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Abstract

By extending Feynman’s path integral calculus to fields which respect orbifold
boundary conditions we provide a straightforward and convenient framework for
loop calculations on orbifolds. We take advantage of this general method to
investigate supersymmetric Abelian and non-Abelian gauge theories in five, six
and ten dimensions where the extra dimensions are compactified on an orbifold.
We consider hyper and gauge multiplets in the bulk and calculate the renorma-
lization of the gauge kinetic term which in particular allows us to determine the
gauge coupling running. The renormalization of the higher dimensional theories
in orbifold spacetimes exhibits a rich structure with three principal effects: Be-
sides the ordinary renormalization of the bulk gauge kinetic term the loop effects
may require the introduction of both localized gauge kinetic terms at the fixed
points/planes of the orbifold and higher dimensional operators.
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Chapter 1

Introduction

The Standard Model of Particle Physics

The Standard Model of particle physics describes the fundamtental particles
that physicists today believe the world is made of. In this sense, it is a modern
analog of Mendeleev’s periodic table of the elements in which the atoms were
considered to be the indivisible elementary building blocks of nature. The ana-
lysis of the Standard Model advances to even smaller structures: Its spectrum
contains quarks, leptons, gauge bosons and a Higgs particle. While quarks and
leptons are matter particles, the gauge bosons describe the mediation of forces
between them and the Higgs particle fulfills a special task that is described be-
low. Quarks appear in six different flavors belonging to two groups: They are
either up-type quarks (up, charm, top) or down-type quarks (down, strange,
bottom). There are two possibilities for quarks to form stable bound states,
namely mesons that are a combination of a quark and an antiquark (gg) and
baryons that are composed of three quarks (gqq) or antiquarks (Ggg). Well-
known examples for baryons are the proton (uud) and the neutron (udd) that
form the atomic nuclei. Leptons are also divided into two categories, they either
belong to the electron and its heavier counterparts (electron, muon, tauon) or
to the neutrinos (electron-neutrino, p-neutrino, 7-neutrino). Quarks and leptons
are the constituents of all matter so far observed, for example all the atoms in the
periodic table of the elements are made up from protons and neutrons confined
in a nucleus with electrons orbiting around them. The other matter particles
are found naturally in radioactive decays or cosmic rays or can be produced in
collider experiments.

But the Standard Model is not merely a collection of particles, it also provides
the rules how these particles interact with each other. It describes three of the
four forces that are realized in nature (electromagnetic, strong and weak force)
by the exchange of gauge bosons. The gauge group of the Standard Model is
SU3)c x SU(2), x U(1)y. Here the SU(3)¢ factor of the gauge group belongs
to the theory called quantum chromodynamics (QCD) that describes the strong

3



4 1. Introduction

force and is responsible for the fact that the quarks can bind together to a
proton and that protons (which would repel due to their electromagnetic charge)
are bound together in a nucleus. The dimension of SU(3)¢ (the number of its
generators) is eight, therefore there are eight QCD gauge bosons which are called
gluons.

The electromagnetic and the weak force are combined in the SU(2), x U(1)y
factor of the Standard Model gauge goup. This sophisticated construction is
the electroweak theory that was formulated by Glashow, Weinberg and Salam
(GWS). The dimension of SU(2), x U(1l)y is four and hence this theory con-
tains four electroweak gauge bosons (three of them conventionally called W and
one called B). This unified description of the electromagnetic and weak inter-
actions is the valid picture at energies above roughly 100 GeV (the weak scale).
Below the weak scale one encounters electroweak symmetry breaking which is
implemented in the Standard Model via the Higgs effect: It is assumed that
a Higgs particle exists which is not in its true potential minimum. Therefore,
one has to shift the field by a vacuum expectation value with the result that
the electroweak symmetry is broken. In this process three combinations of the
electroweak gauge bosons become massive and form the W+, W~ and Z° vector
bosons of the weak interaction. A fourth combination is identified as the photon
which is the massless gauge boson of the electromagnetic interaction. This is the
way how Feynman’s quantum electrodynamics (QED), the theory that describes
the electromagnetic interaction separately, is embedded in the Standard Model.
The Higgs mechanism is also responsible for giving mass to the fermions via
Yukawa couplings. This Higgs particle which is of strong conceptual importance
has not been observed yet and is thus the last missing piece for the confirmation
of Standard Model physics. Collider experiments which have been conducted so
far could only show that the Higgs, if it exists, has to be heavier then 114 GeV.
On the other hand, electroweak precision data suggests an upper bound on the
Higgs mass of around 200 GeV. Particle physicists hope to discover the Higgs in
this mass window at the Large Hadron Collider (LHC) that is currently under
construction at the European laboratory for particle physics (CERN)!.

The theoretical framework of the Standard Model is that of a quantum field
theory (QFT) which treats particles as point-like objects. The quantum aspect
of a theory becomes important when one describes physics at small scales or in
other words at high energies. The theory allows the calculation of cross-sections
of particle reactions and particle lifetimes and has been tested up to roughly 100
GeV. So far no deviations to the theory have been found and it seems to describe
nature extremely well. This is in spite of the fact that the Model has conceptual

1Originally, the abbreviation CERN referred to the Conseil Européen pour la Recherche
Nucléaire, a council that was founded in 1952 with the aim to establish a fundamental physics
research organization in Europe. The council was dissolved two years later, when the European
Organization for Nuclear Research came into existence which hosts the European laboratory
for particle physics.



1. Introduction 5

drawbacks if one wants to regard it as a universal theory of nature.

One tends to assume that the Standard Model is not the final theory. One
reason for this is that the Standard Model has of the order 20 free parameters
and one thinks that a fundamental theory of nature should be a unified concept
with less parameters. The expectation is that in a unified theory new physics
comes into play at some high energy scale (e.g. a GUT scale of the order of 10
GeV or an even higher string scale, see below). The question of why there is such
a big difference between this high scale and the weak scale of fourteen orders of
magnitude or more and how this can be implemented consistently into a single
theory is called the hierarchy problem. One aspect of the hierarchy problem is
that if the theory contains two scales, they should not mix with each other. This
problem manifests itself in the question of how the Higgs mass can be kept at
the order of the weak scale, because the mass receives large loop corrections that
are quadratic in the high energy scale and is thus driven to very high values.

The Standard Model describes only three of the four forces that are realized
in nature. The missing item here is the gravitational force and it is this force
around which FEinstein’s theory of general relativity is centered. While being a
theory that can look back at remarkable successes of its own, general relativi-
ty seems to be incompatible with the Standard Model. The reason is that the
mathematical framework of Einstein’s theory is that of a classical field theory
and it is not known how to quantize general relativity consistently in order to
combine it with the Standard Model. The consistent quantization of general
relativity which would allow to enlarge the Standard Model to a theory which
would encompass gravitation together with the other three forces in a unified
setup is one of the greatest puzzles of theoretical physics today.

Beyond the Standard Model: Grand Unified Theories, Supersymme-
try, Extra Dimensions and Strings

One attempt to reduce the number of parameters of the Standard Model is in-
spired by the success of the GWS theory of the electroweak interactions which
successfully unifies the electromagnetic and weak interactions as we have seen
above. With this idea in mind, one can look for a gauge group that contains the
Standard Model gauge group as a subgroup and thus describes the three forces
within the framework of a Grand Unified Theory (GUT). It is necessary for this
process to work, that the gauge couplings coincide at a certain energy scale. The
renormalization group running of the gauge couplings determines the GUT scale
at which this unification is supposed to take place to lie around 10'® GeV. In the
Standard Model, however, the gauge couplings come only close to each other at
these high energies, but they fail to meet in a point. (The three graphs cut out
an area which is called the GUT triangle.) An answer to this problem might be
provided by supersymmetry.

Supersymmetry is a symmetry that relates bosons and fermions. In four di-
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mensions it has in its simplest version (N = 1) four supercharges such that it
associates to every particle one supersymmetric partner. These particles together
form a supersymmetry multiplet which is conveniently described in terms of a
superfield, because this notation makes cancellations explicit that appear when
both particles run around in a loop. In this way a spin-0 boson and a spin-1/2
fermion are described as a chiral superfield and a spin-1 vector boson and a spin-
1/2 fermion as a vector superfield. The analog of the Standard Model that is
enlarged by this minimal supersymmetry is called the Minimal Supersymmetric
Standard Model (MSSM). The spectrum of the MSSM thus consists of the usual
Standard Model particles plus their partners: quarks and leptons are accompa-
nied by squarks and sleptons which are spin-0 bosons, and the gauge bosons by
the gauginos which are spin-1/2 fermions. While the Standard Model involves
only one Higgs field, the MSSM needs two Higgs fields which give mass to the up-
type and down-type quarks separately. Their two supersymmetric partners, the
higgsinos, are also required because of anomaly cancellation. This setup has re-
markable advantages: Quadratic divergences in the loop corrections to the Higgs
mass are absent and only a logarithmic divergence appears due to the fact that
loops involving particles are cancelled by loops involving their supersymmetric
partners. Therefore, supersymmetry solves the aspect of the hierarchy problem
that the scales should not mix with each other. In addition, the gauge coupling
running shows the beautiful feature that the gauge couplings unify in a point
which motivates the consideration of supersymmetric GUTs. Another motiva-
tion for supersymmetry comes from string theory (see below), which, when one
wants to regard it as the fundamental theory of nature, only makes sense in its
supersymmetric version. In a theory where supersymmetry is intact, a particle
and its partner possess the same mass. However, no supersymmetric particles
have been observed experimentally so far. This means that supersymmetry, if it
exists, must be broken somewhere above the presently accessible energy scales.
It is the hope of many particle physicists to find indications of supersymmetry
at the LHC. For textbook introductions to supersymmetry consider [1-5], the
standard review articles are [6-8].

Another approach to resolve the hierarchy between the Planck scale and
the weak scale is the introduction of (large) extra dimensions [9,10]. In this
setup the four dimensional Planck mass is given by a product of two factors, one
involving a higher dimensional fundamental mass scale and the other the volume
of the extra space. By considering large extra dimensions of the order TeV ™!
the fundamental scale can be chosen of the order of the weak scale and still
reproduce the correct four dimensional Planck scale. Hence, there is only one
fundamental scale (the weak scale) and no hierarchy at all. In order to stabilize
this construction one can consider supersymmetric theories in extra dimensions.
For overviews on extra dimensions see e. g. [11,12].

From the higher dimensional supersymmetric theories that exist those with
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a minimal amount of supersymmetry in five, six and ten dimensions will be rele-
vant for our work. We briefly discuss the supersymmetry multiplets that appear
and indicate how they can be described in terms of four dimensional superfields:
In five and six dimensions the minimal amount of supercharges is eight and
(besides the supergravity and tensor multiplet that are irrelevant for our dis-
cussion) the possible supersymmetry multiplets are hyper and gauge multiplets.
The hyper multiplet is described in the four dimensional language by two chiral
superfields and the gauge multiplet by one four dimensional gauge superfield
and a chiral superfield that transforms in the adjoint of the gauge group. In the
ten dimensional theory with the minimal amount of sixteen supercharges there
are no hyper multiplets and hence the only multiplet that is important for our
discussion is the vector multiplet which contains the ten dimensional gauge fields
and gauginos. The four dimensional description consists of one four dimensional
gauge superfield and three chiral superfields in the adjoint of the gauge group.
The four dimensional language for higher dimensional superfields was introduced
in [13] for ten dimensions, before it was developed for the vector multiplet in five
dimensions [14] and, finally, for the vector and matter multiplets in five, six and
ten dimensions [15]. A gauge covariant formalism for five dimensions was given
in [16,17].

The most promising candidate for a theory that could unify the three forces
of the Standard Model with general relativity seems to be string theory. In
fact, string theory combines all the ideas of grand unification, supersymmetry
and extra dimensions. The theory had originally been developed to describe
the confinement of quarks due to the strong force by a string that stretches be-
tween them. The existence of a massless spin-2 particle in its spectrum which
is not realized in the hadronic world was troublesome in this respect, but could
eventually be turned into a success when it was realized that this particle could
be reinterpreted as the mediator particle of the gravitational force, the graviton,
thus giving rise to a theory that could possibly contain both the Standard Model
and general relativity [18]. String theory gives up the concept of QFT that parti-
cles are essentially point-like objects and proposes instead that the fundamental
building blocks of our world are one dimensional strings. The different elemen-
tary particles that are observed in nature are then supposed to be described by
the different vibrational modes of the string. The string is a mapping from two
coordinates (world-sheet coordinates) to a D-dimensional target space. While
a string moves in the target space it sweeps out a world sheet just as a point
particle sweeps out a world line. Strings can be open and closed and during their
propagation in spacetime they can split and merge. For textbook introductions
to string theory consider [19-23].

Simple bosonic string theory can only be formulated consistently in 26 space-
time dimensions. It contains a tachyon as the lowest lying state which signals an
instability of the theory, and so string theory needs to include fermions. This is
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solved by the implementation of supersymmetry, and hence a consistent string
theory has to be supersymmetric. There are five different supersymmetric string
theories (superstring theories): type I, type ITA and IIB and heterotic Eg x FEg
and SO(32). All of them can only be formulated consistently in ten dimensions.
In our work we have applications in the context of the heterotic theories in mind,
so we will describe these in a bit more detail. Heterotic string theory was con-
structed by Gross, Harvey, Martinec and Rohm [24-26]. The heterotic theories
involve only closed oriented strings and are hybrid constructions of right-movers
from a ten dimensional type II superstring [27,28] and left-movers from a 26 di-
mensional bosonic string. Although the bosonic string is involved, the complete
theory is free of tachyons. This is achieved, because a tachyon on the supersym-
metric side is projected out by the so-called GSO projection [29,30] such that
the tachyon on the bosonic side does not have a counterpart on the superstring
side and is removed by level-matching. Sixteen of the left-mover dimensions are
compactified on a sixteen dimensional torus giving rise to the gauge group. The
possible gauge groups that are consistent with the requirement of anomaly can-
cellation are Fg x Fg and SO(32) [31]. The heterotic string theories have N' = 1
supersymmetry in ten dimensions corresponding to sixteen supercharges. Their
low-energy limits at weak coupling are given by ANV = 1 supergravity coupled to
Es x Eg and SO(32) super Yang-Mills theory (SYM), respectively.

Although it is far beyond the scope of this thesis, let us also say a few
words about the question how string theory can be the fundamental theory of
nature when there are actually five different theories. In fact, it was found out
that all five string theories are related among each other by a web of duality
transformations. The two heterotic theories for example are T-dual to each
other which means that if one compactifies the theories on a circle, they can
be mapped to each other when one replaces the radius by its inverse [32,33].
Furthermore, the low energy limit of heterotic Eg x Eg theory at strong coupling
is given by eleven dimensional supergravity [34,35] on an interval where each
of the Eg factors is restricted to a ten dimensional boundary [36,37]. It has
been conjectured that a theory called M-theory might exist which would be the
underlying unified theory for the five string theories as well as eleven dimensional
supergravity.

To make contact to the world around us string theory should provide us
with the correct four dimensional physics. The large symmetry groups should
be broken to the Standard Model gauge group and the correct particle spectrum
should be obtained. A solution might be provided by compactification of the
six extra dimensions on a compact manifold whose volume is so small that the
extra space is not observable. Hence the quest for the correct description of na-
ture is translated into the the task to choose the right compactification manifold
that reproduces the correct low energy physics. Let us consider heterotic string
theory for concreteness. Compactification on a six-dimensional torus leaves all
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sixteen supersymmetries unbroken such that the resulting four-dimensional the-
ory corresponds to N' = 4 supersymmetry in four dimensions [38]. We would,
however, rather have N' = 1 in four dimensions with the remaining supersym-
metry broken at energies lower than the compactification scale by some field
theoretic formalism. Then one possibility for a class of manifolds that one can
choose are the so-called Calabi-Yau manifolds [39]. These manifolds are very
hard to describe mathematically. But Dixon, Harvey, Vafa and Witten [40,41]
found out that one can compactify strings on orbifolds which represent a certain
limit of Calabi-Yaus. An orbifold is a modification of a torus where certain points
of the torus are identified under a symmetry of the torus lattice and a number of
fixed points on the torus is invariant under this symmetry. It is not a manifold,
because of singularities arising at these fixed points. Nevertheless, string theory
can be described consistently on orbifolds. The existence of fixed points is re-
flected in the spectrum of the string theory. Besides those states that correspond
to the dimensionally reduced theory and that are free to propagate through the
whole orbifold bulk (untwisted states) there are additional states whose center
of mass is localized at the fixed points (twisted states). The existence of theses
states is enforced by a string symmetry called modular invariance.

After they were introduced in the context of string theory, orbifold com-
pactifications became popular within higher dimensional field theories to adress
questions like supersymmetry and gauge symmetry breaking [14,42,43] and the
doublet-triplet splitting problem that arises in GUTs [44,45]. While field the-
ory orbifolds do not have modular invariance at their disposal some information
about states that are localized at the fixed points can be obtained from the
requirement of local anomaly cancellation [46]: In order for the theory to be
consistently defined the anomalies must cancel in the bulk and at each of the
fixed points separately. For this purpose one has to place fields at the fixed points
by hand which are then regarded as analogs of the twisted states in string theory.
String theory orbifolds were already known to be globally anomaly-free, and the
fact that the twisted states that string theory proposes to live at the orbifold
fixed points also meet the stronger requirement of local anomaly cancellation
could be shown for prime orbifolds in [47] and for non-prime orbifolds in [48].
The local picture has also become important for string theory phenomenology.
By choosing the compactification parameters appropriately, one can ensure that
certain GUT gauge groups live locally at the different fixed points of the orbi-
fold. In the limit where the compactification radius goes to zero the global four
dimensional gauge group (hopefully that of the Standard Model) arises as the in-
tersection of the local gauge groups. Therefore, string models can be interpreted
as orbifold GUTs where GUT gauge groups are localized at lower dimensional
subspaces of the string theory orbifold [49-51]. An important issue in string the-
ory model building is to develop good search strategies in order to find realistric
models [52-56]. It is especially in the context of the local GUT picture of string
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theory orbifolds where the results of this thesis about the local gauge coupling
running can be applied.

