponding unbroken gauge groups are
given in table (5.1). The computation of the spectra for each of the U(1) embeddings shows
that there are in fact only five inequivalent models amongst them. We distinguish them by
their chiral spectra, which are given in the third column of table (5.3).

Hylp) =p-Vip) | Nv interpretation
-1 % “untwisted” matter
0 unbroken gauge group
2 % “untwisted ” matter
3 1 “twisted” matter
4 3 — % 3 “twisted” matter

+ % complex conjugate “untwisted” matter

Table 5.2: The eigenvalues of the multiplicity operator Ny and their interpretation in the
case of the Zs resolution.
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orbifold model

resolution model

field redefinitions

Eg x SU(3) x E§ SO(10) x U(3) x E} (1,1;1)4 = elv
A (27,1;1)—< (16,1;1)1= €7 (16,1;1)3
| §(27,3;1) §(16,3;1)1 +(10,3;1)5 + (1,3;1).4] (10,1;1)3 = e~7/2(10,1; 1)
Al +(27,1;1) + 3(1,3;1) +(16,1;1)3 +3(1,3; 1), 131 — (LE1)= (L3 1),
[Es x SU3))? [Es x U(2))? (1,1;1,1).40 = €'v
— . _ T .
B 10(27,3;1,1) 721,100+ (27,11 1),  |(1,31,3)—d (bELas=¢ (1,21 1)
l +(1,1;27,3)] +(1,1;27,2)01 + (1,1;27,1)5 ] (1,1;1,2) 5= 6’_(%15 1,2)s8
BI +(1,3;1,3) +(1,2;1,1)55+ (1,1;1,2)3.3 (1,21,2)00 = ¢7(1,2:1,2)5
E7 x SO(14) x U(1)? E7 x SO(14) x U(1)? (1:1)up = v
C 5 [(56;1)22 + (1;1).4.4 L1(5651)22 + (151).4,4 (1:1)os = eT(1:1)44
l +(1564) 15 + (1;14), 4] + +(1;64).12 + (1;14)2 4] . T2 m
CI || (1;14)p0+ (151) 4 5+ 3(1; 1)y +3(1;1)44 (1;14)20= e 7/2(1;14)F,
E; x SO(14) x U(1)? E; x SO(12) x U(1)* (1;1)400 = €e'v
(1;14)20—> (1;12)_1707_2— e (1 12)30 )
C $1(56;1)22 + (1;64).1 2 2[(5651).12.0+ (1;32).1,22 + (1;32)2,20 (L;1)g04 = e 72(L;1)5,
! +(1;1) g0+ (1;14)2 4] + | +(1; 1)-4,-4,0-1-(1 12) 124 (G )2asalt | (1;1) 40 —  (1;1)aoa= e 7/2(1; 15 4
CIT || (1;14)y 5t (1;1)40+ 3(151)04 (1;12)30,-2+3(1;1)44,0 7 o
’ ’ ’ B B 1;1)04 — (1;1)040= e’ (1;1)44p0
SU(9) x SO(14) x U(1) SU(8) x SO(14) x U(1)? .
— 1 )_40 =e v
D ,
D[ F(84: 0)or (164) 0+ (1:14)0] | 3((56:1)1.1+ (285 1)+ (1364)1 1473 = { 1)as = T @ 1)ss
DI +(9;1) 43 +(1;14)2.4] + (8;1)33

Table 5.3: We define the matching orbifold and blow—up models in the first column. The second and third columns give their orbifold
and resolution spectra, respectively. The final column gives the field redefinitions necessary to match the two spectra. For blow—up
models CII and DI a change of U(1) basis accompanies the branching (indicated by —) to ensure that the state getting the vev is
charged under the first blow—up U(1) only. The superscript m indicates non—chiral states that get a mass in blow—up, and therefore

decouple from the massless spectrum.
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5.1.4 Matching Orbifold and Resolution Models

Now, we want to investigate the matching between the heterotic orbifold models and the
resolution models discussed in the previous section. This matching can be considered at
various levels and we begin with some simple observations before entering more subtle issues.

The first basic observation was made in eqn. (5.10): the embedding of the orbifold rotation
6 into the gauge degrees of freedom (via the shift V) can be seen as the presence of a Wilson
line, i.e. a gauge flux localized in the singularity as a delta-peak. On the resolution, this gauge
flux spreads out on the smooth space, still localized in the region of the former singularity.
Going once around the resolved singularity on a circle with “infinite” radius in this non-trivial
background yields a Wilson line phase

Ay iy &5 §VIHI . (5.20)

ol R =
In detail, the first integration is a contour integral of the gauge potential one—form Ay along
the contour c¢. This contour in turn is described by the phase 0 < ¢ < 27 for large |z|, i.e.
r = |z|e!? as defined in eqn. (5.10). Then, by using Stokes’ theorem, the first integration
can be reexpressed as an integration of the field strength two—form JFy, over the variable z.
Using the integrals of [115] yields the behavior of the Wilson line phase eqn. (5.20) in the
blow—down limit of the resolved space r — 0.

In summary, on the singular orbifold C3/Z3 the boundary conditions eqn. (5.10) corre-
spond to a Wilson line VolrbH 7. Furthermore, in the blow—down limit of the resolution M? the
gauge flux can be interpreted as a constant Wilson line V! H;. Obviously these two Wilson
line phases have to match in order for the corresponding models to be equal. This is the case

if they are related as follows

V=Vub+3X forAeA. (5.21)

Connection between V and Vg,

This basic observation is supported by the fact that any resolution shift V' is automatically
modular invariant, i.e.
VZ2=12=0 mod6. (5.22)

Thus, any resolution shift V' can be used as an orbifold shift.

At first sight, the converse, i.e. that any orbifold shift Vi, classified in table (2.1)
corresponds to a resolution, does not seem to be true. For example, the standard embedding
(shift A) has length V2 = 6. However, we should take into account that two Zs orbifold
shift vectors are equivalent, i.e. lead to the same model if: i) they differ by 3\ where A is any
element of the root lattice of Eg x Eg, ii) they differ by sign flips of an even number of entries,
or iii) are related by Weyl reflections. By properly combining these operations one can show
that all blow—up vectors of table (5.1) can be obtained from the orbifold shifts in table (2.1).
(Only the first model in table (2.1), characterized by the zero vector (0%)(0%), does not have
a resolution counterpart in table (5.1).) This leads to a direct matching between orbifold and
resolution models. Using the notation from the tables (2.1) and (5.1), we match model B
with BI, model D with DI. We also see that even though CI and CII are different resolution
models, they correspond to the same orbifold theory C. The same applies to the U(1) bundle
model AT and the standard embedding model AS (introduced in section 5.1.2): they are both
related to the orbifold model A.

99



100 CHAPTER 5. BLOW-UP OF ORBIFOLD SINGULARITIES

Matching of Gauge Groups and Spectra

Given the matching at the level of the gauge bundles, we can pass to checks at the level of the
4d gauge groups. A quick glance over the tables (2.1) and (5.1) shows that their gauge groups
are never the same. This is easily explained from the orbifold perspective: the blow—up is
generated by a non—vanishing vev of some twisted state, the so—called blow—up mode. As
all twisted states are charged, this vev induces a Higgs mechanism accompanied with gauge
symmetry breaking and mass terms. It is not difficult to see from these tables that all non-
Abelian resolution gauge groups can be obtained from the orbifold gauge groups by switching
on suitable vevs of twisted states.

Even after taking symmetry breaking, i.e. the branching of the representations of the
orbifold state, into account the spectra of the orbifold models still do not agree with the ones
of the resolved models: singlets w.r.t. non-Abelian groups, and some vector-like states are
missing on the resolution. Moreover, the U(1) charges of localized states do not coincide with
the ones expected from the branchings. This can be confirmed from table (5.3): for each
model we give the orbifold spectrum (second column) and the resolution spectrum (third
column).

All these differences can be understood by taking into account more carefully the pos-
sible consequences of a twisted state’s vev v. After branching, this field is a singlet of the
non-Abelian gauge group. In the quantum theory this means that the corresponding chiral
superfield ¥, with charge ¢ under the broken U(1) never vanishes. Hence, it can be redefined
as

U, =vel | (5.23)

where T is a new chiral superfield taking unconstraint values. As it transforms like an axion
T — T+1ig¢ , (5.24)

under a U(1) transformation with parameter ¢, it is neutral. Hence, it is not part of the
charged chiral spectrum computed using the Dirac index eqn. (5.19) on the resolution. In
addition, we can use this axion chiral superfield T" to redefine the charges of other twisted
states (see the last column of table (5.3)) so that all U(1) charges of the twisted states agree
with the ones of the localized resolution fields. For models CII and DI one needs in addition
to change the U(1) basis when identifying the orbifold and resolution states if one enforces
that the field getting a vev is only charged under the first U(1) factor.

Finally, the remaining states that are missing on the resolution (denoted by a superscript
m in table (5.3)) have Yukawa couplings with the blow—up mode, so that they get a mass
term in the blow—up. Taking all these blow—up effects into account shows that the spectra of
the blown—up orbifold and resolution models become perfectly identical.

5.1.5 F- and D-flatness of the Blow—up Mode

In the matching of heterotic orbifold models with their resolved counterparts we assumed that
a single twisted field of the orbifold model was responsible for generating the blow—up. No
other twisted or untwisted states attained non—vanishing vevs. However, in order to obtain
a supersymmetric configuration, we have to pay attention to possible non—vanishing D— and
F—terms arising from the non—zero vev.
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F—Terms

The analysis of the F—flatness for a superpotential W is rather involved in the context of
heterotic orbifold model building because, in principle, it contains an infinite set of terms
with coefficients determined by complicated string amplitudes. In practice, string selection
rules can be used to argue that a large class of these coefficients vanishes identically, while
the others are taken to be arbitrary, see section 2.7.

