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Abstract

Theorbifolder is a program developed o#+ that computes and analyzes the low-enerigative theory

of heterotic orbifold compactifications. The program imgs routines to compute the massless spectrum,
to identify the allowed couplings in the superpotential,attomatically generate large sets of orbifold
models, to identify phenomenologically interesting made.g. MSSM-like models) and to analyze their
vacuum-configurations.
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1. Introduction

String theory is a candidate for a consistent unified quartheory of gravity and gauge interactions
and could thus provide us with an ultraviolet completionriwdels of particle physics. The search for 4-
dimensional string vacua resembling the standard mode) (8Mts supersymmetric extension (MSSM))
is therefore one of the central questions in string theosgaiech. Over the years, a wide landscape of 4-
dimensional string models has emerged and it remains todyelsawv particle physics phenomena can be
incorporated within the scheme of string theory. Some lpntst to a unification of gauge couplings within
the framework of exceptional groups (as e.g) But a direct road from strings to particle physics has not
yet been identified. It is perhaps the time to step back, codled classify existing model constructions and
try to identify properties relevant for a description of urat

Here we present and analyze a specific approach that wasdtatleady in the 1980s and has led
to interesting results since then: orbifold compactifimat[1, 2, 3] of the heterotic strings4, 5]. The
reason for the success of this approach is “computabiliifgal with geometric intuition. Exact tools of
conformal field theory are here at our dispogal{] that are usually not available in approaches based on
compactification on smooth manifolds. Besides, in pardici x Eg as a gauge group allows a perturbative
inclusion of the standard model gauge group (as well as lggsgiand unification).

A toroidal orbifold is flat with the exception of a number ofdik points or fixed tori. It gives rise to
a picture called the heterotic brane world scenaBiod[ 10]: fields can either live in the 10-dimensional
bulk (untwisted sector) or can be localized at these fixedtpair fixed tori (twisted sectors). The relative
location of these fields as well as the local gauge structeterchines many properties of the 4-dimensional
string vacua and is the source of geometric intuition for eidmiilding. The orbifold point is a point of
enhanced symmetries (in the moduli space of compactifitatind those symmetries might be relevant for
a description of nature. Models of particle physics seemedaire many (discrete) symmetries, e.g. flavour
symmetries or symmetries to prevent too fast proton decayneSof these symmetries could be slightly
broken to provide us with small parameters relevant for #scdption of hierarchies as e.g. observed in
the spectrum of quark and lepton masses. This supports perthat orbifold compactification is not just
an approximation with increased “computability”, but tlitaprovides a realistic compactification: nature
might have chosen to live close to the orbifold point with @ambed symmetries.

Explicit orbifold model constructions in the last 5 to 10 yehave been extremely successiil, [12, 13,

14] (see [L5, 16] for earlier reviews). Many of the properties of particleyplts can be incorporated in the
scheme. This includes grand unification, gauge-Yukawaaati€in, satisfactory Yukawa textures, solutions
to theu-problem, the creation of hierarchies and a successfulpacation of neutrino Majorana masses.
Discrete symmetries are identified to solve the flavour gnoband to avoid too fast proton decay. These
properties have been identified in the so called Minilanpedéased on th&s-11 orbifold) [17, 18, 19] and
subsequent work2D, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33).

The search for such models requires a computer assistethatancorporates the rules for a consistent
string theory construction (as e.g. modular invariancdje purpose of this work is to make the tools and
techniques available to the public. We hope that this wileghore people the opportunity to contribute to
this exciting field of model constructions.

We present therbifolder, a program developed itw+ that allows the calculation of the low-energy
spectrum of heterotic orbifold constructions. The prograatudes routines to compute the massless spec-
trum and to identify the allowed couplings of the superptiédn It allows the construction of arbitrary
orbifold models, the identification of phenomenologicalyeresting models and a classification of their
vacuum configurations.

Theorbifolder can be considered in some aspects as the stringy analoggréprs such asoftSusy,
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SuSpect andsPheno: The latter are devoted to the detailed computation of @aripectra, interactions and
phenomenological quantities, using as input a high scgdersymmetric model and imposing low-energy
constraints. Analogously, thebifolder takes as a starting point the 10D heterotic strings and,igedv
some geometric input describing the features of the six emtified dimensions, computes the (massless)
spectrum, interactions and symmetries of the resultingtesnergy &ective 4D field theory.

After a short introduction to heterotic orbifold compadiifiion in Sectior2, we explain how to down-
load and install the++ program in Sectior8. Section4 discusses the explicit recipe to run the program,
while in Section5 we conclude and give an outlook for future research. Teelhuietails are relegated to
the appendices and to the webpag® §Complementary notes].

2. Heterotic Orbifold Compactifications

In this section we give a brief introduction to heterotic itolals, in order to introduce our notation
and conventions used in thebifolder. For more details on orbifold compactifications, we refethte
reviews [L5, 16, 11, 13, 14].

In the context of heterotic string compactifications, wemkefn orbifold as the quotient of six-dimen-
sional real spac®® divided by the so-calledpace group Swhere the quotient is taken using the equiva-
lence relationX ~ gX for all g € S andX e R®. More specifically, the space group is chosen to consist of
two parts:

e discrete rotations that form the so-callpdint group P For simplicity, we choos® to be Abelian.
To obtain NV = 1 supersymmetry in 40R is eitherZy, or Zyx7Zy generated by rotation matricés
andw, where we use) = 1 for Zy. These matrices can be represented by so-caled vectors y
andv; that give the three rotational phases in the three complaxesl and the sum over all entries
integer to ensurgv = 1. For exampley; = (0, 11 —%) andv, = 0 for theZs orbifold.

e translations generated by the vecterss RS, fore = 1,...,6. They form a 6D lattice denoted by
and hence define a six-torus. Element®ahust map the lattic€ to itself.

In detail, an element of the space group is of the farm (¢w',n,&,) € S, wherek,| € Z, n, € Z (or in
some cases, € @) and summation over = 1,...,6. It acts orX € R® asgX = 6Xw'X +n,e,. Using these
definitions, we can deal with all 6D Abelian and toroidal éohds including the cases of roto-translations
and freely acting involutions (see e.g. R&f4]).

Due to modular invariance, the geometric action of the sgmoap S has to be embedded into the
gauge degrees of freedom of the heterotic string, denoteX{ bly= 1,..., 16 in the bosonic formulation.
We restrict ourselves to the case of shift embedding, whereVy, w — Vo ande, — W, fora =1,...,6.
Then, the action 08 on X € R® induces an action oX' as

gX=6uvX+ne, = gX =X +kV+IV)+nW , (1)

wherel = 1,...,16. The vectord/,, Vo andW, are calledshiftsandWilson lines respectively. They are
constrained by modular invariancg, B5, 36], e.g.

M(VZ-v2)=0mod 2 and N,W? =0 mod 2, 2)

whereM is the order ofZy andN, the order ofW,. The combined group formed by the space group and
its action on the gauge degrees of freedom is calledthiéold group
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From a model-building standpoint, we have now introducédha input data to define a heterotic
orbifold model: the space group (consisting of the point group and the latticd”) and its embedding as
shifts V4, Vo and Wilson lined\,.

We close this section with a very brief summary of the cormsiton of massless spectra of heterotic
orbifolds. Given the input data, one distinguishes betwagnkinds of closed (and massless) strings on
the orbifold: first of all ordinary closed strings, also eallntwisted stringsbeing the remnants of the 10d
EgxEg or SO(32) vector multiplet and the gravity multiplet. Sedlyn there are closed strings from the
twisted sectorsvhich close only up to the action of the orbifold group. To sipact them, one needs to
identify the inequivalent non-trivial space group elensess the constructing elements of twisted strings:
i.e. forg € S one can define a twisted boundary conditi, o + ) = gX(r, o) on the string world-sheet.
Then, using standard CFT techniques, the equations forlesasgght- and left-movers with boundary
conditiong read

(q+v)2 1 (p+V)2
Y 9 Zisc=0 and ——
2 2
wherep is from the B x Eg or Spin(32)Z, weight lattice,q from the vector or spinor weight lattice of
S0O(8),sc denotes the shift in the zero-point energy ahthe number operator of left-moving oscillators.
Furthermore, we define tHecal twist = kv, + Iv, and thelocal shift \; = kVq + Vo + n,W,. In the
final step, one builds massless states as tensor productssfess right- and left-movers such that they are
invariant under the full orbifold action, i.e.