Higher dimensional operators and localization of quantum corrections
at orbifold fixed points

We have tried to sketch the picture of high-energy physics phenomenology to-
day. Now we want to introduce some concepts that are relevant in particular for
this thesis. The starting point may be seen in the papers by Dienes, Dudas and
Gherghetta (DDG) who began to make the extra dimensions scenario fruitful for
Grand Unification [57,58]. They proposed to place the MSSM on a higher dimen-
sional spacetime, where the extra space is compactified on an orbifold. Taking
only Kaluza-Klein modes up to a certain energy threshold into account, DDG
found that the gauge coupling running is modified by a term which goes with
a power-law in the cutoff scale (in addition to the usual MSSM gauge coupling
running). It was argued that this term would help to realize a low-scale gauge
coupling unification. However, it has been observed that neglecting the Kaluza-
Klein modes above a certain energy threshold bears difficulties with respect to
the consistency of the analysis, because the running is strongly sensitive to the
precise choice of the cutoff [59-61]. Later it could be shown that within the
framework of spontaneously broken GUT models power-like corrections to the
differences of the gauge couplings can be calculated consistently [62-64]. In this
setup a discrete symmetry that is realized at high energy scales ensures that the
gauge coulings are related to each other such that the sensitivity to the choice
of the cutoff vanishes in their difference.

During the investigation of the consistency of the regularization procedure
in the DDG model it was realized that taking into account the full tower of
Kaluza-Klein modes can lead to the appearance of higher dimensional opera-
tors in the renormalization process [65]. This effect will be important for our
discussion. In [66] Ghilencea considered a toy model of QED in five and six
dimensions with the extra dimensions compactified on an orbifold. In this setup
the self-energy of the four dimensional zero-mode photon due to a fermion and
its associated Kaluza-Klein tower in the loop was calculated for off-shell external
momentum ¢? # 0. It turned out that in the case of two compact dimensions
the quantum effects involve divergent terms that are proportional to ¢®. As
the external momentum corresponds to a derivative operator in position space,
the one-loop counterterms that are necessary to cancel the divergences involve
higher dimensional (derivative) operators. These counterterms are not present
if the Kaluza-Klein towers are truncated to any large number of modes (as it
had been the case for example in the DDG analysis) and obviously could not
have been observed in earlier on-shell analysis. It was shown later that higher
derivative operators can also be generated in five dimensional models [67]. Here
they appear as one-loop counterterms to the mass of a zero-mode scalar field
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due to the existence of a superpotential that is localized on the (Z,) fixed points
of an S'/(Zy x Z}) orbifold and couples the scalar field to Kaluza-Klein towers
of hyper multiplets in the bulk. Other setups showed the generation of higher
derivative operators as counterterms to the mass of a zero-mode scalar field from
a localized superpotential and also from bulk gauge interactions on the orbifold
S1/Zy in [68] and on T?/Zy in [69]. (For gauge coupling renormalization in
warped geometry see [60].)

Another effect that is important for our discussion is the fact that the re-
normalization of a theory in a (higher-dimensional) space induces effects that
are localized on lower-dimensional subspaces. As the authors of [70] found out,
loop corrections to a bulk theory that is compactified on a orbifold can give rise
to infinities that must be renormalized by terms that are localized on a brane.
They considered a simple model of fermions and scalars interacting on a five
dimensional space with the fifth coordinate compactified on an S'/Z, orbifold
and concluded that even when one chooses a brane localized action to be absent
in the first place, the loop corrections of the five-dimensional theory induce non-
trivial physics on the fixed points and are responsible for a running of the four
dimensional couplings that belong to a theory located at the fixed points.

Local gauge coupling running in supersymmetric theories on orbifolds

Based on the publications [71,72] this thesis investigates the renormalization of
supersymmetric theories in orbifold spacetimes in five, six and ten dimensions.
Publication [71] considered for the first time the renormalization of the gauge ki-
netic term in a theory of bulk hypermultiplets that are coupled to Abelian gauge
multiplets in five and six dimensions where the extra dimensions are compacti-
fied on an orbifold. Publication [72] extended the same analysis to the situation
where the gauge group is non-Abelian. The investigation of the ten dimensional
case with the extra six dimensions compactified on an orbifold and a ten dimen-
sional gauge multiplet in the bulk is presented in this thesis for the first time.
In order to perform the calculations of supersymmetric Feynman graphs on or-
bifolds in a straightforward way, in [71,72] a general method was developed that
conveniently extends the path integral calculus of Feynman to fields that respect
the orbifold boundary conditions. As a consequence, this allows for a straight-
forward calculation of loop effects in orbifold field theories. The renormalization
of the gauge kinetic term that we pursue here is to be seen as just one applica-
tion of this method whose advantage over the usual approach lies primarily in
the fact that the necessary Kaluza-Klein expansion of the fields is performed at
a very late stage of the calculation. This is very helpful, because cancellations
within the loop effects can be seen at a very early stage and no unnecessary
expansions have to be performed. With the help of this formalism we determine
in each of the above cases the renormalization of the kinetic term of the gauge
field, which means that we can in particular derive the gauge coupling running.
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As explained above, besides the renormalization of the bulk kinetic term of the
gauge field, the quantum corrections can give rise to a renormalization of kinetic
terms of the gauge field that are localized on the fixed points/fixed planes of
the orbifold. In addition, higher dimensional operators can be generated. We
investigate these effects.

The thesis is organized as follows:

Chapter 2 contains an introduction to the basic notions of supersymmetric
field theory: superspace, superfields and supersymmetric actions. Starting from
the supersymmetry algebra we present the well-known central technical identities
that are used throughout the thesis.

Chapter 3 provides standard material on the renormalization of the gauge
coupling in supersymmetric Abelian and non-Abelian gauge theories in four di-
mensions. Besides the reproduction of the standard results we exemplify the
method of renormalizing in the generating functional of the theory as it is used
later in more complicated setups.

Chapter 4 presents the five dimensional calculations from publications [71,72].
We consider a five dimensional spacetime with the fifth dimension compactified
on S'/Z, and a hyper and a gauge multiplet in the bulk. The method of cal-
culating Feynman graphs is used to calculate the self-energy graphs directly on
the orbifold. We find that while the bulk hyper multiplets generate a linearly
divergent loop correction in the bulk, they do not give rise to a renormalization
of the four dimensional gauge coupling at the fixed points. This is in particular
true for the Abelian theory, where the complete result vanishes, whereas in the
non-Abelian case only those terms of the higher dimensional theory are renor-
malized that do not contribute to the four dimensional gauge coupling. The
non-Abelian gauge multiplet, however, induces renormalizations of both bulk
and brane gauge couplings. Its loop effects are such that at the fixed points
only the four dimensional gauge superfield receives a loop correction. A higher
dimensional operator is not generated in the five dimensional setup.

Chapter 5 presents the six dimensional calculations from [71,72]. The analysis
of the preceeding chapter is generalized to six dimensions with the extra two
dimensions compactified on a T2 /Zy orbifold and a hyper and a gauge multiplet
in the bulk. The cancellation of the loop corrections due to a hyper multiplet that
we encountered at the fixed points of S1/Z, is translated into the fact that the
four dimensional gauge coupling does not receive loop corrections from a bulk
hyper multiplet at the Z, fixed points of an even ordered orbifold. Again we
observe that in the Abelian case the complete self-energy vanishes, while in the
non-Abelian theory only those terms are renormalized that do not contribute to
the four dimensional gauge coupling. However, the bulk hyper multiplet induces
quantum corrections at those fixed points of T%/Zy that do not belong to a Zs
subset. The gauge mutiplet induces quantum corrections at all fixed points. At
the Z, fixed points, however, only the kinetic operator of the four dimensional
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gauge superfield is renormalized. Another issue encountered in six dimensions
is the generation of higher derivative operators at one loop. The operators are
generated from loops that involve the hyper multiplet both in the Abelian and in
the non-Abelian theory and the gauge superfield in the non-Abelian theory. As
our formalism works in position space, we have a resolution where the quantum
effects are located: We can see that the higher dimension operators are generated
in the bulk, while the fixed points contribute just the usual four dimensional
logarithmic running.

Chapter 6 contains unpublished work on gauge coupling renormalization in
a ten dimensional spacetime with the six extra coordinates compactified on a
T°/Zy orbifold and a gauge multiplet in the bulk. Here we compute the renor-
malization of the kinetic term of the four dimensional gauge multiplet due to
the self-interactions of the ten dimensional bulk gauge multiplet. We find that
the renormalization in the bulk vanishes identically. This is a good cross-check,
because we reproduce the well-known result that due to the high amount of
supersymmetry there is no gauge coupling running in ten dimensions. But the
implications of our result are even stronger, because the calculation reveals the
fact that no higher dimensional operators are generated as loop counterterms in
the bulk. Then we present for the first time the analysis how the theory renor-
malizes on the lower dimensional subspaces of the orbifold. As the amount of
supersymmetry on the lower dimensional subspaces is reduced, certain operators
in the action of the ten dimensional vector multiplet are renormalized while oth-
ers are projected out. Higher dimensional operators are also generated, but this
time they are not localized in the bulk of the orbifold, but on its six dimensional
subspaces.

Chapter 7 concludes this thesis with a summary and a brief outlook. The
technicalities are organized in the appendices.






Chapter 2

Supersymmetric field theory

In this chapter we recapitulate N/ = 1 supersymmetry in four dimensions. In
the context of this thesis, this is important because the higher dimensional su-
persymmetric multiplets which are considered later can be expressed in a four
dimensional language. The emphasis in this chapter is on the technical side,
since it provides the notions and identities that will be used in the rest of the
thesis. We start with the supersymmetry algebra and its linear representation
on superfields living on superspace. The supercovariant derivatives are given to-
gether with helpful identities. The chiral and vector superfields form irreducible
representations of the supersymmetry algebra. Their restrictions to component
fields are discussed. The F-term of a chiral superfield and the D-term of a vector
superfield are used to construct invariant actions. It is shown how the funda-
mental restrictions of the superfields are used to rewrite a superfield action into
its component field form. All this material is standard. Textbook introductions
to four dimensional supersymmetry can be found in [1-5].

2.1 Supersymmetry algebra and superspace

Our starting point is the N' = 1 supersymmetry algebra, which is given by the
following commutators and anticommutators of the supersymmetry generator )
and the four momentum P

{Qaa Qd} = 2Uadema
{Qa: Qs} ={Qa, Qs} =0, (2.1)
[Pm7Qa} = [Pm7Qd} = 0.

The notion N' = 1 refers to the fact that we have only one supersymmetry
generator. The Greek indices «, 3, &, f run from one to two and label the two
components of Weyl spinors, while the Latin indices m,n run from one to four

15
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and refer to Lorentz four vectors. With the help of parameters £%, &, that
anticommute with other spinors and commute with bosonic quantities

{ga’gﬁ} = {gdagﬁ'} = {ga’gﬁ_} =0,
(€%, a™] = [&.a™] =0, (2.2)
{604’ Qﬁ} - {ga’QB} = [gaapm} =0,
{gonQﬁ} = {go'm Qﬂ} - [gonpm} = 0.
the supersymmetry algebra is represented in terms of commutators only
[£Q.6Q] =2£0™EP,,
[£Q.6Q] = [¢Q.€Q] =0, (2.3)
[P",EQ] =[P™EQ] =0,
where the following summation convention for spinorial quantities has been em-
ployed: Undotted indices are summed from upper left to lower right such that
£Q := §*Qq, whereas dotted indices are summed from lower left to upper right

£Q := £,Q%. Indices are raised and lowered with the help of the antisymmetric
e-tensor with €'? = €9, = 1 as

£ = €e¢g, £ = Edﬁgg, (2.4)

and two e-tensors are contracted to a Kronecker symbol as €z, = 05 and
ed‘ﬁ'em = 0. Summing over the indices in the “wrong” direction brings in a
minus sign: £%n, = =& and &40 = —£*7,. The Pauli matrices 0™ have the
fixed index structure o,4" such that, for example, the product with spinors in
the first line of (2.3) reads £0™E = £%00s™EY.

Representation of the supersymmetry algebra on superfields

In the form (2.3) the supersymmetry algebra may be viewed as a Lie algebra
with anticommuting parameters. Hence a group element is defined in the usual
way

G(xm, 0, 9) = exp ( — 1" P, +100Q + zé@) (2.5)

The representation space for the supersymmetry transformation is therefore an
8-dimensional manifold parameterized by the coordinates 2™, 6, and 0. This
manifold is called superspace. Functions which live on superspace are called su-
perfields. A unitary representation of the supersymmetry algebra on superfields
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is constructed in the following. The multiplication of two group elements gives

G(am,g,g’) G(xm,é’, 9) = G(am+xm+i00m€—i€0m§, 0+¢, §+§)- (2.6)

where Hausdorff’s formula e?eB = eATBT3[ABl+ has been used. The group
multiplication law (2.6) induces a motion in the parameter space
(xm,é’, 9) — (am+xm+i00m€—i§am0_, 0+¢&, é+§). (2.7)

Hence even a pure supersymmetry transformation with ™ = 0 induces a motion
in the Minkowski coordinates. A superfield .%# transforms under the motion (2.7)
as

ﬁ(xm,e,é) — ﬁ(xm—l—am—l—ié’amg—zfamé’_, 0+¢&, 0_+§)

07 oF - 0F
_I_

= 7 (2,0,0) + (" + o™ — i&o™0) e + f“(%)a & 0.

(2.8)

= UF(a".0,0).
where U is the unitary representation that we are looking for. The ansatz
U = exp (z'aum —i—zﬁQ—i—ZgQ) (2.9)

allows to determine by identification the realization of the supersymmetry alge-
bra on superfields

P, = —io0,,
iQup = On—i0,5"0%0,, (2.10)

i@d = _5(:'\( + i@aaadmam.

One checks explicitly that P, @ and @ fulfill the supersymmetry algebra (2.1).
The derivatives w.r.t. Minkowski coordinates and the dotted and undotted spino-
rial coordinates, respectively, in (2.10) are defined as

) ) —
=g Ge=gm  F=gr (2.11)

Differentiation of spinorial coordinates is defined as

Om

0,0° =58, 30, =6" (2.12)
and the squares of the derivatives 02 = ¢’ 930, and 0% = € dP9% fulfill
0*0* = 0*0* = —4, (2.13)

which will allow us to establish a connection between differentiation and inte-
gration w.r.t. Weyl spinors in (2.44).
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2.2 Supercovariant derivatives

Supercovariant derivatives D, and Dg which anticommute with the supersym-
metry generators

{Da,Qs} = {Da, Q3} =0, (2.14)
{Da,Qﬁ} = {Do'c,@g} =0,

and hence commute with an infinitesimal supersymmetry transformation are
then defined as

Dy = 0y +i0™.0%,,, (2.15)

Dd - _50'4 - iHO‘UZ%d@m.
The supercovariant derivatives fullfil the following anticommutation relations
among themselves

{Da, Ds} = 20,0, (2.16)

{Da,Dg} = {Ds, Dy} = 0.
It is useful to write out the products D? and D? explicitly
D? = ¢ (830n — 2i 0004050 + 00s"0% 055"0° 8,,0,), (2.17)

D? = (8305 + 2 0°006™ 30, — 0°00a™0°0 55" 00,

in order to note that D? (D?) is equal to 9* (0%) up to terms that contain a
total spacetime derivative 0,,. This means that we can replace ordinary against
covariant derivatives as long as we work under a spacetime integral

/d4:c D? = /d4:c 0%, /d4:c D? = /d4:c 0% (2.18)

From (2.17) one reads off that the replacement of ordinary against covariant
derivatives is also possible when an expression is restricted to 8 = 0 for D? or
to § = 0 in the case of D% Straightforward application of the D-algebra (2.16)
leads to the following helpful identities

[Da, D?] = —4i€*0,46™ D 30, DoDgD., =0,
[Ds, D?| = 4ie*’ 004" D0y, DsD gDy = 0, (2.19)
[D?, D?] = —4ie*?¢9 5,48, [ Dy, D), D*D?D,, = D,D*D*,

{D* D*} = 2D“D’D, + 160,
where the box in the last line is the d’Alembert operator O = 0,,0™.
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2.3 Superfields

A power series expansion of a superfield F = F(z,0, f) in the variables 6,
and 0, yields, due to the anticommuting nature of these variables, only a finite
number of terms

F(2,0,0) = f(z)+06(z) + 0x(x) + 0*m(z) + 0*n(x) + 05™0A,,(z) (2.20)
+ 00N (x) + 0204 (x) + 0%60%d(x).

As 6 and 6 can appear at most twice in each of the terms, a superfield is a
collection of nine z-dependent component fields. One can now read off that a
superfield accommodates four complex scalars f, m, n and d with two bosonic
degrees of freedom each, four complex Weyl spinors ¢q, Ya, A and v, with four
fermionic degrees of freedom each and a complex vector A,, with eight bosonic
degrees of freedom, such that we have both sixteen bosonic and fermionic degrees
of freedom altogether.