Our assumption above that only a single twisted superfield ¥ has a non—vanishing vev
greatly simplifies the F—flatness analysis: non—vanishing F—terms can only arise from terms
in the superpotential that are at most linear in fields £ having zero vevs

Whelevant = ¥+ CQ\I’b§ + ..., (525)

where a,b € IN and ¢; denote the coupling strengths. As in most of the cases the vanishing vev
fields £ form non-Abelian representations, gauge invariance of the superpotential implies that
they cannot appear linearly, thus co = 0. This means that the complicated analysis of the
superpotential involving many superfields often reduces to the analysis of a complex function
of a single variable. In reference [48] it is shown that all the blow—ups described previously
are F'flat and therefore constitute viable resolutions of orbifold models.

D—Terms

Non-vanishing D-terms can only arise under the following conditions [129]: let ¢, be the
scalar component of the only superfield ¥, that acquires a vev (p,) # 0. In general, the
D—terms are proportional to

D* ~ ¢Tpq (5.26)
where T, are the generators of the orbifold gauge group G. Therefore, certainly all D—terms
corresponding to the generators T, that annihilate (p,) vanish. They generate the little group
H of gauge symmetries unbroken by the vev. Consequently, non—vanishing D—terms are only
possible for the generators T'* of the coset G/H. Under an infinitesimal gauge transformation
with parameter € the D-terms transform as D% — D + @¢4le, T*]¢p,. This means that for
all generators T'* which do not commute with all generators of G/H, we can find a gauge
such that the D®s associated to them vanish. But since (D%)? defines a gauge invariant
object, all these D® have to vanish in any gauge. The only possibly non—vanishing D—terms
correspond to the Abelian subgroup of the coset G/H. As we explain in the next subsection,
precisely those D-terms, which are associated with anomalous U(1)’s on the resolution M3,
are non—vanishing. Apart from this subtle issue, D—flatness is automatically guaranteed.

5.1.6 Multiple Anomalous U(1)’s on the Blow—up

In [48,143] it is shown that there can be at most two anomalous U(1)’s on the local resolution
M3, Their cancelation involves two axions [146,147], the model-independent and a model-
dependent one, denoted by a™ and a™9, respectively. From the singular orbifold perspective,
the counterpart of such an anomaly cancelation is a mixture of the standard orbifold Green—
Schwarz mechanism (involving the axion a™!) and the Higgs mechanism related to the blow—
up mode. As we have in seen in eqn. (5.24) the imaginary part of T' transforms like an axion,
denoted by a”'. By comparing the anomaly polynomials on the resolution and on the orbifold,
the corresponding axions can be matched precisely, a™ = a"** + aa” and ™ = Ba’’, where
a and [ are some model dependent constants [48,148].
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5.1.7 D-terms in Directions of Anomalous U(1)’s

The only non—vanishing D—term corresponds to the broken U(1) generator because only a
single twisted chiral superfield developed a vev. The presence of such a D—term is consistent:
the non—vanishing D—term on the blown—up orbifold corresponds to an Fl-term on the res-
olution. In spite of the original orbifold having at most a single anomalous U(1) and thus a
single FI-term, the resolved models can have two. The second one is just the counterpart of
the D—term generated by the vev. Hence, we conclude that D—flatness is guaranteed for all
generators except the one corresponding to the broken U(1). But this non—vanishing D—term
is required to make the FI-terms coincide: one might interpret this as a matching of two dy-
namically unstable models. However, we will see at the end of the next section, section 5.2.6,
that D—flatness can be ensured in the compact case. There, we will use the local models (with
D # 0) as building blocks for the construction of compact ones and present various methods
to obtain D—flatness afterwards.

5.2 Blow—up of Compact Zj3 Orbifold

The local study of orbifold singularities captures a lot of the physics of compact orbifolds. The
compact case has some important new aspects as we demonstrate by studying the blow—up
of the T /73 orbifold, see section 2.5.1. The latter is a space which is flat everywhere except
at the 27 fixed points. For later use we enumerate the fixed points as f = (f1, fo, f3) with
fi = 0,1,2. The fixed point 0 = (0,0,0) is obviously localized at the origin. The index 14
labels the three complex planes. The fixed points are singular and the singularity is identical
to the ©3/Z3 singularity studied in the previous section. Thus, a sensible resolution of T'°/Z3
can be constructed by cutting an open patch around each singularity and replacing it with
the smooth space studied above.

To perform this procedure in detail one has to face the following complicating issues: first
of all one has to worry whether the gluing process can be carried out properly. Constructing
the blow-—up of T%/Zs3 by naively joining 27 resolutions of €3/Zs3 with finite volume seems
to lead to a space that is not completely smooth. We ignore this complication by assuming
that a more complicated smooth gluing procedure exists, and that for essentially topological
questions (e.g. what models do exist and what are their spectra?) this procedure can be
trusted. As we are not only gluing together the €3/Zs blow—ups but also the bundles on
them, we have to confirm that the resulting bundle on the resolution of 7% /Z3 actually exists.
There are two different ways of analyzing this: we can check various consistency conditions
ensuring the existence or, from the orbifold point of view, we have to show that F—and D-flat
directions are allowed by the (super)potential of the compact orbifold theory.

In this section, we start wit a brief discussion on resolutions of compact orbifold models
without Wilson lines. Next, we review properties of Zs3 orbifold models with Wilson lines
and their resolutions. We finish this section by two examples: the first example considers
the blow—up of an orbifold with a single Wilson line, illustrating the gluing procedure of the
gauge bundle. The second one examines an orbifold with two Wilson lines and defines an
MSSM-like model. Therefore, it is phenomenologically interesting to see whether this model
can exist in the blow—up.
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5.2.1 Resolution of the Zj3; Orbifolds without Wilson Lines

The easiest possibility to construct a smooth compact Zs resolution is to choose the same
U(1) bundle at each fixed point. In such a case, the local consistency conditions are enough to
guarantee the existence of the bundle. Indeed, the only extra conditions on the bundle would
come from Bianchi identities integrated over the new compact 4—cycles, which are generated
by the gluing and thus “inherited” from the torus 7. On the other hand, these new 4-cycles
are obtained by combining the non-compact 4-cycles of the resolved C3/Z3 singularities.
However, for the resolution M3 the local Bianchi identity on C3/Z3 implies the Bianchi
identity on these non—compact 4—cycles, see [115,144]. Thus, the local consistency conditions
ensure that the new consistency conditions, due to the gluing, are satisfied. Therefore, all
local models can be naturally extended to global ones, with spectra given by 27 copies of the
local spectra.

This compact resolution corresponds to a blown—up orbifold without Wilson lines such that
all 27 local spectra are identical. When identical twisted states at all fixed points acquire non—
vanishing vevs of the same magnitude and identical orientation, they blow-up the associated
fixed points. However, from the orbifold perspective, it requires a little more work to show
that this blow—up exists: F— and D—flatness have to be checked again. D-flatness does not
constitute a problem: the total D-term D¢ entering the scalar potential is simply the sum
of the local fixed point contributions D). Since at all fixed points identical twisted states,
the blow—up modes, attain exactly the same vev, the individual D—terms D)% are all the
same. For the compact models investigated here all D—terms vanish, except possibly the ones
associated with the local anomalous U(1)’s, analogously to the non—compact models studied
before. The non-vanishing D-term corresponding to the anomalous U(1) can be interpreted
as FI term on the resolution, like in the non—compact situation of section 5.1.7. On the other
hand, F—flatness of the compact blow—up does not automatically follow from F—flatness of
the local €3 /Z3 blow-ups, because the superpotential of the compact orbifold is much richer
than its non—compact counterpart. Of course, all local fixed point couplings that were allowed
on C3 /73 are still allowed. However, new non-local interactions between states from different
fixed points are present on the compact orbifold. Furthermore, the R—symmetry group of the
compact orbifold can be different to the one of the local orbifold singularity. Taking this
into account it is shown in [48] that a simultaneous blow—up of all 27 fixed points allows
for D— and F—flatness, when the same blow—up mode at each fixed point acquires the same
non—vanishing vev.

5.2.2 Orbifolds with Wilson lines

Orbifolds with Wilson lines have been discussed in section 2.4. We will summarize the main
aspects relevant for the Zs3 case here.

Due to the presence of Wilson lines, there can be different shift-embeddings VO%) for the
fixed points labeled by f. Each shift has to fulfill the local version of the modular invariance
condition,

(V)2 = 0 mod 6 . (5.27)

orb
Furthermore, in the case of T°/Z3, the model is locally completely determined by the gauge
groups and spectra listed in table (5.3).
In terms of the local shifts V(gb) and Vo(i)) at the fixed points g and f, the Wilson line

or
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connecting these points is given by

AY9 — vl _y ) (5.28)

or orb

Conversely, one can start with a global shift V,, and three Wilson lines A oir)b' Then, the local
shifts are given by V(r{)) = Vo + fl-A(l) 3 The = symbol means that the two sides of the

o orb*
equation are equal up to 3\, where A\ € A. Shift and Wilson lines are of order 3, i.e.

3V, = 3410 =0, (5.29)
The main observation which we will need later for the compact resolution model is the
following

VO(I‘.);I7f27O) + ‘/’O(rfsvfé?l) + VO(I‘.);I7f272) = 0 . (530)

One can interpret this equation as follows: sitting at a fixed point (f1, f2) of the first two tori
but moving in the third one from one fixed point to the other, the total shift has to be trivial
after a closed loop. Similar conditions have to be imposed for the other choices of tori.

At each of the 27 fixed points f, the local shift Vo(ri) induces a (different) gauge symmetry
breaking, see the discussion on local GUTs in section 4.1. The resulting 4d gauge group is
the common intersection of the local ones, i.e. it survives all local projections simultaneously.
In terms of the roots p, the unbroken gauge group is determined by

Vorb - p = 0 mod 3, A(()i)b-p:OmodS, fori=1,2,3. (5.31)

The spectrum on T°/Z3 is given by localized and delocalized matter corresponding to the
twisted and the untwisted sector. The twisted states localized in the fixed points are organized
into representations of the larger GUT gauge group at the respective fixed point, determined
by v only. They are listed in table (5.3). Since T'%/Zs3 has no fixed tori, only the untwisted

orb
matter is delocalized. Thus, only the untwisted matter feels the action of alllocal projections.

