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CHAPTER 1

Introduction

Presently we know of four kinds of fundamental interactions of elementary particles. Three of
these are described within the context of quantum field theory by the Standard Model of particle
physics (SM) [1, 2]. It is a gauge field theory with gauge group

GSM = SU(B) X SU(Q) X U(l)y,

where the Lie group SU(3) corresponds to the strong and SU(2) x U(1)y describes electroweak
interactions. The fundamental matter is represented by chiral spin-1/2 fermions that transform
as (bi-) fundamental representations of the gauge group. It comes in three copies, so-called
families, of the same set of particles which is given by!

(37 2)1/6 + (37 1)72/3 + (37 1)1/3 + (17 2)71/2 + (17 1)1 3
T T T T
Q a L e

IS

where we have given the U(1)y charge as a subscript and Q = (u d) and L = (e v) denote the
quark and the lepton doublet respectively. The couplings, on the other hand, are mediated by
spin-1 gauge bosons which transform as adjoint representations of Gsy. By construction all
fundamental particles of the Standard Model are necessarily massless, which is in conflict with
experimental observations. Their masses can however be generated dynamically by the Higgs
mechanism [3, 4]. By giving a non-trivial vacuum expectation value (vev) to an additional scalar
SU(2) doublet (1, 2)/, the Yukawa couplings of that field with the Standard Model matter give
rise to effective mass terms. At the same time the gauge symmetry of the Standard Model is
spontaneously broken according to Ggy — SU(3) X U(1)em. The experimental evidence for
the new massive spin-0 particle that is introduced in the Standard Model, was lacking for a
long time. Very recently, however, two experiments at the Large Hadron Collider, ATLAS and
CMS, finally announced the observation of a "Higgs-like resonance” corresponding to a mass
of around 125 GeV [5, 6]. The experimental confirmation of the existence of the Higgs particle,
about 50 years after it was first predicted, displays the latest of a long list of successes of the
Standard Model.

! The right-chiral fields are represented by the corresponding left-chiral CPT conjugate fields which transform as
the conjugate representation.
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The nature of the fourth fundamental interaction, gravity, is completely different. While the
interactions described by the Standard Model arise from the invariance of the theory under
local gauge transformations, the origin of gravity is the nature of spacetime itself. It is de-
scribed by Einstein’s theory of general relativity, which in contrast to the Standard Model is a
classical theory. The unification of general relativity with quantum mechanics is one of the
fundamental problems of contemporary theoretical physics.

Physics Beyond the Standard Model

Despite its many successes the Standard Model also has drawbacks. There are some exper-
imental hints which clearly require an extension of the Standard Model. The first one is the
observation of neutrino oscillations [7] which requires small but non-vanishing masses for the
neutrinos. However, not only has the existence of a mass to be explained but also its value,
which needs to be extremely small compared to the masses of the SM matter. A possible way
out could be the existence of one or more right-handed neutrinos together with the see-saw
mechanism, which explains the small value of the mass of the SM neutrinos by the huge mass
of the right-handed neutrinos. The second experimental hint is the evidence for dark matter,
which is needed to explain several astronomical and cosmological observations, such as the
rotational curves of spiral galaxies or the formation of structure in the universe. In order to
explain the origin of dark matter, a new kind of fundamental particle is required, which only
interacts very weakly with the SM particles. A third experimental hint on physics beyond
the Standard Model comes from the energy dependence of the strengths of the gauge coup-
lings. More specifically, the coupling constants of strong, weak and electromagnetic interac-
tions come very close to each other at an energy scale of about 10'° GeV which suggests that
there could be a simpler theory, the gauge group of which contains Gsy and is spontaneously
broken at that energy scale. Such theories are called Grand Unified Theories (GUTs) [8].

Furthermore, the Standard Model also faces some theoretical challenges. Within the SM,
the one-loop contribution to the Higgs mass turns out to be quadratically divergent. As a
consequence quantum effects would drive the Higgs mass up to the natural cut-off scale, i.e.
the Planck mass which is of order 10'® GeV. In order to cancel the contributions to the Higgs
mass an enormous amount of fine-tuning of parameters would be needed. This problem can
be rephrased as the hierarchy problem which describes the lack of an explanation for the fact
that the electroweak scale is about 16 orders of magnitude smaller than the Planck scale or,
equivalently, why the weak force is about 10%? times stronger than gravity.

The most obvious drawback of the Standard Model is the fact that it does not include gravity,
i.e. that it does not contain a quantum theory of gravity which unifies the description of all
known forces. A quantum theory of gravity is important to describe physical processes at
energies at which the strength of gravity becomes comparable to those of the other forces. Such
processes need to be understood in order to describe the dynamics of black holes or the big
bang. Furthermore there is experimental evidence for a small, positive cosmological constant
which drives the accelerated expansion of our universe and which contributes about 70% to
the total energy density of the universe [9]. The value of this constant vacuum energy cannot
be explained within general relativity and the attempt to explain its presence by the ground
state energy of the SM quantum vacuum leads to a value which differs from the measured
value by a factor of 10'%°.

Many of the questions about physics beyond the Standard Model can be explained within
grand unified theories, supersymmetry (SUSY) and extra dimensions, which we briefly com-



ment on in the following.

Grand Unified Theories

The most prominent GUT groups are SU(5) and SO(10), since each of them serves to unify the
gauge interactions of the Standard Model within one simple group. Furthermore the Standard
Model families fit nicely into the lowest dimensional representations of these groups. Namely
the anti-fundamental representation 5 together with the anti-symmetric tensor representation
10 of SU(5) contain exactly one family of quarks and leptons, as can be seen from the decom-
position of these representations under the breaking SU(5) — SU(3) x SU(2) x U(1),

5 — (3, 1)1/3 + (1, 2),1/2,
10 — (37 2)1/6 + (ga 1)—2/3 + (17 1)1 :

Intriguingly, the embedding of U(1)y into the non-Abelian GUT group therefore yields an
explanation for the quantization of the electric charge. In this picture, the Standard Model
Higgs boson arises as a further 5 of SU(5), which however leads to the presence of an un-
wanted triplet (3, 1)1/, in the spectrum of the GUT. The difficulty to decouple this state by
making it very heavy and at the same time keeping the doublet light is known as the doublet
triplet splitting problem. Finally, the gauge bosons of the Standard Model can be embedded
into the adjoint 24 of SU(5), which however contains two additional bosons which are called
leptoquarks. One can go further and embed the SU(5) into SO(10). In that case a complete
Standard Model family can be allocated in the spinor representation 16 of SO(10), as can be
seen from the decomposition of this representation under the breaking SO(10) — SU(5),

16 —10+5+1.

It is interesting that the additional singlet that is contained in the 16 carries exactly the quantum
numbers of a right-handed neutrino. Similar to the case of SU(5) the Higgs can be obtained
from the fundamental 10 of SO(10), which decomposes according to 10 — 5 + 5 and there-
fore gives rise to several exotic fields that need to be decoupled from the spectrum in order to
obtain the Standard Model.

While the picture of GUTs is very appealing, a generic feature of such theories is rapid
proton decay, which is mediated by the exotic particles. As the lifetime of the proton is experi-
mentally bound to be bigger than 5.9 - 1033 years [10], the corresponding couplings need to be
heavily suppressed. However, generically GUTs lack a mechanism to explain this.

Supersymmetry

Due to a no-go theorem by Coleman and Mandula [11] supersymmetry is the only possible
extension of spacetime Poincaré symmetry within the Standard Model [12]. It is fundament-
ally different from all other symmetries, as it transforms bosons and fermions to each other. In
principle it is possible to write down theories with N = 1,2,4 and 8 supersymmetries. How-
ever only the ' = 1 theory gives rise to chiral fermions. The simplest and most well studied
supersymmetric extension of the Standard Model is the Minimal Supersymmetric Standard Model
(MSSM) in which every Standard Model particle gets exactly one superpartner of the corres-
pondingly other statistics but with all other quantum numbers equal. However, in addition
this model needs a second Higgs doublet in order for it to be possible to give masses to all
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fermions [13].

When supersymmetry is exact, the masses of superpartners are necessarily equal. Therefore
it must be broken at some higher scale. Only then can the fact be explained, that the massive
superpartners of the Standard Model particles have not been observed yet. If SUSY is softly
broken at around the TeV scale, it offers a natural solution to the hierarchy problem. The su-
perpartners contribute to the Higgs one-loop amplitude in such a way, that they exactly cancel
the contributions of the Standard Model fermions and in that way stabilize the electroweak
scale. Furthermore the additional particles vary the running of the coupling constants such
that they actually nearly meet in one point at a scale of about 101°GeV. This makes supersym-
metric GUTs very appealing.

It is intriguing that by making supersymmetry local one automatically obtains a theory
which involves gravity, called supergravity (SUGRA). Although this theory turns out to be
non-renormalizable, it plays an important role in the context of string theory.

Just like GUTs, the MSSM suffers from the problem of rapid proton decay caused by dimen-
sion four and five operators. Many of these operators can be forbidden by imposing matter
parity, that is a Z discrete symmetry which implies that Standard Model particles and their
superpartners can only be created in pairs [14]. The presence of this symmetry automatically
renders the lightest supersymmetric particle (LSP) stable, making it a good candidate for dark
matter [15].

Further problems of the MSSM are concerned with the mass term of the SUSY partners of
the Higgs bosons (u problem), the appearance of flavour changing neutral currents and CP
violation and are mostly problems of understanding the parameters of the theory.

Extra Dimensions

Already a few years after the foundations of general relativity were laid by Einstein, Kaluza
and Klein realised the possibility to unify four dimensional gravity and electromagnetism by
a five dimensional theory of gravity. It was the first example of a mechanism tracing back the
features of a lower dimensional theory to the properties of the compactification of a simpler,
higher dimensional theory. Assuming large extra dimensions it is for instance possible to
explain the weakness of gravity [16-18]. While the SM interactions and fields are confined
to a four dimensional brane embedded in a higher dimensional space (bulk), gravity spreads
over the whole space. Therefore its coupling strength is diluted over the bulk and looks much
smaller from a four dimensional perspective.

More complicated set-ups allow extra dimensional models explaining supersymmetry break-
ing, the breaking of GUT groups or the origin of discrete symmetries.

String Theory

String theory is a theory combining all of the previously mentioned ideas. It is based on the
assumption that the fundamental degrees of freedom describing our world are not point-like
particles, but extended, one dimensional objects called strings. At a length scale much bigger
than the string length, the excitations of strings effectively look like particles. As the spectrum
of string theory necessarily contains an excitation of spin 2, it automatically includes a theory
of quantum gravity. The string length then introduces a natural cut-off scale and serves as a
regulator of the divergences that would otherwise render the theory unphysical.

It is intriguing that consistency requirements make it mandatory to combine string theory



with supersymmetry and further fix the number of spacetime dimensions to be ten. There are
tive different ten dimensional superstring theories, which are connected by a web of dualities.
This has lead to the interpretation that they are all limiting descriptions of a more fundamental
theory called M-theory, for which a description in terms of fundamental degrees of freedom,
however, is lacking. In the low energy regime all five string theories are approximated by 10D
supergravity theories, while the effective theory of M-theory is the unique eleven dimensional
SUGRA.

In order to make contact with the four dimensional world that we observe, string theory
needs to be compactified on a six-dimensional space. Requiring the resulting four dimensional
theory to preserve exactly ' = 1 supersymmetry requires any smooth compactification space
to be of a special kind, named Calabi-Yau [19]. While generic Calabi-Yau spaces are extremely
complicated, some have singular limits which are called orbifolds, in which the curvature of the
space gets concentrated to a finite number of points. In this work we will deal with orbifold
compactifications [20, 21] of the heterotic string theory [22-24] with gauge group Eg x Eg.
These theories have the advantage that an exact description in terms of a superconformal field
theory is known [25], such that quantities such as the couplings of string states are, in principle,
exactly computable. Consequently orbifolds have turned out to serve as a very successful
patch for building (semi-) realistic models within the landscape of string compactifications.
The most prominent set of such models is the heterotic mini-landscape [26-28].

As described above, within the context of model building, global discrete symmetries can
solve numerous problems by constraining possible couplings. In this way they can lead to
natural explanations of why certain effects are sub dominant or why parameters are small.
As an example we already mentioned matter parity in the context of the MSSM. A special
class of discrete symmetries are those under which fermions and bosons do not transform in
the same way. These discrete symmetries, which do not commute with supersymmetry, are
called discrete R-symmetries. They have been proven to be particularly useful as symmetries
forbidding dimension four and five proton decay operators [29-31], but their presence is also
linked to the breaking of supersymmetry itself [32, 33]. In compactifications of string theory
the R-symmetries of the resulting low energy effective field theory arise as remnants of the
Lorentz symmetry of the compactified directions. In this work we discuss the origin of discrete
R-symmetries within the orbifolded heterotic string. We give a complete exploration of such
symmetries arising from orbifolds for which the point group is Abelian. Then we discuss the
phenomenological consequences of these R-symmetries and further discrete symmetries in
the context of the Zg-II orbifold. Using the concept of Hilbert bases we are able to deduce the
superpotential to all orders in the fields.

Outline

This thesis is organized as follows.

In chapter 2 we review the bosonic construction of heterotic string theory, emphasizing es-
pecially the superconformal field theory describing the dynamics on the worldsheet. Then we
introduce toroidal orbifolds and review a classification scheme for space groups of such orbi-
folds. Using these two building blocks we discuss orbifold compactifications of the heterotic
string, where we highlight the consequences of orbifolding for the conformal field theory. We
conclude this section by discussing the Z3 orbifold as the simplest possible example.

Chapter 3 deals with the calculation of string correlation functions and the coupling selec-
tion rules that can be deduced from them. We consider general correlation functions that give
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rise to terms in the superpotential of the corresponding low energy effective field theory. From
the structure of these correlation functions, it is possible to extract several different selection
rules. We start by reviewing how gauge invariance, H-momentum conservation and the space
group selection rule arise. Then, specializing to a subclass of orbifolds, we discuss the world-
sheet instanton contributions to the couplings and explain how further selection rules can arise
from symmetries of these instantons. Remarkably we find the instantons to be the origin of the
discrete nature of R-symmetries. Motivated by this finding we start an exploration of all pos-
sible R-symmetries arising in orbifolds with Abelian point groups. We present a scheme that
allows us to infer the R-symmetries from the isometry groups of the orbifold. Then we apply
this scheme to the classification of all space groups leading to six dimensional orbifolds with
N = 1 SUSY, which was performed in [34]. In this way we are able to present a complete list
of R-symmetries arising in these theories. As a consistency check we calculate the anomalies
of each of the R-symmetries for a vast set of models. We find that for 101 out of the 107 classes
of orbifolds that are non-trivial, the anomalies fulfil the required universality conditions and
therefore pass the consistency check.

In chapter 4 we make use of the previously identified R-symmetries for the Zg-II orbifold
and discuss their impact on a model of the mini-landscape. We review the technique of Hilbert
bases which allows to find a complete basis of solutions of a given set of diophantine equa-
tions. Then we apply this technique to our model, in order to deduce the superpotential to all
orders and discuss its phenomenology.

In the last chapter we conclude and discuss possible extensions of this work.

Note, that throughout this work we use units in whicho/ = 2,1 =7, h = 1.



CHAPTER 2

Heterotic Orbifolds

2.1 Bosonic Construction of the Heterotic String

In this section we briefly review the bosonic construction of heterotic string theory [22-24]. It
is a theory of closed strings which consists of two parts, namely

* aright-moving 10 dimensional superstring with bosonic and fermionic degrees of freedom
described by X§ (7 — o) and the Majorana-Weyl fermions ¢ (7 — o) respectively, and

* a left-moving 26 dimensional bosonic string with bosonic degrees of freedom denoted by
X't +0)and X{ (7 + o),

where p=0,...,9and I =1,...,16.

The right-moving degrees of freedom are related by ' = 1 worldsheet supersymmetry and the
left-moving theory is compactified on a 16 dimensional torus. Modular invariance of the par-
tition function requires the torus lattice to be even, self-dual and Euclidean. The only lattices
satisfying these requirements in 16 dimensions are the root lattice of Eg x Eg and the weight
lattice of Spin(32)/Zs', which contains the root lattice of SO(32) [35]. For the remainder of this
work we restrict ourselves to the case of Eg x Eg. As a consequence, the internal momenta of
the left-moving strings are elements of the root lattice of Eg x Eg, which we denote by I'g, x .
We will see later, how the 16 left-moving bosons X7 give rise to a gauge theory.

2.1.1 Equations of Motion and Mode Expansions

In superconformal gauge, the classical action of the heterotic string theory takes the form? [35,
36]

S = —Qi /sz (8X C0X 4+ YR - OYR + 51J8XI{(§XL]) ) (2.1)
T

! Spin(32) has centre Zs x Zo. Here we divide by one of these Z> such that the resulting lattice contains the root
lattice of Spin(32) as well as the weights of the spinor representation. Dividing by the other Z, would result in
a lattice containing the roots as well as the weights of the cospinor representation, while dividing by a diagonal
Z3 would result in a lattice containing the roots as well as the weights of the vector representation.

% Note that in writing the action we have assumed the anti-symmetric tensor background field B, as well as the
background gauge field A}, to vanish.
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with the additional constraint

OXL =0 (22)
ensuring that the 16 internal bosons are indeed purely left-moving. Here we have made use
of the Wick rotated, complex worldsheet coordinates

5 = eZ(TJriU) ’ 5= e2(7'71‘0') 7 (2.3)

written shorthand 0 = %, 0 = % and have combined the ten dimensional left- and right
moving bosonic fields according to X (z, z2) = X1,(2) + Xr(Z2).

Using the action we can deduce the classical Euler-Lagrange equations of motion for the
tields. They are given by

00XH =0,
Or =0, (2.4)
20X{ =0.

The first equation tells us that X* indeed splits into a left- and a right-moving part and the
second one dictates the fermionic field y)r to be anti-chiral as expected. The equation of motion
for X' is actually trivial once the additional constraint (2.2) is imposed.

Now one can write down the mode expansions of the fields that solve the classical equations
of motion, as well as the closed string boundary conditions

XM(eQTFiZ’e_QTriZ) = X“(Z,E),
() (@
ez = TS
Yr(2)  (1S)
X{(e%iz) _ X{(z) + 271.)\1’ with )\ € FEgXES?

(2.5)

where we abbreviate the Ramond (Neveu-Schwarz) sector by R (118). They are given by®

1 . T,
X{j(z):ix“—l—p“lnz—l—lzﬁaﬁz " (2.6)
n#0
X“(E):lx“—i—p“lné—i—izla“,%_" (2.7)
R 2 n " ’
n#0
SooErr (W)
€7
CHOER I , (2.8)
R Yo owETr )
rez+1/2
1
Xi(2) :x1+2Pllnz+iZ—déz_". (2.9)
n
n#0

® Note that for writing the mode expansion of the left-moving internal bosons we have implicitly used the fact
that the compactification lattice is self-dual [23].
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The (on-shell) V' = 1 worldsheet supersymmetry acts on the right-moving fields according to
0 Xk = —iey, Oy =ieX}, (2.10)

where € is an infinitesimal Grassmann parameter.

2.1.2 Light-Cone Gauge Quantization and Spectrum

Let us now quantize the theory in light-cone gauge by introducing canonical (anti-)commutation
relations. Using the light-cone coordinates

1
Xt=—" (X°+x1Y), 2.11
5 ) (211)
and the mode expansions (2.6)-(2.9) we impose for the transverse coordinates
[xl7p]] =i ) [O‘iw OZM - [(54;, dfn} - ndn-‘rm(sij ’
[0, &dn] = 0, (2.12a)

{b’;w bé} - 5ij5r+5 )

wherei = 2,...,9. In the case of the internal left-moving bosons we have to take the secondary
class constraint 0X{ = 0 into account. Hence the quantization proceeds via Dirac brackets,
which results in the commutation relations

I

n’

J

(&l al] =népymd!’,
2.12b
[a:I,PJ]:%icS”. (2126)

The R and 71§ ground states of the theory are defined as the states that are annihilated by all
positive modes, that is

o [0 s = [0) s =0, vm >0,
iy, [0) g /s =0, ¥Ym >0,

Note that while the 71§ ground state is unique, the states of the form b/ |0), all have the same
mass eigenvalue and hence the R ground state is degenerate. Since the fermionic zero modes
fulfil the Clifford algebra, {bf), b} = n*”, we can represent the states as

1
b lodg = 5 (") 1B

where «, § are SO(9, 1) spinor indices and 7* denote the Dirac matrices in 10 dimensions and
satisfy {y*,7"} = 2n*".

In order to get the spectrum of the theory we have to gauge fix the remaining symmetries of
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the worldsheet theory. This is done by going to the light-cone gauge choice, which is given by

Xt =zt +pTlnzz,
ot =0 (2.13)

and completely fixes the reparametrisation as well as local supersymmetry invariance. This
breaks Lorentz symmetry to its little group SO(8). The equations of motion for the metric then
result in the constraints

_ 1 . . n ..
TR DTS (5-7) : Uibhr s +andm |
(3

m r4+o¢

- o 214
R S P IRES ST | e
m I

i
by = pl+ > Zai_qbfl :
q 7

where we have used the notation o) = &) = 1p, of = P and for the R (118) sector ¢ takes
the value 0 (3). The normal ordering constants are given by [36]

1
a, = —1, ar = 2 (2.15)
0

Similarly p*, the generator of 7-translations conjugate to X ™ is determined. Using this we can
write down the mass operator M 2 = Mﬁ + MPZ{ =2pTp" — (Ptrans)?,

1
2M1%:NR+GR and QME: §P2+NL*1, (216)

where P2 = ", P/ P! and the number-operators are given by

9

oo o0
Nr = Z al ol + Z rbt 0|
=1 r=¢

=2
I
nl -

The physical states of the theory are tensor products of states of the Fock states of the left- and
right-moving strings fulfilling the level-matching condition

(2.17)

=

|
(]2
VR
e 1
S

3' .
o))
S
+
IMs
[o)]
|~
3

o))

M? = Mg, (2.18)

which follows from the requirement of invariance of the states under translations in the o
direction. Due to this condition the lowest mass state of the theory has mass eigenvalue zero,
such that there is no tachyon in the spectrum.

Now we can write down the massless spectrum of the heterotic string on a 10D Minkowski

10



2.1 Bosonic Construction of the Heterotic String

spacetime. It consists of the following states:

o &0yt 1/ 10),¢ graviton, antisymmetric tensor and dilaton,
e &l |0)® bj_l/2 [P 16 Cartan generators of Eg x Eg,
¢ |P2=2)® b 1/2 10) 1.9 480 generators of Eg x Eg corresponding to the root vectors,

as well as their supersymmetry partners which are obtained by replacing b’ 1/2 |0),,¢ by the
Ramond vacuum which, as we have seen above, transforms as a Majorana-Weyl spinor of the

transverse SO(8). The quantum numbers of the bosonic massless states are summarized in
table 2.1.