While (2.20) is a space saving notation for the relation between a superfield
and its component fields, it turns out that for many calculations a different
notation is more convenient. For this notation we act with a certain number of
covariant derivatives on the superfield .# and subsequently take the restriction
to § = @ = 0. (This will be denoted by a vertical line.) From the expansion
(2.20) we calculate the following expressions for .#

F | = f(x),
Do7 | = ¢alr),  DaT | = Xal2), (2.21)
D? - D?
= F|=ml@),  —5[DaDi F | =0T wadnle), = f' = n(z),
1 : 1,
_ZD Dd?) = )\d(.fl,’), _ZD Day‘ = a(x)
L7
(DD, F ’ — D(x),
where we have performed the field redefinitions
Nal@) = Xy (2) + 5 0™ 0 0" (),
i —d
¢a($) - ¢;($) Y Umoed amX ($)a (222)

D(x) = 2d(z) — % Of (z).
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We will refer to the expressions (2.21) as the fundamental restrictions of 7.
Other restrictions with different combinations of covariant derivatives either
vanish or are not independent of the restrictions (2.21) and in this sense not
fundamental. It is clear that the definition of the component fields is to a cer-
tain degree arbitrary. For example, the overall normalization of the component
fields can be adjusted for convenience. And the admixture of component fields
from lower restrictions in the definition of component fields from higher restric-
tions (i. e. the admixture of ¢(x), Y(x) and f(z) in the definitions of \(z), ¥ ()
and D(x)) are artifacts which can be absorbed in a redefinition of the fields as
in (2.22). In this thesis we will use this freedom to achieve agreement with the
conventions of [1]. We also note here that a superfield does not necessarily have
to be a Lorentz scalar as the notation .# (z,6,6) may seem to suggest. In fact,
for the supersymmetric generalization of the field strength a superfield will be
employed that transforms as a Weyl spinor under Lorentz transformations.

The supersymmetry variations of the component fields are now easily ob-
tained from the supersymmetry variation of the superfield: Using (2.9) a pure
supersymmetry variation and its infinitesimal version are

F — exp (EQ+16Q) F ~ F+i(EQ+EQ)F = F+6:.F7.  (2.23)

From this prescription one can identify the supersymmetry transformation of
the component fields using the fundamental restrictions (2.21). The calculation
is simplified by the observation that, as far as the restriction is concerned, the
supersymmetry generator is proportional to the covariant derivative

067 | =i(€Q+£€Q).F | = (€D +ED)F |, (2.24)
which is true for any restriction and not only for .# }
Chiral superfields

Superfields form a representation of the supersymmetry algebra, but they are not
irreducible representations. To find irreducible representations, we impose con-
straints on superfields. One possible constraint is to require that the superfield
vanishes upon application of a supercovariant derivative operator

qu) - 0 (225)

A superfield which fulfills this condition is called a chiral superfield. For a chiral
superfield there are only three fundamental restrictions
D2

| =A(x), Da®|=v21a(2), == F(x). (2.26)

Hence this supermultiplet accomodates a Weyl fermion 1, together with its

bosonic superpartner A plus a (bosonic) auxilliary field F'. The two complex
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scalars A and F' both carry two bosonic degrees of freedom, while ¢, contributes
four fermionic degrees of freedom. Thus, bosonic and fermionic degrees of free-
dom match within the multiplet. With respect to (2.26) we remark that all
other restrictions vanish under the condition (2.25) except for the commutator.
But the commutator restriction is for a chiral field not independent of the other
restrictions and hence need not be mentioned separately. We see this, because
for a chiral superfield the commutator can be replaced by the anticommutator

1 _ 1 _ m

5 [Da: Dl cb) = 5{Da: Da} <1>‘ 00" O) D (2.27)
and thus, upon making use of the algebra for the covariant derivatives, can
be traced back to the restriction ¢ } in (2.26). The supersymmetry variations
of the component fields are calculated by applying the operator (2.24) on the
component fields, using the fundamental restrictions (2.26) and the relations for
the covariant derivatives (2.19), and we find

e A(z) = V2 (),
et () = iV2 0080 A(T) + V2 ELF (1), (2.28)

0eF () = iV/2 E6™Opib(z).

We observe that a supersymmetry transformation always maps fields on linear
combinations of fields in the multiplet and hence the multiplet forms a represen-
tation of the supersymmetry algebra. We also note that the highest component
F of the chiral multiplet is mapped to a total derivative by the supersymmetry
variation which is important for the construction of invariant actions.

Antichiral superfields

In the same way one defines an antichiral superfield which fulfills

D,® = 0. (2.29)

Its fundamental restrictions are consequently given by

N2

_ o _ D? _

| =A%), Di®|=v2¢s(2), —®|=F (@) (2.30)
Again all other restrictions vanish except for the commutator of two covariant
derivatives which is proportional to the restriction ® } All expressions for the
antichiral superfield are given by the hermitean conjugate of the corresponding
expressions of the chiral superfield.
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Vector superfields

A vector superfield V = V(x,0,0) is defined by the constraint that the field be
real

VE=V. (2.31)

This requirement relates also the component fields, so that the fundamental
restrictions of the vector superfield are defined for convenience as

V| =C(a),
D,V } = iXa(T), DyV } = —ixa(T), (2.32)
D? _ D?
_—4V’ = m(z), ——[Da,Dd} V’ = 0o Ap(x), _—4V’ =m*(zx),
1
—ZD2DQV‘ = i\s(), — D2DQV‘ —iAo ()
1 2
DD DaV’ — D(x),

where the complex field is split into real and imaginary parts m(z) = £ [M(z)+
iN(z)] in the conventions of [1]. With respect to a general superfield, the number
of degrees of freedom of a vector superfield is cut in half by the reality condition,
i.e. there are eight bosonic and fermionic degrees of freedom: x, and v, are
complex Weyl spinors with four fermionic degrees of freedom each and C', M,
N and D are real scalars with a single bosonic degree of freedom each. A,, is
a real vector with four bosonic degrees of freedom and it will be argued in the
following that one can identify A,,(z) with a gauge field. Thus, we may also

speak of a gauge multiplet. Usually, a gauge field transforms as
Ap(z) = Ap(x) + Opw(), (2.33)

where w(x) is another real field. This concept is generalized to a supersymmetric
gauge transformation by the definition that a vector superfield transforms as

V-V 4+A+A, (2.34)

where A is a chiral and A an antichiral superfield. The combination € (z, , 0) .=
(A+A) (x,0,0) is real and hence a vector superfield. Its restrictions are calculated
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to be
Q| = Ax) + A*(2),
Do = V2¢u(2),  DsQt| = V2¢u(x), (2.35)
D? 1 _ D?
0| = Fl@), —§[Da,Dd]Q) = o™ O w(2), _—49‘ = F*(2),
1, 1
—ZDQDdQ) —0, —ZDZDQQ) — 0

1
gDaD?DaQ) —0,

where w(z) = 2Im A(x) in the vector field component such that (2.33) is fulfilled
under the gauge transformation (2.34). The other component fields transform
under (2.34) as

C(xz) — C(z) + Re A(z),

Xa(7) = Xa(x) — iV2¢0(z), (2.36)
M(z) +iN(z) — M(z) + iN(z) — 2iF (z),

while the component fields A\, (z) and D(x) are invariant under the generalized
gauge transformation. With the help of these gauge transformations, we can fix
the Wess-Zumino (WZ) gauge where the components fields C(x), x(z), M(x)
and N(z) are all identical to zero. For easier reference, we take down again the
restrictions of the vector superfield in WZ gauge

1 _
_§ [Daa Do’c} V ) = O-admAm(x)a
1, - 1, |
-7D dej —ida(), =D DQV‘ = —ida(), (2.37)

1

D DD,V ’ — D(x),

while all other restrictions vanish. In WZ gauge the only non-vanishing powers
of the vector superfield are V and V2. This observation will be useful for Taylor
expanding the exponential of V', where the series breaks down after the quadratic
term. We determine the supersymmetry variation of the component fields by
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application of the supersymmetry transformation (2.24) on the component fields
0 A™ (x) = i€o™Mx) + i€ M(w) + £0™ x(z) — £9™X(2),
deda(z) =i6D(x) + 0™ EF (), (2.38)

5D (1) = —£0™ O (2) + £ O\ (1),

where F,, = 0,A, — 0,A,, is the field strength tensor and we have defined
0™ = 0,45 — 0,4"6™ ). From the first line we can also determine
the supersymmetry variation of F™"

0 F™ () = i0™ (o™ Mw) + £ A(x)) — i0" (Eo™A(z) + E6™ N (x)).  (2.39)

Thus we have checked explicitly that the fields A,, (or F.,), A, and D form a
representation of the supersymmetry algebra by themselves. We also note that
the supersymmetry variation of the highest component D is a total divergence
which will help us to establish invariant actions in section 2.4.

Projection operators

With the help of the supercovariant derivatives (2.15) one defines the following
projection operators on superfields
D*D?D,, D*D? D*D?
_ : == P = , (2.40)
—80 160 160
which are idempotent P§ = P, P2 = P, P? = P_ and which fulfill the com-
pleteness relation Py + P, + P_ = 1. The projector F, is referred to as the

transversal projector, P, and P_ are referred to as the chiral and antichiral
projector, respectively. Their action on chiral and antichiral superfields is

Py® =0, P, b=, P.d=0,

Fy

(2.41)

Py® =0, P, ® =0, P . d=27.

2.4 Supersymmetric actions

Supersymmetric actions are most conveniently formulated by an integral over
superspace. Therefore, we have to introduce integration over the Grassmann
variables 0, and ;. We define anticommuting volume elements

{do°,d0°} = {do°,0°} =0, {d0s,d0;} = {dbs, 05} = 0.

Integration with respect to the components of the Weyl spinors is defined as in
the usual way for Grassmann variables

/dea =0, /d@a 6 =1, /dé’_d =0, /dé’_d s = 1, (2.42)
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where no summation over «, ¢ is implied. This defines a translation invariant
integral over Grassmann variables. In the literature one often refrains from
raising or lowering the indices of the volume elements (2.4). Instead, one defines
the two-dimensional volume elements d?6 and d?f explicitly such that one can
easily include a nontrivial normalization factor of —i and the four-dimensional
volume element is defined as the product of the former two

1 S R _
d?0 = —7 €os do~do”, d?0 = -1 edfsd d*0 = d*6 d*0.

As we have not defined how to raise or lower the indices of the volume elements,
we explicitly write out the summation over the spinor indices d?6 = % df*dh* and
020, = —260'0? for the undotted indices and d?0 = —% df; df; and 050% = 20,0,
for the dotted indices in order to calculate

/d29 0* = /d2§ 0* = 1. (2.43)

In this sense, integration and differentiation w.r.t. Grassmann variables are
equivalent, because comparing (2.43) with (2.13) one identifies.

02 s
2 _ 2 _
/d 0 =—, /d o =— (2.44)

As we noted already below (2.17), we are allowed to replace ordinary derivatives
with covariant derivatives as long as we work under a spacetime integral and so
we write down the technically very important equations

2
/d4xd26’ :/d4xD—,
—4

A2

/d4xd26’ :/d4xD—4,

272
/d4x d*0 = /d4x % (2.45)

These equations allow us to manipulate integrands comfortably by employing the
identities (2.17) for the covariant derivatives. They represent the link between
a supersymmetric action and the restrictions of the superfields as we will see
below. Note that under the spacetime integral D? and D? in the last equality
commute.

Invariant actions

With the help of Grassmann integration we can now define actions invariant
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under supersymmetry by integrating a functional of superfields & [CD, P, V} over
superspace. As & is constructed from chiral and vector superfields, it is itself a
superfield which might also be chiral or vectorial. In (2.46) and (2.49) we will
first give the actions for the two cases and then show that the so-constructed
actions are indeed supersymmetry invariants. The action for a chiral functional
Dd @chiral =01s given by

(S”Chiral = /d4l‘ d20 @Chiral + hC (246)

One easily verifies that the action does not depend on the spinorial coordinates

D2
O St = / 1 Do 25 Pagea +he. =0, (2.47)

D? _
ad f%hiral - /d4.1f __4 Da e@chiral + h.c. = 07

where we have written the ordinary derivative as a covariant derivative under
the integral sign and used (2.45). In the second line we used the chirality of
P ival. Hence we can also evaluate the action at # = § = 0 without changing
anything

D2
<§ﬂchiral = /d4[l’} _—4 l@Chiral + h.c. . (248)

When we compare the integrand to the last equation of (2.26), we see that we
have exactly projected out the F-term of the chiral superfield Puia. As we
know from (2.28) that the F-term transforms with a total derivative under su-
persymmetry transformations, the action as defined in (2.46) is invariant under
supersymmetry transformations. Expression (2.48) is also the first step in or-
der to expand the superfield action into the component field action. This is
simply done by applying the covariant derivatives on a given function & by
using the product rule for anticommunting derivatives and then identifying the
fundamental restrictions. An example for this will be given in (2.52).

The action for a vectorial functional ,@iector = Pector 18 given by its integral
over the whole superspace

yvector - /d4$ d40 ‘@VeCtOI" (249)

Obviously, the action is independent of ¢ and 6 such that we can take the re-
striction to # = 6 = 0 and not change anything. Under the spacetime integral,
D? and D? commute and so we can use the last line of (2.19) in order to find
that

1 D*D?D,
yvector - § /d4$ T gzvector . (250)
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With the help of the fundamental restrictions (2.32), we identify the integrand
as the highest component (the D term) of the vector superfield 2 ector. We have
already seen in (2.38) that D transforms into a total derivative under supersym-
metry transformations, therefore . cetor is invariant.

Component field action

As we remarked above, the identities (2.45) are the starting point for the extrac-
tion of the action in component fields from an action formulated in superfields.
Let us consider a standard example in all detail: Take &2[®, ®,V] = ® ®. Here
& is a vector superfield, so the action is

S = /d%: d'0 ® . (2.51)

We rewrite the superspace integration with the help of covariant derivatives and
take the restriction as in (2.50). Then we distribute the covariant derivatives
according to the product rule

L R )_i/422)
S = [dx DD (@) | = - [ d'z D*(®D)

1 L L o
— — [ @'z (D*® D*® 4 25 D,® Dy D*@ + & D*D?0) ’

_ /d4x (D20 D*¢ + 267 D4 [Ds, D)@ + & { D%, D*}®) |

1 = . _ _
== [d' (D*® D20 + 8i €% 0,3™ Dod 0, D@ + 16 2 0 ’

- / diz (F*(:B)F(a:)ﬂ'amq/id(x) 6mdﬁ¢g(x)+A*(x)DA(x)). (2.52)

In lines one and three we made use of the chirality of the superfield. In the last
but one line we took advantage of identities (2.19). Then we used the funda-
mental restrictions for chiral and antichiral fields in (2.26) and (2.30). Thus,
we find that the term ®® comprises the kinetic terms of the fields in the chiral
multiplet.

Delta functions

We conclude this section with a few identities that are extremely useful for Feyn-
man graph calculations in superspace. These identities concern certain combina-
tions of covariant derivatives with delta functions of the Grassmann coordinates.
From (2.43) we read off that the two dimensional superspace delta functions are
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given by
6%(0) = 62, 6%(0) = 62, 54(0) = 6%(0) 5*(0) (2.53)

and the four dimensional delta function is the product of the former two. In
Feynman graph calculations these four dimensional delta functions arise from
functional differentiation w.r.t. the source terms of superfields as we will see in
the next chapter. In the calculation one often encounters the situation that
a number of covariant derivatives is sandwiched between two four dimensional
delta functions. Then the following identities are extremely useful

5291 5291 = 531 D, 5291 = 531 Dy, 5291 = 531 D? 531 = 531 D? 5291 = 0,

89, D,D* 64, = 69, DyD?* 65, = 0, (2.54)
D2D? D*D*D, D?D?
531 16 531 - 531 16 531 - 531 16 531 - 531

where we have used the short hand 65, = 6*(6,—6,) for the four dimensional delta
function. The general rule is that such expressions vanish unless the number of
D’s and D’s between the delta functions is equal and there are at least two
D’s and two D’s between the two delta functions. In the next chapter these
techniques are applied to Feynman graph calculations in superspace.



Chapter 3

Supersymmetric theory in four
dimensions

In this chapter we demonstrate how loop calculations are performed in supersym-
metric gauge theories. To this end we consider standard N' = 1 supersymmetry
in four dimensions that was reviewed in the preceeding chapter. We discuss
the well-known actions of a chiral multiplet that is coupled to an Abelian and
a non-Abelian gauge multiplet, respectively, both in the superfield and in the
component field representation. Then we quantize the theory using the path
integral approach. We determine the one-loop corrections to the gauge kinetic
term and describe in detail the method of renormalizing 'within the generating
functional’ as it will be used later on in the thesis in more complicated situa-
tions. The difference between the Abelian and the non-Abelian calculation lies
in the fact that in the Abelian calculation only the chiral multiplet contributes
in the loops whereas in the non-Abelian calculation contributions from the gauge
and ghost multiplets have to be added. In both cases we infer the appropriate
counterterms and reproduce the standard results for the gauge coupling running.

3.1 Chiral multiplet coupled to an Abelian
gauge multiplet

In this section we consider a chiral multiplet that is coupled to an Abelian gauge
multiplet in four dimensions. We present the classical action first, then we quan-
tize the theory. In the gauge sector the quantization requires the introduction of
Faddeev-Popov ghosts which have a kinetic term but no interaction with the rest
of the fields and therefore decouple from the theory. We calculate the loop cor-
rections to the gauge kinetic term due to the hyper multiplet and give a detailed
account of how the renormalization ’in the generating functional’ is performed.
After regularization we infer the counterterm and determine the gauge coupling
running in terms of the beta function.