5.2.3 The Resolution of Z3 Models with Wilson Lines

Now, we allow for different U(1) backgrounds in different regions of the smooth compact
resolution space. In detail, we have 27 local resolution spaces M? combined together to
one compact smooth space. Each of the local resolutions is equipped with a U(1) bundle
corresponding to the shifts V/. They are constraints by the local Bianchi identities, related
to the localized 4-cycles: for each fixed point f we have a condition*

(V(f))2 =12. (5.32)

Moreover, new conditions arise due to the fact that the gauge bundles are not localized, but
rather extend over the whole space. Hence, the gluing of different patches requires the various
gauge backgrounds to be related in a consistent way on non—trivial overlaps. Therefore, we
consider open patches U) and U around the resolutions of orbifold singularities labeled

3The three Wilson lines A((fr)b are given by Agirb = Vo(rit)) — Vo(r(:j, where ¢ = (014, 92, 03;) indicates the fixed
point which lies in the ith complex plane.

4As explained in the previous section, the new conditions due to the presence of new compact 4-cycles are
automatically satisfied once the local conditions are.
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by f and g with gauge configurations ngf ) and 2[59), respectively. The transition function
g9 = (g(gf )~! describes the relation between the two gauge one-form potentials on the
intersection of the two patches:

w9 = guh gD 4 qygtio) (5.33)

Given a point where (any) three patches f, g and h overlap, we need to impose the condition
g{79) glah) g(hf) — 1. Moreover, we can identify the transition function ¢(/9) in the case of a
U(1) gauge bundle with a function A9 between the two fixed points f and g as

g9 = 2 AUDTH, [3 (5.34)

The function A9 is generically not constant. However, in the blow—down limit it becomes

)

constant and can be identified with a discrete Wilson line Ag{g on the singular orbifold

between the fixed points f and g. In this limit, we have
Alf9) = Ag{g) (5.35)

and for that reason we may refer to the function AY9) as a Wilson line on the resolved space.
The co—cycle condition g9 g@") g(hf) =1 can be expressed in terms of these Wilson lines as

A9 4 Algh) 4 A(Bf) = ¢ . (5.36)

This condition applies to any manifold. It states conditions for the existence of a global flux
in the case a space cannot be covered with a single open patch.

As we are interested in the connection to the singular Zg orbifold with Wilson lines, we
require the local identification

vi=v/

orb

(5.37)

at each fixed point, as explained in eqn. (5.20). Thus, the condition eqn. (5.30) has to be
imposed on the resolution shifts, too, and we have

Y200 Ly (nfl) Ly (fnf2) = (5.38)

and corresponding expressions for the other tori.
In [48] it is shown that the unbroken gauge group on the compact resolution is determined
by projection conditions in terms of bundle shift V and Wilson lines AY) = AU0) e,

Veop=0, AV .p=0, for f£0. (5.39)

As compared to the maximally four projection conditions for the effective 4d gauge group on
the orbifold, we see that there are generically more and stronger conditions on the surviving
4d gauge group on the resolution.

The main reason for the additional gauge symmetry breaking on the resolution is that the
conditions of eqn. (5.39) are not “mod 3”, as they were in the orbifold case. This means that
we cannot neglect (triple multiples of) Eg x Eg lattice vectors and reduce to four projections
at most. In particular, this implies that an orbifold irrelevant Wilson line, i.e. just being three
times an Eg x Eg lattice vector, can have a non—trivial effect on the resolution gauge group. In
this case the same U(1) bundle is chosen at each fixed point, but they are differently aligned
in the Eg x Eg. From the orbifold point of view this choice corresponds to identical twisted
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states at all fixed points acquiring non—vanishing vevs of the same magnitude, but different
orientation. It will be shown later that this can help to ensure D—flatness for all U(1)’s in the
compact resolution.

Finally, we describe the consequences of this for the matter states of the various resolved
fixed points of the compact smooth space. Locally, the delocalized matter was identified by
the fact that it has a fractional multiplicity factor, % (or multiples), see section 5.1.4. Because
it is distributed over all patches, it feels projection conditions due to the transition functions
between the patches. Thus, given a resolved singularity, say 0, we have to impose

AP p=0mod 3, for f#0 (5.40)

on its delocalized matter. The localized matter, with integral multiplicity, does not reach the
overlap regions with the other patches and therefore feels no further projection conditions.
Hence, the matter representations of the localized matter just branch with respect to the
global unbroken 4d gauge group.

5.2.4 One Wilson Line Model with three Anomalous U(1)’s

In the following we give a specific example of an orbifold model in the presence of a discrete
Wilson line, and study one of its blown up versions. On the resolution, the model has three
anomalous U(1)’s. The bulk universal and the local model-dependent axions are all involved
in the anomaly cancelation.

To make the general discussion more explicit, we consider the model obtained from the
T°/Z3 orbifold with torus lattice SU(3)? and gauge-embedding

Vorb = (2,2,0°) (2,07) . (5.41)
This shift is equivalent to shift C of table (2.1). Furthermore, we turn on a Wilson line
Ao, = (0,-4,2,0%) (—2,07) (5.42)

in the directions e; and ey of the first complex plane. First, we look at the orbifold and then
investigate its resolution. Due to the Wilson line on the orbifold, the 27 fixed points are
grouped together in three sets of nine fixed points each. The three sets are characterized by
the local shift vectors Vi, Vorb + Aorp and Vo, + 241 respectively. The same local gauge
group and charged matter is present at all nine fixed points of each set. Details are given in
table (5.4), where representatives of the three sets of fixed points are identified by their space
group representatives gi, gs and g3, respectively.

The next task is to find a resolution model that, in the blow down limit, reduces to this
orbifold model. We find that at the g singularities, we have to choose the CI resolution, with
gauge bundle defined by the blow—up shift V7 = V,; at the g9 singularities the AT resolution,
with Vo = Vi, + Aomy,- Finally, at the gs singularities we have to choose again resolution CI,
but with a different shift V3 = Vg, + 2441, + 3A. Note that

3x = (0,6,—-6,0%) (0°) (5.43)

represents, from the orbifold perspective, an irrelevant Wilson line (even if one takes the
concept of brother models into account). Nevertheless, it is crucial to ensure that Vs satisfies
the local Bianchi identity. This “irrelevant” Wilson line leads to additional gauge symmetry
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fixed point matter decomposition field
(loc.) gauge group ||mult]local matt. |4d matt. to blow—up group redefinition
U SeCtOI“ 3 (277 1)(272’0) (16, 1)(21270’,1)
E(; X 80(14) X U(1)3 (10, 1)(2,270,2)
(1,1)2,2,0,—4)
g1 = (97 0) 1 (]_7 14) (270) (]_7 14) (270,0) (1, 14)(2,070,0) = (1 14) (0 0,0 O)
E7 x SO(14) x U(1)? T (1,1) a0 | (1,1)(—a00) |(1,1)(—4,0,0,0) = U1€T1
3 (L) [(L,1)o2-2 [(1,1)0:2-20 =eh(1, 1)(4,2,—2,0)
local blow—up at g1 CI
g2 = (0,e1) 1 |(27,1,1) |(27,1)0,0,0) |(16,1)(0,0,0,-1) = €T21(16 1)0,0,0,3)
E¢ x SU(3) x Eg (10,1)0,0,0,2) =e7272(10, 1) o 0.0
(1,1)0,0,0,—4) :vzeT2
3 [(1,3,1) [ (1,1)(—2,—20) | (1,1)(—2,—2,0,0) T2(1,1)(_2,—2,0.4
(1,1)(0,2,2) (1, 1)(0,2,2,0) (1,1)(0,2,2,4)
1,1)00-2 |(1,1)20-20 =e 2(17 1)(2,0,—2,4)
local blow—up at go Al
g3 = (0,e1 + e2) 1 |(1,14)0,2) | (1,14)0,2,0) |(1,14)0,2,0,0) = (1, 14)(5.0.0.0)
E7 x SO(14) x U(1)? || 1 |(1, D)0 |1, D10 [ Do-100 = U3€T3
3 (L))o |(1,1)e02 (1,1)(2,0,2,0) = e’5(1, 1)(2,4,2,0)
local blow—up at g3 CI

Table 5.4: This table gives an overview of the complete global 4d spectrum of the blown up
orbifold theory. The field redefinitions necessary to have precisely local matching between
the orbifold blow—up theory and the resolution model are indicated. The U(1)%-generators
of the 4d gauge group in blow—up are Q1 = (2,2,0%)(2,07), Q2 = (2,0, -2,0%)(—2,07), Q3 =
(0,—2,-2,0%)(2,07) and Q4 = (2,—2,2,0%)(0%). There are two anomalous combinations:
Q" = Q1+ Q2 and Q5" = Q4.

breaking on the resolution. The local gauge group and the chiral matter on each of the three
sets of nine patches can be found in table (5.3). The different bundle vectors Vi, V5 and V3
combined lead to further symmetry breaking of the local gauge groups at the 27 resolved fixed

points to the global 4d gauge group:
SO(10) x SO(14) x U(1)* (5.44)

Consequently, the representations of the local spectrum on each of the different fixed point
resolutions becomes

g1: CI:  §[(16;1)(200.1) + (10;1)(2909) + (L 1)220-4)] +3(L;1)(42-20) »
ga: AL+ 5[(16;1)(200.1) + (10;1)(9909) + (L 1)2.2,0-4)] + (1651)(000.3) (5.45)
+3[(11) (22,04 + (L V02,24 + (1 1) 2024 .
( ]

gs: CI:  5[(16;1) 990 1)+ (10;1)(220.2) +

Comparing this with table (5.3), the localized states (With integral multiplicities) are simply

1,1)22,0-4)] +3(1;1)(2,4,2,0) -
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branched to representations of the unbroken 4d gauge group, while some delocalized states
(with multiplicity 1/9) are projected out. Because these delocalized states live everywhere
on the compact resolution, their spectra at the three types of patches are all the same. The
complete resolution spectrum is obtained by multiplying each line of (5.45) by nine.