+N-1+6c=0 (3)

Q+Ve)r®IP+ VgL Or [q+Vg)r®alp+ VgL , 4)

wherea denotes possible oscillator excitations. We define theéeshimomentaysp, = ¢ + vg and psp =
p + Vg, Whereps, describes the transformation properties under gaugeforamations. The states Eqg)(
correspond to massless fields of the 4fzetive field theory. They carry gauge charges (fog), discrete
R charges, modular weights (frogay, and possible oscillator excitations) and discrete Rairarges (from
the constructing elemente S).

3. Download and Installation

The minimal requirements for compiling thebifolder are the Boost €+ Libraries versiore 1.0 [37]
and the GNU Scientific Library (GSL) version 1.9 [38]. All components should come preinstalled on a
standard Linux distribution. If this should not be the cdkey can easily be installed.

On ayum-based distribution like e.g. Fedora, the commafigh”-y install gsl gsl-devel boost
boost-devel” will install the corresponding libraries (recommendedjternatively, one can also directly
install from source or use the other download options avkl{87, 38].

The orbifolder is free software under the copyleft of tl&NU General Public Licensand can be
downloaded from39]:

httpy/projects.hepforge.orgrbifolder

To install the program, download the fitebifolder-1.0.tgz to a directory of your choice, open a
shell and enter the following commands at the prompt:

1 tar xfvz orbifolder-1.0.tar.gz
2 cd orbifolder-1.0
3 ./configure


http://www.gnu.org/copyleft/gpl.html
http://projects.hepforge.org/orbifolder/

4 make
5 make install

Note that the version number “1.0” may change over time awdishbe substituted accordingly. The
first line unpacks the tar-ball and creates a subdirectonctsire with the source code. The second line
changes to the installation directory. The third line stadiie configuration script that checks system re-
quirements and generates th&efile. The fourth line compiles the code, and finally the fifth linstalls
it on your system. After successful compilation and inat&h, the main program (name@bifolder)
will be available in the current directory. We have disaldedtom installation using the-prefix switch
in the configuration script. The main programmbifolder can simply be copied to the directory of the
user’s choice by the standard shell commands. Detailedlli@son instructions can also be found in the
README file in the installation directory and on the websisg]|

We have tested the installation process on

e a 32-bit system running Linux Ubuntu 11.04 with Boost 1.4d @8BL 1.14,
e a 64-bit system running Linux SUSE 11 with Boost 1.36 and G3I1,1
e a 64-bit system running Linux Fedora 15 with Boost 1.46 and .34,

and ascertained that our code compiles correctly. Showkthrise any problems during the installa-
tion, we request that the user send us thediefig.1og and the output of theake command by email
(orbifolder@projects.hepforge.org

4. How to run the program

There are three main ways to gain access to#ibefolder: through theprompt, through a web inter-
face and directly through the++ source code. In the following we will present them in detail.

4.1. The prompt

The orbifolder can be controlled using a Linux-style command line callegptompt. The prompt
offers an interactive access to almost all variables and fumgtf theorbifolder. It has the structure of
a file system where orbifold models appear as directoriethdriollowing we explain how to start and use
the prompt.

4.1.1. How to get started

We begin with a small tutorial, see Tab. 4 in the additionaterial [39, §Complementary notes] for
a sample input and output. In general, th®mpt can be started using the commarkbrbifolder or
./orbifolder [model filel. In the former case, no model is loaded automatically. Indker case, the
details of a model contained in the plain-text-basegkl file are loaded (Further propertiesmabdel files
are explained in Sectioh4.2. As an example, run the program using the command

./orbifolder modelZ3.txt (5)

with parametemodelz3.txt in order to load the standard embedding model ofZheorbifold from this
file. Having started the program, one entersghenpt in its main directory/>. The command

dir (6)
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lists all commands and subdirectories of the current dirgctin our example, there is one subdirectory in
the main directory> calledz3standardEmbedding Which corresponds to th8; model loaded. In general,
a (sub-) directory can be accessed using the commadad. In our example,

cd Z3StandardEmbedding (7)

results in the outputz3standardEmbedding> from where one can access, analyze or change the details of
theZ3 standard embedding model. Again, type in the commamrdo see all commands and subdirectories
of the current directory. For all orbifold model directaithere are five subdirectories,

/model>, /gauge group>, /spectrum>, /couplings> and /vev-config>, (8)
containing commands of the respective category:
e /model>: Print and change the input data of the current orbifold rhd8leeAppendix B.2.2

e /gauge group>. Print details on the gauge group, change the U(1) basis addaficidental U(1)
symmetries. Se@ppendix B.2.3

e /spectrum>: Print details on the spectrum of massless fields./ggeendix B.2.4

/couplings>: Create and analyze the superpotential and the resulffegtiee mass matrices. See
Appendix B.2.5

e /vev-config>: Define and analyze various vev-configurations. 8ppendix B.2.6 Each configu-
ration is specified by the distinction between observabtehiiden sector of the gauge group and the
assignment of labels and vacuum expectation values to tlle flabels are assigned in a subdirectory
called/1abels>, seeAppendix B.2.7.

Again, one can access these directories usingdlmmmand. For example, td gauge group to enter
the subdirectory gauge group> and use the comman@sint gauge group andprint simple roots to
see the gauge groupdk SU(3)x Eg) and (a choice of) the corresponding simple roots. In oragotback
one directory one uses the commatad . . at the prompt. Next, try the subdirectofypectrum> and use
the commanerint summary to get a summary table of all massless matter fields. The comiew- is
used to go back to the main directoty. Further standard commands of fhe@mpt are described in Tal;
see alsppendix Bfor a glossary of commands.

| command]| description |

dir display commands and subdirectories of the current dingcto

cdA change the current directory 1q(if A exists)

cd .. go back one directory

cd-~ go back to the main director

exit exit the program if no process is running; use the parameter
orbifolder to enforce exit (also inside a script)

Table 1: Some standard commands inplrempt.



4.1.2.

How to create new orbifold models

Being in the main directory> of the prompt new orbifold models can be accessed basically in three

ways:

load orbifolds(Filename): Load orbifold models from a model file. For example, load Zhell
orbifold MSSM of [40] using the commandoad orbifolds(modelBHLR.txt).

create orbifold(A) with point group(M,N): Create &y or Zyux7Zy orbifold nameda by spec-
ifying M andN (setN = 1 for Zy). After entering the new directory usingt A, one is asked to
specify more details on the model like shifts and WilsondireeeAppendix B.2.2

create random orbifold from(4). See below.

Orbifold models can be created randomly by using the command

in the

create random orbifold from(A) 9)

main directory/>. The parametes must be either the name of an existing (loaded or previously

created) orbifold model of for any existing orbifold model in therbifolder. The command starts a new

proce

ss that runs in the background so that one can continuerk with theprompt (seeAppendix B.1.5

for more details on processes). One can specify severalmabparameters:

if(...): Specify the desired properties of the modelequivalent in order to choose only mod-
els with inequivalent spectra arsd, Ps or sus for models with a (net) number of generations of
Standard Modelq), Pati-Salam¥s) or SU(5) gauge group plus vector-like exotics, wheigs 3 by
default and can be changed using the paramije@fterations; c.f. the commandnalyze config
in Appendix B.2.6

save to(Filename): Save the models with the desired properties to a model file.

use(1,1,0,1,...): Eight digits for two shifts plus six Wilson lines; either flthe corresponding
shift/Wilson line shall be taken from mode)] or O if it shall be created randomly.

#models (X): Define how many models (with the desired properties, if gigel) shall be created
randomly. Usetmodels(all) to create as many models as possibletmifde1s (X) is not used, only
one model shall be created.

print info: Print a short summary of the spectrum immediately when amedel with the desired
properties has been found.

load when done: Load the created models into thebifolder after the process has finished.
do not check anomalies: Use this parameter to speed up the process.

compare #couplings of order(X): If only inequivalent models are saved, this parameter refines
the comparison between two models: compare in additionuhger of all superpotential couplings
up to the specified order. Slows down the process considerably.