State Eg x Eg SO(8)
&l 10y @b 410 8,
~110) —1/2 0)ns (248, 248)
|P?=2)® bj—1/2 0)ns 8y
a0y @b, ,00),s | singlet |8, x8,=1+28+35,

Table 2.1: Quantum numbers of the bosonic massless states of heterotic string theory on 10D Minkowski
spacetime.

2.1.3 Worldsheet Conformal Field Theory

In the superconformal gauge, superstring theory becomes a superconformal field theory
(SCFT) on the worldsheet. Here we want to briefly describe the basic features of the het-
erotic string worldsheet superconformal field theory. We will not give a general introduction
to conformal field theory here but instead refer to [36, 37]. However, in order to settle our
notation let us start by writing down some basic objects.

Here and in the remainder of this work we use Wick rotated spacetime coordinates, such that
the ten dimensional metric is given by §# and the Lorentz group is SO(10).

Superconformal Algebra

The heterotic SCFT splits into a bosonic left-moving and a supersymmetric right-moving con-
formal field theory. The generators of (super)conformal transformations are the conserved
energy-momentum tensor 7(z), T/(z) and the conserved fermionic supercurrent 7(z). They
are expanded as

T(z) = Z 2L,

nez
T(z)=) 2" Ln, (2.19)

nez

reZ+¢

11



2 Heterotic Orbifolds

Here ¢ = 0 corresponds to the R sector and ¢ = % corresponds to the 11§ sector. The modes
satisfy
(L)' =Ly, (Lp)'=L_n, (G))'=G_,, (2.20)

as well as the algebra

[Lm) Ln] = (m — n)Lm+n + g(mg - m)5m+n s

[Lin, L] = (m —n) Lipan + g(m?’ —m)0man ,

o 1 _ 2.21
[Lm, GT] = <2m — 7‘) Gm+7« y ( )
- = - C 1
(G G} = 20,45 + g <r2 _ 4) Sris -

We call ¢, ¢ the central charges of the theory. For ¢ = % the right-moving algebra has a finite
dimensional subalgebra, generated by Lo, L1, and G, 1. This is the super-algebra osp(1]2).

Meanwhile, the left-moving algebra has the finite-dimensional subalgebra s[(2, R) generated
by Lo and Lil-

Vacuum Structure

The vacuum of the theory is described, just as any other state in the theory, as a product of the
left- and right-moving vacuum,

10) = 10), @ [0)g -

Note that a unitary CFT always has a unique vacuum®, while we have seen that the right-
moving vacuum falls into two distinct sectors. This issue is solved by introducing the so
called spin fields S (z) which are related by [38, 39]

1
Te(0)SH(2) = —2—5S,(2)+....
(w—z)2
Then the R vacuum is given in terms of the 71§ vacuum by®
) = Sa (0) [0)yy (2.22)

and has conformal dimension h = ;-¢. The presence of the spin fields introduces branch cuts
into the operator algebra. This means that when an 71§ fermion is transported around the spin
field, it feels the branch cut and changes sign, i.e.

P (e ?M2)SY(0) = —H(2)9°(0),
1
P (2)S (W) = ——— (v)* 9% (w) + ... .
(z —w)
* This follows from the fact that the unit operator is the only field with h = h = 0. For details see for instance [36].

> The state S, |0),,, is a null-state in the case of unbroken worldsheet SUSY. Hence we will ignore it and suppress
the label 4 from now on.

(2.23)

N[

12



2.1 Bosonic Construction of the Heterotic String

Note that in principle this renders the theory non-local. Locality is restored by certain require-
ments on the spectrum, which in the case of the heterotic string arise from the level-matching
condition (and the restrictions on the lattice). The unique vacuum of the heterotic worldsheet
SCFT is now the SL(2, R) x OSP(1]2) invariant state

10) = 10)r, © [0)r ps (2.24)

that is annihilated by all positive frequency operators,

Lo|0) = L1 0) =0,

Lo |0) = L+10) :Gi% |0) =0,

L [0) =0, Vm >0, (2.25)
L |0) =0, VYm >0,

G,10) =0, Vr >0.

Field Content

We have seen above that the fields involved in the heterotic SCFT are X*, ¢* and X]{. We can
deduce their two-point functions using the commutation relations (2.12) and find®

(XH(z,2) X" (w,w)) = =" log(z — w)(Z — w),

(X ()X () = —0 log(z —w),
Ps = —

(U (D) PR (@) 5 = (2.26)

Z
( — + > )
V @
where (here and always) we assume radial ordering, that is |z| > |w|, |Z| > |w@|. The energy-
momentum tensor and fermionic supercurrent following from the action (2.1) are given by

—w’
o 1
Z—w

N~
TS

(VR (2)VR(@)) g =

T(z) = —% 10X -0X(2): —%6[J :8XI{8XI{(Z) ]
T(z) = —% 10X -0X(2) : —% g - OYR(Z) :, (2.27)
Tr(z) = i:¢r-0X(2): .

Note that since the right-moving sector of the theory is supersymmetric, the corresponding
fields combine into anti-chiral superfields according to

Uh(2) = XE(2) + 0yk(2), (2.28)

® Here we suppress some unphysical regulators in the two-point functions, which are not important for our pur-
poses [36].
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2 Heterotic Orbifolds

where @ is the fermionic superspace coordinate. The components of the superfields are related

by

Lok (w
To(2)Xf(w) - 280 o
i 1oxE( 229)
To(a)ih(o) = o) + 22000

where the dots denote terms that are finite as z — w, z — w.

Using equations (2.26) and (2.27) we can calculate the OPEs of the fields with the energy-
momentum tensor to determine the conformal primaries and their conformal weights 7 and
h. This can be done employing the identities

T(2)®(w) = (z_hw)?q’w + zq)_(zfu) +o

T(2)po(w) = (Z_hw)gqbo(w) + W +..., (2.30)
Y o

T(2)¢n(w) = Mqﬁl(w) + ajl_(w) +o.,

which hold for any conformal field ®(z) or superconformal field ¢(2) = ¢o(2) + 01 (2).

When looking at the field content of the heterotic SCFT, the first observation is that the
OPEs of the fields X* with themselves involve logarithms which means that, although they
tulfil (2.30) with A = 0, they cannot be highest weight states of a representation of the con-
formal algebra [39]. Their derivatives 9X* and dX*, however are conformal primaries with
conformal dimensions (h,h) = (1,0) and (h,h) = (0,1). Meanwhile, the ¥R are themselves
conformal primary fields of dimension (h,h) = (0, ). Further primaries can be constructed
from normal ordered exponentials’ of X*. They fulfil

: eipX(w,E)) e eiq'X(sz) = ’Z — w|2pq {: el(p+q)X(w,1I)) :

+ip(z —w) : 9X (w)elPHoX(wd)

+ip(z —w) : OX (w)elPFTa)-X(w.d) :} (2.31)
+ 0 ((z — wyr+?)
8X“(z) . eip.X(w,m) - 7% : eip~X(”LU,”LD) +...

Z—w

from which one can deduce that their conformal dimensions are given by (h, k) = (32, $k%).

Physical string states are created from the vacuum by means of Vertex operators, the con-
struction of which we will discuss below. We have already seen that in order to create string
states in the R sector, we need to make use of the spin fields (2.22). These have a complic-
ated expression in terms of ¢* [40]. A much simpler representation can be constructed using
bosonization on the worldsheet.

"In the _supersymmetric language, one can further construct normal ordered exponentials of
UH(z,2,0) = X¥(2,2) + 0y (2). However, due to 0 being Grassmann, i.e. 6> = 0, there are no terms
beyond linear order in 1 and eFY = (1 +ifk - )el* ¥,

14



2.1 Bosonic Construction of the Heterotic String

Bosonization

The main idea of bosonization is that two conformal field theories are indistinguishable if all
their correlation functions are identical. However, the correlation functions are completely
determined by the OPEs of the fields. Hence, different representations of a physical field are
interchangable provided they have the same OPEs among themselves and with all other fields
of the theory.

Consider the right-moving fermion sector of the heterotic worldsheet SCFT. It is given by
the fields ¢ (2) which we represent by the complexified fermions

1

V2
m 1 2m s 12m—+1 (232)
YR :*2(7#1% —iyg" ),

7%

where m = 0, ..., 4. Then their non-vanishing mutual OPEs are given by

5mn

YR (DUR(0) = ———+ ...

zZ—W

Let us introduce five right-moving bosonic coordinates H™, which fulfill
H"™(zZ)H"(w) = —0""log (Z —w) + ... .
Now we can represent the fermions ¥ 5’ by

YR (2) =: H™(2) . Crm

) = e gy 2%

where the ¢, are so called cocycle factors, which ensure that the fermion representations with
m # n actually anti-commute. They are given by [40]

O = (1NN (2.34)

where N™ is the fermion number operator for the m'" fermion. In terms of the bosonized
coordinates the N™ can be expressed as

1 _ _
N™ = _— ¢ dzdH™(z) = OH

1
i.e. by the zero modes of 9H™. 1t is easy to verify that indeed
[OHT,: HH"E) ] = pgmn ; R
In the light of (2.31), it is clearly possible to write down more general operators of the form
Oy =: M . ¢y (2.35)

where ) is a five dimensional vector with integer valued entries and c, is the corresponding
cocycle operator. These cocycle operators consists of products of the primitive operators (2.34)

15



2 Heterotic Orbifolds

and can be written as [40]
¢y = exp (irA - MOHy) , (2.36)

where M is a constant, integer-valued, lower-triangular 5 x 5 matrix. The fusion rule (2.31)
then becomes

OA(Z)O/\/ (U)) _ (2 _ u—)))\-)\’ei7r>\-M)\’ei()\~H(2)+>\’-H(w))C/\+N (2.37)

= (z—0)"Oppn (@) (1 + O(F —w)) . (2.38)

Closure of the operator product algebra requires that the vertex operator O,y exists and
generates a state |\ + )\') of the theory. In this way one can associate the set of operators {O,}
to a lattice. It is not a coincidence that the lattice generated by the fermions (2.33) contains the
vector weight lattice and the root lattice of SO(10). Indeed we can construct the currents

: CmCn, m#£n, (2.39)

T (z) = 10H™ (%),

which fulfil the s0(10) current algebra and where .J M with m # n correspond to the root and
J™™ to the Cartan generators. Their operator product expansions with the fermions (2.33)
show that the ¥ transform in the vector representation of this algebra.

This is an example of the Frenkel-Ka¢-Segal construction of a Ka¢-Moody algebra, in which
a set of free bosons compactified on a torus represent the generators of the algebra, which is
determined by the torus lattice. The idea is then, that the fact that the generators of the algebra
commute with the mass operator means, that the string states form a representation of the
algebra at each mass level, which proves the existence of the corresponding symmetry [41].
In precisely this way one can describe the Eg x Eg gauge symmetry arising from the toroidal
compactification of the 16 internal left-moving bosons.

In this framework it is now much easier to describe the spin fields (2.22). We have seen in
(2.23) that their OPEs with the fermions U™ have square-root branch-cuts. Using the fusion
rule (2.37), it is easy to guess the form of the spin fields in the bosonic language. They are
associated with lattice vectors with half-integer entries,

S5z) = MHG) L with A= (£1/2,41/2,...,+1/2), (2.40)

where we have suppressed the cocycle operators for convenience®. In fact the set splits into
two subsets containing the vectors with an even or odd number of minus signs, corresponding
to the spinor or cospinor weight lattice of SO(10) respectively.

Superconformal Ghost System

In order to write down the states and vertex operators of the quantized theory, one more
ingredient is missing. Namely we need to gauge-fix the worldsheet symmetries. This is done
in a manifestly Lorentz invariant way by introducing the Faddeev-Popov superdeterminant
compensating the Jacobian from reparametrisation and local supersymmetry transformations.
This determinant may be represented by the path integral over

® The cocycle operators of the spin fields can be found in [40].
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2.1 Bosonic Construction of the Heterotic String

* a left-moving conjugate pair of dimension (—1, 0), (2,0) ghost fields

z
c”, bzza

* a right-moving conjugate pair of dimension (0, —1), (0, 3) ghost superfields

C* =" + 077, By = Bz + 0bz
with action .
Sgh = % /dQZ (bzzécz + b52602 + /825872) . (241)
Note that 3,7 (b,c) (anti-)commute. They have OPEs’
» 1
*(2)b,(w) = +...,
W (2.42)

C(bss() = 7 (2)Bia(0) = 72—+ ...

and the energy-momentum tensor is given by

Ton(z) =t —=2b,.0c® — (0b,.)c" -,
3

o I
Tgn(2) = =2bzz0¢” — (9bzz)c” — 5 B:507" — 5(0Bz5)7" (2.43)

- 1 S - . 3 _
Ty gn(2) = 552272 — (0Bs5)c” — §B59‘862 .

It is straightforward to check that the ghost system fulfils the left- (right-) moving
(super)conformal algebra (2.21) with central charges ¢y, = —26 and ¢, = —10. These charges
cancel precisely the central charges arising from the matter fields so that the superconformal
symmetry of heterotic string theory is anomaly free.

The ghost fields can be expanded in modes according to

(z) = Z e, b..(2) = Z 2" 2p,,

nez neZ
() =3 5 e ba(3) =35 2.44)
nez nez
3 - 1
Bsp(2) = Z z "2y, v (2) = Z 2y,
reZ+¢ reZ+e¢

where, as above, ¢ =0 (%) in the R (118) sector. Then the OPEs (2.42) are equivalent to

{6m7 En} = {Cm7 bn} = 6m+n s [67‘; ’Ys] = 67’—!—5 .

and the modes of 3 are anti-Hermitean while all other ghost modes are Hermitean.

? Note that here '=" only means equal up to non-singular terms.
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2 Heterotic Orbifolds

The action (2.41) is invariant under two global U(1)s consisting of

c? el ¢* C* eld (07
(sz> — (e—ia bzz> and <BZZ) — (e—ia Bzz> (245)

respectively. The chiral Noether currents corresponding to these transformations are given by

where
jbc(g) = —: bzi(z)cz(g) = Zg—n—le(Lbc) s jr(LbC) = Z  Cn—mbm : ,

5[37(2) = 525(2)75(2) = Z Z_n_ljflﬁw ) ]'T(Zﬂv) = Z S Yn—rBr ¢

n

(2.46b)

Note that due to the form of the action and the energy-momentum tensor we can define the
two auxiliary currents jy., jg,. However only their sum j is a Noether current. The OPEs of
the ghost fields b and ¢ (5 and ~) with the j reflect the fact that they have charges —1 and 1
respectively. The OPEs of the currents with the energy-momentum tensor are given by

T()j(w) = 7 _Qw)3 + (zjfwzz)Q + fj_ww +... with @ =-3,
T(2)jpe(w) = € ?b;)g + (Z”i(z))Q + a;"j(z) +. with  Qpe = —3, (2.47)
F(@in(0) = i + 22O D g, =2,

AsQand Q = Qy. + ng are non-vanishing, the U(1)s are anomalous, which implies that the
ghost number currents j and j are not conserved. The anomalies are related to the existence of
ghost zero modes, the number of which may be calculated using the Riemann-Roch theorem.
The result reads [39]

Ne— Np =Nz — Ny =—-3(g— 1),

2.48
Ny = Ny =—2(g—1), (2.48)

where g is the genus of the worldsheet!?. As a consequence of the anomalies, one finds from
the OPEs (2.47) that while jjl = —jp for all three currents, the zero modes are not (anti-
)Hermitean. Instead they fulfil

(357)" = 3 - @u.

10 As we will only be dealing with tree-level amplitudes, we restrict to g = 0 for the remainder of this work.
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2.1 Bosonic Construction of the Heterotic String

where «a labels the three currents. Let ‘Q(a)> be a state of charge ¢(,), i.-e. jéa) ‘Q(a)> = q(a) ‘q(a)>
and let O be an operator of charge q(oa), ie. [jéa), 0] = q(Oa)O. We find

O ‘Q(a)> = (=) + (o) + Qa) <an)

a2 (dlo Ol ) - (2.49)
Only for qg) = (—qza) + q(a) + Qa) the result is non-vanishing, i.e. the operator insertions have
to cancel the background charges Q.

Just as the right-moving fermions, the superconformal ghost system may be bosonized ac-
cording to'!

b (z) =: e Pel®) . A (z) = ePel®) ;|
bez(2) =: e 9ve(®) ; #(z) = efre®)
B.5(2) = e 981 (DeXE) Gy (z) : | Vi (2) =1 e X3 (3) .
where
frbbc(z)ﬁbbc(w) = log(z - ’LU) s (Ebc(g)(gbc(w) = log(é - QD) 5
Ppy(2) 0 (W) = —log(z — w), X(2)x(w) = log(z — w)

and we have as well "bosonized" the Bose fields 3,7. Note that the bosonized representations

of 3,y are in the 71§ sector. To create fields in the R sector ghost spin fields 2997 have to be
inserted.
In terms of the bosonized fields the currents are given by

J(2) = 0ue(2),  Jue(2) = 0due(2),  Jpy(2) = —0p,(2)

Further conformal primaries may be constructed as exponentials of ¢, € {¢s., Bbe, (5/37}. They

fulfil
j(z) : ed%be(w) . — 4 - ed%bc(w) . 4
zZ—w

Ja(Z) : et0e(@ = 4 gadal@) |

2.50
— L—i_%) . efI¢bc(w) s 4 1 : 8weq¢50(w) S ( )

. adPbc(w) .
T(z):e S P P

1 _
T(z) : 0% (@) . _ M  tPa(®) . _

L Dgetda®) 4
Z—w ’

where ¢ = +1 (—1) for the b,c (5,7) system and a € {bc, 5v}. These operators hence shift the
ghost charges of states by ¢ units. They are vertex operator for states!?

lgo = q) =: 92+ |0) (2.51)

' Analogously to the discussion of bosonization above, cocycle factors are necessary to achieve the correct
(anti-)commutation relations of the fields. For simplicity we suppress them in the following expressions.

12 Note that the states |¢,) can have a lower energy than the vacuum state |0) and for the Bose fields 3,7 the energy
is not even bounded from below. For a discussion of why this does not lead to an instability of the vacuum we
refer to [39]. Note further that L_; annihilates only the state |0), so the SL(2, R) x OSP(1/|2) invariant vacuum
remains unique.
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where ¢ € 7Z for the b,c systems and the 71§ sector of the 5,y system and ¢q € Z + % for the R
sector of the 3,7 system. We find

<0| . e3¢bc(0)+3$bc(0)_2$ﬁ’v(0) : |0> =1.

As the fields of the b,c ghost systems follow Fermi statistics there is only a finite number of
states (2.51) of different ghost charge. For the 3,7 system however, the fact that the fields
follow Bose statistics leads to the existence of infinitely many such states.

Note that regularity of the energy-momentum tensor implies that the SL(2,R) x OSP(1]2)
invariant vacuum |0) fulfils

b [0) = b, |0) =0, > 1,
& [0) = cn0) =0, > 2,
1
= > _Z
/Br‘0> 0, r= 97
3
= > Z
¥ [0y =0, rzg

BRST and Covariant Vertex Operators

In the framework of BRST quantization the physical asymptotic states of the theory are ob-
tained as cohomology classes of the BRST operator, i.e. the vertex operators must be BRST
closed but not exact. They have to fulfil

@Brst |phys) = Qprst [phys) =0,
[phys) # Qrst |phys’) (2.52)
# Qrst |phys') .

The BRST operator of heterotic string theory is given by [39]

QBRST = 7{ % {cz(z) (T(z) +% gh(z>>} :

2mi

where the energy-momentum tensors of the matter and ghost systems are given in (2.27) and
(2.43). The BRST transformations of the fields can be straightforwardly calculated. The results
read

[@rsT, X{['(2)] = X/ (2), [QrsT, X{(2)] = cF0X](2),
{@srsT, ¢*(2)} = c*0c*(2), {@BRsT) b22(2)} = T(2) + Tgn(2)
and
Qs X4(2)] = COXE(R) + 57704 (2)
{@ersr, ¢4(2)} = 5 (3)Vh(2) + 5" TUh(2) - 577 OXE(),
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2.1 Bosonic Construction of the Heterotic String

as well as
{@Brs1, F(2)} = P07 (2) — 3(72)2(5) ; {QBrsT, b22(2)} = T(2) + T (2) ,
[@ersT, 7°(2)] = —%(502)72(5) +F(2),  [@srsTs B5(2)] = —Tr(2) — Trgn(2) -

Further Q4rsr = Q4rsr = 0 and the BRST operator (anti-)commutes with the total energy-
momentum tensor (fermionic supercurrent) so that the algebra closes.

Note that BRST invariant operators come in different ghost pictures. This is a consequence of
the existence of ghost zero modes, just analogous to the existence of the states (2.51). For the
b,c systems the situation is rather simple. Conformal invariance requires the vertex operators
to be conformal dimension h = h = 1 operators that are either integrated over, or multiplied
by candg, i.e.

/d22 Viei—1(2,2) or c(2)e(2)Vy_j—1(2, 2) . (2.55)

Note that in a tree-level L-point function, exactly three of the operators have to be of the
latter form in order to cancel the background ghost charges. However, the situation in the 3,y
system is more complicated. There each vertex operator has infinitely many representations
of different ghost picture, which we label by a subscript on the operator. We will see below
that states in the 71§ (R) sector have (half-)integral ghost picture charge. The 3,7y ghost picture
of a vertex operator can be changed by means of a picture changing operation. The only such
operation we will need in the following is the one changing the picture from —1 to 0. This can
be done using an insertion of the fermionic supercurrent,

(V_1e®7Tp) (2, 2) = Vo (2, %) . (2.56)

Note that, as is required, picture changing does not change the conformal dimension h, h of
the vertex operator. Correlation functions are independent of the ghost pictures of the vertex
operators they contain, as long as the background ghost charge is cancelled [39].

Let us start our discussion of vertex operators corresponding to massless physical states
with the 71§ sector. Note that since the superconformal ghost fields are associated to Tr they
need to have the same periodicity as that operator. Hence they need to have the same period-
icity as the 9R.