We can also study this resolved model from the orbifold blow—up perspective: we select
a single twisted field per fixed point that attains a vev chosen along a F—flat direction, but
some D-terms are induced in order to match the FI-terms of the resolution.® We determine
the gauge symmetry breaking induced by this. Each set of singularities g; has a different
blow—up mode and gauge symmetry breaking:

g1 (1) (ap0) #0 1 ErxSO(14) x U1)? — By x SO(14) x U(1)
gs <(27; 1)(0,070)> 7§ 0 : E6 X SU(3) X Eg — SO(IO) X U(3) X Eg s (546)
g3:  ((1;1)0_a0) #0 :  ErxSO(14) x U(1)> — Eg xSO(14) x U(1) .

The global 4d gauge group can be obtained as the intersection of the three local ones, and
coincides with the one given in (5.44). By performing the appropriate field redefinitions on
the orbifold, given in table (5.4), the blown—up orbifold and the smooth resolution model
match perfectly.

By considering the anomaly polynomial of the resolution model, one can easily identify
two anomalous U(1)’s. However, if we more physically define the number of anomalous U(1)’s
as the number of independent massive U(1) gauge fields, the number is three: three different
vevs vy, vg and vs break the U(1) symmetries Q1, Q4 and Q2, respectively. The three axions
T1,T» and T3 that do transform under three different combinations of the U(1)’s couple to
the corresponding gauge field strengths, leading to three massive gauge fields. More details
on this can be found in [48].

5.2.5 Blow—up of a Z3 MSSM

We consider the Zs orbifold model with two Wilson lines initially introduced in [15]. This
model is interesting because it was one of the first string models with Standard Model gauge
group and three generations of quarks and leptons. A potential problem of this model is the
set of vector—like exotics in the spectrum. Only if these exotic states can all be made heavy,
the effective low energy spectrum will be identical to that of the MSSM. The way this may
happen is by turning on appropriate vevs. As vevs of twisted states lead to blow—ups of the
singularities on which they are localized, it is interesting to investigate blow—up versions of
this model. Therefore, we assume that the blow—up of this model is generated by single vevs
of twisted states at each of the 27 fixed points. This assumption guarantees that we can rely
on the Abelian bundles, constructed in section 5.1.3, only. We focus on the question whether
crucial properties of the MSSM are maintained in blow—up.

The work of [15,17,19] revealed the possibility to choose one of two hypercharge candi-
dates from the eight U(1) factors of the model. Each choice corresponds to an ambiguity
of identifying the MSSM particle spectrum. However, for either choice the orbifold theory
cannot be completely blown up without breaking hypercharge. To resolve all singularities

5For complete F— and D-flatness, we can choose another vacuum configuration, defined by the monomial
(27, 1)?272’0)(17 1)(—4,0,0)(27,1)(0,0,0(1,1)(0,—4,0)- This means that the additional untwisted field (27,1)2,2,0)
gets a vev leading to a further gauge symmetry break down.
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state | fixed point U(1) charges hyper local
label | n1 n3 |1 Q2 Q3 Qi Qs Qs Q7 Qg | chargeY | blow—up
ha 0 0] -3 -2 3 3 -3 4 0 0 0 DI
h1o 1 0] -3 -2 3 3 1 -2 2 A4 0 BI
hi4 -1 0 6 4 0 0 2 4 -2 -2 0 BI
his 0 1] -6 0 0 2 A4 0 -4 0 0 DI
hi7 0 -1 0 4 0o -2 -2 4 4 0 0 CI
ho1 1 1] -6 0 0 2 0 0 4 A4 0 CI
hos -1 1 3 6 -3 -1 1 0 0 4 0 DI
hoy 1 -1 0 -4 0 -2 2 A4 0 -4 0 CI

Table 5.5: The eight blow—up modes (one per resolved fixed point) are chosen to be singlets
with respect to SU(3) x SU(2)z x U(1)y. The notation used here follows [19].

simultaneously, one blow—up mode has to be chosen per fixed point. Table (1) of [19] implies
that all the states at the fixed point (ni,n3) = (—1,—1) carry the same charge under both
hypercharge candidates. Hence, by blowing up this singularity, we inevitably break hyper-
charge. There is only one way to avoid the end of any phenomenology in this orbifold model
in full blow—up: the Higgs doublet H; of the MSSM at (—1,—1) has to obtain a vev. Hence,
the blow—up procedure has the interpretation of electroweak symmetry breaking. As far as
we have been able to confirm, such a scenario still does not lead to a phenomenologically
acceptable situation, because the vanishing of all the D—terms requires the vev of H; to be
of the order of the compactification scale, i.e. far too large.

For this reason, we explore a second possibility and resolve all singularities except the one
at (n1,n3) = (—1,—1). This partial resolution can be performed in an entirely F'—and D—flat
way, in all U(1) directions including the anomalous one and without breaking the hypercharge.
For F—flatness, we need higher orders in the superpotential to guarantee that the derivative
of the superpotential has a zero. For concreteness, consider the situation in which the fields
listed in table (5.5) all have non—vanishing vevs. Their gauge invariant monomial

ha (h10)? (h1a)? has (ha7)® hot (has)? (haa)? (5.47)
corresponds to the following relation between the vevs [129,130]

V6ha = V3hig = V3hi4 = V6his = V2hi7 = V6ha1 = V2ho3 = V/3hay , (5.48)

which ensures D—flatness as discussed in section 4.2.3. In this configuration, the hypercharge
is identified to be

1,1 1
Y= i(G@ -1t Q) & b= (bbb hBL L0 (), (49

so that none of the blow—up modes is charged under it. Since H; is massless but does not

constitute a flat direction of the effective scalar potential away from this point (i.e. at least
as long as supersymmetry is not broken), the Higgs cannot acquire a vev. Consequently,
electroweak symmetry breaking can only occur at low energies. Furthermore, in this vev
configuration all extra U(1)’s are broken and all extra color triplets acquire high masses from
trilinear couplings. However, some of the other vector—like exotics stay massless at this order
in the superpotential. Thus finally, neither the singular orbifold nor the everywhere smooth
resolution of all the fixed points, but the partial blow—up to this hybrid model can potentially
save phenomenology.
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5.2.6 F- and D-terms for Compact Blow—ups

We have mainly focused on compact resolutions with multiple anomalous U(1)’s and corre-
sponding Fl-terms. From the orbifold perspective, we have seen that these terms can be
interpreted as non—vanishing D—terms induced by vevs of the blow—up modes. This situation
is exactly the same as explained in section 5.1.7. In the following, we will discuss various
possibilities to obtain stable resolutions by finding orbifold blow—ups corresponding to vacua
with FF =D = 0.

The first method was discussed in the previous section, where it was necessary to blow—up
the orbifold only partially in order to obtain ' = D = 0. This may seem a rather easy
way out. A more interesting possibility is that some additional matter fields, either twisted
or untwisted, take non—vanishing vevs. When more than one twisted state develop vevs at
a single fixed point, a non-Abelian gauge background is expected to be generated on the
resolution. On the other hand, a vev for an untwisted state leads to a continuous Wilson line.
An example of the latter case was briefly mentioned in section 5.2.4, where the vev of the
untwisted state (27,1),2,0) yielded a stable vacuum.

The general idea of a third method is to perform different blow—ups of degenerate fixed
points, i.e. of fixed points not distinguished by Wilson lines from the orbifold perspective.
This can be achieved by choosing different blow—up modes at the various fixed points. They
may be either contained in different types of non-Abelian representations or in the same ones,
but in different components. This allows for choosing the vevs at the different fixed points
such that all D—terms vanish globally.

We can exemplify the latter possibility by considering the blow—up of the compact orbifold
B without Wilson lines, compare to section 5.2.1. Here, the blow—up mode is contained in
the representation (1,3;1,3), denoted by the matrix C. D-flatness can be guaranteed by
assigning a vev of the same magnitude, but different orientation to each of the fields C;,
localized at one of the 27 fixed points ¢ = 1,...,27. This corresponds to a gauge invariant
monomial of the form

27
II¢: (5.50)
i=1

breaking the SU(3)? factors of the 4D orbifold gauge group to U(1)%. Furthermore, F-flatness

F = 0 can be achieved at isolated points using higher order couplings in the superpotential
yielding stable SUSY preserving vacua.
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Chapter 6

Conclusion

We gave a precise description of the construction of Abelian heterotic orbifolds. This was
done in a very detailed way, on the one hand in order to serve as an introduction to this field.
On the other hand, it should provide an intuitive understanding of strings on orbifolds.

All parameters of this compactification scheme, being the point group P, the torus lattice
I', the shift-embedding(s) V' (or Vi and V5 in the case of Zy X Zys), the Wilson lines A,
and the (new) discrete torsion parameters a, by, ¢o and dyg, are presented in detail. Special
focus lies on the conditions one has to impose on the shift(s) and the Wilson lines due to
modular invariance. The corresponding conditions one could find in the literature before were
incomplete. Thus, this is an important result of this thesis.

Beside a theoretical derivation of these conditions, their correctness could be verified
“experimentally” by the explicit construction of several million inequivalent orbifold models
based on various point groups and torus lattices. By checking the non-trivial anomaly freedom
of the resulting massless spectra, we become confident on their properness. This was done
using a newly developed c++ computer program, named the c++ orbifolder. Given the input
parameters as described above, it computes the massless spectrum in less than a second. In
addition, one can automatically analyze the properties of the models in order to identify
MSSM candidates. This analysis includes for example the number of families of quarks and
leptons, the identification of hypercharge generators and the Yukawa couplings that give mass
terms for vector-like exotics. Furthermore, a user-friendly prompt was incorporated that
allows the usage of the program without any c++ knowledge. The orbifolder was written
in collaboration with Saiil Ramos-Sénchez and Dr. Akin Wingerter and represents by itself
another significant result of this work. As this tool might be of great interest to the community,
we are planing to publish it later.