Examples.A typical example of how to use this command looks like

create random orbifold from(Z3StandardEmbedding) if (inequivalent) (10)
save to(Z3NewModels.txt) use(1,1,0,0,0,0,0,0) #models(10) print info

executed from the main director. In this case a new process is started that constructsZnewvbifold
models using both shifts (i.e/> = 0) but no Wilson lines from model3standardEmbedding, saves only
inequivalent models to a model file namegNewModels. txt, prints a brief summary of each new model
and stops after creating ten inequivalent models. In a skegample, ten random models $f (Standard
Model) type are created starting from tlig—Il orbifold MSSM of [40] by using the command

create random orbifold from(Z6II0rbifold BHLR) if(inequivalent SM) (11)
save to(Z6IINewMSSMModels.txt) use(1,1,1,1,1,1,0,0) #models(10)

print info load when done

in the main directory/>. The parametetise(1,1,1,1,1,1,0,0) specifies that only the Wilson linéAis
andWs are created randomly, i.e. the shifts and other Wilson lerestaken from the original model.
Furthermore, onlyinequivalent Standard modelss§) are printed, saved to filB6IINewMSSMModels . txt
and finally loaded into therbifolder after the process has finished. Note that these MSSM modalddsh
be part of the Mini-Landscapd?, 19).

4.2. The web interface

Theorbifolder can also be accessed through a user-friendly web inteffdorbifolder on-line
makes extensive use of theompt explained in Sectiod.1 rendering it available to any user with access
to an internet browser, such as Mozilla Firefox versioB.6, Google Chrome version 2.1, and Internet
Explorer> 8.0. Consequently, the program is also available to userd kirals of smartphones.

One of the advantages of the web interface is that one doeserat to install any program on the
local computer to be able to use most of the functions obihafolder. Another advantage is that it can
be executed from platforms that work with the most popularapng systems (without further auxiliary
applications): Windows, Linux and Mac.

On the less bright side, one shortcoming of this versionas ithis not recommended to execute time-
consuming instructions since short interruptions in therimet service mayffect the results. Furthermore,
a command running during more than 60 minutes is disableahaatically to avoid overload of the server.
Finally, for security reasons, commands involving file npatétion are extremely limited. Specifically, the
parameters and commandgbegin/@end print to file(Filename), save to(Filename), load/save
couplings(Filename),load/save labels(Filename) are disabled.

Theorbifolder on-line can be used on our main pag@9]

http://projects.hepforge.org/orbifolder/
which redirects to any of our mirror servers. To gain accgss, must click on the linkorbifolder
on-line. This starts arrbifolder session on the selected server. The new page consists eftres:

e History: The result of the latest instructions is shown. The buttéiload history provides an
RTF file containing the full history, i.e. not only the resaftthe latest instructions, but the result of
all the commands used during the current session. The useesize this window.

e List of Commands: This is the input area, where the commands ofghsnpt are typed. To execute
them, it is necessary to click on the buti@tecute commands. An additional help in this section is the
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buttonupload commands. This button can be used when files (not larger than 100K blginext for-
mat containing (lists of) admissible commands have beepapeel. The buttoRownload commands
provides an RTF file containing the list of all the commandsety during the activerbifolder
session.

Lists of useful commands and their use is provided in SectiGmndAppendix B

e Help: The bottom part contains a list of all available commandstii@ current directory. Each
command in the displayed list is a link to a more precise detson of its use.

To terminate arrbifolder on-line Session, it sflices to click on the upper butt@x1T. The buttons
provided on the resulting page allow the user to downloadfuliéhistory of the current session and the
complete list of successfully executed commands.

Occasionally, errors in the input data may causediigifolder to crash. In those cases, the web
interface shall close your session, giving you the oppdsiuio download the list of instructions (button
download commands) to be used if you restart thebifolder. Please, make sure that the downloaded list
of commands does not contain the instructions that led tdah@e of the program. We encourage users
to contact the authors reporting any failure in the prognaraferably by using the linkontact us on the
main page of theveb interface

4.3. Thec++source code

The orbifolder is written in c++, distributed over several files. Many physical quantites briefly
introduced in Sectiof, have been encapsulated into classes, for example

e CSpaceGroup for the space grouf andcSpaceGroupElement for its elementg € S,

e CTwistVector for the twistsy; andcshiftVector for the corresponding shiftg;,

e CWilsonLines for the set of six Wilson line§\,,

e COrbifoldGroup for the orbifold group,

e CMasslessHalfState for finding massless left- and right-movers, i.e. solutitmgq. @),

e CHalfState for the weights ofMasslessHalfState sorted with respect to their transformation prop-
erties under the elements of the centralizer,

e CState for orbifold-invariant tensor products of massless leftd aight-movers, see Eg),
e COrbifold for the full orbifold compactification,

e CField for a field of the &ective 4-dimensional theory,

e CMonomial for (gauge invariant) monomials of fields correspondin@pte 0 solutions,

and many more. In addition there are technical classes. ¥éonge, there are several classes devoted to
group theory (likedynkin, freudenthal, gaugeGroupFactor and gaugeGroup), the classCAnalyseModel
contains functions to analyze models for their phenomegicéd properties, the clas®rint contains all
printing commands and the class-ompt contains the source code of theompt. As there are in total more
than 40 classes we cannot explain them in detail here. Wdgitheer details of some of the more important
classes il\ppendix Aand a short example programAppendix A.1l
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4.4. Files defining an orbifold model

There are two files that define an orbifold model: i) Tgeometry filecontains, as the name suggests,
the geometrical information about the orbifold, such assghece group, and ii) theodel filecontains shifts
and Wilson lines, i.e. the action of the orbifold on the gasgetor of the heterotic string. In the following
we give some more details. Examples are given in the additimaterial B9, §Complementary notes].

4.4.1. The geometry file
The geometry file basically contains information about

¢ the space group, i.e. the order of the twist(s), the sixclattiectors of” and the generators of the
space group,

e the discrete R and nonR) symmetries of the orbifold (important for the computatiohallowed
superpotential couplings),

¢ the inequivalent fixed points specified by their constrl@mtements{ekw', naea) and
e for each constructing element a list of centralizer elesarg. elementh € S with [h, g] = 0.

We give two examples in the additional materidb] §Complementary notes]: Tab. 1 gives a detailed
description of a geometry file using tfe example and Tab. 2 explains how to create a new geometry file
of, for example, model (1-3) of Ref3{l.

4.4.2. The model file
The model file contains a list of orbifold models, where eactet is specified by

¢ the name of the model (will be used as the name of the corrégppuirectory in therompt),

the name of the geometry file,

e the type of heterotic string (i.e. Spin(32), or Eg x Eg),

e two shiftsVy, Vo (where theV, = 0 for Zy orbifolds),

e six Wilson linesW,,

e optionally, the parameters of (generalized) discretddora, b,, ¢, andd,s as defined in Ref.dg],

e optionally, some of the U(1) generators,

e optionally, one can specify a script that is executed autiwady after the model has been loaded.

An example for the case of A3 orbifold with standard embedding is given in the additiometerial B9,
§Complementary notes].
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5. Conclusions and outlook

With the tools provided here it should be possible to thohbyignvestigate the landscape (in particular
the MSSM-like landscape) of orbifold compactification of theterotic string. This “heterotic braneworld”
provides a coherent geometric picture of MSSM-like mod€lsicial properties of the scheme depend on
the geography of fields in extra dimensions. This leads t@tmeept of “Local Grand Unification” and a
geometric understanding of e.g. Yukawa couplingsterm, neutrino masses and proton decay. Detailed
properties of models can be computed reliably within thaextrof conformal field theory.