The general BRST invariant, massless 71 vertex operator in canonical ghost picture'® has the
form V_; = [ d?2V_4(z, z), where!* [36, 39]

Vioi(z,2) = e 952D CF(L‘%()X/LUI(Z) ol0 H(2) giPIX{ (2) oip X(2,2) (2.57)
Here ¢ is an SO(10) vector weight lattice vector, P is an Eg x Eg vector weight lattice vec-
tor and p denotes the momentum of the state. The g-dependent polarization of the state

is described by (ﬁq/)l. We have refrained from writing possible right-moving oscillators be-

13 Canonical ghost picture just means that it is the ghost picture in which the vertex operator takes its simplest
form. Of course it can be brought to any other ghost picture by means of picture changing.

!* Note that for the remainder of this work we suppress cocycle factors arising from the bosonization of various
fields wherever they occur, as they will not be important for our purposes.
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cause vertex operators containing such oscillators can not have conformal dimension (1, 1)
due to the contribution of the ghosts to h. There are two kinds solutions to the constraint
h = h = 1. Namely p? = 0, ¢> = 1 and (P?,N) = (0,1) or (P?,N) = (2,0), where N is zero
or one, depending on whether the oscillator X* is present or not. The corresponding vertex
operators are®

V_i(z,2) = e*‘gﬁv(f) <;(j/q)8X]!j(Z) cla-H(2) ’
V_i(z,2) = o~ %8+ (?) Cl(q)aX]{(Z) G HE)

V_1(z,2) = e~ %0(2) ol PIXL(:) gl HZ)

These vertex operators are in one-to-one correspondence with the 71§ states we identified in
section 2.1.2. The first class corresponds to graviton, anti-symmetric tensor and dilaton, the
second to the 16 Cartan generators of Eg x Eg and the third one to the 480 root generators of
Eg X Eg.
Let us now turn to the R sector. We have seen above that the (R vacuum is created out
5

of the 1§ vacuum by the spin fields S, of conformal dimension h = 3. As the ghost fields

have to have R boundary conditions as well, we need an additional twist field that creates

the ghost ® vacuum. We have seen above that such a ghost spin field is given by!® e 2%
of conformal dimension h = %. With this information at hand, we can write down the gen-
eral BRST invariant, massless R vertex operator in its canonical ghost picture. It is given by

V_% = fdQZV_%(z,Z),where

v

)

%(z, z) = e 29() Cﬁq/)laXﬁ/I(Z) it H(2) GiPIX] () fip-X (2,2)

where now ¢ is a vector in the SO(10) spinor or cospinor weight lattice. Solving the constraints
h = h =1, we arrive at the spacetime N = 1 superpartners of the massless states from the 11§
sector,

(2,2) = o 3%6+(2) C;Sq)aXﬁ(Z) old H (2) ’

Vf% z

Voi(z,2) = e~ 298, (%) C}‘D@X{(z) e H ()

V 1 (Z, 2) = e_%qgﬁw(g) eiPIXI{(Z) eiq~H(2) '
-3

2.2 Toroidal Orbifolds

Toroidal orbifolds form the class of spaces one obtains by dividing the action of a discrete
symmetry group G out of a d dimensional flat torus,

Td

O e

15 We suppress normal ordering symbols in the vertex operators.
6 Another candidate would be e%‘bl“, which however has conformal dimension & = f% Hence the combination

See2?7 of conformal dimension h = 1 cannot be combined with other right-moving fields to yield a vertex
operator of h = 1.
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2.2 Toroidal Orbifolds

Here G is a finite discrete subgroup of the isomorphism group of the torus and is called orbi-
folding group. We will only consider the case d = 6, in which case the six dimensional torus can
be described by the six dimensional flat space modulo a lattice A, 7% = R /27 A. This leads to
the definition of the space group S,
T¢ RS
0= o= (2.58)

Consider as an example the two dimensional orbifold TSQU(S) /75, where TSQU(S) is the torus

obtained by taking the quotient of R? by the root lattice of SU(3). As depicted in figure 2.1,
the fundamental region of this orbifold forms a tetrahedron [25].

Figure 2.1: The shaded region is the fundamental region of the two dimensional orbifold TSZU(S)/ Zs,
which forms a tetrahedron. The arrows display the basis vectors of the torus lattice and the coloured
dots mark the loci of fixed points. Those with the same colour are equivalent on the orbifold.

Any space group element may be written as a pair (9, \), where ¥ € O(6) and ) is a transla-
tion. The action on a point X is

R’ — RS,

SB 197)\2 )
(9, 4) X — 99X + 27w

(2.59)

from which the group product can be determined to be (¢, \) - (¢, X') = (9, 9N + \). Asa
consequence the orbifold may be described by points X in R® with the identification

X 29X +27), V(9,0 €S. (2.60)

The subset of space group elements of the form (1, 0) forms a finite discrete group, called the
point group P. If the point group is a subgroup of the space group then S is a semi-direct
productof Pand A, S = P x A and G = P. This is the case if the space group does not contain
roto-translations, i.e. elements of the form (1, \) such that (9,0) & S.

Note that if S = P x A the generators of the space group are given by the generators of P,
denoted ¥4, and the basis vectors of the lattice, denoted by e;,

S ={((V1,0), ..., (Un,0), (1, e1), ..., (1, eq)) ,

where N = rank(P). In the presence of roto-translations however, the space group can contain
elements with fractional lattice vectors, (¥, n'e;) where n' ¢ Z.

The action of the space group on R® is in general not free, that means its elements can have
non-trivial fixed hypersurfaces F,

X +27A = X VX € F. (2.61)
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2 Heterotic Orbifolds

The space group element g = (¢, \) is called the constructing element of F. In the following we
will only be dealing with fixed hypersurfaces of even dimension, that is with fixed points X,

g Xy =9Xr 427 = Xy, (2.62)

and fixed tori.
Let g be the constructing element of the fixed hypersurface 7 and let h be another space group
element, such that hg # gh. Then

(hgh ™" YhX = hgX = hX, VhX € hF,

i.e. hF is a fixed hypersurface of hgh~'. Hence fixed hypersurfaces are in one-to-one corres-
pondence to conjugacy classes'” [g] of S, given by

[(9,0)] = { (19, (1- 19)5\+1§‘)\) ‘ (0,X) € S} . (2.63)

Unlike manifolds, orbifolds can have discrete
holonomy groups. Indeed the holonomy
group of a toroidal orbifold is given by its point
group, as can be seen as follows. Take two
points z and y = Y+ 27\ on the orbifold and a
vector v in the tangent space of z as displayed
in figure 2.2. By the action of (), \) the vec-
tor v is mapped to Yv in the tangent space of y.
Now parallel transport the vector along a path
7 from y to z. As the points are identified, this

is a closed loop on the orbifold and as the torus Figure 2.2: Orbifolds have discrete holonomy
is flat, the vector v does not change along the groups.
path.

As a result, on the orbifold space, the vector v has been mapped to ©v by means of parallel
transport along a closed loop.

2.2.1 Classification of Space Groups

There are different classification schemes for space groups [42]. We choose the classification
into Q, Z and affine classes as depicted in figure 2.3. As we will see later, this classification
allows for a physical interpretation in the context of heterotic orbifolds.

Q class 7 class affine class

Figure 2.3: Classification of space groups into Q, Z and affine classes.

Let S1 and S> be two space groups with associated point groups P; and P, respectively.

7 Two space group elements g and g’ are conjugate, g ~ ¢/, iff there is an element h € S such that hgh™! = ¢'.
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2.2 Toroidal Orbifolds

Then S; and S belong to the same @ class iff
IV € GL(6,Q) st. VPV =P,

As a consequence space groups within the same @) class have identical holonomy groups.
Further, two space groups belong to the same Z class, iff

IV € GL(6,7Z) st. VPV =n.

As the elements of P; can be represented by GL(6, Z) matrices themselves, this means that the
point groups are related by a change of basis. Equivalently the Z class specifies the lattice A
of the space group. If two space groups belong to the same Z class, they clearly belong to the
same () class as well.

If not only the point groups are equal up to a change of basis but the space groups are related
by an affine transformation A : RS — RS,

AS1AT =8y,

the space groups belong to the same affine class. The action of any affine transformations can
be writtenas A : © — Mx + b, where M is a linear transformation and b is a translation vector.
Hence the action on the space group elements is given by

Vg=(9,\) €S AgA™' = (MIM™, M+ (1 — MOM~)b).

The classification of the space groups relevant for the compactification of the heterotic string
to four dimensions was performed in [34]. We will review the classification of space groups
with abelian point groups, which is the case we will restrict ourselves to for the remainder of
this work, in section 3.2. We will see that the point groups that are of interest to us, are Zy or
ZN x Zp subgroups of SU(3). Let us denote the point group generators by 6 (¢ and w for the
case of Zy x Zpr). As they can be embedded in the Cartan subgroup of SO(6), we may write

them as .
§ = e?ﬂi(vé]12+vgJ34+vgJ56) ,

f 2.64
W= eQﬂi(vi}J12+v3J34+viJ56) ( )
)

where Ji3, J34 and Js6 are the Cartan generators of SO(6). We call (v1, ve, v3) and (w1, we, w3)
the twist vectors of the point group. Consequently every point group element ¥ may be repres-
ented by a twist vector vy. If there is a basis of the lattice, such that the matrix representation
of 6 and w takes the form

My O 0
M = 0 M3y 0
0 0 Msg

in that basis, the orbifold is called factorizable.
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2 Heterotic Orbifolds

2.3 Compactification of the Heterotic String on Toroidal Orbifolds

We will consider heterotic string theory compactified on six dimensional orbifolds, such that
the spacetime background is

RS
M0 = M x —.

S
As the orbifold geometry is flat everywhere but at the loci of fixed hypersurfaces, the heterotic
SCFT remains free and hence exactly solvable. Therefore many of the features of the heterotic
string on a ten dimensional Minkowski spacetime, which we discussed in section 2.1, remain
valid.

There are restrictions on the space groups that give rise to well-defined string theories. For
the representation of the point group generators (2.64) on the (R spinors to be well-defined it
is required that

Ny > v =0 mod 2, (2.65)
i=1
where a € {0, w}. Further, in order to preserve (at least) V' = 1 supersymmetry, the holonomy

group, that is the point group, should be a discrete subgroup of SU(3) [19]. For the point group
generators this means [21],

3
Z ‘U%a)‘ = 07
i=1

where it is always possible to choose the signs of the v%a) such that

D iy =0. (2.66)

=1

~

Hence the condition (2.65) is trivial once (2.66) is fulfilled.

2.3.1 Gauge Embedding

It is possible, and we will see that it is required in most of the cases, to extend the action of
the space group to the 16 internal gauge degrees of freedom. If the point group is abelian,
the action can always be realized by a shift in the gauge coordinates [21], such that the group
homomorphism reads'®

0 g=(9,n%) — V, =Vy +n'W;, (2.67)

where Vjy is called the shift embedding and W, are six discrete Wilson lines, which correspond to
a constant gauge background. This means that a transformation of the compactified coordin-
ates by a space group element g, X — ¢X, is always accompanied by a shift in the gauge
coordinates, X{ — X{ + 7V, Note that the embedding breaks the Eg x Eg gauge group down

'8 More complicated actions of the space group on the gauge coordinates are possible and lead to continuous
Wilson lines [43]. We will, however, not consider such embeddings.
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2.3 Compactification of the Heterotic String on Toroidal Orbifolds

to a subgroup of the same rank. The map ¢ is a homomorphism, provided

ng‘/;] c FESXEg , Vg S S,

2.68
(ﬂ — ’ﬁ)a'BW/B € FE8><E8 , Vi e P, ( )

where n, is the order of the element g, ¢" = 1, and 957 eg = (Ye)q. The shift embedding
vectors are subject to further consistency conditions arising from modular invariance. They
read [21]

2 2

. 2 PR . .
As 'for many P(?mt groups v, #0 mod '2, it is in general necessary to extend the point group
action non-trivially into the gauge coordinates.

2.3.2 Boundary Conditions, Mode Expansions and Hilbert Space

In the following discussion we will use complexified coordinates for the bosons,

Zm — i (sz +iX2m+1) ,

\? (2.70)
Zm - = X2m . iX2m+1 7
ot )
where m = 0,...,4, as well as the complexified fermions (2.32). We will often use the index
i = 1,2, 3 to denote the internal directions, i.e. i = 1,... corresponds tom = 2,... in (2.32). In

this basis, the action of the point group elements on the internal string coordinates is given by
i U, 2mivh i 7i V., —2miv) Zi i U 2mivd i i Y, —2mivh Ti
7' — e ? 7 s ' — e 37 y T/JR’—>6 ’9¢R, 'IbR'—>e ﬁwR'

The most immediate consequence of the identification (2.60) is that the closed string bound-
ary conditions (2.5) of the internal degrees of freedom get generalized to
ZH(e*Mz e 7?Mz) = v Z'(z,Z) + 2mne’,
2mivd i (5
i (o—2mis —eYPr(2)  (R)
Ph(e™>Mz) = i g e
eryp(z)  (NS)
XE(e™™2) = XL (2) + 2n(V] 4+ n*W2) + 2n47

2.71)

)

where {e, , @ = 1, 2,3} denotes a complexified basis of the torus lattice and v € I'g,x . Similar
boundary conditions hold for Z¢ . If a string state fulfils such a boundary condition it is
called a twisted string and (¥, n%e,) is called the constructing element of the string. Strings, the
constructing elements of which are given by the identity element, are called untwisted. Twisted
and untwisted strings on an orbifold are visualized in figure 2.4.

27



2 Heterotic Orbifolds

The mode expansion of Z* fulfilling these boundary conditions is given by

Z'(z,2) = 2' +p’lnzz+iz ( L& Wl o sonwh)

_ gt Tn—wy ) n—i—wf9
ooy \T— Wy n 4 wy
1 ‘ 1 . (2.72)
71 ) — 3¢ =i > 1 =~ P 1Ok =1 _ z—ntwg
Z'z,z2) =z +plnzz+1%<n+w2}an+%z 9+n—wf§a”7w§z 9)7
n

where w), = v}, — |v}]. If g = 1, the mode expansion reduces to (2.6), (2.7).
If the string is twisted, we find
that the  boundary  conditions  re-
quire  the  momentum  to  vanish,
p=p=0, and the center of mass coordin-
ate of the string to be a fixed pointw,
2=z = ezl + 27n%l,.  That means, ‘>
twisted strings are localized at the fixed points

and cannot propagate away. Furthermore

twisted strings involve fractional oscillators Q
and hence the eigenvalues of the number
operator A are no longer necessarily integers.
We have seen above that inequivalent fixed
points are in one-to-one correspondence Figure 2.4: An gntwisted and a twisted string
with the conjugacy classes of the space group. O a2D Z orbifold.

A

4 @ >

Similarly let g be the constructing element of a string state and h another space group element
such that gh # hg. Then under the action of h the initial point of the string is mapped to
hZ(z) while the final point is mapped to hgZ(z) = hgh™! hZ(2), i.e. the image of the string
has constructing element hgh~!. Of course the string Hilbert space H must be space group
invariant. Therefore it is constructed as [20, 21]

H =D Hig), (2.73)

where H |, are the Hilbert spaces of states, the constructing elements g’ of which are conjugate
to g. They are space group invariant themselves and are constructed as sums

Hig = Dyeg PhGCs(g’)(Hg’) )

where 7, denotes the Hilbert space of states with constructing element ¢, Cs(g’) is the cent-
ralizer of g’ in S'and Pyccy(4) pProjects onto the subspace invariant under space group elements
h that commute with ¢'.

Instead of first performing the light-cone gauge quantization as for the uncompactified het-
erotic string, we will directly discuss the modifications of the superconformal field theory that
are required for the description of the orbifolded heterotic string. For this discussion we will
restrict ourselves to orbifolds with Zy point group and assume that there are no rototransla-

¥ As 9 might not have full rank, the more general statement is that the center of mass of twisted string is fixed to
the locus of the fixed hyperplane of g. We will, for simplicity, often make statements about fixed points which
straightforwardly generalize to fixed hypersurfaces.
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2.3 Compactification of the Heterotic String on Toroidal Orbifolds

tions, i.e. that the space group is a semi-direct product of the point group with the lattice.

2.3.3 Orbifold Superconformal Field Theory

We have seen above that the main new feature arising in orbifold compactifications of the
heterotic string is the presence of twisted sectors. In the worldsheet SCFT these sectors are,
analogously to the R sector, created by twist fields [25].

Twist Fields

While the SL(2, R) invariant vacuum is in the untwisted sector, twisted string states are created
by acting with the various untwisted fields on the twisted vacuum states

l9) = %4(0,0)10) -

Unlike the spin fields that create the R ground state out of the vacuum, the twist fields twist
all physical degrees of freedom of the string, i.e. the worldsheet bosons Z and X' as well as
the fermions *. The ghost fields are not twisted because that would correspond to a change
of the worldsheet topology [25]. The total twist field X may be split into components which
only act on one kind of worldsheet fields each. We will denote the field twisting the bosonic,
fermionic and gauge degrees of freedom by o, s, and 5, respectively.

The fields most complicated to deal with are the bosonic twist fields o,. In the presence of a
twist field o4(0, 0) at the origin, Z(z, 2) is subject to the global monodromy condition

ZH (¥, e 2Mz) = eQWik”éZi(z, Z) + 27\, (2.74)

when transported along a closed loop around the origin. Here we have written g = (6%, \).
If the field Z(z, 2) is split into a classical and a quantum part Z = Z; + Z,, then only the
classical part is subject to the full global monodromy, while the quantum part ignores the shift

Zéu(e%iz, e 2Mz) = 2k Zéu(z, zZ). (2.75)

This is intuitively clear, as only the classical part of the field knows about the center of mass of
the string. The same is true for the derivatives 07 and we can write down the OPEs with the
twist fields that reflect these local monodromies [25]

07 ()0 (w, @) ~ (z — w)~ =) 71 (w, @) + ... |
(‘?Zli(z)a;(w,ﬁ)) ~(z— w)fws:? Té%(w, W)+ ..., 2.76)
87! (2)o (w @) ~ (2 — @)™ Fi(w,@) + ...,
0Z' ()0l (w, w) ~ (2 —w) 1 7%) 7 (w, @) + ...,

where w}, = v — |v}] and we have factorized the twist fields o, into three two-dimensional
twist fields twisting only one component of the Z* each. While this in general fails for non-
factorizable orbifolds because of the lattice part in the global monodromy condition, the local
monodromy conditions, that the 07 ¢ fulfil, do not involve the lattice. Hence in writing the
OPEs it makes sense to use the factorization. The OPEs define four different excited twist fields

7. While the primes distinguish fields of different conformal weights, the tildes denote fields
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2 Heterotic Orbifolds

that are related by complex conjugation. The conformal dimensions of these fields can be
calculated rather indirectly, by calculating the expectation value of the energy-momentum
tensor in the presence of the twist fields. The results are summarized in table 2.2.

As we have seen in section 2.1, the discussion of the spin fields S is considerably simplified
after going to a bosonized description. The same holds true for the twist fields s,. They can be
represented as®

sq(2) = X0 E) 2.77)
so that their action on the bosonized worldsheet fermions €7 can be described by a shift
g+ gsn = q+ (0,0,05,v7,0) . (2.78)

Just as in the bosonic case, the OPEs of the fermion twist fields with the 1

o . (2.79)
P! (Z)sg(w) = (2 —w) "o ty(w) + ...,

define excited twist fields which can be represented as t;i = llvgtHH Y t; = o= DH' Note
that there is no singularity in the OPE of ¢* and s, so ¢ annihilates the twisted vacuum state
created by s,.

Finally, since the twisted sector boundary conditions can be realized as a shift in the gauge
coordinates, the fields 5, take the form

5g(z) = 21 VIXLE) (2.80)

where V, is the embedding of g defined in (2.67). Hence, the twist in the gauge coordinates
can be described by a shift in their gauge momentum P,

Prs Py=P+V,. (2.81)

The conformal dimensions of the twist fields are summarized in table 2.2.

% T i 5 fy ty 5
1 4 ; 1 4 ; 1 7\2
h L (1 — i) swi(3—wl) swi(-1—wl)+1| 0 0 0 s (V)
- 2779 g . . . . -\ 2 . 2 . 2
h gwp(L—wp)  gwpl—wp) [5(v)" 5(—1)" 5(p+1)"| 0O

Table 2.2: Conformal dimensions of the twist fields oy, 54, 54 acting on X Lt X { and their excitations.

The OPE with the fermionic supercurrent, Tr(2) = i : (9Z -4 +9Z - 1)) :, shows that the susy
partner of 3, is given by X, = —17,t,3,.
We have seen above that the twisted Hilbert space splits into a sum of sectors

Hig) = Dgrelq] PheCs(g’)(%g') .

That means, if we want to describe a twisted string we have to take a linear combination of

2 The proper bosonized description of the twist fields s, involves cocycle factors, which we suppress.
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2.3 Compactification of the Heterotic String on Toroidal Orbifolds

twist fields within the same conjugacy class,
S =Y g, (2.82)
g'€lg]

where 7 are phases to be determined. Then under the space group automorphism g — hgh™?
the sum changes according to

7iv(a Ti(A(g’)—A~ rp—1 iR /p—1
Sy — Z Q2T (9 )Ehg/h—l — Z o2m(3(g") = (hg'h™1)) G215 (hg'h )Zhg/h_1 '
g'es g'es

That means, the phases have to fulfil

Y(g) — F(hgh™") = 4(¢") = A(hg’h™") mod 1 Vh, g€ S, ¢ €[g]

for the Y|, to transform with a phase under g — hgh~'. Thus we are lead to the definition

v(g,h) = 3(g) —(hgh™") mod 1 (2.83)

and we find the transformation behaviour of ¥;; under the automorphism g — hgh~! to be

Sy — e (2.84)

Note, that we were able to express the twist fields s, and 5, in terms of the free bosonic fields
H™ and X{. As s, = ¢ 2:%H" and (for abelian point groups) the twist vectors of g and hgh~!
are always equal, v, = Vpgh—1, We can move sy out of the sum and write

2mi%(g') =
Sy = 8¢ Z e Wg)sgfag/.
g'€lg]

Further, as we have seen in (2.81) the space group acts on the gauge coordinates by a shift,
i.e. the action is abelian. Hence V-1 = Vi, + Vy + Vi1 2V, + Vo + V) =V, where =
means identification up to Eg x Eg lattice vectors. Vertex operators with non-vanishing gauge
momentum always have a contribution e2™F X% with a fixed P2, (because h = 1P2). If we
take two elements of the sum in X, corresponding to g and hgh~! respectively, then their Py,
are

Py =P+YV,,
i =P+ Vigh-1 = P+ Vg +yggxes = P/ + V4,
that is the difference in the gauge embedding vectors can be reabsorbed in the untwisted mo-

mentum P, such that P, remains the same for both contributions to the state. As a con-
sequence we can as well move 5, out of the sum in 3,

Yg = 5¢5¢ Z e2m(g )ag/
g'€lg]

(2.85)

== SgSgO'[g] .