We introduced new (generalized) discrete torsion parameters in the context of heterotic
orbifolds. Their existence was revealed by the observation that orbifold models whose shift-
embeddings differ by lattice vectors are not necessarily identical, yielding the concept of
brother-models. This is in contrast to many statements in the literature. The reason for
this misunderstanding was the fact that the lattice-symmetry was proven in the Z3 case only,
where it is indeed a symmetry. Then, it was conjectured to be valid for all orbifolds. However,
we have shown that this is not true in general. The structure of the brother models immedi-
ately suggested a relation to discrete torsion. An obvious generalization was the introduction
of generalized brother models, where shifts and Wilson lines differ by lattice vectors. This
construction could then be mapped to generalized discrete torsion, which seems to be the
most general solution to the conditions of modular invariance of the partition function. As
a consequence discrete torsion can likewise appear in Zy orbifolds. In the general case we
found equivalence of generalized discrete torsion and generalized brothers. However, we also
found an exception in the case of Zg x Z3, whose origin remains unsolved. Another important
observation was the connection between generalized discrete torsion and orbifold compactifi-
cations on non-factorizable lattices. Orbifolds on factorizable torus lattices with generalized
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discrete torsion turned on can be equivalent to torsionless orbifolds on non-factorizable torus
lattices. The latter one generically have less fixed points. Exactly those fixed points that are
too much in the factorizable case can be empty (i.e. have no massless twisted strings) if an
appropriate choice of generalized torsion is made. Finally, the discovery of generalized dis-
crete torsion, generalized brother models and their relation to non-factorizable torus lattices
seems very surprising. Even though many people might think that the orbifold construction
is understood completely, there are still important issues to clarify. Their relevance might be
even greater once one goes from the singular orbifold to the smooth Calabi-Yau.

The orbifolder was also used to classify all shift-embeddings for heterotic SO(32) on Z
orbifolds. This classification completed an analogous task that started almost 20 years ago
with the case of Eg x Eg [88]. It revealed some interesting aspects of the SO(32) string, like
the frequent presence of spinor representations in twisted sectors, which is relevant for the
duality between heterotic SO(32) and type I. However, a systematic analysis of the SO(32)
heterotic string including Wilson lines remains an open task.

One of the major results of this thesis is the construction of about 200 MSSM candidates
from the Zg-1I orbifold. The main task for this project was to invent a suitable search strategy
based on the concept of local GUTs. Roughly speaking, the search strategy of local GUTs
suggests not to look arbitrarily for MSSM candidates but to restrict to the promising regions
of the string landscape, being the ones equipped with a GUT structure of SO(10) or Eg. Out of
30.000 inequivalent models from the local GUT regions of the Mini-Landscape, 200 can serve
as MSSM candidates. This is a huge fraction compared to other constructions and underlines
the success of the local GUT strategy. Furthermore, we discussed gaugino condensation and
SUSY breaking for these models with the result that intermediate SUSY breaking by gaugino
condensation in the hidden sector is preferred. The reason being that the good models require
complicated Wilson lines that break the hidden sector Eg. It turns out that the remnants of
the hidden Eg are not too big, nor too small: SU(4) and SO(8) are the most common cases.
Finally, we analyzed one model, the so-called benchmark model, in detail. Questions about
supersymmetric vacuum configurations, the p-term, U(1) g, and R-parity, neutrino masses,
Yukawa matrices of charged quarks and leptons and finally proton decay were addressed. This
demonstrates how far phenomenological aspects of heterotic models can be analyzed today.

We clarified a serious error concerning the selection rules for allowed string Yukawa cou-
plings. In the literature, there existed a so-called 7y selection rule stating that the quantum
number v should be conserved. Unfortunately, these v’s were computed inaccurately. Con-
sequently, the v rule yielded wrong results. We have shown that, using a fully consistent
approach for the +’s, the v selection rule is indeed trivial, i.e. once the other string selection
rules are satisfied the ~ rule is automatically fulfilled. Therefore, it could be shown that there
is no need for an additional « rule. In this context, the string selection rules can be interpreted
as discrete symmetries of the superpotential. We analyzed anomalies of these symmetries and
revealed intrinsic relations between them. For example, the discrete anomalies corresponding
to the space group symmetry are associated to the generator of the anomalous U(1).

Furthermore, we performed a detailed analysis of the blow—up of Z3 singularities, both in
the local and the global orbifold case, with and without Wilson lines. The blown-up orbifold
could be matched to smooth resolution models with U(1) bundles. We briefly addressed
the issue of multiple anomalous U(1)’s on the resolution including the identification of the
corresponding axions. Finally, we applied the blow—up procedure to a compact Zg orbifold
model that is one of the earliest string MSSM candidates. We see that only a partial blow—up
of some of its fixed points can retain the nice properties of this model.
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Appendix A

Details

A.1 Continuous Deformations of the Zs Orbifold

The Zs orbifold is defined by the Zs point group specified by the twist vector v = (0, %, %, —%)
and some torus lattice I' that obeys this symmetry. We have chosen I' = SU(3)xSU(3)xSU(3).
However, this is not the most general lattice I'.

First of all, I' = SU(3) x SU(3) x SU(3) can be deformed continuously. Following [55],
these deformations can be parameterized by three radii

R1 = |€1| = |€2|, R3 = |€3| = |€4|, R5 = |€5| = |€6| s (Al)

and six angles associated to a3, a5, 35, 14, 16, 36. In general, the ay;’s correspond to the
15 angles between e; and e, i.e.

% % i<jandi,j=1,...,6. (A.2)

aij = cos(ij) = ——,
leille;]
Six of them are free parameters, and the other nine angles are fixed in order to preserve the
Zs symmetry. To see that the nine continuous parameters Ri, Rs, R5, a13, a15, 35, 014, Q16
and asg do not affect the Zs3 point group, we compute the torus metric g. Using the real basis

vectors e; the deformed metric g;; = e; - e; is given by

R} —1R?  RiRsony RiRsaiy RiRsons RiRsase
— 3R} R? RiR3ags RiRzans RiRsags RiRsaas
g= RyR3an3  RiR3aos R3 —1R3  R3Rsass RsRsass (A.3)
RiRsais RiRsons —3R3 R? R3Rsoys R3Rsazs |7 ’
RiRsa15 RiRsass R3Rsass R3Rsags R2 —1R?
RiRsais RiRsans RsRsoss RsRsass —1iR2 R?2
where a3, ags and ays are expressed in terms of the free parameters as
Qi1 = — (Ozij + ai,j+1) 1,7=13,5,1<7. (A.4)
The Coxeter element corresponding to the twist vector v reads
0 -1 0 0 0 0
1 -1 0 0 0 0
A 0 0 0 -1 0 0
0= 0 01 -1 0 0 ’ (A-5)
0 0 0 0 0 —1
0 0 0 01 -1
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such that for example e; — e and ey — —ej; — eo. Then, one can check that the torus metric
g is invariant, i.e.

0Tgb =g, (A.6)

for any value of the deformation parameters.

It is easy to see that the metric eqn. (A.3) coincides with the Cartan matrix of SU(3) x
SU(3) x SU(3) in the special case of Ry = R3 = R5 = v/2 and a;; = 0 for the six free angles.
However, the metric eqn. (A.3) cannot be deformed such that it matches to the one of an Eg
lattice. This shows explicitly that the moduli space is in general disconnected, i.e. it is not
possible to deform one allowed torus lattice continuously into any other allowed one while
keeping the point group symmetry.

A.2 Symmetries under Particle Exchange

As discussed in section 2.7 gauge invariant couplings might vanish because of an antisymmetry
of the coupling under particle exchange. In this appendix, we discuss one further example
explicitly and list many more in table (A.1). For the example, we assume a gauge group that
contains an SU(4) factor. Furthermore, the coupling A;4;BY = (4),(4),(6), is assumed
to be invariant under all string selection rules, where the summation over the SU(4) indices
i, =1,...,4 is implicit. However the two 4-plets are identical. Consequently, the coupling
vanishes since 4;4;BY = — A;A;B’" = 0, because BY is antisymmetric in i and j, i.e.
the 6 is the two index antisymmetric tensor of SU(4) with 4 x 3/2 = 6 components.

‘ gauge group ‘ vanishing coupling ‘
S0 | (e
SU(3) é)a(%)a(é)b
3)a(3)a(3)a
SU(1) D),(2)a(6)s
4),(2),(3),(d),
4)a(4)a(4)s(4)s
SO(12) 32),(32)

SU(3) x SU(2)

S]
S]

N Wi~ NN |
\_/\_/\_/\g_/\_/\_/\_/

IS]
& 8
|~ /—~ —~ —~

e
O W W W W N

Ll W W w

=N N =N

SN [ N N N
2.

QO COf = COf =

WIN N =N

— | — o — —
o

Ao eel 't o w
=N = =
S [ [ N N N
AAAS\/—\/—\/—\

SU(3)? :3)a(1,3)a(3,1)5(3,3)c
SU(4) x SU(2) ,4)al0,2)q
y4)a ,]— a(4a2)b(1a2)c(4,1)d
SO(14) x SU(2) | (14,2),(14,2),

—~|~ =~~~ ~ |~~~ [~ —~

™
\.M N
N
S~—
S
~—~
N
N
N
S~—
]

SU(2)3
SU(4) x SU(2)? | (4,1,1)4(4,1,1)4(1,2,2),(1,2,1).(6,1,2)4

Table A.1: Examples for gauge invariant couplings that nevertheless vanish because of anti-
symmetry under particle exchange. For each coupling a subindex a, b, ¢, ... labels the different
states, e.g. for (3)4(3)a(3), two 3-plets are identical and the third is different. Note that the
states are supposed to be singlets with respect to further non-Abelian gauge group factors.
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A.3 Detailed Discussion on the Gamma—Rule

In section 2.7.5 it was shown that, under the assumption of a trivial vacuum phase ®,. = 1,
the gamma selection rule for a coupling of the fields ¥;, i =1,...,n

W o, ... 0, (A7)

is satisfied automatically if gauge invariance and R—charge conservation are fulfilled. Now,
allowing for arbitrary ®,. # 1, it is emphasized that the gamma-rule remains trivial under
the additional assumption that the coupling fulfills the space group selection rule and by using
the modular invariance conditions for shift and Wilson lines.