The models constructed here should be compared (and posslifiled) to other regions of the MSSM-
like landscape, as e.g. fermionic formulatiorl,[42, 43|, tensoring of conformed field theoried4],
smooth compactifications of the heterotic strirdh,[46, 47, 48, 49, 50], type |l (intersecting) brane-
models b1, 52, 53, 54, 55, M- and F-theory constructionss§, 57, 58, 59, 60, 61, 62]. It would be
interesting to identify similarities and fiérences of the corresponding schemes. All these casesmrely o
a (sometimes hidden) geometric interpretation that defimeproperties of the models such as the appear-
ance of grand unification, values of Yukawa-couplings amdetkistence of hierarchies.

One of the important observations in the framework of thetwtic braneworld concerns the crucial
role played by discrete (gauge) symmetries. They arisenasapts of the gauge symmetry as well as sym-
metries due to the special location of fields in extra dimamsi They control properties of the scheme,
as e.g. flavor universality and the question of proton stgbiAt the orbifold point we encounter an en-
hancement of discrete symmetries and particle spectraselfygnmetries are a basic ingredient of model
building. Slightly broken, they might give us an explanatifor the appearance of hierarchies in particle
physics (as e.g. the ratio of Yukawa couplings). At the aibifpoint we can rely on exact conformal field
theory techniques that could be useful to understand th&-bjp procedured, 7, 63, 64, 65, 30, 66] of
orbifold singularities in a controlled way and thus connectmooth compactifications.

With a better knowledge of the MSSM-landscape we might hapeelate the various constructions
and improve the calculational power in those models wherstildnave to rely on anféective low-energy
supergravity antr large volume approximation. The future of the field regsireliable calculational tools
(as e.g. conformed field theory techniques) which are up o oy applicable in some corners of the
landscape. But we might be lucky and nature might have chiosi@re close to such a corner.
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Appendix A. Glossary of relevant classes

The orbifolder makes extensive use of the class structufered byc++. The information of an
orbifold model is distributed according to the followingskes.

ClasscAnalyseModel. The clasCAnalyseModel contains several functions that analyze the phenomenol-
ogy of orbifold models, mainly for the cases of the Standamti, Pati Salam or SU(5) gauge group.

ClasscField. A CField object contains all physical information about a masslesdd,fsuch as the rep-
resentation, the U(1) charges, thg charges, the localization and its vev. In addition, it cordaa list
of indices which specify its weightssy, (stored in the member variabl@ctor<Cvector> Weights of the
associatedMasslessHalfState Object).

ClassCFixedBrane. A CFixedBrane Object contains all information about all (untwisted orgted) strings
with constructing elemeny = (ekw',naea) € S. The left-moving part of the string is computed using
the local shiftVy = kVi + V2 + n,W,. Hence, the solutions of the equation for massless leftemspv
Eq. (3), are stored here in a vector OffasslessHalfState Objects, one entry for eachftérent choice

of oscillator excitation. After the massless solutionsehbeen identified, they are sorted with respect to
their centralizer eigenvalues and stored in a correspgnaintor ofCHalfState Objects (one entry for each
different choice of\ with different eigenvalues). In the last step, the massless righinmoHalfState
objects fromcsector are tensored together with the massless left-moviig fState objects stored here
to form orbifold-invariant string states. These statessaweed invector<CState> InvariantStates.

ClasscHalfState. A CHalfState Object descends from@iasslessHalfState Object by sorting the mass-
less solutions (i.e. the weightgy, or psy for right- or left- movers) with respect to their centralize
eigenvalues. The indices of the weights (as listedrdator<Cvector> Weights of the corresponding
CMasslessHalfState Object) having the same eigenvalueésctor<double> Eigenvalues are stored in
vector<unsigned> Weights.

ClassCMasslessHalfState. A CMasslessHalfState Object stores the solutions of the equation for mass-
less right- or left-movers, respectively, see EB). (The constructocMasslessHalfState (MoversType
Type, const S_OscillatorExcitation &Excitation) needs two parameters: the first paramateers-
Type can be eitheLeftMover Or RightMover and the second one specifies the oscillator excitation. ,Then
one can call the member functiagt®ol SolveMassEquation(const CVector &constructing Element,
const SelfDuallattice &Lattice) tO create the solutions of EQB)( whereconstructing Element de-
notes the local twisty or the local shiftVy andselfDualLattice can be eitheE8xES, Spin32 or S08. The
solutions are stored ifector<CVector> Weights.

Classcorbifold. A COrbifold Object contains all information about a single orbifold gautification.
The main member variable i®ctor<CSector> Sectors, i.e. a vector ofM timesN CSector objects, one
for each sector of &y x7Zy orbifold. The first element corresponds to the untwistedoseand the rest to
the various twisted sectors.

ClasscorbifoldGroup. A COrbifoldGroup Object basically contains the space group and its gaugedmbe
ding as objects of class®paceGroup, CShiftVector andCWilsonLines. Furthermore, it contains a vector
of all inequivalent constructing elementgtor<COrbifoldGroupElement>) and a corresponding vector
of centralizer elementsréctor<vector<COrbifoldGroupElement> >).
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Classcprint. ThecCPrint class contains all printing commands. For the construt#eint (OutputType
output_type, ostream *out) One needs to specify tl@tputType, being eithelstandard, Tmathematica,
or Tlatex, and aostream Object to set the destination of the output, either to theestusingcout or to a
file using anofstream object.

Classcsector. A CSector Object contains all information about an untwisted or tadistector. It is mainly
specified by the local twisty (or in other words bk andl sincevy = kv; +1v,). As the oscillator excitations
and the right-moving part of the string only depend on thallbwist, see Eq.J3), they are identical for all
strings from a given sector. Hence, this data is storerféator.

ClassCspaceGroup. A CSpaceGroup Object contains the details about the space group of arotatsiiodel,

as explained in Sectiof. All constructing and centralizer elements are storedsifaceGroupElement
objects. Additionally, it includes the geometrical infation of the compact space, such as the 6D lattice,
its symmetries and the order of the associated Wilson lines.

Classcstate. A CState oObject is basically an orbifold-invariant combination ofreassless right-moving
CHalfState Object and a massless left-movioga1fState object.

Appendix A.1l. Example source code

We present a sample program that computes and analyzesettteusp of theZg—Il orbifold model of
[9]. In the source code distribution, the corresponding filkeris/ examples/samplemainO1 . cpp.

#include <stdio.h>
#include "cprompt.h"
using namespace std;

int main(int argc, char *argv[])
{
ifstream in("modelKRZ_A1l.txt");
if((!'in.is_open()) || ('in.good()))
exit(1);

© O N o O A~ W N B

=
» o

CPrint Print(Tstandard, &cout);
string ProgramFilename = "";

=P
w N

14 COrbifoldGroup OrbifoldGroup;
15 if (OrbifoldGroup.LoadOrbifoldGroup(in, ProgramFilename))// load from file
16 {

17 cout << "\n-> Model file \"modelKRZ_A1l.txt\" loaded." << endl;

18 COrbifold KRZ_A1(OrbifoldGroup); // create the orbifold

19 cout << "-> Orbifold \"KRZ_A1\" created.\n" << endl;

20

21 cout << "-> Print shift and Wilson lines:" << endl;

22 Print.PrintShift(OrbifoldGroup.GetShift(0));

23 Print.PrintWilsonLines(OrbifoldGroup.GetWilsonLines(), true);

24

25 cout << "\n-> Print spectrum, first with and then without U(1l) charges:" << endl;
26 Print.PrintSummaryOfVEVConfig(KRZ_A1l.StandardConfig); // print with U(1)s

27 SConfig VEVConfig = KRZ_Al.StandardConfig; // create new vev-config.
28 VEVConfig.Configlabel = "TestConfig"; // rename new vev-config.
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29 VEVConfig.SymmetryGroup.observable_sector_Uls.clear(); // change obs. sector

30 Print.PrintSummary0fVEVConfig (VEVConfig) ; // print without U(1)s
31

32 cout << "-> Analyze model:" << endl;

33 vector<SConfig> A11VEVConfigs;

34 bool SM = true; // look for SM

35 bool PS = true; // look for PS models
36 bool SU5 = true; // look for SU(5) models
37 // analyze the configuration "KRZ_A1l.StandardConfig" of "KRZ_A1"

38 // and save the result to "AllVEVConfigs"

39 CAnalyseModel Analyze;

40 Analyze.AnalyseModel (KRZ_A1, KRZ_Al.StandardConfig, SM, PS, SU5,

41 A11VEVConfigs, Print);

42 if (SM || PS || SU5) // if one of the three possibilities is true

43 {

44 cout << "-> Model has 3 generations plus vector-like exotics:" << endl;

45 const size_t sl = Al1VEVConfigs.size(); // print all new configs.
46 for (unsigned i = 0; i < s1; ++i)

47 Print.PrintSummary0fVEVConfig(A11VEVConfigs[i], LeftChiral, true);

48 }

49 }

50 return EXIT_SUCCESS;

51}

First, we define anfstream Object calledin that contains the model fileode1kRZ A1.txt. Then, we
define the orbifold group as @rbifoldGroup Object and load the content ef. If no error occurs, the
orbifold is defined as edrbifold object. After calling the constructor obrbifold with ac0rbifoldGroup
parameter, the spectrum of the orbifold model is computedchiecked for consistency. Next, we print the
shift, the Wilson lines and the massless spectrum of the masleg thecpPrint class. In the last part,
a CAnalyseModel Object is constructed in order to analyze the phenomeradbgiroperties of the vev-
configurationkRZ_A1.StandardConfig.