29
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3.1.1 Classical action

First we consider the action for a massless chiral multiplet ® that is coupled to
an Abelian gauge multiplet V' on the classical level. The superfield action for
these multiplets is given by

y:l]))elian (CI)’ V) = y@ ((I), V) + <EﬂV (V), (31)

where .Y (@, V) is the kinetic action of a chiral multiplet of charge ¢ with its
coupling to the gauge multiplet

TP = / d*z d'0 e*V (3.2)
and Ay (V) is the kinetic action for the gauge multiplet

1 I —_ .
FED = v d'a { / d*0 WoW, + / d*0 WQWQ}- (33)

This action is invariant under the following super-gauge transformation
b — e 20, O — e 2N P, V-V +A+A, (3.4)

where A is a chiral superfield DA = 0 and A its chiral conjugate. As A is a
superfield that depends on a point in superspace, the transformation is local.
W, and W, are the gauge invariant supersymmetric field strengths that are
constructed from the gauge multiplet V'

1 _ 1 .-
W, = —ZDZDQV, Wy = —ZDdeV. (3.5)

Because the application of three covariant derivatives of the same type in a row
vanishes identically, W, and W, are chiral and antichiral superfields, respectively.

Component fields

The fundamental restrictions of the supersymmetric field strength are found by
exploiting the fundamental restrictions for the gauge multiplet (2.32). The field
strength contains the following component fields

W | = —ida(2),
DsWe | = —€gaD(x) — ic™" 5" €50 Frnn (), (3.6)
D? -
_—4 Wa = O'admam)\(l‘>.
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In contrast to a scalar chiral field in (2.26) the fermionic terms reside in the
lowest and highest restriction, while the restriction with one covariant derivative
contains the bosonic terms. The component field action is calculated as demon-
strated in Section 2.4 with the help of the fundamental restrictions (3.6). One
obtains for the kinetic terms of the chiral multiplet

Fo = /d4:c ( — (D A(2)) (D" A(z)) — it (2)6 " Dyt (z) + F*(2) F(x)

+qD(2)A"(2)Alz) — ivV2q (Al2)d(x)A(x) — A" (IU)A(ai)w(a?))) (3.7)

and for the gauge kinetic action

1 4 1 n < nema T 1 5
Sy = 7 /d x < - Zan(x)F (x) —iX(z)a™ O () + 5 D (x)), (3.8)

where the covariant derivatives are defined as
D A(zx) = ((9m + z'qu(z)) A(x),

(3.9)
Dpto(z) = (O + igAn(2)) ¥(2).

The gauge field A,,(z) and the gaugino A(z) have the standard kinetic terms.
Supersymmetry generates a coupling between the scalar A(x), the fermion ()
and the gaugino A\(x). As this action is off-shell, we have a couple of terms that
describe the auxilliary fields F'(z) and D(x). These can be integrated out via
their purely algebraic equations of motion

1

F@)=0, D) +qA"(2)Ax) =0 (3.10)

which leaves us with an additional four-point self-coupling of the scalar A(z)
4 * 1 2 *
/ d's (F(@)F() + 307 D@ +a D()A (2)A())

:_g d'z (A*(2)A(x))®. (3.11)

This completes the classical discussion of the four dimensional Abelian action
both in the superfield and in the component field language.
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3.1.2 Quantization of the action

We want to calculate loop corrections to the gauge kinetic term (3.3), so we have
to quantize the action. For our purpose Feynman’s path integral approach will
prove to be most convenient, so the action (3.1) is quantized by inserting it into
the path integral thus defining the generating functional Z of the theory

Z[J, Jv] = / DD DV exp {z / d*z (gggehan(@, V)+

+ /d49 JyV + /d20 J® + /d20 j@) } (3.12)

which is a functional of the source terms in the second line. The sources are
superfields: Jy is a vector superfield and J and .J are chiral and antichiral su-
perfields, respectively. Note that for notational simplicity we do not indicate the
dependence of the action and the generating functional on the antichiral super-
fields explicitly and that the functional integration runs also over 2®. Moreover,
the generating functional is normalized to unity in the limit of vanishing sources
which we do not indicate explicitly. The source terms of the chiral and antichiral
fields in (3.12) can be rewritten such that they also fit under the [d*6 integral

2 20 T 4 D? - D
P9I + [d0J = [d'0( —5 T+ T), (3.13)

where first the chiral projection operators (2.40) have been used to insert the
identity in the form P, J = J and P_J = J and then equations (2.45) have been
used under the [d*z integral to pull the covariant derivatives into the Grassmann
integration.

The action (3.1) is split into free and interacting parts leading to the propa-
gators and vertices, respectively

yﬁkl))elian ((I)7 V) = ’y<1>2 ((I)) + LSﬂVZ (V) + eycp int ((I), V) . (314)

In the Abelian theory the gauge field action (3.3) is quadratic in the gauge fields
and therefore indentical to .%o (V) (In the non-Abelian theory we will have
an additional term due to the self-interactions of the gauge field.) The free field
part of the action (3.1) is given by

T2 (D) + Fra(V) = / d*z ' <<I><I> + é VD“DQDQV) (3.15)

where the terms involving the gauge multiplet were rewritten with the help of
(2.45) and a subsequent integration by parts.
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¢ ——* V

Figure 1: The four dimensional Abelian theory contains one propagator for the chiral
superfield and one for the gauge superfield. There are in principle also two propagators
for the ghost superfields, but these fields decouple from the theory.

Chiral field propagator

To find the propagator of the chiral field we consider its free field generating
functional

_ D? _ D? _
Zy [J} = /@@ exp {z’/d%d‘*ﬁ (<I><I>+ 0 JO+ P T J)} (3.16)

For later use we denote the integrand under the path integral by K| [<I>, J ] . Under
the shift in the integration variable

D? _

which has a trivial Jacobian we obtain the result
o a7 1
ZO[J}:exp{—z/dxdeJaJ}, (3.18)
where we have absorbed the constant factor from the Gauss integral in the
normalization of the generating functional Z, [J }

Gauge superfield propagator

Next we consider the free field generating functional of the gauge superfield and
determine the gauge superfield propagator

1 _
Zo|Jv] = / PV exp {@ / d*zd'6 (g VD*D*D,V + va>}. (3.19)

For later use we denote the integrand under the path integral by K [V, Jy]. We
would like to perform a shift and a Gauss integration as we have done in the
case of the chiral field, but a complication arises, because the quadratic operator
%DO‘D2DQ is not invertible. That this is the case can be seen by showing that
the quadratic operator has zero modes, namely the chiral and antichiral fields
which it annihilates

D*D*D, A\ = 0, D*D*D,A = 0. (3.20)
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Therefore, one has to perform a gauge fixing. For gauge theories the method of
choice to employ a gauge fixing is the Faddeev-Popov method. One defines the
Faddeev-Popov determinant by employing a chiral superfield F'

AlV] = / PR PN §(ONVV] — F) §(0NV(V] - F). (3.21)
We choose for the gauge fixing functional the chiral superfield O[V]
D2
o] =—; V2V (3.22)
Its highest component is
D—2 O[V] ' _ L (OC(z) + D(z) — i 0, A™ () (3.23)
4 V2 " '

and thus the imaginary part is chosen such that the gauge fixing implements the
Lorentz gauge 9, A" = 0. We insert the identity in the form A~'V]A[V] into
the path integral

Zo[Jv] = / DV 9N NNV 5(@<M> V] — F) (6D [V] - F) e 71V]
= /@V FAGNNTV]S(O[V] - F)§(O[V] — F) eI (3.24)
= (/@A @A) /@V AT V]s(e[V] - F)§(O[V] - F) i 7V]

_ / oV AV]5(O[V] - F)5(O[V] — F) &7V,

In the second line we have performed a gauge transformation (which leaves
PN, 2V and .Z[V] invariant). Then the integrand does no longer depend on
A, A, such that we can factor out the integration with respect to those fields.
The integration just gives an infinite factor which is absorbed in normaliza-
tion of the path integral. Next, we integrate with a Gaussian weighting factor

[PF PF exp (—z’ffd‘lx d*6 F'F) over Zy [JV}

Zo|Jv] = / 9F 9F 9V A7 V] §(0[V] — F)§(O[V] - F) (3.25)
X exp {— iﬁ/d4xd49 FF} et 7V

= [V A V] expl —i€ [ d*zd*0 O[V]O[V] s 7V (3.26)
/ e/ |
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where £ is the gauge fixing parameter. When we insert the gauge fixing fuctional
(3.22) we are able to identify the gauge fixing action as

Zo[Jv] = / vV A V]IV, =S [@adbo DV

8
(3.27)

We write the gauge fixed generating functional as

Zo[ V] = / DV exp {z / d'wd'0 (VA + V) } (3.28)

Here we have dropped the factor A™'[V], because (as will be shown below) it
turns out not to be dependent on V' and can thus be drawn out of the path
integral and absorbed in the normalization of the generating functional. The
quadratic operator A is invertible

1 _ _ _
A¢ = - D*D*D,, — £ (D*D? + D*D?)
8 16
= —0PR — 0(Py + P.), (3.29)

which is most easily seen when A¢ is expressed in terms of projection operators
as in the second line of (3.29). So it is easy to show that its inverse is given by

L1 1
Aglz—apo—g—D(P++P_)

1 a2 L m2A2 L P22

= = (DD, 3¢ (D°D + DD?)). (3.30)

We perform in (3.28) the shift V' — V — %AglJV that has a trivial Jacobian
and absorb the constant factor in the normalization of the path integral. Taking
¢ = 1 gives a particularly simple choice of the propagator

Zo|Jv] = exp {z /d% d*o G Jy % Jv) } (3.31)

By choosing a definite gauge, however, we lose the information on the gauge
invariance of the result. If one wants to have this feature, one would have to
perform the calculation with the gauge parameter left undetermined. Then gauge
invariance could be checked, because in the matrix elements any dependence on
the artifact ¢ must cancel.
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Ghost propagator

The inverse of the Faddeev-Popov determinant can be represented in terms of
an integral over anticommuting chiral superfields C' and C’ (ghost superfields)

sl [reoc spl L [an( [ascse [ricie) (}3,'32)

where the integration over 2C and 2C’ is understood and where the ghost
superfields C' and C’ are independent of each other. In order to make these
fields dynamical, the following source terms are introduced

e = / d4a:< / 220 (JCC + JC,C’) + / 420 (J(;C + J@C')). (3.33)

The infinitesimal version of the Abelian gauge transformation of the vector mul-
tiplet (3.4) and the analog in Grassmann fields are

6V =A+A — 6cV=C+C. (3.34)
The infinitesimal gauge variation dc of the gauge fixing functional is
D2 _ _ D? _
5C@=¢§_—4(c+c), 509:\/5_—4(C+0). (3.35)

The complete generating functional for the ghost superfields including the source
terms can then be represented as

Zo|Je, Jor] = / 9C 9C" exp {z / d*z d*0 (C’C* +C'C+

D? p* D _ D
+ T Jo C'+ T Jor C"=C 0 Jo—C 0 JC/>}, (3.36)
where purely chiral terms vanish under the full superspace integral. The source
terms (3.33) have been rewritten to fit under the [d*6 integral. We perform the
shifts

D? D?

C—>C+EJCI, CHC_—ZID

Jo (3.37)

in (3.36) and absorb the constant factor in the normalization of the path integral.
Hence we obtain the propagators for the ghost superfields

-1 1 -
Z(] [Jc, JC’] = exXp {’l /d4.1f d49 ( - JC’ E JC - JC’ E Jc) } (338)
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Figure 2: In the four dimensional Abelian theory there are only interactions between
the chiral superfield and the vector superfield. Up to fourth order in the fields we have
one three point coupling and one four point coupling.

Hence, in the Abelian case, the Faddeev-Popov Lagrangian leads to propagators
for the ghost fields, but (3.38) contains no vertices that would connect the ghosts
with the rest of the theory. This means that the ghosts are decoupled. In
particular, A™! is independent of V such that Z, [JC, Jcr} can be absorbed in
the normalization of the path integral as mentioned below (3.28).

Interaction vertices

Next we determine the interaction vertices. Since our aim is the renormalization
of the gauge coupling at one loop, we need vertices up to fourth order in the
fields. Then the relevant part of the action (3.14) is

St (B,V) O / e d0 B (2qV + 2°V?) . (3.39)

This gives a three point coupling that involves the vector superfield and two
chiral superfields and a four point coupling that connects two gauge superfields
and two chiral superfields. The interactions are depicted in Fig. 2. As we already
mentioned above, there are no couplings that would involve ghost superfields.

3.1.3 Renormalization of the gauge kinetic term due to
the chiral multiplet

In this section we determine the renormalization of the gauge kinetic term (3.3).
In particular, we derive the counterterm which enables us to infer the gauge
coupling running. We show in detail how one renormalizes 'in the generating
functional’” without being forced to calculate really the two-point function to the
end. We start with the generating functional of the interacting theory (3.12)
where we split the action according to (3.14). Factorizing the different exponen-
tials it is cast into the form

Z[J, Jv] = / 9P DV exp {z / d'z gq,int(@,v)} Ko[®,J] Ko|V, Jv]. (3.40)

Here K [<I>, J] and K [V, Jy| are the integrands under the path integral in the
free field generating functionals for the chiral superfield (3.16) and the gauge
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Figure 3: In the Abelian theory, the renormalization of the gauge kinetic term receives
contributions only from the chiral superfield in the loop: The tadpole contribution is
labelled 3.A and the genuine self-energy graph is denoted as 3.B.

superfield (3.19), respectively, that contain the exponentials of the free field
actions and the source terms. Next we insert the expansion of the interaction
part (3.39) into (3.40) and expand the exponential that contains this part up to
terms that are quadratic in the gauge field V'

Z[J,Jv] = /@q)@V(l +i/d4xd46’ (2P VO +2¢° D VD) +
- % /(d4x d49)1 2q ©1V1 D4 /(d4x d46’)2 2q DyVo®y + .. )

x Ko[®,J] Ko[V, Jv],  (3.41)

where an index i at the superfields denotes the dependence on the coordinates
(75,0;,0;). The first term in the first line of (3.41) is just the identity. When
only this term is present in the expansion, the generating functional corresponds
to the free theory for which we know the generating functionals already. The
first term under the spacetime integral in the first line ® V@ is only the three-
point coupling itself which is not interesting for us here and which we neglect.
The remaining two terms give rise to self-energy loop corrections to the gauge
multiplet that renormalize the gauge kinetic term depicted in Fig. 3. The former
of these two terms involves a four-point coupling and corresponds to the tadpole
graph 3.A and the latter involves two three-point couplings and corresponds to
the genuine self-energy graph 3.B. In order to calculate these graphs, we replace
the superfields travelling in the loop by the corresponding functional derivatives
w.r.t. the source terms

¢ — L, o — L, (3.42)

o (z J ) ) (z J )

For the superfields on the external lines such a replacement is tacitly assumed,
but their corresponding functional derivatives will not be performed in the cal-
culation and in the end they will be replaced back against the fields. Therefore,
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in order to distinguish external from internal lines, we leave the gauge fields in
the expression, thinking of them for now as replaced by functional derivatives.
Having said this, the expression in the big round brackets in (3.41) does not
depend on the fields anymore and we are allowed to pull the functional inte-
gration through the round brackets right in front of the K, factors. Here the
integrals over the fields recombine with the respective Ky factor to give us back
our free-field generating functionals Z,

) o

5(i7) o(id)

Z[J, Jyv] = <1 + 2i¢> / d*z d* V2

5 0 J 0
_2{/d4dw Vo ; -
¢ [ (d'zd'0), ViVs §(iJy) 6(iJr) 6(ifa) 6(is) " )

X Zo|J] Zo[Jv].  (3.43)

These derivatives w.r.t. the chiral sources act on the free-field generating func-
tional of the chiral superfield. Performing the functional derivatives leads to the
appearance of the chiral delta functions

§J, D? 6J, D?

P} == 3.44

o, —4 U 6L -4 (3.44)
where we have defined a short hand for the superspace delta function o =
6*(xy — x1) 640y — 0;). The covariant derivatives that are associated to the
delta functions ensure that chirality is preserved. The tadpole diagram 3.A is
calculated to be

o o

3.A = +2i¢? / d*z d* V*?