31



2 Heterotic Orbifolds

Note, however, that this identity only holds within a physical vertex operator.

Vertex Operators

Now we can write down the vertex operators corresponding to physical massless states of the
orbifolded heterotic string.

Let us start with the untwisted sector. It corresponds to compactifying the string theory on a
six-dimensional torus. As all winding modes are massive, the vertex operators take the same
form as in the uncompactified theory,

Voi(z,2) = e %03 (el e PIXL(E)  osc.

v

- o 2.86
1(z,2) = e 29 (2) gl H(2) gPIX{(2) o o, , (2.86)
2

where we have used the abbreviation osc. for possible contributions of 8X€/ I(z) and 97 i(2).
We have seen above that the requirement h = h = 1 restricts the quantum numbers of the bo-
sonic states to fulfil ¢> = 1 and either (P2, N) = (0,1) or (P?,N) = (2,0). Provided the break-
ing of the 10D Lorentz group, the fields however split into various 4D components which
can be distinguished by the first two components of the SO(10) weight vector g. Namely?!
(¢° ¢") = (0,0), (¢°,¢*) = (£1,0) and (¢°,¢') = (£3,+3) correspond to spacetime scalars,
vectors and fermions respectively. From the left-moving part of the string there can be os-
cillator contributions in addition, which modify the 4D Lorentz group representation of the
states depending on whether they are excited along the internal or external directions. We will
use the index ;= 0,1, 2, 3 to label 4D spacetime directions and i = 1, 2, 3 for the complexified
compact dimensions.

As we have seen in the discussion of the Hilbert space in section 2.3.2, we further have to
require invariance of the states under general space group elements h € S. From the con-
siderations above it follows that the untwisted fields transform under 4 = (¥, \) according
to

Zi(z, %) N e27ri”1i9Zi(z, Z) 427, Z(2,%) A e_QWivgzi(z, Z) 4 27,
0Zi(z) s M99 Z1(2), 0Zi(z) s e 25977 (2)
old H (2) ,g 02miqiv} Giq-H (2) eiP,X{(z) ’g eiPIV,{ eiP,X{(z) ‘

)

Hence the space group invariant, conformal dimension (1, 1) vertex operators in the untwisted
sector are the following:

o 903 (Doxm(z)claHE g=(£1,0,0,0,0), m=0,1,
4D SUGRA multiplet
o o %5+(2) qu)aﬁi(z) old(+i) H(2) q{ii) = 44,

complex structure and Kihler moduli

! In our notation (ay, ..., an,an+1) abbreviates all vectors obtained by permuting the components a; to a,, of the
vector (ai,...,Qn, Gnt1)-
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[ e_éﬁ’Y(z) C}q)aXi(Z) eiq~H(5) q = (:i:]-u 07 07 07 0) 4

16 Cartan generators

° e_(E)B’Y(E) eiq'H(Z) eiPIXIIJ(z) = (:l:l, 0, O, 0, 0)

q
P-V,=0 modl Vhels,

root generators

o o—93v(%) oia-H(2) oiPr X[ (2) q=1(0,0,%£1,0,0)
P-Vi,+q-v,=0 modl Vhels,

chiral multiplets

Here we list the vertex operators in the 71§ sector. The (R operators can be obtained from them
by substituting

e_&ﬁ’*{(f) — e—%(lgﬂ'y(é) and q — q 4+ (:l:%, :I:%7 %, %, %) s (287)

where the sign in the second substitution is to be taken such that ¢* = 2.

The twisted sector vertex operators are obtained by additional insertions of the twist fields
Y[y, i.e. we can write them as

V ( _) — e_qg,@"/(z) eiQSh'H(Z) eiPsh'XL(Z) o X 0OSC.
1 [g] ) (2.88)
V ( z, ) 7%‘5 (Z) lth H(E) eiPSh'XL(Z) O-[g] X OSC. . )

N\H

Note that due to the presence of bosonic twist fields, the oscillator contributions are mod-
ified. As we have seen in (2.72), the oscillator expansions of Z involve twisted oscillators.
Hence the left-moving oscillator terms of Z and Z in the sectors twisted by ™%, are given
by pve? +n 74z, %) '(z, £) such that their conformal dimension are (w +n,0) and

(n —w},0) respectlvely [44].
The Conditions for V_; to be a conformal dimension (1, 1) field are

1= Pfh + h(osc.) Z wy(1 —
(2.89)

L 1, i i
1= 2+QQSh+2;wg(1_wQ)'
In the R sector, the contribution of § to h from the ghost sector is replaced by 2. As in the
untwisted case, conformal dimension (1, 1) vertex operators cannot have right-moving oscil-
lators. Also the possible contributions from 1eft-mov1ng oscillators are rather constrained, the
only ones allowed being 97/9z"s and §Z/0z'"*s. Thus let us define the oscillator number
operators

Ny =) (wi M+ (1= w)) M) (2.90)
such that h(osc.) = Ni, and N (Nf) count the number of oscillators 9Z (9Z) present in the
vertex operator.
In the light of the fact that the conditions (2.89) are far more model dependent than the ones
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2 Heterotic Orbifolds

in the untwisted sector, we will discuss their solutions for the example of a Z3 orbifold in the
next section.

Provided the condition (2.66) the spectrum of heterotic orbifolds is N' = 1 spacetime super-
symmetric?>. However there may be subsectors of the Hilbert space which enjoy enhanced
N = 2 spacetime supersymmetry?®. In addition the spectrum enjoys CPT invariance: Given a
massless state twisted by g with quantum numbers (g, Psh, N1, ML), in the sector twisted by
g~ ! there is a state with (—¢gp,, — Py, N1, V1) that solves the condition (2.89).

Orbifold GSO Projectors

The set of solutions to (2.89) has to be projected onto space group invariant subspaces in order
to obtain physical string states. The constituents of the vertex operators transform according
to

Zi(z,2) 5 2™ Z1(2, 2) + 27, Zi(z,2) & e 2™ Zi(2, ) + 27,
0pa Z1(2) LS 2™ 0,0 77 (2) 0.0 Zi(2) L e 20,0 Z1(2) (2.91)
eltsh H(2) [ 2migsn vy gigsnH (2) : ol P XL(2) o (iPan Vi ol Pon- XL (2)

under the action a space group element h. We still need to determine the transformation
behaviour of the twist fields o,. For the case of non-commuting elements hg # gh we have
already discussed it above. Namely the global transformation of spacetime by the space group
element & induces the space group automorphism g — hgh™!, such that gX + (hgh™1)hX =
hgX. The twist fields transform according to (2.84). The requirement that a given vertex
operator be invariant under the action of / then fixes the phase v(g, h),

V. A e27ri((qSh+NL*NL)'Uh+Psh'Vh+'Y(gvh))Va L V. (2.92)

where a € {—1,—1} denotes the ghost picture. Note that the gamma phases are in general
different for different states. As a consequence there is not only one twist field o}, for every
space group conjugacy class, but one such field for every possible set of values of (g, h).

For elements i € S commuting with the constructing element g of a state, the gamma phase
is zero. The twist fields might however still transform with a phase, called vacuum phase, under
such elements,

ol s 2TPecloM g Vhe S st hg=gh, (2.93)

which arises as a collective phase of each of the auxiliary twist fields o, N e?mi®vac(9.h) 5 For

non-commuting elements we absorbed a similar phase into the gamma phases. Modular in-
variance of the one-loop partition function requires the vacuum phase to be [46]

1
Dyac(g, h) = D) (Vg-Vi —vg-v) mod1. (2.94)

Provided this information we can write down the transformation behaviour of the vertex op-

 The existence of V' = 1 spacetime supersymmetry can be traced back to the worldsheet theory being globally
N = 2 supersymmetric. We will not discuss this issue further but refer to [45].

2 1f a twisted sector contains a fixed torus, then in that sector the compactification looks like O x T2, where O,
is a four dimensional orbifold. As a consequence the theory is N = 1 supersymmetric in six dimensions, that is
N = 2 supersymmetric in 4D.
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2.3 Compactification of the Heterotic String on Toroidal Orbifolds

erators under commuting elements 2 € S and the corresponding projection condition for
twisted string states,

Va ﬁ) e2ﬂi((QSh+NL_-/\7L)'vh+Psh'Vh+¢’vac(gyh))Va ; Va . (295)
These conditions are called orbifold GSO projection conditions.

2.3.4 Example: Z3 Orbifold

To illustrate the general results obtained above, let us discuss the Z3 orbifold and determine
its spectrum for two different gauge embeddings of the space group.

The unique (up to equivalence) Z3 space group giving rise to a ' = 1 supersymmetric spec-
trum is generated by the twist vy = (3, 3, —%) which acts on the torus obtained by quotiening

RS by three copies of the SU(3) root lattice. The lattice basis can be written as

—-14++3. 1+V3.

€2i—1 = €2;—1 — €2;, €9; = 5 C2i-1 €9;

where é;7 = 55 denotes the standard orthonormal basis of RS. The action of the point group
generator ¢ on this basis is given by

Oegi—1 = e, Oeg; = —ei—1 — €9,

so the orbifold is obviously factorizable. The action of # does not possess fixed tori but only
fixed points, which are given by the 3% = 27 combinations

(X, X7) €{(0,0), (3. %), (3,

and are depicted in figure 2.5. As #? = 0~! the fixed point content of the sectors twisted by 6
and 6? is equal.

‘62 ‘34 ‘66
el e3 €5

Figure 2.5: The Z3 orbifold and its fixed points. The fundamental regions of the orbifolded tori are
highlighted in gray.

)}, i=1,2,3

Wl

In order to have a well-defined orbifold theory, we still have to specify the embedding of the
space group into the gauge group. Let us first consider the standard embedding. It is defined as
Vo = (v5,v5,3,0,0,0,0,0)(0,0,0,0,0,0,0,0),

(2.96)
W, = (0,0,0,0,0,0,0,0)(0,0,0,0,0,0,0,0) a=1,...,6.

The untwisted root generators surviving the projection P -V = 0 mod 1 split into two sets:

* The states fulfilling +-(P!, P2, P3) € {(1,-1,0),(0,1,-1), (1,0, —1)} give rise to an SU(3)
gauge group.
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2 Heterotic Orbifolds

e The states fulfilling (P!, P2, P3) = (0,0,0) or (P!, P?, P3) = £(4,1,1) give rise to an
E¢ x Eg gauge group

In addition, the untwisted sector contains three chiral multiplets fulfilling the condition
P-V +4q-v=0 mod 1, that transform as a (27, 3, 1) under the gauge group.
There are two kinds of solutions to the condition h = h = 1 in the sector twisted by 6:

 The states with ¢3 = 1, P3 = %, N, = 0, fulfilling the projection condition
gsh - V9 + Psn - Vp = 0 mod 1, give rise to a chiral (27,1, 1) multiplet.

o The states with ¢3, = £, P2 = 2, N, = 2, surviving the projector give rise to three chiral
(1,3,1) multiplets.

Asno Wilson lines are switched on, the location of the states enters neither the conditions (2.89)
nor the orbifold GSO projection conditions (2.95). Hence each fixed points allocates the same
matter content and the Zs orbifold in standard embedding contains 3 (27, 3, 1), 27 (27,1, 1) and
81 (1,3, 1) chiral matter multiplets.

Let us break the fixed point degeneracy by switching on a Wilson line in the first plane®*,

1
3
This breaks the gauge group further down to Eg x SU(3) x Eg x SU(3). It also breaks the

degeneracy in the spectra of different fixed points. Namely, as visualized in figure 2.6, the
fixed points split into three groups depending on their location in the first plane:

Wy = W, = —(0,0,0,0,0,0,0,0)(0,0,1,1,1,1,1,1).

(0,0) support one (27,1,1,1) and three (1, 3,1, 1) each.

* Those with (X}, X?)

e Those with (X}, X?) = (2, 3) support one (1,3, 1, 3) each.

€2 €6

' ° (1,3,1,3)
(,2*'1 1,1,1)
B(1,3,1,1)
- 'el - 763 - - €5
Figure 2.6: The Wilson line configuration W; = W5 # 0 breaks the degeneracy between the fixed points.
They split into three groups depending on their location in the first plane.

While this orbifold model does not at all look phenomenologically appealing it serves as an
easy example. We will present more realistic orbifold models based on a Zg point group in
chapter 4.

2 Note that since fe; = es, the Wilson lines Wy and W, are identified up to lattice vectors as can be seen from
(2.68).
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CHAPTER 3

Coupling Selection Rules

In order to determine the phenomenology of a given string compactification it is important
to study its dynamics, i.e. the couplings of physical states. As we have seen the conformal
tield theory describing the world sheet dynamics of orbifold compactifications of the heterotic
string is free and hence it is in principle possible to calculate any correlation function explicitly.
However, many phenomenological questions can be addressed without knowing the explicit
coupling strengths, only using the information about whether a specific coupling is possible or
not. This information is encoded in so called selection rules. In this chapter we want to discuss
the stringy origin of such selection rules in heterotic orbifold compactifications. We will restrict
ourselves to couplings corresponding to terms in the superpotential of the four dimensional
low energy effective field theory (EFT). As the superpotential of an N/ = 1 supersymmetric
field theory is a d?6 integral of a holomorphic polynomial P in the superfields ¥,,,

W= / EOP({T,)).

the relevant couplings in the string theory are L-point correlators of two chiral fermions and
L — 2 scalar bosons,

(V11padpy ... dr—2) .

Holomorphicity of the superpotential has a far reaching consequence. Namely it does not get
any corrections from string loop amplitudes [47], so that we only need to consider tree-level
correlators.

We will pay special attention to the origin of R-symmetries of the low energy theory within
the orbifolded string theory. As bosonic and fermionic components of the same superfield
have different charges under R-symmetries, it is natural to expect them to arise from remnants
of the Lorentz symmetry of the compactified directions, i.e. from isometries of the compacti-
fication space. We will identify the relevant isometries of the orbifold geometry and deduce
the corresponding RR-charge conservation rules. As we will see, a special role is played by the
worldsheet instanton solutions which are the reason that the resulting R-symmetries are not
continuous but discrete.
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3 Coupling Selection Rules

3.1 Correlation Functions

We will write the vertex operators (2.86), (2.88) as
V, = 0P8y (aZi)Nﬁ (322)/\713 eldsh H oiPsn- XL Tl » (3.1)

0zt

1
Wg

where a € {—1,—1} denotes the ghost picture, 9Z* is short for and analogous for 9Z.

Untwisted string states are obtained by replacing shifted momenta by unshifted ones and
o[y by 1. Note that according to (2.56) the bosonic vertex operator in the O-picture is obtained
1
as
Vo=i» (0zmet-mH 4 gzmeltm )y (3.2)

where ¢, = £6;,. As we have seen in section 2.1.3, the operators in a string tree-level
correlation function have to cancel the background ghost charge @3, = 2 on the sphere. Hence
the correlators we need to discuss are of the form
F=(VoaVaVavy. . Vo) . (3.3)
2 2
As the presence of picture changed vertex operators introduces right-moving oscillators into
the correlation function, let us introduce the number operators

Ni = wy Ny + (1 = wy) N, (3.4)

such that, just as in the left-moving case h(osc.) = Ng and N} (Nf) count the number of
oscillators 0Z (0Z) present in the vertex operator. We will sometimes use Gy, to denote the
total H-momentum of a vertex operator, that is ¢, together with the possible contribution
from picture changing, such that any vertex operator just includes one factor e?@h 7,

The crucial feature of correlation functions (3.3) is that they factorize, such that the OPE of
any pair of fields involved in different pieces of the correlator vanish. This means we can write

F = th(¢bcv &bc» ngﬁ'y) X FH(Hm) X Fgauge(Xﬁ) X ]:bos(aZa 0’) (3-5)

Note that, as explained in (2.55), three of the vertex operators have their worldsheet position
fixed (we choose 0, 1 and oo) and contribute the fields ¢;. and ¢y, to the correlator. All other
vertex operators are integrated over their worldsheet insertions. The ghost part of the correl-
ator Fgy, then integrates to factors related to the infinite volume of the SL(2,R) x OSP(1/2)
invariance group of the worldsheet [25]. These factors get cancelled by similar ones arising
from other parts of the correlator such that the correlation function is finite?.

! Note that when an insertion of T is used to picture change a twisted state vertex operator, the internal right-
moving oscillators contained in Tr are twisted as well.
2 We will ignore such factors in the following. For a discussion see e.g. [36, 41].
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3.1 Correlation Functions

3.1.1 Gauge Invariance and H-momentum conservation

The contributions of Fr(H™) and Fyauge(X{) are easily dealt with since they only contain
exponentials of free fields. Hence they contribute factors [41]

Fu(H™) ~ <: o2midsh 1 H(21) L L (2miGen - H(21) :>

<quha> H 2 —Zﬂ)qShfx dsh B (36)

a<f

and

]:gauge( ~0 (16) (Z Psha) H - Zﬁ) shoFinp . (37)

a<f

From these expressions follow the first two selection rules. Namely any coupling of the form
(8.3) vanishes unless

Z ., = (H-momentum conservation) (3.8)

Z ! = (gauge invariance) . (3.9)

We will rewrite the H-momentum conservation rule for the compact directions in a more
useful way. First we split the sum into the part coming from the quantum numbers of the
states and the one that is specific to the correlator,

L ' L _ L o '
quha:ZQ;ha—i_Z( Ra — ll)xa)
a=1 a=1 a=4

While gauge invariance is really a selection rule, the situation with H momentum conservation
is more complicated, as it depends on the unphysical right-moving oscillators in the correlator.
Now observe that for chiral superfields of positive chirality, which is the case of our interest,
the sum of ¢y, over the compact directions is always —1 for the bosons and % for the fermions.
That is

3 L 3. L. A
ZZ sha:_(L_2)+1+ZZ( l%{a_ E{a)'

i=1 a=1 i=1 a=4

Using the fact that 30 | >°F_ (N, + N, ) = L — 3 we find
N =0, > Ny =L-3, (3.10)

i.e. each of the picture changed vertex operator contains a right-moving oscillator 9Z° in one
of the internal directions. Finally, one might rewrite the shifted right-moving momenta ¢y, of
the fermions contributing to the correlator in terms of those of the bosons from the same left-
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3 Coupling Selection Rules

chiral 4D multiplet. Using the relation (2.87), we find the internal H-momentum conservation
rule

L
3 glbosemt — 1 ZM—Z{& (3.11)

a=1

So the question of whether a coupling is allowed by H-momentum conservation is the ques-
tion of whether it is possible to find a set of N}, , such that (3.11) as well as the constraints
Vi, € {0,1} and Y, NV}, = 1 are fulfilled.

3.1.2 Space Group Selection Rule

The bosonic piece of the correlation function (3.5) takes the form

\/%

Foos ~ T T1 (071 (z0)) o (021 (20)) ™ (021 (20)) ™ 010 (20 Za) (3.12)

Since a general operator expansion of the twist fields is not known, the calculation of this
correlator is usually performed in the path integral formalism. Furthermore, as the action of
the theory is quadratic in the fields 07, we can split them into a classical and a quantum part
0Z = 0Zq + 0Zqu, where 07, is a solution to the classical equation of motion with the correct
monodromy (2.74) around the locations of the twist fields [25]. Then the correlator can be
expanded as®

R SR ITES S () (5) ()

i=1r=0 s=0 t=0

« (92 M Nt (9! (349

/ DXque S (02,) (021,)" (9Z4,) oty -0l

The quantum part is independent of the classical solutions and the fields involved are subject
only to the local monodromy conditions (2.75). Note that the non-trivial monodromy condi-
tions mean that the fields 0Z are multi-valued fields on the worldsheet. Therefore one has to
go to a surface that covers the worldsheet multiple times, such that the fields become single-
valued [44]. We will not go into the details of the calculation of these amplitudes that have
been carried out in [25, 48, 49] and more recently in [50], but analyse the structure of the cor-
relator (3.13) to find further selection rules.

Of particular importance are the classical solutions 0Z.;, which correspond to worldsheet
instantons. As the complete correlator Fi,,s is proportional to a sum over these solutions, we
find that it can only be non-zero if such solutions exist. The worldsheet coordinate dependence

3 Here (Z) =5 ay denote the binomial coefficients.
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of the classical solutions is determined by the local monodromy conditions to be [25, 48, 51]

. —_ . LiMiil . .
0Z(z) = (0Z3)" = Y. a'h'(2),
=1
o - Mt - (3.14)
07Z(z) = (0Z4)" = Y. b'h'(2),
=1
where M* =" w;a. Here, the basis functions are
hli(z) — Zl—l H(Z o Za)wéa—l ’
(3.15)

h'(2) = 27 ] (2 = 2a) 700

The L — 2 coefficients q;, b; are determined by the global monodromy conditions

/ =071 + / 42074 = v},

Tp Tp (316)

/ dz 074 + / dz0Z =1,

TP TP
where 7, are zero-twist loops, i.e. they close on the N-fold covering of the worldsheet. This
must be the case, since a loop that encircles all twist insertions on the sphere can be pulled
off to infinity, i.e. it must have trivial homology. On the other hand, however, consider a loop
starting at a base point p. As the loop encircles the insertion points of all twist fields and comes
back to p, it has been multiplied by gig2...91. As a consequence such loops can only exist,
provided

[Tlge] = [1]. (3.17)

This is the space group selection rule. It can also be understood from a more intuitive point of
view [44]. Suppose |g) is a string in the Hilbert space #, and |h) in the Hilbert space H . If
the two strings join, as displayed in figure 3.1, they form a string in the Hilbert space # ).
More generally, a process

|9192 .. -gm> — |h1h2 ce hn>

is possible only if [g1][go] . .- [gm] = [Pul[ha] ... [hn], L€ [g1][g2] - - [gm][gm+1llgme2] - - [9mn] =
[1], where we have substituted the outgoing string by the CPT conjugate ingoing state using

the replacement g,,,; = h, " 1

As we may write the space group elements g, as (¥4, A\o) the space group selection rule may
be split into a rule for the twist part,

s .. 0 =1, (3.18)
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!];17/\/ hg
x
x/\/\/ hos

Figure 3.1: A twisted string with constructing element g and one with constructing element % join to
form a string with constructing element hyg.

called the point group selection rule and a lattice part which can be written as

L

L
S UTT s (ﬁaxa +(1- ﬂa)ia) =0, (3.19)

a=1 \f=a+1

where the selection rule rule is fulfilled iff L space group elements h, = (1%, 5\,1) can be found
such that (3.19) is satisfied. Often the space group selection rule can be rewritten as a set of
simpler discrete symmetries. For the case of the Z3 orbifold discussed above one finds the four
discrete symmetries [52, 53]

> ke =0 mod3,

(3.20)
> kani =0 mod 3, i=1,2,3,
[0

where we have written 9, = %> and, in each plane, have labelled the three fixed points (0, 0),

(%,%)and (%7%)byn:0,1and2-

3.1.3 Classical Solutions and their Symmetries

Let us investigate the classical solutions (3.14) a bit further. The coefficients a; and b; can be
obtained from (3.16) as ‘ ‘ A

alz — sz(W—l)zf ’

W= WY i1

where we have used the period matrices [54]

(3.21)

Wi;:/dzhli(z), l=1,... . L—M —1,
Yp

W’ﬁM”“_/ dzh)' (%), l=1,..., M —1.
7,

P

The sum over classical solutions in (3.13) therefore becomes a sum over the coset vectors v,. The
calculation of the coefficients a; and b; proceeds as follows*. One chooses a basis of all possible

* Here we restrict ourselves to space groups with Zy point group.
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zero twist loops enclosing the twist fields, which has (L — 2) [54] elements. One such basis [48,
49, 54, 55] is given by the loops that encircle the fixed point f, clockwise 7, times followed by
the fixed point f,11 counter-clockwise s, times, where r, and s, are the smallest integers such
that 7,k, = spkp41 mod N. The corresponding coset vectors can be written as

vp = (1= 0"7")(for1 — fo+ A), (3.22)

where ) is some lattice vector of the internal torus. As it turns out, the homologically not linear
independent (L — 1) loop leads to a consistency condition and thereby to a further restriction
on the coset vectors [49]. For instance, for the three-point function the v, are restricted as

AeEA, (3.23)

- - 1 — @k1tk2
u:(1—9r1k1)<f2—f1—)\2+)\1+ )7

where ), \, are the lattice vectors that appear in the space group selection rule (3.19).