Appendix B. Glossary of commands

In this appendix, we give short explanations for all comnsaofitheprompt and of the web interface.
In Appendix B.1lwe start with some concepts and general commands. Thépgandix B.2we list all
commands available in the various directories ofgthenpt.

Appendix B.1. Concepts and general commands

The basic quantities of therompt are fields of the 4D féective field theory Appendix B.1.). In order
to access them easily one can define sets of fiéldpéndix B.1.2. Furthermore, gauge invariant monomi-
als of fields are used to describe solutions offhe 0 condition @ppendix B.1.3. For many commands
dealing with fields one can use the parametetcondition) to choose only those fields that fulfill the
condition @ppendix B.1.4. Finally, this section describes the concept of procegsppendix B.1.5,
the use of vectorsAppendix B.1.§, how to change the typesetting t@thematica Or t0 latex Style
(Appendix B.1.7, the use of system commands and variablgspendix B.1.8.
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Appendix B.1.1. Field labels

For a given orbifold model and vev-configuration, fields af 4D dfective field theory are tagged with
labels, for example_1, g_2 andq_3 for the three left-handed quark doublets. A label consiéi® mame
(9) and a generation index,(2 and3 in our example). One can access several fields simultaneosisig
their common name, for exampdefor the three quarks. Furthermore, one can access all fitldgiven
model usingx. In addition, one can obtain the intersection of all fieldsieda but not namea usingA-B.
Examples for intersections are:n_1 to get all fields named except forn_1 and*-n for all fields except
for the ones namedl

Field labels are stored in the currently used vev-configmmatf the orbifold model. They can be
viewed and changed in the directofyev-config/labels>, seeAppendix B.2.7 Note that in a given
vev-configuration one can define several labels for each field

Finally, inmathematica typesetting, for example, the labgh is displayed as1dqi.

Appendix B.1.2. Sets of fields

One can access several fields simultaneously not only byfthkl labels but also using sets of fields.
These sets are stored in the currently used vev-configarafighe orbifold model. (Consequently, one
cannot access a set in dfdrent vev-configuration than in the one where it was crepteot. more details
on vacua, seédppendix B.2.6 Note that sets are on the same footing as field Iabéls. one can build
intersections like:

A-B for the intersection of two setsandB,

*-A for the intersection of all fields and a set,

A-q for the intersection of a setand all fields of name or

q-A for the intersection of all fields of namgand a set.

The commands to create and manipulate sets are displayed imtzifold model directory of the prompt
using the command
help sets. (B.1)

The commands are:
Commanccreate set(SetLabel). Create an empty set with nametLabel and save it in the currently
used vev-configuration. Optionally, this command allows tfte parameter$rom monomials OF from

monomial (MonomialLabel) in which case all fields from either all monomials or only frarronomial
MonomialLabel Will be inserted into the new set. S&@pendix B.1.3for more details on monomials.

Commandielete set(SetLabel). Delete the sefetLabel of the currently used vev-configuration.
Commandielete sets. Delete all sets of the currently used vev-configuration.

Commandinsert(fields) into set(SetLabel). Insertfields into the setsetLabel. Optionally, the
parameterif (condition) can be used to insert only thoseelds into the setsetLabel that satisfy the
condition. For details oaf (condition) seeAppendix B.1.4

Both, fields and sets of fields, will be denotedfas1ds in the explanations of the following sections.
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| command | description \

create set(Test) create an empty set nameekt

insert(F1 F2 F.3 F4 F.5) into set(Test)| insertF_i,i = 1,...,5 into the sefrest

remove(*) from set(Test) if(#osci=!0) | remove fields with non-zero number operalibfi.e. F_5)
print sets print all sets

Table B.2: Short example for the use of set-commands in teetiry/Z3StandardEmbedding> of theZ; standard embedding
model (using the standard labélsi of the vev-configuratioTestConfigl).

Commandrint set(SetLabel). Print the content of the settLabel.

Commandprint sets. Print all sets defined in the currently used vev-configurati@®ne can use the
optional parameterf not empty to print only the non-empty sets.

Commandemove(fields) from set(SetLabel). Removefields from the seBetLabel. Optionally, the
parametetif (condition) can be used to remove only those fields that satisfy the dondit

Commandtfields in set(SetLabel). Count the number of fields in the SeitLabel.
A short example showing some of the basic commands for sgigdn in Tab.B.2.

Appendix B.1.3. Gauge invariant monomials
(Holomorphic) gauge invariant monomials (short: monos)iare used to describe solutions to the
D = 0 supersymmetry conditiors¥, 68, 69, 70]. A (sub-)set of solutions can be found using the command
find D-flat(fields) described inAppendix B.2.6 More details and examples can be seen using the
command
help monomials (B.2)

in any orbifold model directory.

Appendix B.1.4. If conditions

Many commands that deal with fields allow for the parametétondition) (or several copies thereof)
so that only those fields are chosen that fulfill all the caodg. An explicit example was already given in
Tab.B.2. In general, a condition consists of three parts:

¢ the left hand side gives the variable (eqgi for the fieldsi-th U(1) chargeyev for the fields vacuum
expectation value afosci. for the number of oscillators),

e the middle gives the comparison operator (esgfor equal or!=for unequal) and
¢ the right hand side gives a value (e.g. a rational number.or 0)

More details and examples can be seen using the command
help conditions (B.3)

in any orbifold model directory.
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Appendix B.1.5. Processes

The following commands start new processes that run in tkigosaund so that one can continue to
work with theprompt:

® /> create random orbifold from(OrbifoldLabel)
e /A/couplings> create coupling(fields)

e /A/vev-config> find D-flat(fields)

e /A/gauge group> find accidental Uls

Each process has an ID, the so called PID. Similar to the Loammand line one can see all running
processes using the commagdand terminate a process with PHDusingki11(A). One can also kill all
active processes using the commanil (al11). In a script the commanghit (X) might be useful in order
to check everg seconds if all processes have finished and to continue wéthelt commands afterwards.
More details can be seen using the command

help processes (B.4)
in any orbifold model directory.

Appendix B.1.6. Vectors

Many commands need a vector of rational numbers as a pananiet@mples include the commands
set shift V(i) = <16D vector> andset torsion b = <6D vector>. In these cases there are several
possibilities of how to write the vector. For example, thibofwing forms of a<4D vector> are possible:

(1/31/10/10/1) = (1/3100) = (1/3,1,0,0) = (1/3,1,0°2) = 1/3(1 30°2) (B.5)
In addition, for the first four forms of the example-vectaneacan leave the brackets away.