5(i7) (i)

1 D2D?
O, 16

= —2q2 /(d4l' d40) 19 ‘/12 (521 (521 (345)

1
=2 [ (), ato V2o oo,

where the derivatives in the first line act on the Z [J] outside the big round
round bracket in (3.43). In the second line we are only interested in keeping
terms that do not contain sources anymore as usual. We use (2.54) and integrate
out the remaining Grassmann delta function such that in the last line only the
four dimensional delta function appears 55? = §*(z2 — x1). The final expression
is local in the Grassmann coordinates and therefore an index 7 of a field refers
at this stage of the calculation only to the dependence on the Minkowski part of
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the coordinate (z;,6,0). In the same way, the genuine self-energy graph 3.B is
calculated to be

0 5 5 0
3.B=—2¢" /(d%; d'0) ., ViVa

6(iJ1) 6(iJr) 6(iJs) 6(is)

1 D2D? 1 D2D?
= 2q2 /(d4ﬂj‘ d49)1234 ‘/i‘/g 532 D_3 i6 3 531 541 D_4 i6 4

(542 (346)

1 D2D? 1 D2D2
:22 d4 d49 22 22
g /( rd’0),, ViVe 9, 16 20, 16

where we have integrated out the leading delta functions in the second line. The

final step is to take advantage of the identities (2.54) and to integrate out the
dependence on one of the #-coordinates

5217

1 1
3.B =¢* /(d%) i d*0 (— ViORVs) G o5y o o5y (3.47)
2 2

Do cy 1 o)
+ 2q2/ dz). d* V2 0. 0oy -

The first term in (3.47) is (up to the fact that the superfields depend on different
coordinates) proportional to the kinetic action of the gauge field. The second
term is cancelled by the tadpole contribution (3.45) such that the total self-
energy (the sum of the graphs) of the vector multiplet due to graphs with the
chiral multiplet in the loop is given by

Schiral — 3A +3.B = ¢ / (d'z) , d'0 (— ViDRVs) Diz a5y Diz o5, (3.48)
Note that the self-energy is not local, because the external line gauge fields
depend on the different coordinates x; and xy. Having determined the self-
energy of the gauge multiplet due to the chiral multiplet in the loop we bring
back the functional integration to the front in expression (3.43) and we can
finally think of the gauge superfields V' on the external lines in the self-energy
(3.48) as fields again (and not as replaced by derivatives). So the loop correction
to (3.40) due to the chiral multiplet in the loop is given by

Z[J, Jv] = /@cb 2% (1 + Ychiral 4 ) Ko[®, J] KoV, Jv). (3.49)

Finally, we expand the exponentials in K and retain the terms in (3.49) that
are quadratic in the gauge field. These are the gauge kinetic term and its loop
correction

1 _ .
ZJ Iy = / 2% IV (z ptt / d*z d*0 & VD*D?D,V + S + )
(3.50)
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where we have extended the spacetime integration to d = 4 — 2¢ dimensions
and introduced the factor u¢=* that keeps the mass dimensions of the fields and
couplings as they were in four dimensions. This is a necessary step that appears
also in the regularization of the divergent self-energy (3.48) with the help of App.
D.3. There we extract the divergence and find

2 2
chiral . od— q 1 i d
Xyv div =i ! —(47r)2 (Z +In W) /d xd*6 ( — VDPOV), (3‘51)

where % = %—7+ln 4m. The divergent part of the self-energy is local. We require
the renormalized generating functional to be finite, hence we have to introduce a
counterterm that cancels the divergence. We choose to work in the MS scheme,
where the counterterm cancels exactly the pole part % of the self-energy. From
(3.12) and (3.50) we can read off that the counterterm which enters as a part
of the action into the generating functional is given by the pole piece of the

self-energy times a factor of ¢

2
chiral _ _ d—4 94 d,. 74
ASN = —n (In)e /d zd' (— VORYV). (3.52)

Bare action, renormalized action and counterterm are related by
Ip=S"+A7. (3.53)

Hence, for the corresponding couplings, we infer the relation

1 1 q> 5
S e S € Y
3 (92 <4w>2e>” (3:54)

Taking the derivative w.r.t. p on both sides and then the limit € — 0 gives the
beta function of the inverse coupling squared

0 (1 2q°
=pu—\—==- : 3.55
Pt =1 <92) (4m)? (359)
Here we have used that the bare coupling does not depend on p. This equa-
tion can be integrated and yields the gauge coupling renormalization due to
corrections that involve the chiral superfield
1 1 q2 /1’2
— == - In —. (3.56)
9> g5 (m)?* g
The reproduction of this standard result closes this section where we have demon-
strated the renormalization procedure that will be used throughout this thesis
with a concrete example.
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3.2 Chiral multiplet coupled to a non-Abelian
gauge multiplet

In this section we consider a chiral multiplet that is coupled to a non-Abelian
gauge multiplet in four dimensions. We present the classical action first, then
we quantize the theory and calculate loop corrections to the gauge kinetic term.
There are two major differences compared to the Abelian discussion in the last
section. First, the non-Abelian action contains gauge multiplet self-interactions
which give rise to additional loop corrections to the gauge kinetic term. Second,
the Faddeev-Popov ghosts couple to the gauge multiplet and also contribute to
loops. We calculate their contributions to the loop correction of the gauge kinetic
term in addition to the non-Abelian version of the hyper multiplet corrections.
The latter require only minimal modifications w.r.t. the Abelian calculation in
the previous section. We discuss briefly the renormalization process and its
differences compared to the preceeding section. After regularization we infer the
counterterms and determine the gauge coupling running in terms of the beta
functions due to the different contributions.

3.2.1 Classical action

We consider a chiral multiplet that is coupled to a non-Abelian gauge multiplet.
The gauge multiplet is represented by a Lie-algebra valued superfield, i.e. the
gauge superfield is contracted with the Hermitean generators of the gauge group
V = V'T;, and it transforms in the adoint representation. The algebra of the
generators [1;,T;] = fijk T). defines the purely imaginary structure coefficients.
The Killing metric, denoted by 7;;, is used to raise and lower adjoint indices, for
example fijr = fijz Ne- We denote the trace in the representation of the chiral
multiplet by tr and the trace in the adjoint representation by traq. The latter is
given by traa(XY) = — fijk fomn ™0™ XY where the matrices X and Y are
defined in the adjoint: (X);, = X(T});x = X' fijr, etc. Then the action that
describes this theory is given by

 romAbelian (0, V) = Lo (0, V) + A (V), (3.57)

non-

where .75 (<I>, V) is the kinetic action of the chiral multiplet with its coupling to
the gauge multiplet

T = / d*r d*0 ® 1 @ (3.58)
and .y is the kinetic action of the gauge multiplet

1 R — .
K= 14 d'z tr{ / 420 WoW,, + / 20 dea} (3.59)
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Note that ® is a vector and ® a transposed vector with respect to the gauge
group. The action is invariant under the following supergauge transformation

P — e, d— e eV — e2A 2V e (3.60)

where A = AT} is a Lie algebra-valued chiral superfield and A its chiral con-
jugate. The transformation law for e?V implies in particular that its inverse
transforms as e”2V — e 22e 2V 2A guch that the product e?Ve 2V = 1 is in-
variant under the gauge transformation. The non-Abelian supersymmetric field
strengths are defined as

1 = 1 =~
W, = —§D2 (e‘QVDaeW), W, = —§D2 (6—2vDaezv> (3.61)

and transform covariantly under a gauge transformation
W, — e 2A W, e, W, — A W, e 2 (3.62)
W, and W, are chiral and antichiral superfields, respectively.

Component fields

The fundamental restrictions of the chiral spinor field have the same form as
their Abelian counterparts in (3.6)

W | = —ida(2),
DsWa | = —€gaD(x) = i0™" 5 €50 Fyun (), (3.63)

D? g
— Wo |l = 0as" D\ (),

with the difference that they contain the non-Abelian component field strength
and the gauge covariant derivative of the gaugino A defined as

DA (1) = 0,23 (1) + i [Ap (), X (2)],
(3.64)
Frn(x) = 0 An(2) — 0, A () + i [An(2), An(2)].

The restriction reveals the component field action for the kinetic term of the
chiral multiplet

Sy = / d'e ( — (DuA(@) (D" A)) — ()6 Dyti(x) + FH () F(2)

+ AT(2)D(x)A(z) — iv2 (QZ(SL’);\(SL’)A(SL’) — AT(SE))\(:L’)Qﬂ(JI))) (3.65)
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and for the gauge multiplet

Hy = 9—12 / d*x tr{ - %an(x)Fm"(x) — i M2)d" Do\ () + %DZ(Q;) . (3.66)
The covariant derivatives for A(z) and ¢(z) are defined as

D A(x) = (O + i A (2)) A(z),

Dtp(@) = (O + iAm(z)) V(@)

and the non-Abelian field strength tensor F,,(z) and gauge covariant derivative
of the gaugino D,, A were defined in (3.64).

(3.67)

3.2.2 Quantization of the action

Many things are just as in the Abelian case, so we restrict ourselves to present the
results where everything is the same or present the deviations. The action (3.57)
is quantized by inserting it into the path integral thus defining the generating
functional of the theory

Z[J, Jv] = / DD DV exp {z / d'z <$fo?l-Abenan(<1>, V) +

+/d40 tr[Jy V] +/d20 JP + /d2§ jé) } (3.68)

where the source terms .Jy, J and J represent a matrix, a transposed vector
and a vector w.r.t. the gauge group. The action (3.57) is split into free and
interacting parts leading to the propagators and vertices, respectively

S 7 (@,V) = T2 (@) + F2(V) + Foiue (P, V) + L (V). (3.69)

non-Abelian

The difference to the Abelian theory is that the non-Abelian action (3.69) con-
tains a self-interaction part . it (V) of the gauge multiplet. The quadratic part
of the action is given by

Fo2(P) + HA2(V) = / d*z d*0 (<I><1> + tr{8—;2 VDQDQDQV} ) (3.70)

Chiral field propagator

The chiral superfield propagator has the same form as in the Abelian case (3.18)

ZolJ, J] = exp {z /d% d'o ( — J% J)} (3.71)
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Gauge superfield propagator

As in the Abelian case, also here the gauge fixing has to be performed to ob-
tain an invertible quadratic operator for the gauge superfield. The gauge fixing
functional is the same,

o[V] = l_)—i V2V, (3.72)

only that it is now Lie algebra valued © = ©'T; and so is the field F = F'T;
that is used for the integration with a Gaussian weighting factor in the form
[PF DF exp {—i¢ [d*zd*0 tr[FF]} over Zy[Jy] with the result

ZolJv] = / 9V A7V exp{—z'g / dix d*6 tr [@[V]@[V]}} eV (3.73)

Then the gauge fixing action is the non-Abelian version of (3.27)

Sy = —g d'vd0 v | D*VD?V|. (3.74)

In the non-Abelian case the factor A™1[V] depends on V' and the ghost super-
fields. However, it does not contain a term purely quadratic in V. Therefore,
it does not contribute to the gauge superfield propagator which turns out to be
the non-Abelian version of (3.31),

1 1
Zo[Jv] = exXp {’l /d41‘ d49 tr |:Z JV E ij| } (375)

Ghost propagator

The inverse of the Faddeev-Popov determinant can be represented in terms of
an integral over anticommuting Lie algebra valued chiral superfields C' = C*T;
and C' = C"' T,

ATV] = /@C’ 9C" exp {% tr/d4x {/d%’ C'6cO + /dQQC_"(SCC:)} },
(3.76)

where the integration over 2C and 2C’ is understood. A difference to the
Abelian calculation comes about, because the non-Abelian gauge variation of
the gauge multiplet (3.60) enters in (3.76) which is different from the Abelian
gauge variation (3.4). The infinitesimal non-Abelian gauge variation reads

AV = Ly (A — R) + coth (Ly (Ly (A + A))), (3.77)
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Figure 4: Besides the interactions of the vector superfield with the chiral superfield
that are also present in the Abelian theory and were depicted in Fig. 2, there are
self-couplings of the vector superfield in the non-Abelian case, too.

where Ly (X) = [V, X] is the Lie derivative and the hyperbolic cotangent is
defined via its power series

coth (Ly(Ly (X)) = X + % V,[V.X]] +.... (3.78)

Taking a look at the power series expansion we note that the leading term of the
non-Abelian gauge variation (3.77) contains its Abelian counterpart A + A from

(3.34). The infinitesimal gauge variation 6cV is defined with A (A) replaced by
C' (C) in (3.77). With the infinitesimal gauge variation dc of the gauge fixing
functional

560 = V2 l_)—z (LV(C — C) + coth (Ly (Ly(C + 6)))) (3.79)
we rewrite the inverse of the Faddeev-Popov determinant as
ATV = /@C 9C" exp {@ygh (c,C, V)]}, (3.80)
where .7y, is the ghost action that involves the ghost and gauge multiplets

S (C,C V)

— /d%: d* tr [(C’ + ") [LV(C’ — C) + coth (Ly (Ly(C + C*)))H . (3.81)

We separate the ghost action into quadratic and interaction terms
S (C,C" V) = Ly (C,C") + L (C, C", V). (3.82)

Inserting the definition of the Lie derivative and the expansion of the hyperbolic
cotangent in (3.80) we see that the quadratic part of the non-Abelian generating
functional for the ghost fields agrees with the Abelian version. Thus, after adding
source terms (which are Lie algebra valued) nothing changes for the propagators
except for the obligatory trace

=1 1 -
Z[Jc] = exp {i/d‘lxd‘l@ tr{_JC’EJC_JC’EJC

}. (3.83)
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Figure 5: In the non-Abelian theory the ghost superfields couple to the vector su-
perfield. There are two interactions involving two ghost superfields and one vector
superfield and two interactions involving two ghost superfields and two vector super-

fields.

Interaction vertices

The couplings of the chiral superfield to the vector superfield up to fourth order
in the fields that stem from the kinetic term of the chiral superfield ., in
(3.58) are the same as in the Abelian case without the charge ¢

oine (2, V) D / d*zd'0 ® (2V +2V7?) ©. (3.84)

The vector superfield interaction .y is expanded to fourth order in the fields
1 - 1 _
F (V) 2 / A d0 { 1 V. DVID* D,V — < [V, DV]D?[V, D,V

1 _

-5 v, [V, Dav}]DZDaV} (3.85)
These self-interactions have been depicted in Fig. 4. In the non-Abelian theory
there are also ghost superfield interactions. The expansion of (3.81) with the
help of (3.78) to fourth order in the fields yields the following interaction part
of ghost superfields with the gauge superfield

Sy (V.C.C) > [ataato {(C’ FONW.C- O+ L+ OO+ c@ |
(3.86)

This means that we have a three point coupling between two ghosts and one
gauge superfield and a four point coupling between two ghosts and two gauge
superfields. Via these interactions that are depicted in Fig. 5 the ghosts will
affect graphs in which gauge superfields appear.

3.2.3 Renormalization of the gauge kinetic term due to
the chiral multiplet

Here we discuss the renormalization of the gauge kinetic term due to the chi-
ral multiplet. The interactions are contained in %y (P, V') in analogy to the
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Abelian calculation. The graphs that arise from these interactions are the same
as in the Abelian case and were depicted in Fig. 3. The calculation proceeds
along the same lines as in Section 3.1.3. The source terms of the chiral super-
field are now vectors w.r.t. the gauge group. Hence the chiral superfields have
to be replaced against derivatives w.r.t. source terms in the following way

o - )

Pl — ———, b, > ———. 3.87
oA 5(T) (3.87)
where a is now an index in the representation of the chiral multiplet. The
functional derivatives w.r.t. the sources that lead to the chiral delta functions
are defined as
8Jy  D? 5Jb  D?

_ = a 2 - b
TR e L0 (3.88)

The results for the graphs from the calculation in Section 3.1.3 can be taken
over when the square of the charge of the chiral superfield ¢ is formally replaced
against the trace in the representation of the chiral multiplet 'tr’. Hence, the
self-energy due to the chiral multiplet in the loop is given by

Zchlral /(d4l’) - d49 tr [ _ %DPO‘/Z] 5 55? (389)

25
The path from the self-energy to the counterterm is the same as in 3.1.3 with the
exception that we have only obtained the quadratic part of the full gauge kinetic
term. Hence, in order to write down a well-defined counterterm, we promote the
operator tr [ — V1DP0V2] to the full kinetic term for the gauge superfield

1
chiral d—4 d 2 a 2 &
ALY = —p ()% tr/dx[4/d9W W +4/deww] (3.90)

The gauge coupling running is found in the same way as in Section 3.1.3 to be

11 12

This result finishes the discussion of the loop corrections to the gauge kinetic
term due to the chiral multiplet in the non-Abelian theory.

3.2.4 Renormalization of the gauge kinetic term due to
the gauge multiplet
Now we turn to the renormalization of the gauge kinetic term due to interactions

in the gauge sector, namely gauge multiplet self-interactions and interactions of
the gauge multiplet with the ghosts. The interactions are contained in .#y iy, (V)
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Figure 6: In the non-Abelian case the vector superfield self-energy receives contri-
butions also from loop graphs that involve both the vector superfield itself and ghost
superfields. In each case there is one genuine self-energy graph and one tadpole con-
tribution. The graphs are labelled 6.A to 6.D.

and in i (V, C, C'), respectively. Four graphs that contribute to the renor-
malization can be constructed. Two of them contain the gauge multiplet in the
loop and the other two involve the ghosts. In each case there is one genuine
self-energy graph and one tadpole. The graphs are depicted in Fig. 6. The cal-
culation is straightforward. After expanding the exponential that contains the
interactions in the generating functional as described in (3.41) and picking out
the terms that correspond to the graphs, one selects two of the gauge multiplets
as the external line. The rest of the fields that propagate in the loop are replaced
against the derivatives w.r.t. the corresponding source terms
i 0 i 0 ji 0

T R 7 R (A 9
where ¢ is an adjoint index. For the antichiral ghost fields the rules involve a
hermitean conjugation. The functional derivatives are applied to the propagators
that contain the source terms. They lead to the following delta functions
5J02i D2 5JC/2i D2

AL A ¥ A R I AR e R I A

The genuine self-energy graph with the gauge multiplet in the loop gives the
result

1 . .
6.A = 3 fijkforn 1" 1™ / (#%0),, 40 Vi B (P + P) =50 Vf

1 1
X D_2 521 D_2 521. (394)
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The genuine self-energy graph with the ghost in the loop amounts to

kn, mj 4 4 iyl D2 1

6.B = fzyk;fﬁmn/r’ n (d .17) 12 d*f |:VY1 ‘/2 |:|_2 521 |:|_2 (521
1, ;1 1

——vig, <P+ +P P0> V= Gy — 521]. (3.95)
2 O, - O,

The tadpole graph which involves the gauge multiplet gives

1 , : 1
6.C = _§ fijkfémn Ukn"?m] /(d4£l}) 12 d49 ‘/f ‘/'25 521 D_ 621 (396)
2
and the tadpole graph with the ghost in the loop leads to
9 , : 1
6.D = _g fijkf[mn nknnmj /(d4£l}) 12 d49 ‘/f ‘/'26 521 |:|_ 621. (397)
2

The sum of the two tadpole graphs cancels against the first line of graph 6.B.
In the sum of the remaining terms the dependence on the transversal directions
cancels. Only the longitudinal contribution is left and therefore the sum of the
graphs corresponds to the following self-energy due to the vector superfield V
and the ghost superfields C'

C 1 1
9= -3 / (d*z), d"0 trAd[—Vlmgpovg} o s o 5. (3.98)

For the reproduction of the standard results assume that the chiral multiplets are
in the fundamental representation. Then we use that traq [TaTb] =C(A)tr [TaTb}
to rewrite the trace in the adjoint into the trace in the fundamental where C'(A)
is the coefficient in trag [T aTb} = C(A) 4. Then we obtain the following diver-
gence in position space

vol  3CA)p 1 112 o
SN = e (et ) [ dted 0 x|~ ViDoRVs|. (3.99)

The corresponding counterterm is obtained after the quadratic operator has been
promoted to the full gauge kinetic term as explained above (3.90)
-1 3C(4)

1 Uy
AFE = ¢ /dd —/d29 Wew, —/d29 WaWe|. (3.1
AN =i e v 4 |5 ot s (3.100)

Then the gauge coupling running is given by

L1 @ e

? g (m?