However, before we proceed to discuss the properties of the coset vectors, there is one more
selection rule to be discussed. Namely suppose we are considering a coupling of states that
are all located at the same fixed point. Then for every coset vector v, its Z3 image —v is a coset
vector as well. If the order of the Zy point group generator ¢ is odd, this symmetry is not
contained in the point group and the classical solutions of such couplings enjoy an enhanced
ZN X 7 symmetry that can forbid couplings. This selection rule, called Rule 4 [56], however
possesses a rather strange feature. It was shown [52] that the way in which this rule forbids
couplings cannot be explained by effective symmetries from the point of view of a low energy
theory, i.e. it is not possible to define effective quantum numbers, the conservation of which
explains the vanishing of the couplings. As a consequence one might expect that couplings
forbidden by Rule 4 may be induced by perturbative and non-perturbative effects when going
from the string to the electroweak scale.

Let us go back to the general case. Having obtained the explicit form of the coset vectors
we can investigate their symmetries. Recall that the bosonic part of the correlator is propor-
tional to powers of the classical solutions and hence to powers (of sums) of the coset vectors.
Any isometry of the internal space that maps the set of allowed coset vectors to itself should
manifest as a symmetry of the correlation function and hence lead to a selection rule®. Inspec-
tion of (3.22) and (3.23) reveals that the relevant symmetries are automorphisms p of the torus
lattice A that commute with all point group elements: If f; and f; are fixed points and \; and
)\, are the corresponding lattice vectors from the space group selection rule, then there is a
loop v with corresponding coset vector v(\). At the same time of; and of; are fixed points
and g)\; and g)\; are the corresponding lattice vectors from the space group selection rule. So
there exists a loop +’ with corresponding coset vector v/(\'). However, as the automorphism o
commutes with all point group elements, we find /(X)) = ov(\).

Note that this result is in particular intriguing because it shows that the continuous R-
symmetries that one would expect in smooth compactifications of heterotic string theory get
broken to discrete ones by worldsheet instanton effects on the orbifold. The quantum part of
the correlator (3.13) does not know about the relative positions of the fixed points at which the
states live. Hence, if there were no instantons one could indeed find three independent U(1)
R-symmetries, just in the way we will deduce the discrete R-symmetries in section 3.3.2. The

5 There are further restrictions, as we will see. The isometries also have to respect the fact that different fixed
points in general support different states and hence cannot be exchanged.
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information about the presence of the lattice and its fixed points is encoded in the classical
solutions, that is the worldsheet instantons that mediate the couplings between states located
at different (copies of) fixed points. Although we have shown it explicitly only for the case
of three-point couplings in Zy orbifolds, we will use this result in the following sections as a
motivation to identify the R-symmetries for all heterotic orbifolds with Abelian space groups.

Before we can discuss the systematics of our exploration of R-symmetries, we need to ex-
amine the classification of all heterotic orbifolds with Abelian point groups leading to N’ = 1
supersymmetry in four dimensions.

3.2 Abelian Orbifolds with A/ = 1 Supersymmetry

This classification has been performed in [34] according to the scheme introduced in section
2.2.1. There we saw that the possible space groups split into @, Z and affine classes, which we
can now interpret more physically. As we have seen, the Q) class of the space group specifies
the point group, i.e. the holonomy group of the orbifold and thereby the amount of super-
symmetry of the resulting 4D theory. Furthermore the number of geometrical moduli is fixed
by the @QQ class. Since the 7Z class specifies the lattice of the space group, it fixes the nature of
the moduli and by determining the automorphism group of the lattice, restricts the isometries
of the internal space. However, two representatives of the same Z class can be inequivalent
because of different actions of the orbifolding group on the lattice, i.e. depending on the pres-
ence of roto-translations. This is determined by specifying the affine class of the space group
which fixes many phenomenological features of the model, such as the nature of gauge sym-
metry breaking (c.f. section 4.1). Affine transformations correspond to moving in the moduli
space of the orbifold theory, so that only one representative of each affine class is needed in
the classification.

The program of the classification is now to find all Q) classes of space groups such that the
point group is a subgroup of SU(3) and then to construct all Z and affine classes contained in
these QQ classes. A catalogue of all possible affine classes of space groups in up to six dimen-
sions was created in [57] and the results can be accessed using the computer program Carat
[58]. A nice way to determine the @) classes leading to V' = 1 supersymmetry proceeds via
representation theory [34]. Clearly all point groups are discrete subgroups of O(6). Having
selected those ones, the generators of which have determinant 1, one can make use of the
breaking of the vector representation 6 of SO(6) into the representations of SU(3), which takes
the form

650(6) — 3su(3) D 3sU(3) -

The six-dimensional representation of the point group P is reducible in general and hence

splits into irreducible components according to 6p = @kn(k)rg). Using the character table of

the point group P and the relation

1 *
nk) = ﬁ Z X (k) (9) (x6p (9))
e

one can determine the multiplicities n¥) and check whether the sum splits according to
6p = ap @ ap, where ap denotes the representation originating from 3su(3) and ap is its
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conjugate. If this is the case and the determinant of the matrix representation of ap has de-
terminant 1, the point group is indeed a subgroup of SU(3). Then one can check whether
or not the breaking of 3gy(3) into irreducible representations of P contains the trivial repres-
entation and in this way whether the orbifolded theory preserves more than one spacetime
supersymmetry or not.

As a result, out of the 7103 Q) classes of six dimensional space groups, 52 lead to heterotic
orbifolds preserving exactly A' = 1 supersymmetry. Out of these 17 contain Abelian point
groups and split into 60 Z classes and 138 affine classes [34].

This set of 138 affine classes provides us with the starting point for the determination of
R-symmetries for all Abelian orbifolds with A/ = 1 supersymmetry that we will perform in
the next section.

3.3 R-Symmetries

As discussed above, R-symmetries of the effective theory of massless states can originate from
symmetries of the internal space, i.e. from its isometries. In this section we want to describe
the isometries of orbifold compactifications and discuss the coupling selection rules that we
can deduce from them.

3.3.1 Orbifold Isometries

The isometries of six dimensional flat tori split into two classes. The continuous isometries
form the first class and are given by translations along the cycles of the torus. They form the
group [U(1)]%. The second class contains discrete isometries that are given by the automorph-
isms of the torus lattice. As the continuous isometries are clearly broken by orbifolding, we
have to determine the lattice automorphisms which are compatible with taking the quotient
of the torus and the orbifolding group. Let us therefore consider various subgroups [59] of the
lattice automorphism group, Aut, as depicted in figure 3.2.

)

Naut(P) Caut(P

Stab (Zf )
RotStab(zf)

Caut(P) Stab(zf)

Figure 3.2: Decomposition of the automorphism group Aut of the torus lattice A into the subgroups
described in the text.

* Naut(P) C Aut denotes the normalizer of the point group in the automorphism group,
i.e. the subgroup
Nauwt(P) = {o € Aut |V9 € P 09" € P} . (3.24)
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® Caut(P) C Naut(P) denotes the centralizer of the point group in the automorphism
group, i.e. the subgroup

Caut(P)={o€Aut |[V0 e P g9 ' =0} . (3.25)

e Stab(z;) C Caut(P) denotes the “stabilizer” of the fixed point conjugacy classes, i.e. the
subgroup

Stab(z¢) = {0 € Aut | Vz fixed point of S, 3h € S's.t. pzr = hze } . (3.26)

e RotStab(zr) C Stab(zf) denotes the subset of the stabilizer, the elements of which have
determinant 1, i.e. the subgroup

RotStab(zf) = {p € Stab(zf) |detp =1} . (3.27)

As can be straightforwardly shown the subgroups defined above fulfil the normalcy relation
Nauw(P) > Caw(P) > Stab(zr) > RotStab(zf), (3.28)

such that we can define the quotient groups Naut(P)/Cxu(P), Caut(P)/Stab(z) and Stab(r)/RotStab ().

Clearly only those automorphisms of the lattice, that are compatible with the point group,
i.e. which are elements of the normalizer of the point group in the automorphism group sur-
vive as isometries. Let us discuss the action of the different elements in the light of heterotic
orbifold compactifications. In order to distinguish the different types of elements it is more
useful to discuss the quotient groups instead of the subgroups themselves.

* The elements of Nau(P)/CA,(P) map different point group elements to each other.
As we have seen for the Z3 orbifold, such automorphisms may indeed be a symmetry of
the spectrum of the orbifolded string theory. For instance a symmetry mapping the Zs
generator to its inverse would actually interchange twisted states with their CPT conjug-
ates in the inverse twisted sector.

* Elements of Caut(P)/stab(z) map different fixed point conjugacy classes to each other that

are twisted by the same point group element, i.e. o : (4,A) — (J,)) such that
(9,0) 7 (9, X).
Such isometries can in general be symmetries of the spectrum as well, as we have seen in
section 2.3.4 for the Z3 example. There, if no Wilson lines are switched on, the spectrum
of each inequivalent fixed point is the same, so that linear combinations of states with
equal quantum numbers which are located at different fixed points can be eigenstates of
such automorphisms. We will discuss these isometries further in section 3.3.3.

* The elements of Stab(zr)/RotStab() are isometries that leave the fixed point structure in-
variant but are not rotations. Hence, although they might manifest as symmetries of the
theory, those symmetries will never be R.

Finally, the elements of RotStab(z¢) are symmetries of the orbifold geometry in all twisted
sectors and of the spectrum. Hence they are the kind of isometries which give rise to R-
symmetries in the low energy effective theory. We will discuss these lattice automorphisms in
detail in the next section.
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Before we proceed a comment is in order. Many lattices give rise to unfixed moduli, such
as the lengths of basis vectors and angles between them. One example are the relative sizes
of the tori in the Zs3 orbifold. If such moduli are fixed to special values the symmetry of the
geometry is enhanced, which manifests itself in the appearance of outer automorphisms of the
lattice. We do not consider such enhanced symmetries in our exploration, because the mod-
uli would be charged under the respective R-symmetries and therefore moduli stabilization
would generically break these symmetries.

3.3.2 R-Symmetries from Orbifold Isometries

Now let us investigate the selection rules that arise from orbifold isometries in the group
RotStab(z¢). As we have seen in section 3.1.3 such isometries are symmetries of the classical
solutions and hence we expect the correlation functions to be invariant under the correspond-
ing transformations. Therefore we will investigate the transformation behaviour of each of the
vertex operators involved in the correlators and then deduce the selection rule by asking the
complete correlator to be invariant.

Recall that ¢ € RotStab(z¢) maps any given fixed point z¢ with constructing element g to a
conjugate one, i.e. there is a space group element h, such that pzf = hy2¢. On the corresponding
constructing element g = (¢, \), ¢ acts according to

0: (9, A) = (¥, 0N). (3.29)

The space group element hy, fulfils p(g) = hygh,'. If we write hy = (95, Ap,), it is given by a
solution to the equation

(1 =) An, = (p— Ony)A. (3.30)
As we will see later, it turns out that for all cases considered, every element of RotStab(z¢) can

be embedded into the Cartan subgroup of SO(6). Hence it can be written as

0= eQwi(§1J12+§2J34+§3J56) . (331)

Using this information it is easy to write down the transformation behaviour of vertex operat-
ors of the form (3.1) once we know how the bosonic twist fields transform. Consider the linear
combination (2.85). We can make use of the “local” identity p(g) = hgghg_l, to deduce that
under g — p(g) the twist fields transform with the gamma phases,

Olq] T eQwiy(g, hg)U[g} . (3.32)
Therefore the transformation behaviour of the vertex operators (3.1) is determined to be
Vi +% o2 [6WE-Nitas )40 ho) ] 7, (3.33)

Now, correlation functions involve not only vertex operators of the form (3.1) but also picture
changed bosonic operators (3.2). Observe however, that these are constructed using insertions
of e?#7 Ty which are manifestly SO(6) invariant. Therefore vertex operators in the O-picture
transform just according to (3.33).

Asking the correlation function to be invariant under p transformations we arrive at the
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selection rule
> (Z & [Ma—Ma+ dnal +79a; hga)> =0 mod1.
a \i=1

Note however, just as we saw when we discussed the H-momentum rule, that two of the gy,
are those of the fermionic part of a supermultiplet while the rest are those of the bosons. Let
us therefore rewrite the selection rule in terms of purely bosonic g,

3 3
> (Z&i[ Lo N+ a5 + (00, hgo)) =) ¢ modl. (334
i=1 i=1

«

Let M be the smallest integer such that M¢! is an integer for all i and define

3
R=M) ¢ (3.35)
i=1
Then we can rewrite (3.34) according to
L
Zra =R mod M, with
o=l (3.36)

3
Ta:ZMé‘%[ IZ,oz_ *ﬁa_i_qgloos{on)z +M’7(ga, hga)'
=1

Here r,, is the charge of the bosonic component of the ath superfield.

If 2% | € ¢ 7 this corresponds to an R-charge selection rule. Thus, by asking the correla-
tion function (3.3) to be invariant under transformations p € RotStab(z¢), we have derived a
selection rule that can be interpreted as a Z¥, discrete symmetry from the point of view of the
low energy effective theory.

Observe that we could have derived exactly the same selection rule by determining the
transformation behaviour of the correlation function (3.12) under ¢ and asking the correlator
to be invariant. In that way it is obvious that we have to require that ¢ indeed be a symmetry
of the classical solutions and thereby of the coset vectors. Otherwise the classical solutions
would not transform with a phase and it would be impossible to make the correlation function
invariant.

Examples

Let us discuss the symmetries o € RotStab(z;) that lead to R-charge selection rules for two
examples. The first one is the Z3 orbifold which we already discussed in section 2.3.4. There
one finds the following symmetry generators®:

le(%7070)7 Q22(07%70)7 Q3:(0707%)

® Clearly not all three R-symmetries are independent, as their combination leads to the orbifold generator § which,
by construction, acts trivially on all states.
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We find that the action of the orbifold generator # on each of the planes separately gives rise
to an R-symmetry. Consequently one finds the selection rules

L
Sorh=1 mod3, rh=[M, =N, +aS ] +39(ga. hy,) (337
a=1

for all three internal directions 7 = 1, 2, 3. Note that if there are no Wilson lines switched on,
the v phases are all vanishing and the R-charge conservation rules reduce to those already
discussed in [52].

The second example is the Z4 orbifold with twist vector vy = (i, %, —%) based on the
SO(4)? x SU(2)? root lattice. There one finds the RotStab(z;) generators [60]
01 = (%7 %7 O) ) 02 = (%7 0) O) ) 03 = (07 05 %) .

Therefore from the exploration of the lattice automorphisms we find that the generalization of
our result in the Z3 orbifold is not straightforward: Not always does the action of the orbifold
generator 6 on each of the planes separately gives rise to an R-symmetry. We can deduce the
following selection rules,
L 2 A
Zra =2 mod 4, To = Z [ ﬁa - }ia + qéﬁ(ﬂjc’r‘”} +47(gas hga)
=1

=

(3.38)

=1
Zr&: 1 mod 2, e, [N'ﬁa— ﬁa—l—qgﬁjm)z} +29(gas hg,) i=1,3.
a=1

The complete exploration of R-symmetries of Abelian orbifolds will be discussed in section

3.3.6. Before we attempt this let us discuss further R-symmetries that can arise from isometries
of the orbifold.

3.3.3 Further R-Symmetries

In the previous section we have considered only symmetries ¢ € RotStab(z¢), that is symmet-
ries acting trivially on the fixed point conjugacy classes. However we have seen in section
2.3.4 that, depending on the Wilson line configuration of the model, it can happen that dis-
tinct fixed points allocate precisely the same twisted matter. If that is the case, isometries
¢ € Cau(P)/stab(z) can actually be symmetries of the theory if one considers states that are su-
perpositions of the copies of matter located at the fixed points that get mapped to each other.
In this way those ( that are rotations can lead to R-symmetries of the theory. Here we will
make use of the fact that, as it turns out, it is always possible to write any of the relevant
¢ in terms of the Cartan generators of SU(3) such that we can represent it by a twist vector
ne = (02, md)-
Assume ¢ € Cau(P)/stab(z) interchanges the two conjugacy classes [g] and [¢'], i.e.

Clg) = hyd'hyty (g = hoghy (3.39)

where such hy and h, exist for any pair of representatives g and ¢’ of the conjugacy classes.
Let V and V' be the vertex operators of two states with identical quantum numbers, except
that V has constructing element g and V' has constructing element ¢'. Let o and oy the
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corresponding twist fields. Then we find that under ¢ these fields transform according to

ol S o2mi[i(9) =7 (¢(9))] ol

(3.40)
g S e2milY (9)-7(¢9)] Tl -
Now let us consider the linear combinations V) of V and V”,
V) =y 4 2ty s=0,1, (3.41)

where ¢ is to be determined such that V(%) are eigenstates of (. We can make use of the explicit
form of ¢ and (3.40) to write down the transformation behaviour of V and V”,

VS o2 [ (VN 4l )+ -7 (G ] 7

o (3.42)
VS o2 [0 (M =N+l )+ (9) -3¢ ]
and use this information to determine § to be
5= 5 (~4(6) +3(hgahg™) +3(0) — 7 (hygh) ) (3.43)
Then the transformation behaviour of the ¢ eigenstates is given by
V() S o2t [1 (VL =N 44l ) +5 (1(9:he) +7(9 b))+ ] 7(s) 7 (3.44)

where we have used ) ) )
Y(g: hg) = 4(g) — F(hgghy ™),
V(g hy) =7 (g") =7 (hgg'h,")
and the fact that, as the physical gamma phases v'(¢’, hy ) are determined by the other quantum
numbers of the state, which are equal for V' and V', we can suppress the prime on +'(¢’, hy ).

Now consider correlators of A states, the constructing elements of which are mapped to
their conjugates by (, and B linear combinations of states of the form (3.41),

(1) plsm)
(Viay -V Vi vEP) (3.45)

Such correlators’ are supposed to be invariant under the action of ¢ and we can deduce an
R-charge selection rule. Observe that the states V/,,) transform under these isometries just as

in (3.33) so their charges are as in (3.36). Then it follows from (3.44) that the states XN/((;)) have
R-charges

3
) ) _ . )i 1
Tas = ZMT/Z [Nﬁa - ﬁa + q(boso ) ] + §M (7(ga, hga) +7(g(,;whg/a)) + Ms. (3.46)

sh
i=1

It is remarkable that we were able to deduce further R-charge selection rules from isomet-

7 Note that correlation functions of this form make sense, because if a coupling <V<1) N L71)V> is allowed by
all selection rules, so is its partner (V1) ... Vi,_1)V').
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ries that do not leave all fixed point conjugacy classes invariant. Note that these symmetries
may in general be broken by a Wilson line configuration which spoils the degeneracy in the
spectrum of fixed points that are mapped to each other by (. It can however happen that this
degeneracy is protected due to the restrictions (2.68) on the Wilson lines, which do not allow
them to be switched on in such a way. In our exploration of possible R-symmetries we will
also consider those isometries from Caut(P)/stab(z) for which exactly this happens®. Therefore
the R-symmetries we give in section 3.3.6 are valid for generic Wilson line configurations.
Before we go on, let us discuss an example of an R-symmetry arising from an
isometry ¢ € Caut(P)/Stab(z).

Example

Let us consider the Z4 orbifold of the previous section. The fixed point/torus structure is de-
picted in figure 3.3. As we will see, exploration of the orbifold isometries yields the generators

G=(300,  &=(0710),

of Caut(P)/stab(z). As they are not independent we will consider only ¢ = ¢;, which interchanges

the two fixed tori

ex+e3 ¢ ,  e2+teq
Zf: \Zf:

2 2
of the sector twisted by 62, which are generated by g and ¢’ respectively. All other conjugacy
classes of fixed points/tori are left invariant by ¢.

e €4

€1 €3 €5

() €6

€5

Figure 3.3: Fixed point/torus structure of the § and 62 twisted sector of the SO(4)? x SU(2)? Z4 orbifold.
The fixed points and tori are given by the combinations of red dots. In the 2 sector there is an additional
fixed torus located at the blue crosses. The fixed tori that get interchanged by ¢ are marked by a purple
box. Possible Wilson lines are indicated by blurred green arrows.

% Note that the conditions on the Wilson lines are identifications up to lattice vectors. The degeneracy is protected
in general only in the cases in which the identified Wilson lines are taken to be exactly equal. Shifts of only
one out of two (or more) identified Wilson lines, by a lattice vector, can therefore in general break these R-
symmetries.
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Note that because of the Wilson line identifications, W7 = W5 and W3 = Wy, these two fixed
tori support exactly the same states. Indeed if we consider the embedding

1
Vo = 1(17 1,-2,0,0,0,0,0)(0,0,0,0,0,0,0,0),
1
W3 =Wi = 2(0,0,0,0,0,0,0,0)(0,0,0,0,1,1,1,1),

the gauge group breaks down to [Eg x SU(3)] x [SO(16) x U(1)] and both fixed tori support
one (1,2,16),. The space group elements h, and h, that fulfil (3.39) are given by

hg=(0,e3) and hy =(0,0).