Appendix B.1.7. Output for mathematica or in latex style
Often it is useful to transfer data from thebifolder to mathematica, for example, in order to use
STRINGVACUA [71], SINGULAR [72], NonAbelianHilbert [69, 70] Or DiscreteBreaking[73, 74]. Therefore,
many commands allow for the parameter
Omathematica (B.6)

so that the output of the command will be printed in a mathammatompatible style (if available). For
example,
print list of charges @mathematica (B.7)

in the directory/spectrum>. Similarly, the parametesiatex can be used in order to get the output in latex
code (again, if available). In addition, one can set thewefgpesetting temathematica, latex Or back to
standard using the commands

Otypesetting(mathematica), @typesetting(latex) OF Otypesetting(standard), (B.8)

respectively. Finally, the parametes output can be used to suppress the output of the current command.
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Appendix B.1.8. System commands and variables

System commands start with the symlechnd are used to change the output’s style and destination.
Moreover, theprompt allows for some pre-defined variables which are particylasgefull in scripts. They
start and end with the symbsl

Commandetypesetting (Type). Change the output's typesetting, Fggpendix B.1.7

Commandebegin print to file(A). Start printing output to fila and not to the screen. In contrast, one
can use the parametes file(A) so that the output of only the current command is printed & élg.
print summary to file(Summary.txt).

Commandeend print to file. Stop printing output to file.

Commandestatus. Display the destination of the output (esgreen) and the style of the typesetting (i.e.
standard, latex OF mathematica).

Variables. There are three pre-defined variablésirbifoldLabel$, $VEVConfiglabel$ and$Directory$.
When executed, a variable is replaced by a correspondiimg stveing the label of the current orbifold
model, the label of the current vev-configuration or the pdtthe current directory, respectively. They are
particularly usefull in scripts, e.g. used#as file($0rbifoldLabel$.txt).

Appendix B.2. The directories

The structure of therompt consists of a main director» and subdirectories that correspond to orbifold
models. Each orbifold model directory has further subdinges /model>, /gauge group>, /spectrum>,
/couplings> and/vev-config>. They dfer commands of the respective category. In this section we gi
an alphabetically ordered glossary of directory-commaara$sexplain their use in detail.

Appendix B.2.1. The main directory
In the main directory one can basically create, load and sehiéold models.

Commancreate orbifold(OrbifoldLabel) with point group(M,N). Create an empty orbifold model
directory for an orbifold of specified point group ordersgus 1 for Zy, orbifolds).

Commanc:reate random orbifold from(OrbifoldLabel). Randomly create new orbifold models. De-
tails are given in Sectiod.1.2 More details and examples can be seen using the main diy&cio
command

help create random. (B.9)

Commandielete orbifold(OrbifoldLabel). Delete the orbifold model directomrbifoldLabel.
Commandielete orbifolds. Delete all orbifold model directories.
Commandioad orbifolds(Filename). Load all orbifold models from the model file nametiename.

Commandioad program(Filename). Load a script from fileFilename and execute the commands con-
tained in that file.

Commandsave orbifolds(Filename). Save all orbifold models of the main directory to a model file
namedFilename.
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Appendix B.2.2. The directohodel>
In the directory/mode1> the input data (e.g. point group, twists, shifts, Wilsoreinetc.) of the current
orbifold model can be displayed and changed.

Commanctreate suborbifold with factor(i). Starting from an orbifold with space groi®) one can
create a so-called suborbifold based on a subg&up S.

For Zy orbifolds the subgrouf®’ c S is specified by one numbérpeing a divisor ofM. Denote the
7\ twist generator of the space groupdpg S. Then, the subgrouf’ c S is based on the twist generator
g € S’ c S which generate&y;,i. One can use the optional parameted (j) to choosey' € S’ ¢ S and
gl € S’ c S (withi, j coprime and, j divide M) to generatoZwixZwyj.

In the case ofZyxZy orbifolds (with twist generatorgs, g2 € S) one has to specify two numbers
create suborbifold with factor(i,j) (wherei dividesM andj dividesN) for the new generatog) g}
of the subgrou®’ c S. Again, one can use the optional parameter(k,1) to specify a second generator
dka)-

' 2Note that this command is particularly useful to analyzesiberbifold GUT limit of an orbifold model.
For example, start with th&g—Il orbifold MSSM of [40]. Then the commandreate suborbifold with
factor (2) will produce the 6073 orbifold GUT limit as analyzed in75].

Commandbrint available space groups. Print a list of all geometry files compatible with the speci-
fied point group. The geometry files are searched bytefolder in the directory/localdirectory/
Geometry> (Of the local PC). For more details on the content of geontdtryg, see Section.4.1

Commandprint discrete symmetries. Print the discrete and nonR) symmetries as defined in the
geometry file. Note thaR symmetries need to be defined in the geometry file in order taskd in the
computation of allowed superpotential couplings.

Commandrint discrete torsion. Print the (generalized) discrete torsion paramedels, ¢, andd,s
as defined in Ref.J6].

Commandprint massless A-movers. WhereA can beleft or right. Print the massless left- or right
movers before some of them are projected out by the actidmeaféntralizer.

Commandgrint orbifold label. Printthe orbifold label (i.e. the name of the current orlaifdirectory).

Commandbrint point group. Print the point group. The output reads, for examplint group is
Z.3.

Commandrint shift. Print the shift(s) as 16D vector(s). The output reads e.g.

Vi1i=1(1/31/3-2/300000) (00000000 . (B.10)

Commandrint space group. First, print the point group and the root-lattice. Nextnpthe generators
of the space group. The output reads e.g.

Space group based on Z_3 point group and root-lattice of SU(3)"3. (B.11)
Generators are:
(1, 00 C0, 0, 0, 0, 0, 0)
(0, 0) C1, 0, 0, 0, 0, O
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where (x,1) (n_1, ..., n_6) corresponds to the elemefﬂkw',naea) of the space group. Note that
roto-translations and freely-acting involutions are &l as generators of the space group. For exam-
ple in Ref. B4], one of the generators of the (0-2) model re&dst) (0,0,0,0,1/2,0) corresponding to
(w, %es) and one of the generators of the (1-1) model reads) (0,1/2,0,1/2,0,1/2) corresponding to

(1L 3(e2 + &4 + €)).
Commandrint twist. Printthe twist(s) as four-dimensional vector(s). The atteads e.qg.

v.li=(01/31/3 -2/3) . (B.12)

Commandprint Wilson lines. Print the relations among the Wilson lines (ey = W, for Z3), their
order (e.g. order 3 for\®; € A for Z3) and the Wilson lines themselves as 16D vectors. The ougauts;
for example,

Wilson lines identified on the orbifold: (B.13)
Wl =W2, W3 =W4, Wb =We6

Allowed orders of the Wilson lines: 3 3 3 3 3 3
W1i=(C00000000) COO0O00O0O0O0O0)

Commandrint #SUSY. Print the number of supersymmetry in 4D. The output readsxXample,

N = 1 SUSY in 4D. (B.14)

Commandset heterotic string type(type). Define the 16D gauge lattice of the heterotic orbifold
model. Heretype can beEsxES or Spin32.

Commandset shift standard embedding. ChooseV = (v, V2 V3, 019) for Zy orbifolds orV; =
(v, V3, V3, 019), Vo = (v3,V3, V3, 0%3) for ZyxZy orbifolds. (The notation & means 13 times the entry
“0”.)

Commandset shift V = <16D vector> Or set shift V(i) = <16D vector>. Define the shift vecto¥
of Zy orbifold models or one of the two shift vectovs (with i= 1, 2) of ZyxZy orbifold models as 16D
vector, see Eqg.lj). For more details on vectors séppendix B.1.6

Commandset torsion a = n/d,b = <6D vector>, ¢ = <6D vector>0Ord = <15D vector>. Set the
(generalized) discrete torsion parameters as defineddn ife. a, b,, ¢, andd,s (for o, = 1,...,6;
d,s = —ds, has 15 components). Note that the parameters are not chémkatbdular invariance and
hence might cause inconsistent spectra. For more detasaiars seé\ppendix B.1.6

Commandset WL W(i) = <16D vector>. Define the Wilson line\; as a 16D vector (with= 1,...,6),
see Eg. ). For more details on vectors sAppendix B.1.6

Commandise space group(i). with i= 1,.... Load the space group from theth geometry file, where
the indexi corresponds to the position in the list of geometry files apldiyed using the commamp@int
available space groups.
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Appendix B.2.3. The directorgauge group>

In this directory one can print and change some details o§tugie group for the currently used vev-
configuration. In more detail, one can display the U(1) gatoes and the simple roots, change the basis
of U(1) generators, define a B-L generator and identify aodial U(1) symmetries of the superpotential.
Note that all gauge-group-editing commands are not aJailatthe vev-configuratiostandardConfigi.