(3.101)

This result concludes our discussion of the renormalization of the gauge kinetic
term in four dimensional supersymmetric theories.



Chapter 4

Supersymmetric theory in five
dimensions

In this chapter we consider a five dimensional spacetime with the fifth dimen-
sion compactified on the orbifold S!/Z,. The field content under consideration
consists of a hyper multiplet and a gauge multiplet in the bulk. As in the four
dimensional analysis of the preceeding chapter, we aim at the renormalization
of the gauge kinetic term. The orbifold bulk can be considered as a flat five
dimensional Minkowski space and the determination of the five dimensional re-
normalization is straightforward. But due to the existence of the orbifold fixed
points the spacetime does not have a trivial structure as in the four dimensional
calculation. This gives rise to the possibility that the bulk gauge fields may in-
duce quantum corrections that are localized at the fixed points. As we deal with
a higher dimensional theory there is in principle the chance that higher dimen-
sional operators are generated in the renormalization process. We will see that in
five dimensions this is not the case. As has become apparent from the discussion
in the last chapter, in the Abelian case it is only the hyper multiplet that leads
to loop corrections of the gauge kinetic term, while in the non-Abelian case also
the particles from the gauge sector contribute to the loop effects. We discuss the
Abelian case in the first and the non-Abelian case in the second section. This
chapter introduces our method of calculating Feynman graphs directly on the
orbifold. The method is discussed in most detail in Section 4.1.3 for the simple
orbifold S'/Z, and will be applied to more complicated orbifolds in the following
chapters.

4.1 Hyper multiplet coupled to an Abelian
gauge multiplet

In this section we consider a hyper multiplet coupled to an Abelian gauge mul-
tiplet in five dimensions with the fifth dimension compactified on the orbifold

o1
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S1/Z,. We begin our discussion with a review of the five dimensional multiplets
and how they are described in a four dimensional superfield language. In the
Abelian theory only the hyper mutiplet contributes to the renormalization of the
gauge kinetic term, so we quantize only the hyper multiplet part of the action.
We present our method how the theory on flat space can be extended to the five
dimensional orbifold S*/Z,. To this end we introduce orbifold compatible delta
functions that arise from functional differentiation. We show that the renorma-
lization of the gauge kinetic term due to the hyper multiplet vanishes both in
the bulk and at the fixed points but for different reasons.

4.1.1 Classical action in five dimensional Minkowski space

We consider a classical supersymmetric theory of a hyper multiplet that is cou-
pled to an Abelian gauge multiplet in five dimensional Minkowski space in the
language of four dimensional superfields [13,15,16,73]. The degrees of freedom
of the five dimensional hyper multiplet are described by two four dimensional
chiral multiplets ®, and ®_ and the degrees of freedom of the five dimensional
gauge multiplet are contained in one four dimensional vector multiplet V' and one
four dimensional chiral multiplet S. The superfield action for these multiplets is
given by

L Rovtian (P, @V, ) = Sy (4, ®_V, 5) + A (V. 5), (4.1)

where .7 is the kinetic action of the hyper multiplet with its coupling to the
five dimensional gauge multiplet

Sy = / dx { / d'0 (0, e*V D, + d_e 1V D) (4.2)
s [ @00 0+ Vaas), + [0~ 05+ ﬂqs)cp}.

The five dimensions are described by the coordinates (z™,y), the integration
runs over the five dimensions [d°z = [d*xdy and the derivative into the fifth

direction has been denoted by 05 = E?—y. This action is invariant under the
following supergauge transformation
P, — e MNP, V -V 4+A+A,
(4.3)
P — AP S — S+ V205A,

where A is a chiral superfield and A its conjugate. The kinetic action .#, for
the five dimensional gauge multiplet in a four dimensional superfield language
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comprises the standard terms for the four dimensional gauge field V' and one
extra term for the four dimensional chiral multiplet S

1 1 1 .
H /d%{Z/cﬂe W"Wa+1/d26’ dea+/d40v52}, (4.4)

7

where W,, W, are the gauge invariant Abelian field strengths as defined in four
dimensions (3.5) and V5 is a gauge invariant combination of the superfields V
and S

1 _
Vs = 7 (S+8) —05V. (4.5)

It is straightforward to rewrite the gauge kinetic action in the following form

1 1 o
H= g /d% d*0 {g VDD?D,V + 05V 05V — V205V (S + 5) + 55}.
(4.6)

This is the gauge kinetic term for which we want to determine the renormaliza-
tion. Expression (4.6) is obtained from (4.4) by using the identities (2.45) and
some partial integrations. There is a mixing between the four dimensional vector
multiplet V' and the chiral multiplet S. This mixing is of importance when one
wants to obtain the propagators for V' and S, but as we do not have loop cor-
rections from the gauge sector in the Abelian theory, we will refrain from doing
this here. We come back to this issue when we consider the non-Abelian theory
in Section 4.2.

This description clearly does not bear manifest five dimensional Lorentz in-
variance. Lorentz invariance is recovered after the auxiliary fields are eliminated
by their equations of motion. Therefore, this description is not an off-shell for-
mulation of the five dimensional supersymmetric theory. However, for us the
main advantage of this approach is that perturbation theory is greatly simpli-
fied over a component approach and all kinds of cancellations due to N' = 1
supersymmetry are built in.

4.1.2 Quantization of the action

After this strictly classical discussion of the five dimensional hyper and vector
multiplets we now turn towards the quantization of the theory using path integral
methods. To this end we insert the action into the path integral thus defining
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Figure 7: Here we depict the drawing conventions for the propagators of the two
chiral multplets that compose the five dimensional hyper multiplet. There are two
chiral multiplet propagators: The first one corresponds to the diagonal terms in (4.8),
the second one refers to the off-diagonal parts.

the generating functional of the theory

Z|:J+7 J*a JV7 JS:| =

/9<I>+ DO DV DS exp {i/d% (fﬁgenan (®4, @, V. 5) +

+ / P20 7.0, + / 26T, 5, + / 207 o+ / POT D+

+ /d49 JvV + /d29 JsS + /d29_ JSS)}, (4.7)

that involves the sources J,,J_, Jiy and Jg. In the following we determine only
the propagators of the four dimensional chiral superfields ®, and ®_. Then the
interactions involving these fields can be obtained by functional differentiation
with respect to the chiral sources J, and J_. As there are no graphs involving
the vector superfield that would lead to a renormalization of the gauge kinetic
term, we do not discuss the vector superfield propagators here.

Hyper multiplet propagator

By considering the quadratic part of the hyper multiplet action (4.2) and using
some standard superspace identities, we obtain

Zo [J+, J,] ==

T 7y 1 AL
.@(I)+.@(I), exXp 1 d’xd*0 (JJrJf) m 85 D2 1 J .
5 \ Y540 -
(4.8)

Hence as for massive chiral multiplets in four dimensions we have both non-chiral
propagators between J; and J., as well as chiral propagators between .J, and J_
and their conjugates. In Fig. 7 we depict our drawing conventions of these chiral
propagators: The first propagator in this picture gives the correlation between
the sources J+ and .J, and the second one between J, and J_. Obviously, there
is also the conjugate propagator between J, and .J_.
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P, P,

M T

Figure 8: These interaction vertices involve the coupling of the gauge superfields V'
and S to the hyper multiplet chiral superfields ®; and ®_.

Interactions

The only interactions in the Abelian theory are given by vertices that involve the
coupling of the five dimensional hyper multiplet to the five dimensional gauge
multiplet, i.e. the coupling of the chiral superfields &, and ®_ to the vector
superfield V' and the chiral superfield S. The expansion of the hyper multiplet
action (4.2) up to fourth order in the fields gives rise to the interactions

S D / d%{ / d*0 O (£2qV + 2¢°V?) D (4.9)

+/d29\/§qq>5q>++/d29\/§q<i>+§<i>},

which have been depicted in Fig. 8. This finishes the discussion of propagators
and vertices of the five dimensional Abelian theory.

4.1.3 Orbifold compatible calculus for S!/Z,

Up to now, the treatment was completely standard with no deviation to a treat-
ment in uncompactified five dimensional Minkowski space and the orbifold has
not been mentioned yet. Starting from the action (4.1) where the integration
Jdy runs over the non-compact fifth dimension and where general superfields
O, (x,y), P_(z,y), V(x,y) and S(x,y) are allowed in the Hilbert space (we drop
the dependence on the Grassmann coordinates for a while) we will now render
the action compatible with the orbifold M?* x S'/Z,. Details on the geometry
of S/Z, and its eigenfunctions can be found in App. A.1. The first step is to
put the action on a circle of radius R. This means that now the integration in
the extra dimension runs over the circle fOQWRdy. From the Hilbert space of fields
that live on the uncompactified space only those fields form the Hilbert space
on the circle that fulfill the periodic boundary condition

(I)irde(flf, Y+ 271') _ (I)Sircle($’ y)’ VCirCle(x, Y+ 27‘(‘) = VCirCle(x, y)’ (4 10)
(I)(iircle(x’ Y+ 271') _ q)(iircle(x’ y)’ SCirCle<ﬂj‘, Y+ 271') = SCircle(x’ y)’

while all non-periodic fields are projected out. The usual explicit mode expansion
of the periodic fields involves infinite sums over cosine and sine modes. In our



56 4. Orbifold compatible calculus for S'/Z,

formalism we will not perform an explicit mode expansion of the fields at this
stage. We will simply restrict the fields in the action (4.1) to the fields on the
circle which respect equations (4.10).

The second step is to place the theory on the orbifold. The fundamental
domain of the S'/Z, is the interval from 0 to 7R and thus a calculation on
the orbifold would require half the integration range of the circle. However, we
choose to keep working on the circle (the ’covering space’ of the orbifold). This
means in particular that we have to describe fields living on the orbifold in terms
of fields living on the circle as we will see now. Placing fields on the orbifold
amounts to a second projection. First the orbifold action has to be implemented
such that the action . is left invariant. We implement the Z, orbifold twist on
the fields by requiring that the fields transform as

orbifold orbifold orbifold orbifold
CI) + — (b + V - V )

9

( )
@01 bifold @01 bifold orbifold orbifold
> 9 S > S 9

under the Z, orbifold twist y — —y. (Please keep in mind that the subscripts
at the fields ®, and ®_ refer to the sign of the charge in the action (4.2) and
have nothing to do with the parity under the orbifold twist.) The Hilbert space
on the orbifold only contains fields from the Hilbert space on the circle that
fulfill the requirement (4.11), i.e. that are orbifold compatible, all other fields
from the Hilbert space of the circle are projected out. In the conventional mode
expansion the orbifold even fields &, and V' are described only by the cosine
modes (they have a zero mode with a KK tower on top) and the orbifold odd
fields ®_ and S only consist of the sine modes (they only have a KK tower, but
no zero mode). In order to be able to work on the covering space the fields on
the orbifold are expressed as linear combinations of the fields living on the circle.
This is achieved as follows

q)(fbifold % (q)(:lrcle .CL’ y + (I)Clrcle( _y)) ,
€ % (28 (2, ) — DLz, —y)),

orbifold 1 Clrcle CIrcle (4 : 2)
Sorbifold % (Smrde SCerle (x7 _y)) ;

Clearly, these combinations of fields are orbifold compatible, i.e. they obey (4.11).
This construction generalizes straightforwardly to more complicated situations.
Next we read off the required orbifold transformation behaviour of the sources
from corresponding terms in (4.7). The sources have to transform as

Jirblf()ld N Jirblf()ld, Jgrblfold N Jgrblfold7 (4 13)
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under the orbifold twist y — —y. Therefore, also the orbifold compatible sources
can be constructed from the sources living on the circle as

orbifo 1 circle circle
JE @ y) = 5 (JE @ y) + JE (),
4.14
orbifold 1 circle circle ( )
JZ (x,y) - 5 (J— (x,y) - JZ (Ilf, _y))

With this knowledge we come to the central point, namely the definition of the
functional derivatives w.r.t. these sources

orbifold B orbifold B
ML — D_2 ~(+) 6J_2 — = D_2 ~(7) (4 15)
5 J_?_rlbifold —4 20 5 Jﬁflbiﬁ’ld 4 2 :

Here the appropriate covariant derivatives have been included in the definition
to maintain chirality. The twiddle on the delta functions indicates the fact that
these are orbifold compatible delta functions, i.e. they are in accordance with the
transformation behaviour of the source terms on the Lh.s. of equations (4.15) as
it was specified in (4.13). The orbifold compatible delta functions for the Abelian
theory on the S'/Zj look as follows

- 1
35 = 5 (8(y = v) + 8y + ) )" (@2 — @) 6%(02 — 04),
(4.16)

o) = % (5(3/2 —y1) —0(y2 + yl))54(x2 — 1) 8*(6; — 01).
These delta functions are the key elements of our formalism of calculating Feyn-
man graphs directly on the orbifold, since they contain all the geometric in-
formation about the orbifold compatible superfields. Therefore, it is important
to develop some of their properties: We first check that the delta functions
transform in the same way as the corresponding sources. Under an orbifold
transformation yo — —yo of the second coordinate the delta functions transform
as the sources in the numerators in (4.15)

o) =0 o) — by, (4.17)

Under an orbifold transformation y; — —y; of the first coordinate, the orbifold
compatible delta functions transform inversely, corresponding to the sources in
the denominators of (4.15). In this simple situation of a Zy symmetry the inverse
transformation is the same as (4.17).

Then we want to mention also a helpful technical detail: In the calcula-
tion of a graph on an orbifold one frequently encounters derivative operators
that act on orbifold compatible delta functions. Then it is often helpful to
switch the variable w.r.t. which the derivative acts. For derivatives w.r.t. the
uncompactified coordinates this gives just the ordinary minus sign, because of
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o 04wy — 1) = — 5% 6*(x2 — 21). However, for derivatives w.r.t. the fifth co-
ordinate changing a spacetime index of the y-derivative also changes the type of

orbifold compatible delta function
(35), 05 = —(5), 0% (4.18)

Identities analogous to (4.18) will appear in the non-Abelian and higher dimen-
sional cases in more complicated forms.

Going through the construction again, we notice that the important objects
for a Feynman graph calculation are the orbifold compatible delta functions.
Their transformation properties were derived from the transformation proper-
ties of the source terms which in turn were derived from the transformation
properties of the fields. The explicit definition of orbifold compatible fields in
(4.12) and orbifold compatible sources in (4.14), however, is not important for
the calculation at all. We will therefore not construct orbifold compatible fields
and orbifold compatible sources anymore, but instead only infer the orbifold
compatible delta functions from the required transformation behaviour of the
fields and source terms. This remark completes the discussion of the Abelian
supersymmetric field theory on the orbifold S'/Z,. The method is extended to
cover the non-Abelian case in Section 4.2.3.

4.1.4 Renormalization of the gauge kinetic term due to
the hyper multiplet

In this section we calculate the hyper multiplet contributions to the gauge ki-
netic term of the Abelian supersymmetric theory in five dimensions with the
fifth dimension compactified on the orbifold S'/Z,. The gauge kinetic term for
the five dimensional gauge multiplet (4.6) contains four different parts in the
four dimensional superfield language. Therefore, we have to determine four dif-
ferent self-energies. By Yy, we denote the self-energy which contains the loop
corrections for the first two terms in (4.6) that involve only the four dimensional
gauge multiplet V. The self-energies that contain the loop corrections to the
terms which mix the four dimensional gauge field with the chiral adjoint field S
and its conjugate S are denoted by Xy and Xyg, respectively. The last term in
(4.6) involves only the chiral adjoint field and is loop corrected by the self-energy
Ylgg. For each part the loop corrections are determined separately.

From now on we will assume that the theory has been placed on the orbifold
as described in the preceeding Section 4.1.3. All fields are now considered to
be orbifold compatible and we forget about the superscript at the fields that
indicated this explicitly. In the following calculation of Feynman graphs the
only place where the orbifold compatibility appears is in the fact that we have
to use the orbifold compatible delta functions (4.16) instead of the usual delta
functions.
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Figure 9: The five dimensional gauge multiplet receives V'V self-energy corrections
from the hyper multiplet. The proper self-energy graphs are labeled 9.A+ and 9.B.
The tadpole graph is denoted by 9.C.