The constructing elements corresponding to the fields W; are labeled by g; = (9’“, niaea)
in the case of a Zy point group. The gamma-rule is now checked with respect to a transfor-
mation h = (Ht, maea). Using the definition of the gamma-—phase eqn. (2.95) yields

Z%’ = Z<R —Dshi* Vi + = (‘/gl Vi, — -vh)> (A.8)

() o () v () o () )

1
= 3 Z (Vg, - Vi — g, - vp,) + integer
i

where in the last line gauge invariance and R—charge conservation have been used, as in
eqn. (2.175). The remaining part originating from the vacuum phase ®,. is now split into
its pieces, i.e.

;% = %((ZikiVJrnmAa) (tV +mpAg) — (Zm) ) integer  (A.9)
— <<Zk> — 22 +mﬁ<2k>v Aﬁ+<znm a>-(tv+m5Aﬁ)>

+integer

_ N2at (V2 2) n

Namg

V. A,@+ (an a) tV+maA )+integer

where we used point group invariance, i.e. ), k; = aN with a € Z and N being the order
of the orbifold. The first two terms are integer due to the modular invariance conditions
eqns. (2.112) and (2.113d), i.e.

N(V?—v*)=0mod2 and N,(As-V)=0mod?2 (A.10)

and we are left with the expression

Z%- = (an a) (tV + mpAg) + integer . (A.11)
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For the evaluation of this remaining term, we need to consider some consequences arising
from the space group selection rule. We assume that the coupling fulfills the space group
selection rule, that is

I1 gt =@o0), (A.12)

for some choice of the conjugation elements f; = (6%,l;). Straightforward evaluation of
eqn. (A.12) and using the fact that any action of # on an arbitrary lattice vector I; yields
some other lattice vector (denoted by I}), we get

Za(zg;ﬁ ijrsi)nmea _ Z (I[ _ 9k2> l; . (A.l?))

As explained in the context of the order of Wilson lines in section 2.4.2, we embed this
equation into the gauge degrees of freedom. Thus, we use

e — A, (A.14)
e — Ayt aaNiA., (A.15)

where a, € Z and N, is the order of the Wilson line A,, such that a,N,A, € A is a lattice
vector in the direction of A, and therefore trivial. The reason for this lattice vector becomes
clear by considering an example: for Zs we know that fe; = ey and fes = —e; — eo; thus,
Al == A2 and A2 == —Al - A2 == —2A2 == A2 - 3A2 and as = —1 and N1 == N2 == 3, in this
case. Consequently the embedding of eqn. (A.13) reads

anAa = agNaA, . (A.16)

Note the summation over o on both sides of the equation.
Now, we can insert the result obtained from the space group selection rule eqn. (A.16)
into the gamma-rule eqn. (A.11) and obtain

1
S =1 (Z aaNaAa) -V +mgAg) + integer (A7)

Using the conditions from modular invariance eqns. (2.113d), (2.113e) and (2.113f) it is easy
to see that the gamma-—rule is satisfied automatically,

Z% = integer , (A.18)
i

after imposing the other string selection rules.
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A.4 Geometrical Interpretation of [g,h] =0

In this section, we want to give an easy geometrical interpretation of commuting space group
elements, either as being associated to the same fixed point or as acting in orthogonal direc-
tions. Consider some general orbifold with space group S. Its point group might be Z or
Zin x Zypr. Take some constructing element

g = (ﬂvnaea) es (Alg)

which shall correspond to the boundary condition of a massless string. In the case when o
has a fixed torus (i.e. some component of the associated twist vector is zero: v?(}) = 0 for an
index i # 0), this gives a condition on the constructing element g: in order to be massless,
the string is not allowed to have windings in the direction of the fixed torus. Technically, this
is equivalent to demanding that n, = 0 if e, lies in the fixed torus. Furthermore, assume
that h € S is some commuting element

[g,h] =0 . (A.20)

Now, it is convenient to distinguish between the following two cases:

Case 1: ¥ has no Fixed Torus

In this case, g corresponds to a (6d) fixed point with coordinates denoted by zy. We easily
see that by multiplying h to the fixed point equation

gzf =z = hgzy = hzy (A.21)

and using the assumption that g and h commute, we get g (hzy) = (hzy). Since the twist
¥ of g has no fixed torus, the coordinates z; of the fixed point associated to g are uniquely
determined by g (cf. eqn. (2.16)). Hence, this yields

hzf = zy . (A.22)

Thus, we have proven that g and h correspond to the same fixed point. Note that, in contrast
to g, h might have a fixed torus. For an example in the case of the first twisted sector of the
Zg-11 orbifold with Gy x SU(3) x SU(2)? torus lattice see figure (A.1).

€9 6
€4
° g e
°
9 >
€1 g €3 €5
Figure A.1: A fixed point ¢ = (6,e5 + e¢) from the first twisted sector is highlighted (in
green). All its commuting elements can be written as h = gP for p = 0,...,5 such that they

are associated to g’s fixed point coordinate z.
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Case 2: ¥ has a Fixed Torus

Denote the torus directions in the fixed torus of ¥ by ¢ and t5. Then, by assumption
9 (arty + asta) = arty + asty for aj,a2 € R. (A.23)
Consequently, we can add this direction to the fixed point equation gzy = zy and we get
g (zf + aity + agta) = 25 + arty + asty (A.24)
Multiplying with h and using the commutator results in
gh (2 + arty + asta) = h(z5 + a1t + asts) (A.25)

This time the fixed point of ¢ is not uniquely determined, but only up to some vector in the
fixed torus. Therefore

h (Zf +ait; + agtg) =z5+ bit1 + bats for some by,bs € R . (A.26>

Since h € S, we know that bity + bato — h(aity + asty) = myty + maote € T', thus my, mgy € Z.
Finally, we see from eqn. (A.26) that any commuting element h of g has to fulfill the equation

hZf =zf+ mity + mats . (A27)
In other words, if h is non-trivial, it must be associated to the same fixed point as g. In
addition, it might act in the fixed torus directions of g. Examples are h = (1, m1t1 + mats)

which purely acts in the fixed torus of g or h = (1, mqt1 + mats) - g? for any p € N. For an
example in the case of the second twisted sector of the Zg-II orbifold see figure (A.2).

es e

g2

91 > >
€1 91,2 es es
Figure A.2: Two fixed points from the second twisted sector are highlighted (in green),
the first being associated to the constructing element g; = (92, 0) and the second to go =
(92,61). Their corresponding strings are localized at the origin in the SU(3) lattice and
are free to move in the fixed torus SU(2)2. Their commuting elements are: First of all,
h = (1,nse5 + ngeg) € S commutes with both, since it acts in orthogonal directions. For
g1 there are additional commuting elements from any twisted sector h = (Ht,n5e5 + n666),
since h and g are associated to the same fixed point in the first and second plane. For g2 only
elements from the second and forth twisted sector can correspond to g’s fixed point coordinate
in the Gy plane. Thus, only h = (Ht, nses + nﬁeﬁ) with ¢t =0, 2,4 commutes with gs.
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A.5 g level-matching = g invariant

In this section, we briefly show that if a string with boundary condition g fulfills the level-
matching condition M? = MPQ{, then it is automatically invariant under transformations with
respect to this element g.

We denote the local shift and the local twist associated to the constructing element g
by V, and vy, respectively. Then, the mass equations (2.76) and (2.59) for twisted left- and
right-movers read

M 2 - M3 S|
?L:i(p—i_zvg) —1+ N +dc and TR:L—ZUQ) —5—1-50. (A.28)

Taking their difference! yields
P+ Vy)? = (a+vy)° —1+2N =0. (A.29)

Since p? is even and ¢2 is odd, we find

2p- Vg + V; —2q-vg — vz +2N = even, (A.30)

2(p+Vg)-Vg—VQQ—2(q+vg)-vg—i—v§+2N = even, (A.31)
~ 1

@+%y%—@+%y%+N—ﬂﬁ—@}:im. (A.32)

Finally, we insert the shifted momenta pg, and ¢g, and obtain

- 1 .
Psh - Vg — qsh - vg + N — 3 [Vg2 - vg] = int . (A.33)

If there is no left-moving oscillator excitation, i.e. N =0, we easily see that the~transfor—
mation phase under g eqn. (2.80) is fulfilled automatically. In the oscillator case N # 0, we
can split the (eigenvalue of the) oscillator number according to

as in equation (2.83). Using w;N* +JJ¢]\~7*~i = (z}g)i(]\?i — N*)+ int, we can combine this with
gsh resulting in the R charge R = g5, — N + N* and thus

1
Psh- Vg — R-vg — 3 [V; - vg] =int . (A.35)

This proves the general case. If a string with boundary condition ¢ fulfills the level-
matching condition (for massless or massive strings), it is automatically invariant under
transformations with respect to itself. Note that this necessarily requires the presence of

the vacuum phase —%[Vg2 - vg].

'This corresponds to Lo — Lo, the generator of translations in the o direction of the strings world-sheet.
Note that invariance under the action of Lo — Lo is the origin of the level-matching condition eqn. (2.33).
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A.6 First Twisted Sector of Zp is Invariant

We take some constructing element g € S from the first twisted sector of some Z y orbifold,
ie. g = (0,nq€q). Due to the requirement of N/ = 1 supersymmetry, we know that g is
not associated to a fixed torus, but to a (6d) fixed point. Assume that we have constructed
the (massless) spectrum corresponding to the boundary condition g. Now, we have to ensure
invariance under all commuting elements h € S. Following the discussion of appendix A.4,
we see that the only commuting elements of g are h = g? for p € Z. Since g is invariant under
the transformation with respect to itself as discussed in appendix A.5, it is clearly invariant
under all powers of itself.