Commandielete accidental Uls. Delete the accidental U(1) charges of all fields.

Commandfind accidental Uls. Take the superpotential (as far as it has been created inirdnaaty
/couplings>, seeAppendix B.2.9 and identify its accidental U(1) symmetries. The commaadsa new
process that runs in the back of theompt. The results are saved in the currently used vev-configurati
Presumably, the accidental U(1) symmetries will be brokegaligtly by higher order terms, but nevertheless
might be of phenomenological relevance, e.g. for the stl@RAgroblem 27] and proton decay3l].
Optionally, one can use the parameteélds with zero charge(fields) in order to find only those
accidental U(1) symmetries under which the fields0f1ds are uncharged. On a technical level, this is
achieved by inserting, during this analysis, each fieldliefids as a linear term into the superpotential.

Command.oad accidental Uls(Filename). Load accidental U(1) charges from a file nanfedename.

Commandrint anomalous space group element. Print details on discrete anomalies using the discrete
symmetries defined in the geometry file and identify the skedanomalous space group elemefa]|

Commancprint anomaly info. Print details on gauge and gravitational anomalies andkctiegr uni-
versality relations. In detail, in the case8f= 1 SUSY in 4D, beside the pure non-Abelian anomalies, the
relationg

1
eIt

1
21t;/?

const.# 0 ifi=1,i.e.i=anom

1
3_ T /0O = 20 —
Q=@ =g p" A { 0 otherwise

1
TG = (B.15)

(with i # j) are verified, wherd; is a 16D vector corresponding to tih U(1) generator so that a field
with shifted left-moving momentumpgy, carries the charg®; = psh - ti and tr sums over the contributions
from all massless left-chiral fields.

Commancrint B-L generator. Printthe U(1p_. generator as a 16D vector.

Commandbrint FI term. Print the Fayet-lliopoulos term (i.e. Qanom as in Eq. B.15), if there is an
anomalous U(1).

Commandrint gauge group. Print the observable and hidden part of the gauge group éocuirently
used vev-configuration.

Commancrint simple root(i). Printthei-th simple root as 16D vector.

Commandgrint simple roots. Print(a choice of) simple roots of all non-Abelian gaugeugréactors as
16D vectors.

2In theorbifolder, the convention for the quadratic Dynkin index is such thatl for the fundamental
representation of SW) groups.
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Commancrint Ul generator(i). Printthei-th U(1) generator as 16D vector.
Commancrint Ul generators. Printall U(1) generators as 16D vectors.
Commandsave accidental Uls(Filename). Save the accidental U(1) charges to a file nama@name.

Commandset B-L = <16D vector>. Define U(1k_, as a 16D vector. Since in th@bifolder all U(1)
generators are demanded to be orthogonal to each other(byt Uis in general not orthogonal to hyper-
charge, B-L is stored as an additional vector. One can usepgtienal parametesllow for anomalous
B-Lif U(1)g_, is allowed to mix with the anomalous U(1). For more detailvectors seé\ppendix B.1.6

Commandset U1(i) = <16D vector>. Change the basis of U(1) generators by specifying a 16D wasto
thei-th generator. The new generator must be orthogonal torafilsiroots and to th¢-th U(1) generator,
for j < i. Note that thek-th U(1) generators witk > i will be changed automatically such that, at the end,
all generators are orthogonal to each other. For more detaiectors seAppendix B.1.6

Appendix B.2.4. The directoispectrum>

This directory dfers access to all information about the massless spectmrdetail, for each mass-
less field one can obtain the SUSY multiplet type (i.e. Mr= 1 supersymmetry in 4Dreft-chiral,
right-chiral, vector andmodulus), the localization (corresponding to its constructingcgpgroup ele-
ment), the shifted left-moving momentum;, the non-Abelian representation, the U(1) charges, the B-L
charge (if defined), the shifted right-moving momentagp the oscillator excitations, the charges, mod-
ular weights (if defined), the label of the field and finallyves. Note that complex conjugate representa-

tions are printed as negative integers; for examydejenotes the conjugate fundamental represent&ion
of SU(3).

Commandfind potential blowup modes(fields). Print a list of potential blow-up modes considering
fields only, i.e. print allfields for each fixed branpoint.

Commandfind random blowup modes(fields). print a random list of blow-up mode&ields, one per
fixed brangpoint. The result can be saved to a setLabel using the optional parameteave to
set (SetLabel).

Commandrint (fields). Print some details ofields. There is one optional parameteith internal
information, that displays some internal information about how the $ialidita can be accessed in the
source code of therbifolder.

Commandgrint all states. Print details of all fields (including left-chiral superfiisl, vector superfields
of the (non-Abelian) gauge bosons, moduli and their CPTrgas).

Commandprint list of empty fixed branes. Print a list of all fixed brangpoints that potentially
could carry left-chiral fields but are empty for the currerttifold model.
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Commancrint list of charges(fields). Print gauge and discrete chargesoé1ds. For example,

(-1/3-1/32/300000) (00000000 (-1/32/3-1/3) (200 1) "F1o" (B.16)
(-1/32/3-1/300000) (00000000) (-1/32/3-1/3) (200 1) "F_10"
(2/3-1/3-1/300000) (00000000) (-1/32/3-1/3) (200 1) "F_10"

for the fieldr_10 of the Z3 orbifold with standard embedding. Each line consists adéhparts:

e first the 16D shifted left-moving momentupa, (printed as two eight-dimensional vectors in the case
of Eg % Eg),

o theRcharges: Ry, Ry, Rs) = (-3, 5, —3) in the example,

2

3

¢ the charges with respect to the discrete Rosymmetries: K, ny + np, N3 + g, Ns + Ng, ) = (2,0,0,1)
in the example,

¢ the label of the corresponding field,

where, in general, thR and nonR symmetries must be specified in the geometry file, see Seétibth
Note that it can be very helpful to use the optional parametethematica for this command in order to
transfer the information about the fields to mathematicapAgpendix B.1.7

Commandrint summary. Print the gauge group and a summary table of the masslessrifialtls. Im-
portant optional parameters are:

e of sectors
e of fixed points

e of fixed point(X)
where the fixed poink can be specified in three ways: i) usiigl,n1,n2,n3,n4,n5,n6, ii) using
loc of F_i whereF_i is the label of a twisted field and iii) by a fixed point label agdsfied in the
directory/vev-config/labels>.

e of sector T(k,1) where k and | label the¥w! twisted sector. Usef sector T(0,0) for the
untwisted sector.

In all these cases one can use in addition the followingpaptiparameters:

e with labels: print the currently used labels of the fields as specifiethéndirectory/vev-config/
labels>.

e no Uls: do not print the U(1) charges of the fields.

e type of SUSY multiplet, e.gvector, gravity, modulus Of anykind for all types; if not specified the
left-chiral fields are printed only.

More details and examples can be seen using the command
help print summary (B.17)

in the directory/spectrum>.
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Commandtex table(fields). Print a latex table with information abotdtelds. The table contains
the (gauge) charges with respect to the observable sectbeafurrently used vev-configuration and the
discrete charges as specified in the geometry file (see 8ektldl). One can use the optional parameter
print labels(i,j,..) inorder to list thei-th, j-th ... label(s) of the fields.

Appendix B.2.5. The directotouplings>

The directory/couplings> allows to identify and analyze allowed terms of the supamptial (i.e. terms
that are invariant under all gauge and discrete symmetild® (in general moduli-dependent) floca@ents
are not computed. Furthermore, one can analyze mass nsafeice of vector-like exotics).

Note that couplings and mass matrices are stored in thentlyriessed vev-configuration. Hence, they
can only be accessed in the vev-configuration where they hese defined. For simplicity, the abbrevia-
tionsmm for mass matrix andmms for mass matrices apply to all commands.