In the last section we found that in this Z, orbifold, not all restrictions of the point group
generator to individual planes give rise to an R-symmetry, because those in the first two planes
exchange fixed point conjugacy classes. Now we see that, due to the identifications of Wilson
lines, those symmetries are actually there and give rise to R-symmetries. The reason is that the
spectra of states located at the fixed points being interchanged are equal. Therefore the states
coming from the two fixed points are indistinguishable from the low energy point of view. We
can however form linear combinations V of those states, such that they become eigenstates of
¢ and have different quantum numbers under the corresponding R-symmetry.

3.3.4 Universal R-Symmetry Anomalies

We have discussed the identification of R-symmetries in the last sections quite generally. How-
ever we have explicitly discussed three-point functions of Z y orbifolds only. Therefore a con-
sistency check of our findings which works more generally is needed. Such a check is provided
by the cancellation of discrete anomalies.

The R-symmetries we have deduced in the previous sections are clearly classical symmetries
of the geometry and can in principle be broken by quantum effects, i.e. be anomalous. Just as
for continuous symmetries this can be most easily analysed by determining the transformation
behaviour of the path integral measure [61, 62],

DYDp — o'/ = ADyDi) (3.47)

where the anomaly function A is a sum of gauge and gravity contributions. Namely it is given

by

2T 1 1
A= i <Z Age_gr - 1622 /tf [Fa A Fal + Agray2_zr. - 38472 /tf R AR]) ,  (3.48)

for the case of discrete Z;; R-symmetries [63—-66]. Here 7, is the field strength corresponding
to the gauge group G, and R denotes the Riemann tensor. The anomaly coefficients are given
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by [67] " "
Ay ap, = CalGory + 2 (1o 5 ) T(RD),

R

Agrave_z, = <—21 ~1-Nr—Ny+Y_ dim[adj(Ga)]> 3 (3.49)

+ Za: (m - ?) dim(R®).

Here « labels the left-chiral states in the spectrum, C3(G,) denotes the quadratic Casimir of
G, and T'(R) is the Dynkin index of the representation Ry, of the state « under G,. Ny and
Ny denote the number of twisted and untwisted modulini of the theory and the contributions
of —21 and —1 are due to the gravitino and dilatino respectively. Recall that the Pontryagin

indices T(F.) L1

are integer valued, where F', denotes the fundamental representation of the gauge group G,.

Itis well-known that, if present, such anomalies can be cancelled via the Green-Schwarz mech-
anism [68]. The idea is to introduce a term into the Lagrangian that is explicitly not invariant
under the anomalous symmetry and the transformation of which cancels the transformation
of the path integral measure. This proceeds via fields that transform with a shift under the
respective symmetry. However in orbifold compactifications of the heterotic string the only
tield able to cancel anomalies via this mechanism is the four-dimensional two-form b, arising
from the reduction of the Kalb-Ramond field By, that is dual to the imaginary part of the axio-
dilaton. As a consequence, the anomaly coefficients of any Z% symmetry have to fulfil the
universality conditions,

AG(Zl_Zij mod MT(F(Z) = AGg—Zﬁj mod MT(Fb) s

3.51
Agz_gr  mod MT(F,) = i <Agrav2—zﬁ mod Aj) (351
if the anomalies are to be cancelled by the Green-Schwarz mechanism.

A non-trivial check of whether the R-symmetries we identify do actually make sense at a
quantum level is therefore given by anomaly universality which can be checked using the
conditions (3.51). Note however that since the anomalies discussed above are chiral, this con-
sistency check is only available when considering models with a chiral spectrum.

3.3.5 Family Symmetries

Arguments similar to the one we have used in section 3.3.3 have been applied to identify
non-Abelian family symmetries of the low energy theory [69]. One can consider permutation
symmetries of the fixed points with equal spectra and form linear combinations of the states,
just as in (3.41), which transform in a given representation of the permutation group. Further-
more, as we have seen in (3.20), one can often rewrite the space group selection rule in terms of
a set of Z symmetries. These discrete symmetries can then combined with the permutation
symmetries to form non-Abelian flavour groups of the effective theory.

One would expect that those permutation symmetries arise from symmetries in Caut(P)/Stab ()
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that are not rotations and therefore not R. However, comparison with the results in [69], re-
veals that, geometrically, many of the permutation symmetries are realised by translations and
therefore not covered by our scheme. Note that in the sector twisted by a given orbifolding
group element o € G, translations by any fixed point of o are a symmetry of the geometry.
However this does not necessarily hold for sectors twisted by a different orbifolding group
element o’ € G.

Let us illustrate this by an example. Consider again the Z3 orbifold. As we have seen in
section 2.3.4, in the absence of Wilson lines, all fixed points in a given sector allocate exactly
the same states. Therefore the low energy theory can be argued to be invariant under the rela-
belling of fixed points, i.e. an S3 permutation symmetry arises from each of the three planes.
Further we have seen that the space group selection rule can be written according to (3.20) as
a discrete (Z3)* symmetry. As a consequence the flavour symmetry group is generically

(Sg x S3 X 53) U (Z3)4,

but may be enhanced further if the angles between and lengths of the basis vectors take spe-
cial values. Let us try to identify the geometric symmetries that lead to the S3 permutation
symmetry. For simplicity we restrict ourselves to one plane. If we label the fixed points (0, 0),
(2,1) and (3, 2) by 1, 2 and 3 respectively, the permutation group S3 can be generated by the
two elements

s = (123) and m = (132). (3.52)

They can be realized geometrically by a shift by s = Ze1 + e, and by a reflection about the
axis e + ey respectively. This is depicted in figure 3.4.

SN

1

(@)

Figure 3.4: Permutation symmetry generators of one Zs plane: (a) shows a shift by s = 2e; + $eo.
Because of lattice identifications, the fixed points get interchanged periodically, i.e. this corresponds to
(123) € Ss3. (b) shows the reflection about the axis e; + es. The fixed points 2 and 3 are interchanged,
i.e. this corresponds to (23) € Ss.

As discussed above, we do not cover shifts in our exploration of isometries, so let us consider

the reflection m. Indeed m is an automorphism of the lattice. However its action on the

2

restriction of the point group generator 6 to the first plane, 6; = e ™5 is non-trivial. Namely,

mOym~t = (671, (3.53)

that means, the action of m is not only to interchange the fixed points 2 and 3, but the images
of the fixed points are in the inverse twisted sector. Therefore states located at the fixed point 2
get mapped to CPT conjugates of their partners at the fixed point 3. This is clearly not what we
expect from a family symmetry. Moreover, the six-dimensional point group generator 6 does
not even get mapped to another point group element by m. Therefore it seems like the flavour
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symmetries, at least in this example, cannot be understood by isometries of the compactifica-
tion space in this way. However inspiration of (3.23) shows that these lattice automorphisms
are still symmetries of the instanton solutions. Note, that the flavour symmetries we just dis-
cussed, unlike the extra R-symmetries of section 3.3.3, can be broken by generic Wilson line
configurations.

3.3.6 Catalogue of R-Symmetries for Abelian Orbifolds

Employing the scheme we developed in sections 3.3.1, 3.3.2 and 3.3.3 we can find all R-
symmetries of six-dimensional toroidal orbifold compactifications of the heterotic string, the
space group of which contains an Abelian point group. We use the results of the classification
of such orbifolds performed in [34] and discussed in section 3.2.

Provided these results, for every affine class we follow the steps:

1. Find the generators of the automorphism group of the lattice.
2. Generate the complete automorphism group of the lattice.

3. Calculate the subgroups Nayt(P), Caut(P), Stab(z¢), RotStab(z¢) as well as the quotient
groups Naut(P)/Cyu(P), Caut(P)/Stab(z;) and Stab(zf)/RotStab ().

4. Find a set of generators of RotStab(zf) U (Cau(P)/stab(z) N SU(3)).

5. For each of the generators calculate the space group elements h, defined in (3.30) and
(3.39).

The first step is done using the software Carat [58] which uses an algorithm introduced in
[70]. Steps 2-5 are performed using code we developed within Mathematica [71].

The results can be found in appendix A. In order to perform the consistency check of an-
omaly universality for the R-symmetries identified in this way, we use the Orbifolder [72]
which we modified such that it can calculate the charges of the fields under the R-symmetries
using the space group elements h,. For each affine class we perform a scan over 10000 ran-
domly generated gauge embeddings and check the universality conditions for each of the
R-symmetries. The results can be found in appendix A. Note that out of the 138 Abelian orbi-
folds we consider, there are 23 which do not have a chiral spectrum. Hence there are no chiral
R-symmetry anomalies and consequently we cannot perform the consistency check.

Recall that every single massless string state of the orbifold compactification which has a
non-vanishing R-charge contributes to the chiral anomalies of the R-symmetries, which makes
this consistency check far from trivial. It is an intriguing result, that although we have motiv-
ated our search strategy by the explicit form of the correlation functions of three-point coup-
lings in Z y orbifolds only, nearly all of the R-symmetries identified in this way pass the check
of anomaly universality. Namely there are only four Zy x Zy and two Zy x Z4 orbifolds in
which it fails. These are listed in table 3.1. It is interesting that those Zy x Zs, for which the
R-symmetries do not have universal anomalies are exactly those which can be described by
modding a freely acting involution out of a different geometry. For instance the Zjy x Zj-5-1
space group, which was discussed in [73], is obtained by modding the involution generated
by the shift 7 = J(e2 + es + eg) out of the Zy x Zy-1-1 geometry [34]. One might speculate
that the reason the R-symmetries do not seem to be good symmetries of the quantum theory
in these cases is due to the fact, that two states located at two fixed points of Zy x Z3-1-1 which

55



3 Coupling Selection Rules

get identified under the shift 7 transform with different phases under the R-symmetries. This,
as well as whether and how the R-symmetries might be repaired and finally whether this way
of arguing extends to the problematic Zs x Z4 cases remains to be understood and is under
current investigation.

Q class | Z class affine class R-symmetries
P M —-R
Lo x Zio 5 1 (0,0,3) 2 -1
(3,0,00 2 -1
(0,30 2 -1
9 1 (0,0,3) 2 -1
(3,0,00 2 -1
(0,3,0 2 -1
10 1 (0,3,0 2 -1
(0,0,3) 2 -1
(3,0,00 2 -1
12 1 (0,30 2 -1
(0,0,4) 2 -1
(5,0,00 2 -1
Ty x Ta 1 6 (0,0,4) 4 -1
(50,00 4 -1
2 4 (0,30 2 -1

Table 3.1: R-symmetries, the chiral anomalies of which are not universal.

One more comment on the R-symmetries from a point of view of the low energy effective
theory is in order. Note that the property of being R is conserved if an R-symmetry mixes
with a non-R-symmetry. Sources of such non-R-symmetries may be family symmetries or
discrete remnants of broken U(1) gauge symmetries (c.f. e.g. [74, 75]). Furthermore, multiple
R-symmetries may be combined to form different R and non-R-symmetries. Therefore using
the results we obtained here one can engineer many different R-symmetries in a phenomeno-
logical model. Recall also that in A/ = 1 supersymmetric field theories there can only be one
linear independent R-symmetry.

56



CHAPTER 4

R-Symmetries and a Heterotic MSSM

In this chapter we will make use of the R-symmetries we identified to evaluate a phenomeno-
logically attractive heterotic orbifold model based on the Zg-1II orbifold!. We start by reviewing
the heterotic mini-landscape that was developed in [26-28] and more recently discussed and
extended in [76, 77]. Then we discuss the impact of the R-symmetries identified in section
3.3.6 on these models®>. We choose a configuration of vacuum expectation values (VEVs) of
Standard Model singlets in the spectrum and analyse it using the technique of Hilbert bases
[79].

4.1 The Heterotic Mini-Landscape

We consider the Zg-II orbifold based on the root lattice of G2 x SU(3) x SU(2)?, which in terms
of the classification we discussed in section 3.2, corresponds to Zg-II_1_1. The point group

generator ¢ with shift vector vy = (%, %, %) acts on the basis vectors according to
fe1 = 2eq + 3eo, fes = —e1 — eg,
fes = ey, ey = —e3 — ey,
965 = —€5, 966 — —€6 .

The fixed point/torus structure is depicted in figure 4.1.

Space Group and Family Symmetries

As the space group is factorizable we might split the lattice part of the space group selection
rule (3.19) into three rules, one for each plane®. We have already seen that the selection rule of

! Note that, in order for our results to be comparable to the standard literature we choose a different convention
for the right-moving momenta in this chapter. The gs that occur in the formulas of this chapter are obtained
from the g5 in the previous chapters by multiplication with —1.

% For the case of the Zg-II orbifold that we consider here, the R-symmetries were identified independently also in
[78].

? Note that while the lattice factorizes according to A = Ag, x Agy(s) X Agy(2)2, the orbifold does not factorize
according to O # (Tas/ze) X (Tsu(®)/z3) X (Tsu(2)2/z,) because the point group generator 6 acts on all three planes
simultaneously.
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4 R-Symmetries and a Heterotic MSSM

the Tsu(s)/7; plane can be written in the simple form (3.20). The same holds true for the Tsy2)2/Z.
plane. For the 7c,/zs plane however it does not seem to be possible to identify a simple discrete
symmetry resembling the space group selection rule in that plane [53]. Therefore we find the
following discrete symmetries arising from the space group selection rule

Zka:() mod 6,
(0%
Zkama:O mod 3,
(0%
Zn‘z:O mod 2,
(6%

an:() mod 2,

(4.1)

where the constructing elements of the states involved in the coupling are written as
go = (6%, )\,) and the relation between their locations and the quantum numbers (m, n®, n%)
are displayed in figure 4.1. Note that states in the % (6) sector have charge n® = n% = 0
(m = 0).

The space group allows for an order three Wilson line, namely W3 = W, and two order two
Wilson lines, namely W5 and Ws. Note that, as we have seen before, in the absence of Wilson
lines all fixed points allocate the same massless matter. This however does not hold for the
fixed tori in the sectors twisted by 62, #% and 6*. Some of them, e.g. the 6? fixed torus located
at 2e1 /3, are not fixed under 6, i.e. the space group element (#, 0) does not commute with their
constructing elements. Therefore for states supported at these “special” fixed tori the number
of space group elements giving rise to projection conditions (2.95) is reduced as compared to
those of the states that are located at “ordinary” fixed tori.

We have discussed the non-Abelian flavour structure of 7su@)/z; already in section 3.3.5.
While the 7c,/z¢s plane does not enjoy any family symmetry, the Tsu(2)2/z> plane possesses a
further (D4 x Dy)/Zy symmetry [69]. As the orders of the restrictions of # to these two planes
are coprime the complete family symmetry of the Z¢-II orbifold we consider, in the absence of
Wilson lines, is given by

A(54) X (D4 X D4)/Z2 . (4:2)

However realistic models need non-trivial Wilson line configurations. We have seen in section
2.3.4 how the presence of a non-trivial Wilson line breaks the degeneracy of the fixed point
spectra and therefore the permutation symmetry S3 C A(54) in the second plane. Therefore,
if the order three Wilson line is switched on, A(54) breaks according to

A(54) L= g 7. (4.3)
Furthermore the presence of the order two Wilson line W5 and/or W breaks (D4 x Dy)/Zs

according to

(D4 x Da)/Zo 227% Dy 5 By W70 7y x Ty x . (4.4)
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Figure 4.1: The sectors twisted by 6, 6% and 62 of the Zg-II orbifold we are considering. The possible

Wilson lines are depicted by dotted green arrows, copies of fixed tori in the fundamental domain of the

torus are marked by blurred red dots. In the @ sector the charges (m, n%, n%) of states, that are located at

the respective fixed points, under the symmetries (4.1) are displayed.

Local GUTs and Gauge Embedding

The search strategy of the Mini-Landscape is based on the concept of local GUT5 [26]: Recall
that the conditions for a state to be massless, (2.89), and the projection conditions (2.95) in
general depend on the fixed loci of twisted fields. That is, locally, the gauge group can look
different at different fixed points and states located at these fixed points come in representa-
tions of the respective local gauge group. The untwisted sector states on the other hand are
subject to projection conditions arising from all space group elements and are hence charged
only under the bulk gauge group which is the intersection of the local gauge groups of all fixed
points.

A local GUT is obtained by selecting embeddings of the space group into the gauge coordin-
ates (2.67), such that they admit a local SO(10) or Eq GUT structures. This means that there are
fixed points in the sector twisted by ! or §° (T"! or T®), the massless spectra of which contain
16- or 27-plets respectively. The Wilson lines are chosen such that the untwisted sector gauge
group breaks down to the Standard Model gauge group, in such a way that

SU(3) x SU(2) x U(1)y c SU(5) € SO(10) or Eg. (4.5)
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4 R-Symmetries and a Heterotic MSSM

There are two shift embeddings leading to a local SO(10) GUT, namely

SO(10),1
v =

1
37
S0O(10),2

,0,0,0,0)(0,0,0,0,0,0,0,0),
o,o,o,oxé,é,o 0,0,0,0,0).

w\»a Cm»—l
O O

In principle there are two straightforward ways of obtaining three-family models from such
orbifolds. The first one is to switch on the Wilson lines W5 and W such that 7! () contains
at least three 16- or 27-plets. However such models always contain chiral exotics [26]. The
second strategy is to switch on one order two Wilson line, i.e. W5 or W, as well as the order
three Wilson line W3 = W, such that T (T°) contains two 16- or 27-plets. The reason for
exactly two families to survive the projection conditions arising from the Wilson lines is the
D, family symmetry (4.4). The third family then arises from states of the untwisted or other
twisted sectors. Note that while the two Standard Model families arising as 16- or 27-plets are
true GUT multiplets, the third family only has the SM quantum numbers of an additional 16-
or 27-plet. Therefore the third family is often called patchwork [76].

Exploring the Mini-Landscape

The program of the mini-landscape exploration was composed of the following steps:

1. Generate inequivalent* Wilson line configurations fulfilling (4.5)
2. Select models with three (3, 2)
3. Select models with non-anomalous U(1)y C SU(5)

4. Select models with 3 SM families + Higgses + vector-like exotics

As a result 223 models, 218 of which are based on the SO(10) shift embeddings, were obtained.
Provided this set of models one can proceed by specifying a supersymmetric VEV configura-
tion and discussing the phenomenological properties that depend on Yukawa couplings, such
as

¢ quark and lepton masses,
* the Higgs sector,

* proton decay,

¢ decoupling of exotics,

¢ the possibility for hidden sector gaugino condensation and susy breaking.

We will address these model dependent questions within a specific VEV configuration in sec-
tion 4.3. Before we proceed in that direction, let us review the technique of Hilbert bases,
which we will use as a very efficient tool for analysing the VEV configuration.

* Models are considered inequivalent if they have identical spectra with respect to the non-Abelian gauge groups
and the same number of non-Abelian singlets.
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4.2 Hilbert Bases

4.2 Hilbert Bases

We have seen that selection rules are an efficient tool to determine whether or not a given term
occurs in the superpotential of the low energy effective theory. While the relative coefficients
of the terms cannot be determined in this way, still a lot can be learned about the structure of
the superpotential.

Assume we are given a set of fields, which we denote by ®4,...®xy and a set of selection
rules. Then we expect the superpotential to contain every monomial ®;, ... ®;  that satis-
ties all of these selection rules. However, if such terms are allowed by the selection rules, so
will be all their powers and products with each other®. Then it is a natural question to ask,
whether there is a set of monomials, such that any allowed combination of fields can be writ-
ten as a product of these “basis monomials”. For those selection rules, which can be expressed
by conditions that are linear in the charges of the fields the answer is positive and the basis
monomials are given by the Hilbert basis [79-82].

4.2.1 Hilbert Basis for U(1)s

Consider, for simplicity, a set of M U(1) symmetries, under which the fields ®,... &y carry

charges an), e QS\?), a=1,...,M. Then a monomial ®}" ... ®}\" is allowed by the selection
rules if and only if

QM .. QWY [m

QM . QW) \ny

This displays a set of linear diophantine equations, and as the superpotential is holomorphic
in the fields, we are interested in solutions for which n, € Ng,a =1,... N.

Therefore, Mathematically speaking, the problem of finding the basis monomials is the prob-
lem of finding the set of minimal solutions of the monoid® of non-negative, integral solutions
of a system of linear diophantine equations. It is a non-trivial statement that such a minimal
set exists and that it has only finitely many elements. While, in general, the Hilbert basis can-
not be determined analytically, efficient algorithms have been developed, that make use of the
geometrical interpretation of the set of solutions [83-87].

We will not go into details about how these algorithms work, but use the publicly available
computer program normaliz [88, 89] to compute the Hilbert bases H of systems of diophant-
ine equations.

4.2.2 Extension to Other Symmetries

The method described above can be extended to other kinds of symmetries for which the
selection rules can be written as conditions that are linear in the charges of the fields.

> Properly speaking this is true only for the non-R-symmetries. We will discuss this issue in detail later.

® A monoid is a set together with a binary operations which is associative and for which a neutral element exists.
If for every element of the set there exists an inverse with respect to the binary operation, the monoid forms a
group. As the natural numbers form a monoid under addition, the set of allowed monomials forms a monoid
under multiplication.
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4 R-Symmetries and a Heterotic MSSM

Non-Abelian Gauge Symmetries

Let us start with the non-Abelian gauge symmetries of the theory. A monomial of fields is
invariant under the gauge group G, if and only if it transforms trivially under all U(1)s gen-
erated by the Cartan subalgebra of the group [79]. Therefore, we can write the invariance
condition in the way (4.6) with rank(G) diophantine equations. However, there is a subtlety.
There can be monomials which are zero by construction, because of the way symmetric and
anti-symmetric indices are contracted. An example is the monomial ®2, where ® transforms in
the fundamental representation of SU(2). Therefore elements of the Hilbert basis which have
this property must be eliminated from the basis a posteriori.