The first step of the calculation proceeds along the same lines as it was worked
out in detail in Section 3.1.3 for an analogous calculation in four dimensional
Minkowski space. The interactions that involve the coupling of the hyper mul-
tiplet to the gauge multiplet in (4.9) are used to construct the relevant terms
in the expansion of the generating functional which correspond to the graphs
with the hyper multiplet in the loop. Those graphs that contribute to the Xy
self-energy have been depicted in Fig. 9. Graph 9.A. contains the propagators
that connect the chiral sources .J. with the anti-chiral sources .J;., while diagram
9.B involves the chiral sources J, and J_. This diagram also has a hermitean
conjugate partner, which we refer to as 9.B. The tadpole graphs are given as
diagrams 9.C.. Those graphs which contribute to the X5 and X435 self-energies
are depicted in Fig. 10. The Xyg self-energy is given by the complex conjugate
of Xy5. In order to calculate these graphs the chiral fields on the internal lines
are replaced by the functional derivatives w.r.t. the chiral source terms

) )
o, — 6(iJ+) , o — 6(iJ,) . (4.19)
These functional derivatives act on the exponential of the propagators as de-
scribed in Section 3.1.3. The only difference to a calculation in Minkowski space
is that the functional differentiation w.r.t these orbifold compatible sources pro-
duces orbifold compatible delta functions (4.16) according to (4.15) and not the
usual delta functions.

The second step of the calculation is concerned with reducing the number of
orbifold compatible delta functions in the amplitude (9.AL and 9.B for example
contain four of them) and replacing them by ordinary delta functions. This step
is plausible when one regards the twiddle on the delta function as a projector
that projects the amplitude from uncompactified space to the orbifold. (In fact,
formally taking away all twiddles obviously just reproduces the amplitude in
Minkowski space.) Because the square of a projector gives the projector again,
it is possible to 'remove’ superfluous twiddles from the amplitude leaving only
usual delta functions. A worked out example how the reduction of the orbifold
compatible delta functions to ordinary delta functions is performed in a loop am-
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Figure 10: The five dimensional gauge multiplet receives S.S self-energy corrections
from the hyper multiplet as is depicted in figure 10.A1. In addition the hyper multiplet
gives rise to mixing between the four dimensional superfields V' and S in Fig. 10.B.

plitude can be found in App. B. The reduction of all but two orbifold compatible
delta functions is always unambiguous and therefore we present all amplitudes
at the level of two orbifold compatible delta functions. The amplitudes which
correspond to the graphs with the hyper multiplet in the loop in Figs. 9 and
10 are provided in App. C.1. There we employ a six dimensional non-Abelian
notation which has a straightforward reduction to the five dimensional Abelian
notation as is explained in the appendix. The sum of the amplitudes due to the
graphs in Fig. 9 is the V'V self-energy which takes the form

1 ~ 1 =5(+)
2 = ¢ d d40{—VDPV765(+)7
17a% q /( $)12 1 Ha2lo Vo (D—|—852)2 21 (D—|—852)2 21
1 =5(-) 1 55(,)

V0P Ve ———— b —
1-=240V2 (D+a52)2 21 (D+a§)2 21

(4.20)

1 25(+) 1 %5(—)
+ 2 05V4 05V4 7(D —|—(952)2 ) 7(5 +0§)2 01 }

and the graphs in Fig. 10 constitute the VS and SS self-energies

_ 1 ~ 1 ~5(_
Sos = — 2\/§q2/(d5$)12d49 O5V1 Sy m 5§§+) m 5% )a (4.21)
5 5

- 1 ~ 1 <50
Yss =24 /(d%)12d49 S1.5% O+ %), ooy [GENB oy . (4.22)
The Yyg self-energy is given by the complex conjugate of (4.21).

The third step involves the remaining two orbifold compatible delta functions
and requires a little more care. We see that the expressions in the first two lines
of (4.20) employ the same orbifold compatible delta function twice. In such a
situation we can simply replace one of the two orbifold delta functions against an
ordinary delta function as in the second step. This last orbifold delta function
cannot be replaced anymore and it gives the information how the amplitude is
distributed on the orbifold. In the rest of the terms of the self-energies, however,
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two different types of delta functions appear and in this situation cancellations
can appear. There are two ways to proceed: The first one is to simply insert the
definitions of the orbifold delta functions (4.16) and to multiply the terms out.
Then all cancellations are explicit. For this simple case of a Z, orbifold this is
a viable method. The second way is equivalent and more convenient especially
in the case of more general Zy symmetries where the orbifold compatible delta
functions are sums of N terms. In this way one takes one half times the sum
of the linear combination of both possibilities to replace an orbifold compatible
delta function against an ordinary delta function. Then, for example, the SS
self-energy reads

_ L s 1 ®)
S = q2/(d5x)12d49 S1S5 (m 021 m 031 +

1 5 1 %m)
+ 58 55, (4.23

(D + 852)2 21 (D + 852)2 21 ( )
where the second and the first orbifold delta functions have been replaced against
an ordinary delta function in the first and the second lines, respectively. Here
(55? = 0*(z2 — 1) 0(y2 — 1) is the ordinary five dimensional delta function. It is
clear from (4.16) that in the SS self-energy the dependence on §(y, +y;) cancels

- 1 1
Yes = 2¢° [ (d°x),,d0 S, S o5 55 4.24
SS q /( x)12 122 (D +a52)2 21 (D +a52)2 21 ( )
So for these terms we are left with a pure bulk amplitude that has no fixed point
contribution.

Bulk renormalization

In the first two lines of (4.20) the reduction to an expression with just one
orbifold delta function is straightforward as described in the last paragraph.
Expanding the last orbifold delta function with (4.16) and picking out the terms
with two ordinary delta function corresponds to the bulk amplitude. For the
rest of the terms of the self-energies we have just discussed that they give a pure
bulk contribution. Then we add all terms to find the correction to the gauge
kinetic term

Eﬁﬁﬁfr = QZ/(d5CL’) 12d49 (_ Vi D2P0 Vé + 85‘/1 85‘/2 - \/585‘/1(52 + 52 ) + 5152)

1 1

)2 6(3/2 - yl) (

L L — ). 1.
X(D+% D+%b&w m) (4.25)

Note that all terms appear with the correct coefficients to recombine to an expres-
sion which is proportional to the gauge kinetic term. The complete self-energy
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is divergent and we can extract the leading terms with the help of the identities
in App. D.1. It is a well-known fact that dimensional regularization in five di-
mensions hides a linear divergence and does not produce a divergent pole piece.
Hence, the leading term of the self-energy reads

e dlm|gPu S S
2]};{’11131{ - _W d%z d*0 (—V OFPyV 4+ 05VOsV — \/505V(S+S) "’SS)’
(4.26)

where d = 5 — 2¢ and m is an infrared regulator mass which is introduced in the
appendix. In the MS scheme only a pole part leads to a counterterm. Hence,
there is no renormalization of the gauge kinetic term and no influence on the
gauge coupling running in the five dimensional bulk.

Fixed point renormalization

In order to find the amplitude at the fixed points, we pick out the terms with
one delta function d(y2 — y1) and one delta function 6(ys + y1) in the first two
lines of (4.20). We find that the fixed point contributions of the first and the
second line cancel each other. For the rest of the terms it was shown that they
are pure bulk amplitudes. Therefore, the self-energies (4.20) - (4.22) vanish at
the fixed points and there is no renormalization of the gauge coupling at the
fixed points of S'/Z,. This is a different statement than that for the bulk result,
where no counterterm is obtained because of the properties of the regularization,
but the self-energy (4.25) is non-zero. In the next chapter this result will be
generalized to the statement that for an Abelian gauge theory in the bulk there
is no gauge coupling renormalization at the Z, fixed points of a T?/Zy orbifold
in six dimensions.
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4.2 Hyper multiplet coupled to a non-Abelian
gauge multiplet

In this section we consider a hyper multiplet that is coupled to a non-Abelian
gauge multiplet in five dimensions with the fifth dimension compactified on the
orbifold S'/Z,. We discuss the five dimensional action in terms of four dimen-
sional superfields and quantize the theory. As in the four dimensional setup
the quantization of the gauge sector of the non-Abelian theory requires gauge
fixing and leads to the introduction of ghost superfields. We build our presenta-
tion on the argumentation and notions of the four dimensional discussion that
is provided in Section 3.2. We place the theory on the orbifold S!/Z, with the
method developed in the preceeding Section 4.1 and calculate the loop correc-
tions to the gauge kinetic term due to graphs that involve the hyper, gauge and
ghost multiplets.

4.2.1 Classical action in five dimensional Minkowski space

In this section we consider the classical supersymmetric theory of a hyper multi-
plet that is coupled to a non-Abelian gauge multiplet. The description in terms
of four dimensional superfields [13, 15,16, 73| involves the same superfields @,
®_ .V and S as in the Abelian case of the preceeding Section 4.1. The chiral
fields @, and ®_ transform in a given representation (for example the fundamen-
tal or adjoint representation) of the gauge group. The four dimensional gauge
multiplet V' = V*T; and the four dimensional chiral multiplet S = S?T; both
transform in the adjoint representation of the gauge group. The notation for
the algebra, the Killing metric and the different traces has been introduced in
Section 3.2. The superfield action for the various multiplets is given by

B (24,2, V,8) = S (®4,9_,V,5) + A4 (V,S5), (4.27)

non-Abelian

where .# is the kinetic action of the hyper multiplet with its coupling to the
five dimensional gauge multiplet

Sy = / d’x { / d'0 (P @y + e D) + (4.28)

s [ #0004 VES)BL 4 [PTD (004 \/§S)<I>}.
This action is invariant under the following super-gauge transformation

(I)+ N 6_2A (I)+, 62V N 62A 62V 62A,

(4.29)

d_ — D_ e, S — e A (S + \% 05) e,
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where A is a chiral superfield and A its conjugate. The kinetic action .# for
the five dimensional gauge multiplet in a four dimensional superfield language
comprises the standard terms for the four dimensional gauge field V' and one
extra term for the four dimensional chiral multiplet S

1 1 | P
YV:—2/d5xtr{—/d29W"Wa+—/dZQWdWO‘+
g 4 4

1
+ —/d49 Ve VeVse 2V | (4.30)

e~

where the non-Abelian field strengths W,,, W, are defined as in the four dimen-
sional case (3.61) with the same gauge transformation properties (3.62). The

superfield Vs is a combination of the superfields V and S such that e2'5 also
transforms covariantly
s = 95 e?V —V2e¥ S — V256, Vs — 20 o2V5 28 (4.31)

so that the vector multiplet action is gauge invariant. The reduction to the
Abelian case in Section 4.1 is trivial, where we found in particular that the
super field strengths W, and V; are gauge invariant. When we compute the
renormalization of the vector multiplet at one loop, we perform a direct com-
putation rather than a background field method. Therefore, we will be able to
recover only the quadratic part of the vector multiplet action

1 Looor 5\ + 5
Sy = ?/d% d*0 tr [g VD*D’D,V + (05V)* — V205V (S + S) + 55| .

(4.32)
In the non-Abelian discussion we quantize also the gauge sector. Therefore, we
have to care about the mixing between the four dimensional gauge multiplet
V' and the chiral adjoint multiplet S that we already observed in the Abelian
quadratic action in Section 4.2. The presence of this mixing would complicate
the calculations, but luckily, it can be removed by a suitable choice of gauge
fixing, as we discuss below. For the non-Abelian action the same comments
about five dimensional Lorentz invariance apply as for the Abelian action (4.27).

4.2.2 Quantization of the action

Now we turn to the quantization of the theory using the path integral approach.
The generating functional reads
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, — b, b, —»— PV

Figure 11: Here we depict our drawing conventions for the propagators in the non-
Abelian theory. The chiral multiplet propagators have the same form as in the Abelian
case in (4.8). The first chiral multiplet propagator corresponds to the diagonal terms
in (4.8), while the second refers to the off-diagonal parts. In the gauge sector we have
propagators for the V' and S multiplets presented in (4.41) and the ghost multiplets
(4.45).

Z|:J+7 J*a JV7 JS:| =

/@®+ DO_ DV PS exp {z /d5:c (grfo?l—Abelian (@4, @_,V,5) +

+ / 20 7. D, + / 26T, B, + / 207 o+ / 26T b+

+ tr[/d‘*e JvV + /d29 JsS + /d29‘ JSSD } (4.33)

As usual the interactions can be obtained by functional differentiation with re-
spect to the sources, after the original superfields are integrated out using their
corresponding quadratic actions.

Hyper multiplet propagator

By considering the quadratic part of the hyper multiplet action (4.28) we find
the same hyper multiplet propagator as in the Abelian case (4.8).

Gauge multiplet propagator

For the five dimensional gauge multiplet we need to do more work because of
gauge invariance. The problem of resulting zero modes can be made manifest
by representing the quadratic action (4.32) in the following matrix form

1
Zo|Jv, Js] :/@Vexp{z’/d%tr{/dﬁ‘ﬁ?VAv—i—/dA‘H JvV

+ /d29 JgS + /d29 JSS} } (4.34)
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where the vector v and the hermitean matrix A are given by

V —DP0—852 %Rﬁg) %P_&;
v=|[S]|, A=|-5P0 3P 0 : (4.35)
S — 5 P-05 0 5P

Here F, is the transversal projector and P, and P_ are its chiral counterparts
defined in (2.40). The operator A has chiral zero modes corresponding to the
gauge directions x. Indeed, we see that

A+ A
Ax =0 for Xx=0v=|V20A|. (4.36)
V205A

This shows explicitly that also in five dimensions in order to define the propagator
of the vector multiplet, we need to perform a gauge fixing to modify the quadratic
form A so that it becomes invertible.

The procedure to determine the gauge fixed action follows the conventional
four dimensional superfield methods for gauge multiplets as they were reviewed
in Chapter 3. In generalization of (3.72) we choose the gauge fixing functional
[17,74]

D? 1. -
0="; \/§V+Ea55 : (4.37)

To motivate this choice, we observe that taking the imaginary part of the highest
restriction

—— — (O — i M .

reveals that the gauge fixing functional © incorporates the five dimensional
Lorentz invariant gauge fixing ;A = 0. The gauge fixing condition © = F,
with F' an arbitrary chiral superfield, is implemented into the path integral via
the standard procedure as the argument of a delta function together with a com-
pensating Fadeev-Popov determinant A(©). We include the Gaussian weighting
factor expi [ d®zd*0 trF'F and perform the functional integration over F. Be-
cause of the delta functions, that implement the gauge fixing, this Gaussian
integration is trivial and results in the gauge fixing action

D? '_1

1
ot = - /d% d*0 tr
g

v(o+ %D"DQDQ) V4 V2V (S +5) +0:5 % 055]
(4.39)
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in extension of (3.74). Combining this gauge fixing action with (4.34) into the
gauge fixed action gives rise to invertible quadratic operators

2
Po + Sof = /d%d“@ tr[ ~V(O+03)V + 5(1 + <9D_5) S}. (4.40)

Here we see a further motivation for the gauge fixing functional (4.37): The
mixing between the V' and the S and S fields, which was present in (4.34), has
been removed. Consequently, the propagators for V' and S are decoupled

1 1 _ -1
— ; 50 dt Z — R ——
Zo[ v, Js] —eXp{@/d wd etrLJv S Jv + Js S JSH. (4.41)

This decoupling amounts to a major simplification of the supergraph compu-
tations performed in Section 4.2.5. Notice that the nonlocal term in (4.40) has
given rise to a perfectly regular propagator for the S superfield. The propagators
are depicted in Fig. 11.

Ghost propagator

To finish the description of the gauge fixing procedure, we rewrite the Faddeev-
Popov determinant A(©) using anti-commuting Lie algebra valued ghost super-
fields C' and C" as demonstrated in Chapter 3. The central point for determining
their action are the infinitesimal versions of the gauge variations (4.29) of the
fields V and S

0aS = V205 + 2[5, A], (4.42)

(SAV = Lv(A — A) + COth(Lv)Lv<A + A),

that are present in the gauge fixing functional (4.37). The variation of the four
dimensional vector multiplet is of course the same as in the four dimensional
procedure, cf. (3.77). Then the infinitesimal gauge variation ¢ of the gauge
fixing functional reads

3500 = V3 2 (Lu(C = €) + coth (L (Lu(C + O) +

+ & (Va0 -25.0)) (4

and the ghost action .7, (C, ', V) is determined straightforwardly in analogy
to (3.81).

T = % / & d*0 tr {\/5 (' + " (LV(C — ) + coth (Ly (Ly (C + é))))

+0/%(\/§a50— 2[5, +C’%(\/§a5c+2[5, C})} (4.44)
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Figure 12: These interaction vertices involve the coupling of the gauge superfields V'
and S to the hyper multiplet chiral superfields ®; and ®_.

From this action the ghost propagators are determined easily

- 1 1
Z [JCHJC} —exp{ /d5xd49tr[—JémJ JCD+02 JC:|} (445)
5

Again, even though the (quadratic) action (4.44) appears to include non-local
terms, the ghosts have perfectly normal 5D propagators. These propagators are
given in Fig. 11. Even though there are two types of propagators, we use only
one notation for both of them, because the two propagators are the same.

This completes our description of the quantum field theory of hyper and gauge
multiplets in five dimensions. The vertices can be obtained straightforwardly by
expanding the various actions. In the following we will only give those interaction
terms that will be relevant for the computations of the gauge kinetic action at
one loop.