Commandauto create mass matrix(A B). Create the couplings relevant for thffegtive mass matrix
M;ijABj. Optionally, one can specify the the label of those fields seheevs generathl;; using the pa-
rametersinglet (N) (with default valuei=n) and the maximal ordet in singletsy using the parameteax
order (X).

Commandcreate coupling(fields). Find the allowed superpotential-couplings betweenlds and
store the result in the currently used vev-configurationr é&@mple, all trilinear couplings are created
using the command

create coupling(x * *) . (B.18)

Optionally, one can restriatields using the parameteflloved fields(...), €.g. the commaneéreate
coupling(n n n) allowed fields(SetA) creates all trilinear couplings of fieldsfrom SetA.

Commandind(fields). Displays a list of allowed couplings involving the fielelse1ds.

Commandtind effective(fields). AS find(fields), but only the &ective couplings, i.e after replac-
ing fields with non-zero vev by their vevs.

Commandioad couplings(Filename). Load couplings from file&Filename into the currently used vev-
configuration. This command is disabled in the web interface

Commandass matrix(A B). Create the mass matri;;AiB; (from the current superpotential) and save
it in the currently used vev-configuration.

Commancrint effective superpotential. Similar to the commangrint superpotential but print
only the dfective couplings, i.e after replacing fields with non-zeew by their vevs.

Commandgrint list of mass matrices. Printall mass matrices of the currently used vev-configomat

Commandprint mass matrix(i). Print the i-th mass matrix. The optional parameterx order (X)
specifies the order in the fields up to which a matrix entry shall be printed exglic

Commandrint superpotential. Print the superpotential of the currently used vev-configan.

Commandrint vanishing couplings. Print all cases of vanishing couplings as lists of highedgtits
in Dynkin labels. See the commamémove vanishing couplings.

24



Commandremove vanishing couplings. Remove couplings that vanish because of symrfettirsym-
metry of repeated identical fields, e.g. lebe an SU(2) doublet, then the gauge invariant couplihg:
titje! = 0 vanishes. This command requires additional user input.

Commandsave couplings(Filename). Save all couplings of the currently used vev-configuratiorat
file. One can optionally save only couplings of ordersing the parametef order(X). This command is
disabled in the web interface.

Appendix B.2.6. The directorev-config>

In this directory one can define several vev-configuratideach of them is characterized by a choice
of hidden and observable gauge group, a labeling of the fatdsby their vev. In addition, one can
analyze phenomenological properties and supersymmetnitgeirations F = D = 0) in this directory and
determine the unbroken gauge group of a given vev-configurat

For each orbifold model there are two standard vev-conftgurs: StandardConfigl andTestConfigl.
The first one cannot be changed, but the latter one can be asddsas default. In both configurations the
full gauge group is selected as the observable sector andd feé labeled_1, F_2, F_3, ..., all with zero
vev.

Note that the labels of the fields (s&ppendix B.1.), sets of fields (seAppendix B.1.3, monomials
(seeAppendix B.1.3, allowed couplings and mass matrices (created in thetding¢couplings>) are
saved in a vev-configuration. Hence, these data can onlydessed in the vev-configuration where they
have been defined. In addition, note that all configuratiditirFey commands are not available in the vev-
configurationstandardConfigl.

Commandanalyze config. Automatically check whether the current vev-configuratainthe orbifold
model allows for vacua with Standard Model, Pati-Salam of53dauge group,

SU@BE x SUR)L x U(L)y , SU@)x SU@R)L xSUQRR or SU(5), (B.19)

respectively, three generations of quarks and leptons aotbilike exotics. In the case thebifolder

is not able to identify one of these possibilities for therent orbifold model one obtains the output

vev-configuration identified. Otherwise, corresponding new vacua will be created anderoant

labels will be assigned to all matter fields (eggt, q-2 andq_3 for the three generations of quark doublets).
The command allows for two optional parametefs:int SU(5) simple roots to print the simple

roots of an intermediate SU(5) group that has been used ér tmddentify the hypercharge generator and

Xgenerations With Xx=10, 1,2, 3,. .. to specify the (net) number of generations.

Commandcompute F-terms. Compute the--terms using the superpotential that was created for the cur
rently used vev-configuration (in the directofyouplings>. The optional parameteiax order (X) allows
to set an upper limix on the order of superpotential couplings.

Commandcreate config(Configlabel). Create a new vev-configuration. Optionally, one can specify
the origin of the new vev-configuration using the parametem (AnotherConfiglabel). If this parameter
is not used the origin of the new vev-configuration is the déad vev-configuratiostandardConfigl.

Commandielete config(Configlabel). Delete the vev-configuratiotbnfiglabel.
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Commandind D-flat(fields). ldentify gauge invariant monomials efelds as solutions to th® =0
supersymmetry condition, ségpendix B.1.3 This command allows for two parameterswi}h FI to
allow for monomials with non-vanishing anomalous U(1) ¢geain order to cancel the FI term anddive
to set(SetLabel) to save those fields in a set callgekLabel that are involved in the new monomials.

Commandind unbroken gauge group. Depending on the vev assignment specified in the currendgt us
vev-configuration, identify broken and unbroken (Abeliad aon-Abelian) gauge group factors. In addi-
tion, the U(1) charges of all fields are re-computed in the bé®) basis. There is one optional parameter:
print info to display some detalils.

Commandrint gauge group. Printthe choice of observable and hidden sector of the otlyrased vev-
configuration, where the hidden sector gauge group factermarked by brackets, e.gsu(4)].

Commandbrint configs. Print an overview of all vacua defined for this orbifold mad&he currently
used vev-configuration is highlighted by an arremin front, e.g.-> "TestConfigl".

Commandename config(0ldConfiglabel) to(NewConfiglLabel). Change the name of a vev-configura-
tion from01dConfiglabel tO NewConfigLabel.

Commandselect observable sector: parameters. ASSign a choice of observable and hidden gauge
groups in the current vev-configuration. Admissiptgameters are:

e gauge group(i,j,...), where the indices,j = 1,2,... refer to the diferent non-Abelian gauge
group factors sorted as displayedgiint gauge group. The indices provided are chosen as part of
the observable sector.

e full gauge group All non-Abelian group factors are assigned as observaldioise
e no gauge groups NO non-Abelian group factor is assigned as part of the olddevsector.

e Uis(i,j,...), where the indices,j = 1,2,... refer to the diferent U(1) gauge symmetries. The
indices provided are chosen as part of the observable sector

e all Uis AllU(1)s are assigned as part of the observable sector.

no Uls No U(1) is taken for the observable sector.

For example, assuming that the gauge grouisI(3)xEg, the instructiorselect observable sector:
gauge group(1,2) selects ExSU(3) as the observable and &s the hidden gauge groups.

Commandise config(Configlabel). Change the currently used vev-configuratiortéafiglabel.

Commandrev(fields) = .... Change the vevs dfields to new values. For exampleev(*) = 0 turns
off the vev of all fieldsyev(SetA) = rand assigns random vevs to the fields of thesets andvev(n_1)
= 0.1 sets the vev ofi_1 to 0.1.

Appendix B.2.7. The directorev-config/labels>

In this directory one can define, for each vev-configuratappropriate labels for the fields. The main
commands ar@rint labels andcreate labels. In both cases, a summary table of massless fields is
printed, sorted by those representations and U(1) changebelong to the observable sector of the currently
used vev-configuration. The observable sector can be camgjrg the commandelect observable
sector: ... in the directory/vev-config>, seeAppendix B.2.6
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Commancthange label(A i) to(B_j). Change the label of the fieldi toB_j.

Commanchssign label(Label) to fixed point(k,1,n1,n2,n3,n4,n5, n6). ASSignLabel to the fixed
brangpoint specified by(k,1,n1, n2,n3,n4,n5,n6).

Commanckreate labels. First, a summary table of massless fields is displayed. Tiemser is asked
to specify a name for each line of the table.

Commandoad labels(Filename). Load labels from the file namad 1ename. This command is disabled
in the web interface.

Commandbrint labels. Print a summary table of the currently used labels disptayire gauge repre-
sentations with respect to the observable sector only.

Commandave labels(Filename). Save the labels to the file nametlename. This command is disabled
in the web interface.

Commandise label(i). Change the currently used labels to ihth labeling.
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