Discrete Non-R Symmetries

Let us turn to discrete symmetries. For non-R-symmetries we can straightforwardly write a
condition similar to (4.6) by exchanging equations with congruences. Consider, for simplicity,
a single discrete symmetry, under which the fields carry charges Q1,...Qy. Without loss of
generality we can assume these charges to be positive. Then a monomial 7" ... &\ is allowed
by the corresponding selection rule if and only if

ni
(@ ... Qn)| : | =0 modm. (4.7)
nN

This congruence relation can be rephrased as a diophantine equation by introducing an auxil-
iary variable a and asking the monomial to fulfil

a
ni

(—m Ql QN) . =0. (48)
nN

Again allowed monomials are characterized by non-negative, integral solutions to this dio-
phantine equation, the first entry of the solution vectors being unphysical. Accordingly, for
the case of M discrete symmetries, the system of linear congruences is rewritten in the form

al
w0 Q) QY
: g, (4.9)
(M) on | | ™
0 —mpy Ql QN
nn

Discrete R-Symmetries

For the case of R-symmetries the situation is more involved, as we are dealing with an in-
homogeneous system of linear congruences. It is possible to rewrite any such system as a
system of homogeneous and inhomogeneous diophantine equations by the method described
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4.2 Hilbert Bases

above. Let us therefore consider an inhomogeneous system of linear diophantine equations
instead. Observe that we can rewrite the inhomogeneous system

le) N Qg\ll) ni 1
N IR N (4.10)
QiM) QM | \ny Ty
as the homogeneous system
_ (1) ) 70
T Ql e QN ny
: . : =0. (4.11)
—on QY QW) Ly

We are interested in solutions with ng = 1 or ng = 0, because adding any solution of the homo-
geneous analogue of (4.10) to a solution of the inhomogeneous system again yields a solution
of the inhomogeneous system. Assume X = {hi,...,hp} is the Hilbert basis of the system
(4.11), i.e. any solution of this system can be written as a linear combination n = Zl’; 1 Aihi
with positive integral coefficients, \; € Np. Then it is clear that any solution of (4.11), for
which ng = 1, can be written as a linear combination of those Hilbert basis elements, whose
tirst component is 0 or 1. Therefore

Hinhom = /Hi(rcl?lom U /Hi(rglom ) where
(4.12)
H) = {heH|=a}  ac{o1},

serves as a basis of solutions of the system (4.10). Each solution to this system may be written
as a linear combination

n=hM+ 3" A, (4.13)
where h(1) € Hi(iglom, h(10)’ e hgg) € Hi(r?flom and Ay, ..., A\g € Ny are positive, integral coeffi-

cients.

Combinations of Different Symmetries

We have motivated the concept of Hilbert bases, as a method to find the set of basis monomials
of fields that are allowed by the selection rules of a given theory. These monomials of course
have to fulfil all selection rules at the same time. Therefore one has to combine the systems
of equations of the different kinds of symmetries we have discussed above into a single set of
diophantine equations and compute the Hilbert basis of this set. We will discuss the resulting
system for the Z¢-1I model under consideration in the following section.
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4 R-Symmetries and a Heterotic MSSM

4.3 A Semi-Realistic String Model

The model we will consider is leaned against model I of [27], i.e. we choose the gauge embed-
ding

V:( %7_%>_%7 07 O, 0, 07 0)( %a_%v_%v_%v_%7_%>_%v %)a
Wi =W, = (_%’_%> %7 %a %7 %a é? %)( %v 0, 0, %7 0, %7_27 0), (414
W5:( 07_%7_%7_%7 %a Oa 07 0)( 47_33_%a_47_3,_%7_%7 %)
This embedding breaks the gauge group to
SU(3) x SU(2) x SU(4) x SU(2) x U(1)anom x U(1)y x U(1)7, (4.15)

where we have chosen the generator of one of the nine U(1)s such that it gives the desired
hypercharge of the Standard Model. Furthermore, we have rotated the Abelian anomaly into
a single U(1). Note that this anomaly is cancelled, just as the discrete R-symmetry anomaly,
via the Green-Schwarz mechanism by a shift in the axion field.

4.3.1 Spectrum

The complete spectrum of the model is presented in appendix C. We use the same labels for
the fields as in [27], in order to make comparisons simpler. There are three families of quarks
and leptons, two of which arise as local SO(10) multiplets in the 6° sector at the fixed points 0
and %66. In agreement with the general statement in section 4.1, the third family constitutes of
states in the bulk (g3, i3, €3) as well as from fixed tori in the #% and #* sectors. Further, there is
a single pair of massless Higgs fields, ¢1 and ¢; in the bulk.

In addition to these Standard Model states there are several vector-like exotics in the spec-
trum which need to be decoupled.

4.3.2 Couplings and Hilbert Basis

In order to discuss further phenomenological features which arise from the allowed coup-
lings, let us discuss the selection rules in the model. According to our exploration of section
3.3.6 the geometry gives rise to a Z¢ X Z3 X Zz R-symmetry, which corresponds to the charge
conservation laws [60, 78]

L L _

dora =20 |dha = Mo+ Mo = 69(ga, hgt)| = —1 mod 6,
a=1 a=1 B

L L _

Sorz=d _q;g°;°n>2 ~ NEo+ ML = 37(gas hy2)| = —1 mod 3, (4.16)

ﬁ
—_
Sﬁ
—_

- b \ /
q( oson)3 Nﬁ)’a — j\/'E’a —29(9a, hZi)

| sh a

-
Il
M=

=—1 mod 2,

Il
—_
Q
Il
—

«

where the space group elements hZL needed to compute the charges are listed in appendix B.
These conditions differ from the ones used in [27], which we will refer to as the “old rules”, by
the contributions of the v phases. We will devote the remainder of this section to studying the
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4.3 A Semi-Realistic String Model

phenomenological consequences of these modified selection rules. We will not aim at finding
a vacuum configuration that fulfils all phenomenological constraints. Instead, we choose a
benchmark VEV configuration which is semi-realistic and allows us to check, whether candid-
ates for realistic models within the mini-landscape remain at all.

Differences due to the new R-symmetries arise already at order 3 in the superpotential. Sev-
eral new terms, which were forbidden by the old rules, appear. In the following we show a
simple example. The R-charges of the considered fields are displayed in table 4.1. We immedi-
ately see that the coupling s9,59,s3, was forbidden by the old rules but is allowed by the new
R-symmetries.

1 3 1 2 3
Told Told "old | "Tnew T"new Tnew
O | 1 1 _1 [ 1o _1 _1
13 6 3 2 6 3 2
O | 1w 1 1| 1 1 _1
14 6 3 2 6 3 2
0 5 1 4 1
S0 | -3 —3 0 3 3 0

Table 4.1: Differences between our R-charges of the fields s{;, s9, and sY, and the ones in [27].

This example shows that the modified R-symmetries can have important phenomenological
implications. If all fields s{;, s{, and s, get a VEV in a given configuration, the superpotential
W gets a VEV as well. Since the superpotential is linked to the p-term in such models, the p-
term will be generically too large. We will discuss this issue for our VEV configuration later in
more detail. There are also couplings forbidden by the new R-symmetries which were allowed
by the old ones. The first example occurs at order 4 in the superpotential.

We have discussed the space group selection rule of the model in (4.1). The gauge symmetry
is given in (4.15). As the fields obtaining non-trivial VEVs are singlets under the non-Abelian
gauge group SU(3) x SU(2) x SU(4) and either singlets or doublets under the remaining SU(2),
we will only consider the non-anomalous U(1) symmetries to calculate the Hilbert basis. The
basis elements vanishing due to the way the SU(2) indices are contracted, will be removed a
posteriori. The same holds for the monomials forbidden by the space group selection rule in
the Ta,/7z¢ plane, as we were not able to rewrite it as a diophantine equation. The last missing
ingredient are the R-symmetries discussed in (4.16).

Therefore the system of diophantine equations, that is fulfilled by any monomial ®7* ... &}~
allowed by the selection rules, is given by

rl rl

r% r% -1 6
Y STy 1 5
Zg Zg ni

a4 e 4 0 6

q123 . q%3 : =0 mod 3 (4.17)

qlzz o q%Q nr 0 2
7 7, 0 2

4 L 0 0

U U@)®

h 1) qL( )
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4 R-Symmetries and a Heterotic MSSM

4.3.3 VEV Configuration and Phenomenology

We proceed by choosing a VEV configuration, which, as we will see, gives rise to a semi-
realistic model. Namely, we give the 14 Standard Model singlets

s _ o000 O 0 0 0 0 .0
§ = {h1, ha, ha, hay, 53,84, 89, 10, S125 5215 S245 5285 529 530} (4.18)

anon-trivial VEV. As the h; are charged under the hidden SU(2), this VEV configuration breaks
the gauge group of the model to G'syr x SU(4).

In order to determine the phenomenological properties of this configuration, we consider
those coupling of the 5 with the other fields which give rise to the quark and lepton Yukawa
couplings, give masses to the exotics and neutrinos or mediate proton decay. In contrast to
[27], we do not calculate the couplings order-by-order in the singlet fields, but instead con-
struct the corresponding Hilbert bases. In this way we obtain the complete information about
the phenomenologically relevant effects for all orders in the singlet fields.

The Superpotential and the ;~-Term

Let us exemplify how we determine the Hilbert basis of couplings corresponding to a specific
phenomenological property by looking at the ;-Term. It gets induced by couplings ¢1¢1 f(3),

so we need a basis for allowed monomials of the form @[ ¢]23! ... 5", where only solu-

Tt Ty
tions with n; = ny = 1 are physical. We can make use of this requirement to absorb the in-
homogeneity arising from the R-symmetries in a redefinition of the R-charges of these fields.

If we write 7 = r{ + r} + 1, the system (4.17) takes the form

-1 1 1
iz T3 .. Threo . .
) 2 2
r T3 "M+2
3 3 3 0 3
3 M+2 ni 0 2
Ts | T T L
Q"+ q5 qs Sy n3 0 q 6 (4.19)
Z3 73 Z3 73 mo .
7"+ G q3 g2 0 3
Do | T Do Yo
41" +aq q3 hit2 NA4+2 0 2
7! 7! 7! Z! 0 2
a°+4° a3° - dpfyo 0 0
u@)® Uu@® U@ u@1)®
@ Tt q3 V)

After determining the Hilbert basis #, in order to obtain physical viable solutions, we split it

into a homogeneous and an inhomogeneous part, similar as in (4.12). Elements withn; = 1 are
(1)

assigned to H; ;. and basis elements with n; = 0 are assigned to Hi(r?%om. Then, the physical
solutions are given by
1 0 1 1 0 0
{ni(nl)wm + mni(nl)lom ni(nl)wm € Hi(nk)lom7 ni(nl)lom € Hi(n})10m7 me NO} : (420)

Note that, as ¢1 ¢ is a complete singlet under all symmetries of the theory, the terms inducing
the p-term also give a VEV to the superpotential itself. This is known as gauge-Higgs unifica-
tion and was identified as one of the features rendering the models of the mini-landscape so
phenomenologically attractive [76]. It was argued that this feature is a consequence of the
presence of R-symmetries in the model [27, 31, 90]. This argument is not altered by the modi-
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fication of the definition of the R-charges, as the Higgs fields are bulk fields and therefore the
contribution of the vy phases to their R-charges vanishes.

We find that up to order 10 in , the superpotential is given by’

W§ = (Ml,inhom + M2,inh0m + Jwi's,inhom)(1 + Ml,hom + M2,h0m) (4-21)
with 0.0.0 0 .0\3
M1 jinhom = S354529, M hom = (521531)
My inhom = 5953059, Mo hom = h1h2s9 89,5959 (4.22)

0.0
M3 inhom = h3hass;ss;-

In principle we know all Hilbert basis elements and therefore all monomials which means we
know the exact form of W to all orders.

Quark and Lepton Yukawa Couplings

Employing a similar strategy to the one outlined above, we are able to identify the Yukawa
interactions B
Wik = Yu(5)qugr + Ya(3)qder + Ye(3)leh: (4.23)

where the Yukawa matrices Y;($) depend on the fields 5. At lowest order in the singlets, the
results read

M, My M3z + My
Y, = Ms M, Ms + Mg (4.24)
M7 + Mg + My + Myg My + Mg + Mz + My 1
with
My = hih3ss3;$99591, My = hihs3s9)s9) %59,
M3 = hlhgsgs(fosglsggsgl = ngQ, My = hlhgsgsgsglsggsgl = 38M1
My = hlhgsgsgsglsggsgl = ngl, Mg = h1h338390531339331 = 88M2
M7 = h1h3525(1)25(2)13(2)9531 = 5(1)2M1, Mg = 535915(1]0581(5(2)9)25%1 (4.25)
My = 38(3(1)0)25(2)1(389) Sglv My = (s ) 39321(529) 531
My, = h1h33103(1)25(2)13(2)93g1 312M27 Mg = 3439310521(389)2331
Mz = 53(5?0)2531(389) Sgla My = 53(34) 321(5(2)9)
As well as for the down quarks and leptons,
My My M3+ My My My Mo+ My
Yo= | My M M; ; Ye=| My M Mo (4.26)
Mg M7 Mg+ My Mz My Mis+ Mg

7 For practical purposes it seems reasonable to truncate the solution at some finite order in the fields 3.
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with
My = hlhgsgsgzsgg, My = hlhgsgs(l)ngg
My = hiha(s9)? 15859 = sgM, My = huha(s3)? 515859 = s§Mo
My = hihgs3sgstashg = s3 M, Mg = hihgsg(s)%s91559 = 1959 M
My = h1h25g(3(1]2)23(2]1589 = 5(1]2581M2a Mg = h1h2(58)2(3(1]2)23(2]1589 = 8(1]2581M3
(4.27)
My = h1h2(sg)2(392)23(2]1589 = 392381M27 M = (38)23(1)2381339
M = (sg)zs?ﬁgﬁgg, Mo = 535915(1)23(2)1389
Mz = hihasg(s1s)% s, My = hyhas3(s15)s5g
Mis = (38)2(3[1)2)25(2)1539 = 3[1)2M10= Mg = (32)2(3(1]2)23(2)1339 = 3[1JZM10'

Note, that as expected, two further properties of the mini-landscape that were identified as
crucial in [76] become apparent here. First, the top quark coupling is at order one. The reason
for this behaviour is the connection of the coupling to the higher dimensional gauge coupling
[91], guaranteeing a realistic top quark mass. Second, there is a D4 symmetry for the first two
generations which is a consequence of the localization of these fields in the extra dimensional
space [69, 92]. Note, that this symmetry needs to be broken at a lower scale to explain the
difference between the first and second generation [93].

While the impact of the D, symmetry and gauge-top unification remain unaltered by the
modification of the R-symmetries, the detailed form of the Yukawa matrices is varied notice-
ably. We have switched on VEVs for 14 Standard Model singlets, as compared to 32 in the
VEV configuration IA of [27]. At the same time, the mass matrices we obtain are more densely
populated with allowed monomials in the singlets.

Decoupling of exotics

The decoupling of exotics by giving them high masses remains possible with the new R-
symmetries. We will discuss one example in detail and skip the details for the other exotics.
As can be seen from table 4.2, the charges of y; and y» under the R-symmetry in the third plane
have changed due to the modification of the R-symmetries. However, as the two fields always

3 1 2 3
Told rold Told Thew Tnew Tnew
1 1 1 1 1 1
n 6 3 2 6 3 2
1 1 _1 _1 _1 1
Y2 6 3 2 6 3 2

Table 4.2: Differences between the R-charges for y; and y, from model 1 of [27].
appear in pairs and the R-charge selection rule in the third plane reads

Zri =—1 mod 2, (4.28)

the mass matrix remains unchanged. Similarly, we find that all exotics get a high mass and
therefore decouple from the low energy particle spectrum. Hence, the massless spectrum of
our model is precisely that of the MSSM.
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4.3 A Semi-Realistic String Model

Proton decay

The situation concerning proton decay does not differ substantially from the previous results
described in [27]. We find that ggql operators as well as couplings with massive exotic triplets
like ¢11164 and ¢1¢104 are allowed. Furthermore, after integrating out the exotic triplets, the
corresponding trilinear operators induce rapid proton decay, which displays a problem of
these models.

Supersymmetry

As the VEVs of the fields 5 take values at the string scale, these configurations should not break
supersymmetry. Instead supersymmetry breaking proceeds via gaugino condensation in the
hidden SU(4) gauge group. However, we have seen in (4.21) that the superpotential develops
a VEV. Therefore we need to check for F'-flatness, i.e. we need to search for solutions to F' = 0.
Once such solutions are found, F' = 0 and D = 0 can be simultaneously fulfilled by making
use of complexified gauge transformations [53, 94].

We use the technique of Grobner bases, which is known in computational algebraic geo-
metry and was discussed in the context of high energy physics and string theory for example
in [95-97]. We are looking for solutions to the system of equations

F = =
05

0, Vi (4.29)

To find a solution we have to truncate the superpotential W' at a given order. We start with W
up to order 10 in Standard Model singlets which was given in (4.21). Note that, for simplicity,
we set all coupling coefficients to unity. We use Singular [98] to compute the Grobner basis
of the ideal generated by the F-term equations. Then we compute its primary decomposition
and search for F-flat solutions F; = 0.

We find only one branch of solutions, which is in agreement with our assumption that all
tields 5 develop non-trivial VEVs. This branch can be solved for example by

() = L (B () (38 = (o) {h) {s) (s8,)
P {h) () () (s8) (s P () () + (s8) (%)

which results in F; = 0. That means we can solve all 14 F-term equations simultaneously by
fixing only two VEVs. This is nearly the opposite behaviour to the one discussed in [82], where
aremnant Z% symmetry has been used to restrict the superpotential. There it seems to be more
fertile to look for minima in which all singlets get fixed by the F'-term equations. It remains as
an interesting open question how the symmetries of the superpotential determine the solution
structure of the F-term equations. At this stage we are satisfied by finding a consistent, non-
trivial solution. Note however, that the systematics of generating a potential that dynamically
tixes the VEVs of the fields remains to be understood.

Remarkably, the requirement of F-flatness implies that the VEV of the superpotential, (W),
vanishes. As the pi-term is directly linked to the VEV of the superpotential, this implies a van-
ishing u-term for the supersymmetric minima. Note, that since we know the superpotential
not only to order 10 in singlets, but to all orders, it seems to be possible to address the question
of F-flatness to all orders. Due to computational restrictions, we have not been able to find
such a solution. Already at order 11 in the singlets, the Grobner basis consists of extremely

(4.30)
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4 R-Symmetries and a Heterotic MSSM

many polynomials and we have not been able to find a primary decomposition.

Our exploration of the impact of the modified definition of the R-symmetries on the mod-
els of the Zg-1I mini-landscape shows, that their main appealing features remain unaltered.
The “three lessons for successful model building” that were identified® in [76, 77] remain un-
altered because the modification of the R-symmetries does not affect the R-charges of the
Higgs doublet. In general, more couplings enter the mass matrices and Yukawa couplings.
This makes it easier to give masses to the Standard Model particles and the exotics. On the
other hand a j; term gets induced already at order 3 in the singlets. At the same time, however,
F-flatness implies a vanishing of the superpotential VEV. As these models face gauge-Higgs
unification this sets the y term to zero up to order 10 in the singlets. Using the technique of
Hilbert bases, we were able to compute the VEV of the superpotential to all orders in the sing-
lets attaining a VEV. Furthermore it enabled us to determine the mass matrices for the exotics
as well as the Yukawa couplings of Standard Model fields with much less computational effort
as compared to calculating the allowed couplings order-by-order in the singlets. Therefore we
find that Hilbert bases serve as a very powerful tool to analyse the phenomenology of such
models.

® The fourth lesson of the mini-landscape deals with supersymmetry breaking, which we do not discuss here.
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CHAPTER B

Conclusions

In this thesis we discussed the geometric origin of discrete R-symmetries within orbifold com-
pactifications of the heterotic string. We examined the results of exact CFT calculations of the
string correlation functions corresponding to superpotential terms of the low energy effect-
ive theory for a subclass of heterotic orbifolds. In this way we were able to determine the
symmetries of the worldsheet instanton solutions. We found that the origin for the discrete
nature of the R-symmetries lies in the form of these solutions. Based on this result we presen-
ted a scheme allowing us to identify the symmetries of the orbifold space groups that lead to
R-charge selection rules in the low energy theory. Then, by determining the transformation
behaviour of the string states under such symmetries we were able to calculate the R-charges
of the corresponding fields.

We found two kinds of automorphisms of the space group lattice that give rise to
R-symmetries. Those that leave the fixed point structure of the theory invariant are imme-
diate symmetries of the theory, under which the string states are eigenstates. By asking the
correlators to transform trivially under these symmetries, the precise form of the R-charge se-
lection rule can be deduced. Additionally, the compactification geometry can in some cases
lead to a degeneracy in the spectrum. Namely two or more fixed points might allocate ex-
actly the same string states. As these states are indistinguishable from the point of view of
the low energy effective theory, isometries that exchange such fixed points lead to further R-
symmetries. Linear combinations of the states from different fixed points then transform with
a definite R-charge under these symmetries.

We applied our scheme to a recent classification of all space groups leading to theories with
N = 1 supersymmetry in 4D. In this way we were able to give a complete exploration of all
R-symmetries arising in orbifolds that are based on space groups, for which the point group
is Abelian.

As a consistency check of the results we obtained, we calculated the anomalies of the R-
symmetries. As heterotic orbifold compactifications contain only a single axion, these an-
omalies must fulfil certain universality requirements if they are to be cancelled by a discrete
Green-Schwarz mechanism. We modified the C++ orbifolder such that it is able to calculate
the correct R-charges of the string states and the corresponding anomaly coefficients. Then we
checked anomaly universality for all R-symmetries that we obtained in random sets of 10000
orbifold models each. We found that out of the 107 geometries for which the anomaly check
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5 Conclusions

is non-trivial, only in 6 cases the R-symmetry anomalies were non-universal. A first analysis
showed that these orbifolds might be related to geometries in which a freely acting involution
is divided out. If that is the case, our algorithms may need refinement in order to take the
effects of a non-trivial fundamental group into account. Most notably, among these orbifolds
is the Zy x Z3_5_1 orbifold which has been shown to be a fertile patch for model building.
Furthermore, the R-symmetries that were assumed to arise in these models have been used to
provide a string theoretical realisation of the phenomenologically attractive Z [82]. Therefore
it is an important open question whether these R-symmetries can be made anomaly universal.
It would further be interesting to try to extend the results to the non-Abelian case. However
much less is known about the details of the CFT that describe these string theories.

As the R-symmetries can have important consequences on the phenomenological properties
of string models we reconsidered a successful class of string models. Choosing a vacuum
configuration, we analysed the impact of the new R-symmetries on a representative of this
Ze-1l mini-landscape using the technique of Hilbert bases. This method allowed us to examine
phenomenological features such as Yukawa matrices for the standard model particles or mass
matrices for the exotics to all orders in the standard model singlets that develop a vacuum
expectation value. We were able to obtain the precise MSSM spectrum and to find F-flat
directions.