In summary, states from the first twisted sector are automatically invariant on the Z y
orbifold and are not subject to further projection conditions.

A.7 Modular Invariance of Shift and Wilson Lines

In this section, we briefly derive the modular invariance conditions on shifts and Wilson lines
as listed in section 2.4.3. We start from the transformation phase of a string with constructing
element g and projecting element h. The full phase reads

d = rilpanVi-Rulg (A.36)
where the vacuum phase is defined by
Do = e2mil=2(VaVa—vgon)] (A.37)

as stated in section 2.4. 2

Now consider two space group elements g,h € S of order n and s, i.e. g" =h* = 1. It
seems reasonable to demand that the transformation phases for twisted strings with either
constructing element g or g"*! are identical, i.e.

(g, h) = (9" ). (A.38)

Since g is embedded as shift V; into the gauge degrees of freedom, the element g™ will be
embedded as Vyn+1 = (n+1) V. In addition, the local twist of g"*1 is (n+1) vy. Consequently,
eqn. (A.38) yields

(b(gn—’—l? h) = (I)(g, h) CI)VaC(gv h)n . (A39)

Thus, we find the condition ®y,.(g,h)"™ L 1 on the vacuum phase, which is equivalent to the
condition

n(Vyg-Vi —vg-vp) = 0 mod 2 (A.40)
An analogous reasoning starting with ®(g, h**1) leads to ®yac(g, h)* L 1 and thus finally to
Byac(g, h)EI™S) L 1 (A.41)

This can be rewritten into the modular invariance condition on shifts and Wilson lines
ged(n, s) (V- Vi —vg-vp) = 0 mod 2, (A.42)

for arbitrary elements g, h € S of order n and s.

?Note that the vacuum phases are contained in the corresponding terms Z(g, h) of the partition function
Z. By applying T transformations one can easily reproduce the modular invariance condition on the shift
N(VZ —v?) =0 mod 2, compare to the end of section 3 of [16] and to section 7.1.2 of [149)].
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Tables

‘ Sector ‘ Spectrum M ‘ Spectrum M’ ‘
U 1 (27,1)(-60) 1 (27,1)(-60)
1 (27,1)(3,-3) 1 (27,1)(3,-3)
1 (27,1)@33) 1 (27,1)@33)
Ty |18 (1,1)02 9 (1,1)0p2
9 (L,1)0,-1 9 (1,1)9,—1
9 (27,1)3-1 9 (L,1)p-1
T2 |18 (1,1)0-2) 18 (1,1)(0,—2)
9 (L,1)(, 9 (1,1)04
9 (27.1)s 9 (27,1) 31
Tao |18 (1,1)a3y 18 (1,1)@3)
9 (L,1)(6-9 9 (1,1)¢9
9 (27, 1)(,3,1) 9 (277 1)(07,2)
T(1,) - -
Tho |18 (1,1)3-1) 9 (1,1)@3-1)
9 (L,1)( 62 9 (1,1)(_6—4
9 (27,1)3-1)| 9 (1,135
Ti20) |18 (1,1)(3-1) 9 (1,1)3-1
9 (L, 1) 9 (1,1)(_35)
9 (27,1)09 9 (L,1)6—a
T2p) |18 (1,1)_3y) 18 (1,1)_31)
9 (L,1)6,-2 9 (1,1),-2
9 (27,1)2 9 (27,1)3
To) |27 (1,1)(3-3 |27 (1,1)(_3_3
27 (1, 1)(6,0) 27 (1, 1)(6,0)
27 (1,1)(-33) 27 (1,1)(_33)
27 (2 ,1)(070)

Table B.1: The charged spectra of the Z3 x Z3 brother models M and M’ separated by
untwisted and twisted sectors. The 4d gauge group is Eg x U(1)? x Eg where the U(1)
generators are chosen to be t] = (6, -3, -3, 05) (08) and ty = (O, 3, —3, 05) (08).
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‘ Sector ‘ Spectrum M ‘ Spectrum M’ ‘
U 2 (27,2,1), 2 (27,2,1),
2 (1,2,1)¢ | 2 (1,2,1)_
1 (27,1,1)4 | 1 (27,1,1)4
1 (27,1,1), | 1 (27,1,1),
Ti - -
T 32 (1,2,1) 16 (1,2,1)
10 (1,1,1)_¢ | 6 (1,1,1)_
10 (27,1,1), | 6 (27,1,1),
6 (27,1,1)_5 | 2 (27,1,1)_
6 (1,1,1) 2 (1,1,1)
Ts |80 (1,1,1);3 |80 (1,1,1);
32 (1,2,1)_3 |32 (1,2,1)_3
16 (27,1,1)_1 [ 16 (27,1,1)_4

Table B.2: The charged spectra of the Z4 brother models M and M’ separated by untwisted
and twisted sectors. Both models have the standard embedding shift V' = (—%, %, %, 05) (08).
In addition, model M’ has lattice-valued Wilson lines in the ey, e5 and eg direction, see
eqn. (3.58). The 4d gauge group is E¢ x SU(2) x U(1) x Eg where the U(1) generator is chosen
to be t; = (4,-2,-2,0%) (0%).

‘ Sector ‘ Spectrum ‘ ‘ Sector ‘ Spectrum ‘
U 1 (27,1)(6) Tag | 15 (L,1)3 -1

1 (27,1)3 -3 6 (1,1)¢p2

1 (27,1)@33 3 (1,1) (64
Toy |15 (1,1) 09 3 (L)

6 (1,1)0,-a) 3 (27,1) (31

3 (1,1)(-9,-1) 3 (27,1)02)

3 (L)1 Ti2,0) -

3 (27,1) - Tony | 156 (1,1)(ay)

3 (27,1)( 3,1 6 (1,1), 2
Togz |15 (1,1)0-2 3 (1,1)(=3,-5)

6 (1,1)04 3 (L)

3 (1,1)-9p) 3 (27,1),—2

3 (L) 3 (27,1)3

3 (27,1)3) Tio2) | 27 (1,1)(_3_3)

3 (27, 1)(_371) 27 (1, 1)(6,0)
T(1,0) - 27 (L,1)(_33)
Ty - 9 (27,1)(0y)

Table B.3: The charged spectrum of the Zs x Z3 model with standard embedding and gener-
alized discrete torsion bs = by = 1/3. The 4d gauge group is Eg x U(1)? x Eg where the U(1)
generators are chosen to be t] = (6, -3, -3, 05) (08) and ty = (O, 3, —3, 05) (08).
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‘ orbifold ‘ torsion € ‘ shift V4 ‘ shift V5
Ty X T 11 (3,0,—%,0,0,0,0,0) (o,;, 5,0,0,0,0,0)
-1 (%,-1,-4,1,0,0,0,0) | (1,%,—3 ! ,0,1,0,0,0)
Ty X T 1 (%,o,—looooo) (0,5, — 100000)
-1 (4,-1,-%,1,0,0,0,0) | (2,5,—%,0,0,0,0,0)
Ze X Zo 1 (%,0, 1 00000) (0,5,-3,0,0,0,0,0)
—1 (67_17_%7170707070) (37%7 %7071707070)
Z x o 1| (g.4—3%.,0,0,0,0,0) (5,0,—%,0,0,0,0,0)
1| (-2,%2,-1,1,1,0,0,0) | (3,3,— %,1,0000)
Zs x T 1] (3,0,—%,0,0,0,0,0) | (0,3,—3%,0,0,0,0,0)
.1
627”5 (%3_13_%31,07()’070) (1’%, %7031707()’0)
.2
627r1§ (%7_27_%7070707070) (27%7 %707070707 0)
T x T 1| (5,0,—%,0,0,0,0,0) | (0,3,—3,0,0,0,0,0)
.1
™3 | (3,-1,-4,1,0,0,0,0) | (2,4,-3,0,0,0,0,0)
.2
627n§ (%7_ 7_%7070707070) (47%7 %7070707070)
Ty x 7. 1] (%,0,-%,0,0,0,0,0) | (0,7,—7,0,0,0,0,0)
4 4 VRSV ER SRR SR ) VRV ERSRSRSRS
i (%’_13_%?1,070’070) (1’£’ %,0,1,0,0,0)
-1 (%7_27_%7070707070) (27%7 %7070707070)
—i| (4,-3,-7,1,0,0,0,0) | (3,%,—7.0,1,0,0,0)
Ze x T 1] (5,0,—%,0,0,0,0,0) | (0,%,—5,0,0,0,0,0)
.1
™6 | (4,-1,-4,1,0,0,0,0) | (1,4,-2,0,1,0,0,0)
e¥™3 (%,—2, % 0,0,0,0,0) (2,%, %,0,0,0,0, 0)
-1 (5,-3,-5,1,0,0,0,0) | (3,5,—5,0,1,0,0,0)
.2
™3 | (%, -4,-1 1 ,0,0,0,0,0) | (4,2,-%,0,0,0,0,0)
.5
M6 | (L, -5,— é,1,0 0,0,0) | (5,%,-%,0,1,0,0,0)

Table B.4: Zpy X Zj;r models with discrete torsion and standard embedding are equivalent
to models without discrete torsion and non-standard embedding. We write the torsion phase

factor ase = e~

2mwi Vo AV,

result also applies to orbifold models in SO(32).

. The components of the shifts within the second Eg all vanish. This

Table B.7: Charged matter spectrum of the benchmark model. The localization ng in 13y, T(5)

takes values ng = 0,1 and therefore indicates a D4 doublet.

sector | rep. [R R Rs[Qv @ Q3 Qi Q5 Qs Q7 Qs Qo | label

Ur (1,1,1,1) |-1 0 0| 0 -3 3 -3 -2 0 0 0 O]ng
(1,1,1,1) -1 o o 1 $+ -1 1 -1 0 0 0 o0fe;
3,1,1,1) (-1 0 O0-3 1 -1 L -2 0 0 0 O0|us
(1,1,4,1) -1 0 0o/ 0O O O 0 0 %+ -1 -1 -21#
(1,1,4,1)|-1 0 0|/ 0 0 O 0 o0 & 1 -1 11p

Uy (1,1,1,1)f 0 -1 0 0O O O 0O 0 1 0 1 0]sS
(1,1,1,1) | 0 =1 0] 0 O O O O 1 0 -1 0]sY
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Table B.7: Charged matter spectrum of the benchmark model. The localization ne in 1\s), T(s)

takes values ng = 0,1 and therefore indicates a D4 doublet.

‘ sector

T5(0,0,0,1,0,0)
T5(1,0,0,0,0,0)
T5(1,0,1,1,0,0)
T5(1,0,0,1,0,0)
13(0,0,0,0,1,n6)

T5(0,0,0,0,0,0)
15(0,0,1,1,0,0)
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Table B.7: Charged matter spectrum of the benchmark model. The localization ne in 1\s), T(s)

takes values ng = 0,1 and therefore indicates a D4 doublet.

‘ sector

13(0,1,0,0,0,n6)
T3(0,1,0,0,1,m6)

T4(-1,1,1,1,0,0)

T4(~1,1,0,0,0,0)
Ty(-1,1,1,0,0,0)

T4(0,0,1,1,0,0)

1'4(0,0,0,0,0,0)
T%4(0,0,1,0,0,0)
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Table B.7: Charged matter spectrum of the benchmark model. The localization ne in 1\s), T(s)

takes values ng = 0,1 and therefore indicates a D4 doublet.

‘ sector
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T5(0,0,0,1,1,n6)

T5(0,0,0,0,1,n6)
T5(0,0,1,1,0,n6)
T5(0,0,1,1,1,m6)

15(0,0,0,0,0,m6)
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non-vanishing twisted spectrum total

discrete torsion parameter T1,0) ‘ T, ‘ T spectrum
c1=1 8 (27,1)| 8 (27,1)| - 19 (27,1)
8 (27,1) 8 (27,1) - 19 (27,1)

80 (1,1) 80 (1,1) - 166 (1,1)
cs =dis = 3 4 (27,1)| 8 (27,1)| - 15 (27,1)
4 (27,1) 8 (27,1) - 15 (27,1)

40 (1,1) 80 (1,1) - 126 (1,1)
c=c1=3 8 (27,1) | - - 11 (27,1)
8 (27,1) - - 11 (27,1)

80 (1,1) - - 86 (1,1)
C3 = d26 = d45 = % 2 (2_7, 1) 4 (2_7, 1) - 9 (ﬁ, 1)
2 (27,1) | 4 (27,1) - 9 (27,1)

20 (1,1) 40 (1,1) - 66 (1,1)
Cy = C3 — d46 = % 4 (ﬁ, 1) - - 7 (ﬁ, 1)
4 (27,1) - - 7 (27,1)

40 (1,1) - - 46 (1,1)
Cl = C3 = d26 = d45 = % 2 (ﬁ, 1) - - 9 (ﬁ, 1)
2 (27,1) - - 5 (27,1)

20 (1,1) - - 26 (1,1)
b@ = Cy = % - - - 3 (2_7, 1)
- - - 3 (27,1)

- - - 6 (1,1)

Table B.5: The table shows the charged matter spectra (omitting the U(1) charges) of Zy x Zs
standard embedding models with generalized discrete torsion yielding a net number of zero
families. The gauge group is Eg x U(1)2 x Eg. The untwisted matter contributes with
3(27,1) + 3(27,1) + 6(1,1) to the charged matter spectrum. Interestingly, the last model
with bg = ¢ = % has no massless twisted matter.
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non-vanishing total total total
discrete torsion parameter #(27,1) | #(27,1) | # singlets
- 61 1 252
a=13 21 9 220
dag = 3 51 3 212
a=di =3 11 11 180
dos = 3 39 3 184
a=dy =3 19 7 168
dog = da = % 37 1 164
a = d26 = d46 = % 17 ) 148
dos = dog = dag = % 31 7 164
a=dy =dog=dig=1% 11 11 148
dig = dos = 3 27 3 140
a = d16 == d24 == % 17 5) 132
=3 37 1 196
co =dis = 3 27 3 156
Cy = d16 == d46 == % 25 1 136
Cy = d14 == d16 == d46 == % 19 7 136
be = 3 25 13 196
be = dag = 3 31 7 196
be = dog = dug = 3 21 9 156
b@ = Cy = d14 = % 17 5 116
by = b = duag = 5 19 19 196
by =bg=co=dss =% 15 15 156

Table B.6: Zgy x Z4 orbifolds with twist vectors v; = (0, %,O,—%) and vy = (0,0, %,—%)
on an SO(4) x SO(5) x SO(5) torus lattice. A summary of the charged matter spectra of
standard embedding models with generalized discrete torsion is listed. The gauge group is
Egx U(1)? x Eg, the U(1) charges are omitted. Some of these spectra are known in the context

of non-factorizable Zsy x Z4 orbifolds, compare to [118].
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Appendix C

Group Theory

C.1 Weight Lattices

Given a N-dimensional vector space V with basis vectors e; a lattice A is defined as the set

of points
N
A={) nie;, ny€Z}C V. (C.1)
i=1
The dual lattice A* is defined by
AN ={peV,p-peZforalyp eA}. (C.2)

A lattice is called
e integral if p-p’ € Z for all p,p’ € A .
e cven if all p € A fulfill p? = even .
e self-dual if A* = A .

More details can be found for example on page 277ff of [58] and in [65].

The Eg x Eg Root Lattice
The root lattice of Eg is spanned by the roots
(£1,41,0° and (+3,+1 £ +1 +1 41 41 41y (C.3)

with an even number of + signs for the latter, the so-called spinorial roots. The root lattice

of Eg is self-dual A* = A, i.e. root and weight lattice are identical. Note that the roots fulfill

p? = 2 which is important for the massless spectrum of the heterotic string, see section 2.2.
The root lattice of Eg x Eg is given by the direct sum of two copies of the Eg root lattice.

The Weight Lattices Spin(32) and Spin(32)/Z-

The weight lattice of Spin(32) can be decomposed into four conjugacy classes (n; € Z):

e The scalar conjugacy class:

(n1,...,n16) Z n; = even (C.4)

Note that the roots of SO(32) form a subset of the this conjugacy class. They are given
by weights p of the scalar class fulfilling p? = 2. Explicitly, these are 240 roots:

(£1,£1,0") (C.5)
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e The vector conjugacy class:
(’I”Ll, e ,n16) Z n; = odd (CG)
The vector conjugacy class contains the weights of the vector representation 32.

e The spinor conjugacy class:

(n1—|—%,...,n16—|—%) an = even (C.7)

e The antispinor conjugacy class:

(nl—i—%,...,m@—i—%) Znizodd (08)

Here, the conjugacy classes are defined using the equivalence relation that two weights of
Spin(32) are equivalent if they differ by a root of SO(32).

Note that the only weights of Spin(32) that fulfill p? = 2 are the roots. This is important
for the massless spectrum of the heterotic string, see section 2.2. Finally, the weight lattice
of Spin(32)/Z, is chosen to be spanned by the scalar and the spinor conjugacy class.

C.2 SO(8) Representations

We choose a basis such that the simple roots of SO(8) are

o (1, 100) (C.9)
az = (0, ,0) (C.10)
as = (0, 0,1, 1) (C.11)
ag = (0,0,1,1) . (C.12)

There are three eight-dimensional representations of SO(8): 8,, 8, and 8.. They are given
by the weights

8, : (£1,0,0,0) (C.13)
8 (:I:1 :I:1 :I:1 :|:1> even # of plus signs (C.14)
27727727772
1 1 1 1 .
8. <i2 iz iz i§> odd # of plus signs, (C.15)

such that the highest weights in Dynkin labels! are [1,0,0,0]pr, [0,0,0, 1]pr, and [0,0, 1, 0]pL,
respectively. As a remark, all three eight-dimensional representations of SO(8) are real.

!The Dynkin labels of some weight p are given by [p- a1,p- az2,p - as,p- aspL (using af = 2).
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C.2. SO(8) REPRESENTATIONS 131

The Tensor Product 8, X 8,

The tensor product 8, x 8, can be computed by adding all 8 weights of the first 8, with the
8 weights of the second one. The 64 weights are

(£2,0,0,0) (C.16)
8 x (0,0,0,0) (C.17)
2 x (£1,£1,0,0) , (C.18)

where the factor gives the multiplicity of the weights, e.g. 8 x (0,0,0,0) means that the
zero weight appears eight times. In order to identify the irreducible SO(8) representations,
we have to determine the highest weight of these 64 weights. It is [2,0,0,0]p;, and yields
the representation 35,. For the remaining 64 — 35 = 29 weights, the highest weight can
be identified as [0,1,0,0]p,. This results in the representation 28. The remaining weight
[0,0,0,0]pr, gives clearly a singlet. Thus, the tensor product 8, x 8, decomposes as follows

8, x8,=1+28+35,. (C.19)
The Breaking SO(8) — SU(4) x U(1)
Next, we analyze the breaking
SO(8) — SU(4) x U(1) (C.20)

where we choose the simple roots a1, ag, ag of SU(4) and the U(1) generator t to be

o (0, 0,1,1) (C.21)
az = (0,1,-1,0) (C.22)
as = (0, 0,1, 1) (C.23)
t = (1,0,0,0) . (C.24)

Consequently, the eight-dimensional SO(8) representations branch into SU(4) x U(1) repre-
sentations according to

(+1,0,0,0) — (0,+1,0,0) and (£1,0,0,0)
8y — 69 + 1, +1,

(£3.45,45,43) — (+pd5d533) and (=545, 45,43)

83 - 41/2 + 171/2 (C25)
1 1 1 1 1 1 1 1 1 1 1 1
(£3.£3.£5,£35) — (+5,£5.+3,£5) and (—3,%5.+3,%3)
8¢ — 412 + 4 19

with an even/odd number of plus signs for 8,/8.. For more details on SO(8) see e.g. page
282ff of [62], [150] or appendix B.1 of [151].
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