Our analysis showed that the main attractive features of the models from the mini-landscape
remain unaltered by the new R-symmetries. The lessons for successful model building that
were identified in the context of these models are not affected by the R-symmetries. Using
the technique of Hilbert bases enabled us to determine the mass matrices for the exotics as
well as the Yukawa couplings of standard model fields with much less computational effort as
compared to calculating the allowed couplings order-by-order in the singlets.

It would be interesting to study how, in such models, discrete remnants of the broken U(1)
symmetries and non-R-symmetries mix with the R-symmetries we identified, to give a phe-
nomenologically attractive R-symmetry for the low energy theory.
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APPENDIX A

Catalogue of R-Symmetries for Abelian
Orbifolds

The results of our exploration of R-symmetries in abelian orbifold compactifications of the het-
erotic string are presented in the following table. For each affine class we list all R-symmetry
generators together with the quanta M and R that enter the R-charge conservation rule (3.36).
Those generated marked with an asterisk originate from the group Cau(P)/stab(z) and there-
fore interchange fixed points allocating the same twisted matter, as explained in section 3.3.3.
For each R-symmetry we further display the result of the check of universal chiral anom-
alies which has been performed by a scan over 10000 randomly generated gauge embeddings.
Those affine classes which do not have an entry in this column do not possess a chiral spec-
trum, so that the check cannot be performed.

Q class Z class affine class R symmetries Anomaly

(twist) p M -R Universality
Zs 1 1 (0, %, 0) 3 -1 v
G 33 eod | 3| 1| v
(3,0, 0) 3 -1 v
Za 1 1 (1.0, 0)" 4 -1 v
(3 -3) 050 | 4| v
(0,0, %) 2 -1 v
2 1 0, 3, 3) 4 -3 v
(5, 0,0) 4 -1 v
3 1 Gohd | 4| v
(3, 0,0 2 -1 v
Zg-1 1 1 (3. % 0) 6 -2 v
(5 3 -3) 0035 |3 | v
2 1 G2y [ 8] o v
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A Catalogue of R-Symmetries for Abelian Orbifolds

Q class Zclass | affine class R symmetries Anomaly
(twist) p M | —R | Universality
(0, 1, 0)* 2 -1 v
(%,0,0)" 6 -1 e
Zg-11 1 1 (0, 3, 0) 3 -1 v
(3> 3 —3) (%, 0, 0) 6 —1 s
(0,0, 1) 2 -1 v
2 1 (.3, 0) 6 -3 v
(0,0, 1) 2 -1 v
3 1 (6:0.3) | 6 | —4 v
(3, 0,0) 3 -1 v
(0, 3, 0) 3 -1 v
1 ! (5:353) | 6 | 6 v
77
a3y | 1
Zs-1
11 s ! L 0 307 | 4 | -1 v
(g’ 4 75)
2 1
3 1
Zl 1 ! (G20 | 8 | - v
(5 8 - o3y | 2| v
2 ! (5 %3 [ 8 | -8 v
Zo-1 1 1 (%0, 1) 12 —16 v
(% 3 %) (0, 1, 0) 3 | -1 NV
2 1
Zyo-11 1 1 (& . 0) 12 —6 v
(5 130 —3) (0,0, 1) 2 | -1 v
Lo X Ly 1 1 (0, 0, 3) 2 -1 v
(0.3, —3 (4,0, 0) 2 | -1 v
(3.0, -1) (0,30 | 2 | <1 v
2 (0,0, ) 2 -1
(3. 0,0) 2 -1
(0, 1, 0) 2 -1
3 (0, 1, 0) 2 -1
(0,0, 1) 2 -1
(3. 0,0) 2 -1
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A Catalogue of R-Symmetries for Abelian Orbifolds

Anomaly

Universality

R symmetries

-R

(0,0, 3)

(0, 0, 3)
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A Catalogue of R-Symmetries for Abelian Orbifolds

Q class Zclass | affine class R symmetries Anomaly
(twist) p M | —R | Universality
2 1 (1, 0,0) 4 -1 v
(0, 0, 5)* 4 -1 v
(0, 1, 0)* 4 -1 v
2 (1.0, %) 4 -2 v
(0, 1, 0)* 4 -1 v
3 (oa) | 4| v
(3,0, 0) 2 -1 v
4 (oa) | 4] v
3 1 (0, 1, 0)* 4 -1 v
(.0, 0)* 4 -1 v
(0,0, 3)* 4 -1 v
2 v
4 1 (1 5. 0) 4 -2 v
(hod) | 1| -2 v
(3,0, 0) 2 -1 v
2 G4 | 4] -4 v
(3,0, 0) 2 -1 v
3 (3.0, 3) 2 -2 v
5 ! LY | 4| - v
(>x) | 4| v
2 v
T X Zg 1 1 (.0, %) 6 -2 v
0, % - (L50) | 6 | -2 v
(20, -) (3oo) | 3| -1 v
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APPENDIX B

Space Group Embedding of R-Symmetry
Generators in Zg-ll

Here we list the space group elements h, fulfilling o(g) = hygh,* for all constructing elements

g of the fixed points/tori and all R-symmetries p of the Z¢-II orbifold discussed in chapter 4.

g hy' h? hy'
1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) (o 0,0,0,0,0) 1,(0,0,0,0,0,0)
0,(0,0,1,1,1,1) 1,(0,0,0,0,0,0) (0,0,—1,—1,0,0)  1,(0,0,0,0,—1,—1)
6,(0,0,1,1,1,0) 1,(0,0,0,0,0,0) (0,0,—1,-1,0,0)  1,(0,0,0,0,—1,0)
0,(0,0,1,1,0,1) 1,(0,0,0,0,0,0) (0, 1,—1,0,0) 1,(0,0,0,0,0, —1)
9,(0,0,1,1,0,0) 1,(0,0,0,0,0,0) (0,0,—1,—1,0,0) 1,(0,0,0,0,0,0)
0,(0,0,0,0,1,1) 1,(0,0,0,0,0,0) 1, (0, 0 0,0,0,0) 1,(0,0,0,0, —1,—1)
0,(0,0,0,0,1,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,—1,0)
0,(0,0,0,0,0,1) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0, —1)
9,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0)
0,(0,0,1,0,1,1) 1,(0,0,0,0,0,0) ,(0,0,—1,0,0,0)  1,(0,0,0,0,—1,—1)
0,(0,0,1,0,1,0) 1,(0,0,0,0,0,0) ,(0,0,—1,0,0,0) 1,(0,0,0,0,—1,0)
0,(0,0,1,0,0,1) 1,(0,0,0,0,0,0) ,(0,0,—1,0,0,0) IL,(0,0,0,0,0,—l)
0,(0,0,1,0,0,0) 1,(0,0,0,0,0,0) ,(0 0,—1,0,0,0) 1,(0,0,0,0,0,0)

6%,(—1,1,0,2,0,0) | 6,(0,0,2,2,0,0) (0,0,—2,-2,0,0) 1,(0,0,0,0,0,0)
62,(-1,1,0,0,0,0) | ,(0,0,0,0,0,0) 11,(0 0 0,0,0,0) 1,(0,0,0,0,0,0)
6%,(-1,1,0,1,0,0) | 6,(0,0,1,1,0,0) 1,(0,0 ,—1,0,0) 1,(0,0,0,0,0,0)
62,(0,0,0,2,0,0) | 1,(0,0,0,0,0,0) 1,(0,0,—2,—2,0,0) 1,(0,0,0,0,0,0)
62,(0,0,0,0,0,0) | 1,(0,0,0,0,0,0) 11,(0 0 0,0,0,0) 1,(0,0,0,0,0,0)
62,(0,0,0,1,0,0) | 1,(0,0,0,0,0,0) (0,0,—1,-1,0,0) 1,(0,0,0,0,0,0)
63,(1,0,0,0,1,1) | 6,(0,0,0,0,1,1) 11,(0 0,0,0,0,0) 1,(0,0,0,0, —1,—1)
6,(1,0,0,0,1,0) | 6,(0,0,0,0,1,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,—1,0)
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B Space Group Embedding of R-Symmetry Generators in Z¢-11

g Mz iz s
63,(1,0,0,0,0,1) | 6,(0,0,0,0,0,1) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0, —1)
6,(1,0,0,0,0,0) | 6,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0)
63,(0,0,0,0,1,1) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,—1,—1)
6,(0,0,0,0,1,0) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,—1,0)
63,(0,0,0,0,0,1) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,—1)
63,(0,0,0,0,0,0) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0)
¢*,(—1,1,1,1,0,0) | 6,(0,0,1,1,0,0) 1,(0,0,—1,—1,0,0) 1,(0,0,0,0,0,0)
¢*,(~1,1,0,0,0,0) | 6,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0)
¢4, (~1,1,1,0,0,0) | 6,(0,0,1,0,0,0)  1,(0,0,—1,0,0,0) 1,(0,0,0,0,0,0)
64,(0,0,1,1,0,0) | 1,(0,0,0,0,0,0) 1,(0,0,—1,—1,0,0) 1,(0,0,0,0,0,0)
6*,(0,0,0,0,0,0) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0)
6*,(0,0,1,0,0,0) | 1,(0,0,0,0,0,0)  1,(0,0,—1,0,0,0) 1,(0,0,0,0,0,0)
6,(0,0,0,2,1,1) | 1,(0,0,0,0,0,0) 1,(0,0,—2,—2,0,0) 1,(0,0,0,0,—1,—1)
65,(0,0,0,2,1,0) | 1,(0,0,0,0,0,0) 1,(0,0,—2,—2,0,0)  1,(0,0,0,0,—1,0)
6°,(0,0,0,2,0,1) | 1,(0,0,0,0,0,0) 1,(0,0, 2, ~2,0,0)  1,(0,0,0,0,0,—1)
6,(0,0,0,2,0,0) | 1,(0,0,0,0,0,0) 1,(0,0,—2,—2,0,0) 1,(0,0,0,0,0,0)
6°,(0,0,0,0,1,1) | 1,(0,0,0,0,0,0) 1, (0,0, 0 0,0,0) 1,(0,0,0,0,—1,—1)
6,(0,0,0,0,1,0) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,—1,0)
6°,(0,0,0,0,0,1) | 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,0) 1,(0,0,0,0,0,—1)
6°,(0,0,0,0,0,0) | 1,(0,0,0,0,0,0) 11,(0 0,0,0,0,0) 1,(0,0,0,0,0,0)
6°,(0,0,0,1,1,1) | 1,(0,0,0,0,0,0) 1,(0,0,—1,—1,0,0) 1,(0,0,0,0,—1,—1)
65,(0,0,0,1,1,0) | 1,(0,0,0,0,0,0) 1,(0,0,—1,—1,0,0)  1,(0,0,0,0,—1,0)
6°,(0,0,0,1,0,1) | 1,(0,0,0,0,0,0) 1,(0,0,—1,—1,0,0)  1,(0,0,0,0,0,—1)
65,(0,0,0,1,0,0) | 1,(0,0,0,0,0,0) 1,(0,0,—1,—1,0,0) 1,(0,0,0,0,0,0)
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ApPenpix C

Spectrum of the Zg-1l Model

Here we present the spectrum of the orbifold model considered in 4.3. We use the notation
of [27]. Our results differ from the ones obtained in [27] by the modified definition of the R-
charges of the fields. Therefore we highlight those R-charges that differ from the old ones by
red colour.

label (k, )\) Ri R2 Rs representation gy G2 g3 Qg4 QG5 Qg6 Qg7 Q8 Q9 (Qanom ¢B-L
ns 0,(0,0,0,0,0,00 -1 0 0 (,1,1,1) o0 -+ -2 4 5 0 0 0 0 -%i -1
es 0,(0,00000 -1 0 0 (1,11 -1-+ 41 -2 1 0o 0o 0o 0o 2 -1
as 0, (0,0,0,0,0,00 =1 0 0 (31,11 %2 -3 I -2 2 0 0 0 O 2 3
fi 0,(,00000 -1 0 0 (1,41 o o0 0 O 0 —5 1 % % 3 1
fi 0,(0,00000 -1 0 0 (,1,41) 0 0 0 0 0 -3 -1 & -1 2 -1
¢ 0,(0,00000 0 0 -1 (1,2,1,1) 1 0 0 -1 1 0 0 0 0 2 0
¢ 0, (000000 0 0 -1 (1,211 -+ 0 0 1 -1 0 0 0 0 -2 0
s 0,(0,0,0000 0 -1 0 (,1,1,1) 0 0 0 0 0 -1 0 -1 0 =3 0
s 0 (000000 0 -1 0 (,1,1,1) 0 0 0 0 0 -1 0 1 0 I 0
gs 0,(0,00000 0 -1 0 (3,211 - 3 —3 -3 3 0 0 0 0 3 -2
ni2 2, (-1,1,0,2,0,00 -2 2 0 (1,1,1,1) ©0 -3 -+ -2 -+ 2 0o L+ -1 1
fi2,(-1,1,0,2,0,00 -2 2 0 (11,41 o0 4+ -3 —¢ -2 L1 -+ 1 -1 8 0
& 2,(-1,1,0,2,0,00 £ -+ o (3,1,1,1) + -1 o & 2 -1 2 o LI -1 2
no 2, (-1,1,0,2,0,00 £ -+ 0 (1,1,1,1) 0 ¢ -4 -1 -2 2 2 0 -2 - -1
73 2, (-1,1,0,200 I -3 0 (1,1,1,2) 0 ¢ -3 —¢ —2 -5+ -3 0 -2 -3 -1
ds 2,(-1,1,0,200 -2 -3 0 (3,1,1,1) —3 + - &+ -1 2 0 1 8 3
s 2, (-1,1,0,2,0,00 £ 2 o0 (1,111 o0 2 o + 2 -1 2 o I 8 0
6+ 2,(-1,1,0,0,0,00 -2 -2 0 (3,1,1,1) + -+ 0 O -1 2 0 0 0O -—-% 2
hs 2, (-1,1,0,0,0,0) -2 -+ 0 (1,1,1,2) 0 2 0 0 0 - -1 0 0 2 0
6+ 2,(-1,1,0,0,0,0) -2 -+ 0o (3,1,1,1) -+ -2 0 0o 1 2 0 O O -%i -2
hz 2,(-1,1,0,0,0,0) -2 -2 0 (1,1,1,2) 0 2 0 0 0 -% 1 0 O & 0
s95 2, (-1,1,0,0,0,0) =2 -2 0 (1,1,1,1) 0 2 0 0 0 —3 0 -1 0 =% 0
s94 2,(-1,1,0,0,0,0) -2 -2 0 (1,1,1,1) 0 2 0 O 0O —-f 0 1 o0 2 0
s% 2, (-1,1,0,0,0,00 4 -+ 0o (,1,1,1) 0o 2 o O O 2 0 0 O 2 0
s9% 2,(-1,1,0,0,0,00 -2 2 0 (1,1,1,1) 0 2 0 0 0 2 0 0 O 2 0
& 2,(-1,1,0,1,0,00 - 2 o (3,1,1,1) -+ -2 0 -1 -2 -2 -2 o -1 -1 2
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C Spectrum of the Zg-1I Model
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C Spectrum of the Zg-1I Model

label (k, \) Ri1 Rz Rs representation ¢y ¢2 g3 @1 5 @6 Qv gs 49 Ganom qB—L
m2 5,000,201 -t 2 -1 (1,1,1,2) 0 + 0 -2 -2 -1 -1 0 1 B 1
ns 5,(0,00201) -% 2 -1 (1,1,1,1) 0 ¢ 0 -2 -2 -2 2 0 -2 22 -1
n2 5, (000201 -% -3 -1 (,1,1,1 o ¢+ o0 -2 -2 2 2 o L 1 1
m 5 (000200 -+ 2 -1 (1,1,1,2) 0o ¢ 0 -2-3-1-1 o0 L1 B 1
ns 5,000,200 -3 2 -3 (1,1,1,1) 0 ¢ 0 -2 -2 -2 2 0 -2 2 -1
ni 5, (000,200 -% -3 -1 (1,11 o ¢+ o0 -2 -2 2 2 o L 1 1
y2 5,(0,0001,1) —¢ -+ 1 (1,2,1,2) 0 -+ 0 0 0 + 0 i o0 I 0
ms 5,(0,0,0,0,1,1) - -+ & (1,2,1,1) 0 -3+ 0 O O £ 1 —3 0 -1 0O
ms 5,(0,0,0,0,1,1) -4 -2 L (1,2,1,1) 0 -1 0 O O & -1 -3 0 -2 0
vy 5 (0,0,00,1,00 —g —3 5 (1,212 0 -3 0 0 0 § 0 5 0 F 0
mi 5,(0,0,0010 - -4 1 (@x,211 0 -0 0 o L 1 -1 o0 -1 o
my 5,(0,0,0,0,1,00 —¢ —3 & (1,2,1,1) 0 -2 0 0 0 & -1 —3 0 -2 0
., 5,000,001 -+ -+ -1 (31,1,1) -2 & 0 0 -2 -2 0 0 0 -3 3
er 5,(0,00001) -1 -2 -1 (1,11 -1 ¢ o o i+ -2 0 0 0 & -1
@ 5,(0,00001) -+ -2 -1 (31,11 2 ¥ 0 0 3 -2 0 0 0o L 1
L 5000001 —-% -3 -2 (1,2,1,1) & L+ 0 0 -2 -2 0 0 0 —-% 1
@1 5,(0,00001) -1 -1 -1 (3,211 -+ ¢+ o o L -1 0 0 0 & -1
n 5,(0,00001) -3 -1 -3 (1,1,1,1) 0 ¢ 0 0 3 -3 0 0 0 1 -1
s> 5,(0,0,0,0,0,1) 2 -1 -1 (21111 o 2 -1 1 o -1 o0 0o 0 -& o0
s 5, (0,0,00,0,1) 5 -1 1 (111,1) o 2 L -1 o -1 o 0o 0o B o
sf4+ 5,(0,0,0,0,0,1) & -1 -1 @111 o0 -f-2-1 0 -0 0o 0o 2 0
sfs 5,(0,0,0,0,0,1) & -1 -1 (11,1,1) o -+ I L+ 0 -2 0 0 0 -1 0
sfo 5,(0,0,0,0,0,1) -+ 2 -1 (1,1,1,1) 0 -1 -2 -1 0 -2 0 0 0 B 0
$ 5,(0,00001) -1 2 -1 @111 0 -2 1 1 o -1 0 0o -2 g
d» 5,000,000 -t —-% -4+ 3,111 -+ L 0 0 -3-L 0 0 0 -—-% 1
e 5,(0,00000 -3 -+ -3 (1,1,1,1) -1 ¢ 0 0 3 -3 0 0 0 & -1
; 5,(0,0,0000 -+ -1 -1 (3111 2 1 0o 0o L -1 0 0o 0o LI i
lo 5,(0,00000 —-% -3 -2 (1,211 & L 0 0 -2 -1 0 0 0 -—-&% 1
¢ 5,(0,00000 -% -+ -1 (3211 -+ L 0 0 $ -2 0 0 0 L -2
n2 5,(0,000,00) -% -1 -1 (1,1,1,1) 0 ¢ 0 0 3 - 0 0 0 12 -1
s¢ 5,(0,00000 5 -2 -1 (1,11 o 2 -1 L1 o - 0 0 0 -% 0
£ 5,(0,0,0,00,00 2 -2 -1 (@111 0 2 L -1 o -Lo 0o 0o Z g
s§ 5,(0,00000 Y -2 -1 (11,11 o0 -+ -2 -1 0 -f 0 0 0 1 0
$§  5(0,0,0,0,000 ¥ -4 -} (1,1,1,1) 0 -3 3 5 0 -3 0 0 0 -3 0
s 5,(0,00000 - 2 -1 (@111 0 -f-2-1 0 -0 0o o 2 0
s§ 5,(0,00000 -: 2 -1 (1,1,1,1) o -+ & L 0o - 0 0 0 ¥ 0
v, 5,(0001,1,1 -+ -2 -2 @3,1,1,1) ¢+ -+ o -: & L 1 1 1 22 _2
ss 5,(0,001,1,1) —-% -3 & (11,11 4§ -+ 0 2 -2 L1 L L -1 -4 0
s5 000111 —F f L (LLLY b b o) b - b -p 3 o1
ms 5,(0,0,0,1,1,1) -+ 2 -1 (1,2,1,1) o ¢ + + 2 1 1 1 1 1
s; 5,(0,001,1,1) —-% - - (1,111 4+ 2 o0 —f -2 L L+ I -1 3 0
s 5000111 §F -4 —f L1y -3 F - b —p b 4 -f B
v 5000110 -+ -3 -+ 3,1,1,1) ¢+ -1 o -+ + L 1 1 1 22 _2
ss 5,(0,001,1,0 —-% -3 & (11,11 4§ -2 0 2 -2 1 L L -1 -4 0
5000110 —F 2 @mLLy -4 b - b p by - i i
m7 5,(0,0,0,1,1,00 -+ 2 -1 (1,2,1,1) o ¢ + + 2 1 1 1 _1 1 ]
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label (k,\) R:1 Rz Rs representation gv ¢2 g3 g1 g5 g6 g7 g8 §9 Ganom gB—L
s5  5,(0,00,1,1,0 —¢ —3 -3 (1,1,1,1) § 2 0 —3 -3 & 5 3 —5 % 0
s¢ 5,(0,001,1,0 & -3 -3 (1,1,1,1) -3 ¢ -4 ¢ —& + + § -3 1 -1
fs 5,000,101 —-¢ 5 -3 (1,1,41) 0 § 0 -3 2 & 3+ -3 5 15 O
fs 5,(,00101 -+ 2 -2 @141 o I o -+ 2z 1 L1 1 1 3
2 5,(0,0,0,1,0,1) g -3 —5 (1,1,1,2) 0 ¢ 0 -3 2 —3 5 0 —% #§ -1
na 5 (0,001,011 2 -3 -4 (1,1,1,1) 0 § 0 -5 2 -4 -2 0 2 1§ 1
nr 5,(0,001,01) & 2 -3 (1,1,1,1) 0 ¢ 0 —3 2 2 -2 0 —i & -1
fo 5,(0,0,0,1,0,00 —g 2 -3 (1,1,41) 0 § 0 —3 2 & 3 -5 & & 0
fo 5,000,100 -% 2 -1 (1,1,41) o0 & 0 -3 2 & L+ L L 3 0
m 5000100 2 -+ -3 (1,1,1,2) 0 ¢ 0 -3 2 —3 &+ 0 —-% 1B -1
nz 5 (0,001,00 & -3 -3 (1,1,1,1) 0 § 0 -3 2 -3 -3 0 % 3§ 1
ng 5 (0,0,0,1,0,00 2 2 -4 (1,1,1,1) 0 ¢ 0 -4 2 2 -2 0 —1 L -1
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