Interactions

For the hyper multiplet action (4.28) the expansion to fourth order gives rise to
the interactions

yHint D) /d%tr[/d% i)i(:t2v+2v2)<1>i

+ / d*0V/28_SP, + / d2§\/§®+5<1>} (4.46)

We have depicted the corresponding vertices in Fig. 12. Performing the expan-
sion to fourth order in the gauge sector (4.30) leads to the following interactions

SVing D / >z d'0 tr{ [V,D*V]|D*D,V — S [v, D*V|D?[V,D,V]
- % V. [V.D*V]|D’D.V + V205V [V,8 = 5] —2 5[V, 5]

Loy o)) - 22 oV [V [v.s +8]) + 25V, [V.5))] - (4an)
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Figure 13: These vertices encode the self-interactions of the gauge multiplet involving
the vector superfield V' and the chiral superfield S.

To indicate that we display interaction terms of the expansion up to fourth order
we use the notation “O”. In deriving (4.47) from (4.30) we have rewritten the
(anti-)chiral superspace integrals into full superspace integration in the standard
way. We use the convention that the derivative operator 0; only acts on the
field it is immediately adjacent to. The interaction vertices have been collected
in Fig. 13.

In the ghost sector we obtain the following interactions from the expansion
of (4.44)

Fpinn D /d% d‘ tr{(c' +C)[V.C~C] + % (C"+ [V, [V.C+ ]

+ﬁ%d@@—ﬁ%@mq. (4.48)

These vertices are depicted in Fig. 14. One might worry about a possible non-
locality of the interaction of a V field with two ghosts C' and C in (4.48),
because the term contains a four dimensional d’Alembertian operator O in the
denominator. But such terms do not necessarily pose a problem, because physical
amplitudes may also contain a bunch of supercovariant derivatives, which give
rise to additional O operators in the numerator so that cancellations can take
place. In our calculation this issue does not arise at all, because it is impossible
to construct one loop corrections to the S self-energy with ghosts in the loop.
The only graphs that could be constructed would be one loop contributions that
are purely chiral, such that they vanish upon superspace integration.

4.2.3 Orbifold compatible calculus for S!/Z,

In this section we extend the method of rendering a theory orbifold compatible
as it was presented in detail in Section 4.1.3 to cover the non-Abelian case. The
fields of the non-Abelian theory are allowed to transform with a rotation in the
gauge degrees of freedom under the orbifold twist. The matrix that represents
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Figure 14: The ghosts C' and C’ only interact with the vector multiplet superfields V'
and S.

this rotation enters in the orbifold compatible delta functions. We start with
the transformation behaviour of the fields under the orbifold twist. They have
to be orbifold compatible such that their action is invariant under the orbifold
symmetry. This means that they must transform covariantly under the orbifold
action

b, - 70, V—-2VZ,

(4.49)
> b 7, s

where Z is the rotation in the gauge degrees of freedom. As we indicated in Sec-
tion 4.1.3 such orbifold compatible fields and sources can always be constructed
by taking suitable linear combinations of the fields defined on the covering space
and their Z, reflections. Invariance of the action implies that the transformation
of the hyper and vector multiplets are encoded in a single unitary matrix Z.
Because this is a Z, action, the matrix Z fulfills Z2 = 1. Hence Z is a real
symmetric matrix with the eigenvalues +1. As it is often convenient to make
the adjoint indices on V and S explicit, we introduce the matrix @Q°; to write
the transformation rules for the V' and S superfields as

Vi LV, 8= —-Qh8, QY =u[T'ZT;Z]. (4.50)
The invariance of the action requires that the matrix ) fulfills
Qii/ Q‘]j, 7]2_] = ni'j” fzgk Qii/ Q]j, Qkk/ = fi'j’k' y (451)
such that it is orthogonal with respect to the Killing metric 7,;. We infer that
all matrix elements Q'; are real. And due to the Z; symmetry we know that
Q? = 1 and hence Q is a real symmetric matrix. In the computation of the
one loop self-energies we will be making frequent use of the properties of the
matrices Z and (). The Z, properties of orbifold compatible fields imply that
orbifold compatible source terms have to transform as
J+ - J+Z, JVi - QZ] JVj7

| o (4.52)
J_ — —ij, JSZ - _sz Jsja
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where we have used the orthogonality of @ in (4.51). For Feynman supergraph
computations that employ the path integral formalism it is important to know
the orbifold compatible delta functions obtained by functional differentiation
w.r.t. orbifold compatible sources:

0J4 _ D? s(4), 0Jva" _ 5

6J+1a - 4 21 by 6JV1 j 21 J7 (4 53)
0I5 D? - Dy 0Js2'  D* ws) '
6J 40 "o 6Jg19  —4 7

Because (except for Jy/) all these sources are chiral, the functional differentiation
w.r.t. them leads to chiral delta functions in superspace: —}ID254(02 —6,). For
later convenience we have defined the superspace orbifold compatible delta func-
tions, indicated as 8, containing full Grassmann delta functions 6%(, —6;). As a
consequence, the factor —i[ﬁ appears explicitly for the chiral sources in (4.53).
From the transformation properties of the sources we infer that the orbifold
compatible delta functions are given by

. 1
§Ha, — : (5“b6(y2 )+ 2% 8y + yl)) (s — 21)54(0s — 6)),
()b _1 b . b 4 B 4 B
051" a0 = o a5(y2 yl) Z a5(yz —i—y1) 0 (1’2 561)5 (92 91)7
2 (4.54)

~(1/) 1/ .. )

375 = 5 (570002 — 1) + Q'3 8y + 1) )" (w2 — 1) 5(62 — 64),
1/ .

05 = 5(523' 0(y2 —y1) — Q% 0(y2 + yl))54($2 — 1) 8 (02 — 6y).

Note that, since the matrix elements of () are real, the orbifold delta function
for S is the same as the orbifold delta function for S in five dimensions. These
delta functions are the key elements of our formalism for calculating Feynman
graphs directly on the orbifold, since they contain all the geometric information
about the orbifold compatible superfields. Therefore, it is important to develop
some of their properties: All delta functions are symmetric in their spacetime
and gauge indices, while under a reflection of either y; or ys the delta functions
transform as

051 — +2% 8507, oy 1 — +Qiy 5§1V)ilja
) ) . (4.55)
6§I)ab 7z, é;)a b, 51 ; _Qz (5

In calculating amplitudes one often makes use of partial integration. But as the
delta function is a function of two coordinates (9, y2) and (x1, y1), one sometimes
needs to change the coordinate w.r.t. which a derivative 05 acts before one can
perform the partial integration. When this d5 acts on the delta function, the
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Figure 15: The gauge multiplet receives V'V self-energy corrections from the hyper
multiplet. The proper self-energy graphs are labeled 15.A1 and 15.B. The tadpole
graph is denoted by 15.Cy..

change of the coordinate may not only bring in a minus sign as one expects, but
may also switch between the types of delta functions:

(95)203" = —(05)1 05 (0)203"; = —(95)1 837"
x . g, o (4.56)
(95)2 351 = —(93)1 507" (05)2 65715 = =(99)1 821”";.

With this technology we are ready to perform supergraph calculations in the
non-Abelian theory in five dimensions with the extra dimension compactified on
the orbifold S'/Z,.

4.2.4 Renormalization of the gauge kinetic term due to
the hyper multiplet

The calculation of the hyper multiplet contributions to the gauge kinetic term
follows closely the computation of the hyper multiplet loop corrections in the
Abelian case that were performed in Section 4.1. The supergraphs that are
necessary for the calculation are the same as in the Abelian case and are depicted
again for easier reference in Figs. 15 and 16. The results for these graphs are
provided in App. C.1, where a six dimensional notation is employed that has
a straightforward reduction to five dimensions. On the level of two orbifold
compatible delta functions the V'V self-energy takes the form

1
(O +02)2

1 ~5(+)

e g, o
5

Sy = / (@) ,d*0 | = Vi

1

B VA
PO+ ),

=5(-) 1 <5(_
0y 0P Va GETH 5; ) (4.57)

- 1 —
30 05Va = O |

2 05V
+ 5V1 (D+a§)2

1
(O + 92)2



4. Renormalization due to the hyper multiplet 73

®, Dy

s pes v ~{> s
(O3 P
Ay B4

Figure 16: The gauge multiplet receives S self-energy corrections from the hyper
multiplet as is depicted in figure 16.A. In addition the hyper multiplet gives rise to
mixing between the four dimensional superfields V' and S, see 16.B.

The VS and SS self-energies are given by

1 ) 1 n(
v = —2v2 / (%) 0 x| 05V; T SEra, '
(4.58)

1 ~ - 1 ~
S5 =2 [ () ,d'0 tr] $1 = 0D Spm— B | 4.59
and the VS self-energy is just the complex conjugate of the result for VS.
Equipped with the terminology of Section 4.1 we can head directly for the re-
normalization of the non-Abelian theory in the bulk and at the fixed points.

Bulk renormalization

The bulk amplitude is found by picking out the terms with two ordinary delta
functions from the self-energies (4.57)-(4.59). We add all terms to find the cor-
rection to the gauge kinetic term in the bulk

Z}ﬁﬁfr = /(d593) 12d49 tr [— ViOo Py Vo 4 05V105Va — \/535‘/1(5'2 + S, )+ 519,

1 1

)2 6(3/2 - yl) (

L L — ). 1.
% (O 4 02 0+ 92), Oy = 1) (4.60)

All terms appear with the correct coefficients to recombine to an expression
which is proportional to the gauge kinetic term. The extraction of the leading
terms of this divergent self-energy with the help of the identities in App. D.1
leads to the same observation as in the Abelian calculation in Section 4.1.4,
namely that dimensional regularization hides the linear divergence. The leading
term of the self-energy reads

Zhyper o _Z|m| 'u72e

b = TGt [ a0 u[- VORY + (0V)'= Va0V (s + 5) + 53],

(4.61)
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where d = 5 — 2¢ and m is an infrared regulator mass. Therefore, in the same
way as in the Abelian calculation, we do not obtain a counterterm in the MS
scheme. Hence, also here we do not have a renormalization of the gauge kinetic
term and there is no effect on the gauge coupling running in the five dimensional

bulk.
Fixed point renormalization

In order to find the amplitude at the fixed points, we pick out the terms with one
delta function é(y2 — y1) and one delta function d(ys + y1) from the self-energies
(4.57) - (4.59). We add all terms to find the self-energy at the fixed points

1 _ _
s = 2 / (%2, 0 te[[05V1, 2103V — V2 [2VA, Z)(Ss — $2 ) + [51. 218,

fp

1 1

)2 5(y2 - yl) (

L L . 1.
% (O + 82 0+ 92), o2 + 1) (4.62)

Note that for the kinetic term of the four dimensional gauge multiplet the cancel-
lation at the fixed points is complete and this term is absent in (4.62). We obtain
the remaining terms of the five dimensional gauge kinetic action with the fields
enclosed in commutators. This shows that in the case when Z is proportional to
the identity and in the Abelian case the amplitude vanishes at the fixed points
which is consistent with our previous findings in Section 4.1.4. The divergent
part of this amplitude is found to be

—2e¢

Ehyper _ i <} +1n ,u_2> /d5x d*0 tr [Z [5 — \/535‘/ S — \/565‘/}} 5(29)-
oy 2(4m)2\e m2 7
(4.63)

As we saw at the level of the amplitude, in the Abelian case the hyper multi-
plet does not induce a correction at the fixed points. The (95V)? parts of this
expression have been obtained before, see [75]. As explained in Section 3.2 in
the non-Abelian theory the counterterm is only well defined when we take the
nonlinear extension. So we arrive at the expression

—2e

hyper K G -
A(%pyp _ _2(47T)2€ /ddx d46) tr |:Z|:(S — % (95)@2‘/’ (5’ + % (95)6 2V]:| 5(23/)
(4.64)

From the counterterm (4.64) we can read off that there is no renormalization
of the gauge kinetic term of the four dimensional gauge multiplet at the fixed
points. The only renormalization effects involve the other operators from the five
dimensional gauge kinetic term. Hence, the counterterm (4.64) does not lead to
a running of the four dimensional gauge coupling at the fixed points.
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We remark that (4.64) is gauge invariant only w.r.t. the zero mode supergauge
group defined by dsA = 9sA = 0 and [Z,A] = [Z, A] = 0. The second condition
is a consequence of the orbifold projection at the Z, fixed points. However, for
the full supergauge group at the fixed points d;A and 0sA do not necessarily
vanish nor commute with Z. Consequently this expression, as it stands, is not
gauge invariant under the full bulk gauge transformations. As we will speculate
below (5.79) this might be cured by a Wess-Zumino-Witten-like term.

4.2.5 Renormalization of the gauge kinetic term due to
vector multiplet self-interactions

In this section we compute the one loop corrections to the gauge kinetic term
due to the particles from the gauge sector. Because of the gauge fixing described
in Section 4.2.2 we encounter the superfields V', S and the ghosts C', C’ in the
loops.

The supergraphs that give the loop corrections to the self-energy Yy have
been depicted in Fig. 17 and those that give loop corrections to the Xy ¢ and
Yy g self-energies are displayed in Fig. 18. In the first two lines of Fig. 17 the
genuine self-energy graphs are labeled 17.A to 17.D. Because there are two ghost
propagator diagrams, 17.D gives rise to four contributions. We use the notation
17.E to 17.G to indicate the tadpole supergraphs in Fig. 17. The contributions
from these tadpole graphs are necessary to cancel non-gauge invariant terms from
the total amplitude. The first graph in Fig. 18 is the SS self-energy diagram.
Finally, diagrams 18.B and 18.C give the self-energy due to the mixing between
S and V. The results of these graphs are given on the level of two orbifold
compatible delta functions in App. C.2 in a six dimensional notation which has
a straightforward reduction to five dimensions as explained in the appendix.
The explicit calculation of graph 17.A can be found as a worked out example
in App. B to illustrate the main steps that are required for the calculation of
such supergraphs on orbifolds. The sum of the respective graphs gives the self-
energies which we present at the level of two orbifold compatible delta functions.
The V'V self-energy is found to be

EVV =

. 1 ~ . 1 ~
. 5 4 o ’LD 4 5(V)m] 5(V)nk;
gk Jemn /(d 7)p 40 [ BBV, e, o " mr e,

' L s5@mi_ 1 ss@m
+ VIO, PV ——— ) mi_ — 500k (4 65
1—240V2 (D+a§)2 21 (D+8§)2 21 ( )

: L =swm L 5@
+20ViOVf ——— g0 mi_—__ §oInk ]
5V1UsVo (D+0§)2 21 (D+a§)2 21
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Figure 17: The gauge contributions to the V'V part of the gauge multiplet self-energy
are due to the V self-coupling , the interactions with the chiral superfield S and the
ghost superfields C' and C’. The genuine self-energy graphs are labeled 17.A to 17.D.
The tadpole graphs are referred to as 17.E to 17.G.
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Figure 18: The SS self-energy graph is given in figure 18.A. The mixing between
the four dimensional superfields V' and S corresponding to the third term of (4.32) is
renormalized by the diagrams 18.B and 18.C. The last diagram has ghosts in the loop.

As we have explained in Section 4.1.4, the last two orbifold delta functions
have to be handled with care. In the first two lines of (4.65) the same orbifold
compatible delta function is employed twice, since in five dimensions the orbifold
delta functions for S and S are equal. Hence, in the first two lines one of these
orbifold delta functions can be straightforwardly reduced to an ordinary delta
function. But for the last line in (4.65) cancellations appear. As we explained in
Section 4.1.4 it is convenient to write the amplitude as half of the sum of both
possibilities to reduce one delta function. Then the fixed point contribution of
the last term in (4.65) vanishes, leaving only a bulk contribution. For the same
reason also the VS, VS and SS self-energies, given in Fig. 18, only have a bulk
contribution, because their two orbifold compatible delta function expressions
are given by

o 1 ~ , 1 =
Sys = =22 fiufom [ (1) 0 03V} ot B o O
5 5

(4.66)

for VS, the complex conjugate for V.S, and

. 1 ~ ) 1 -
Yss = 2 fijkfomn /(de) 1,40 815 CETIR 5251(V)mgm 55k
(4.67)

for the SS self-energy. By combining these results and expanding the final
orbifold compatible delta functions according to their definitions in (4.54), we
can identify the bulk and fixed point contributions.

Bulk renormalization

The bulk amplitude is the sum of all terms with two ordinary delta functions
from the self-energies (4.65)-(4.67). We find the following correction to the gauge
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kinetic term in the bulk

S = Sl [ (@2),,0%0 [ = VIRV + 0V 06V (469

, _ _ 1
~ V20:Vi(S)+ 55) + 5154 0l =) 5(v2 — ).

(O+08 O+ 93),
Dimensional regularization of this linearly divergent result with the help of the
identities in App. D.1 gives the following leading terms in analogy to the other
bulk results that we found in five dimensions

auge 7;|7n|:u_25 2 = —
Shak = Tan? /dd$ d*0 traq [_VDPOV +(3:V)" = V205V(S + 9) + SS],
(4.69)

where d = 5 — 2¢ and m is an infrared regulator mass. Therefore, in the MS
scheme there is no counterterm to the gauge kinetic term in the five dimensional
bulk and no running of the gauge coupling due to this contribution.

Fixed points renormalization

The fixed point amplitude is obtained as the sum of all terms with one delta
function §(ys — 1) and one delta function §(ys+11) from the self-energies (4.65)-
(4.67). We find the following self-energy at the fixed points

Eiz)mge = 2fijkf£mn Umj an /(d5l’) 12d49 |: B ‘/12 D2l ‘/25

1 1
X m&yﬁyﬁm&yz—yl)- (4.70)

As we remarked above, except for the first two lines in (4.65), all self-energy
contributions are purely bulk and vanish at the fixed points. Only the kinetic
term of the four dimensional gauge superfield is loop corrected by a non-vanishing
self-energy. The divergent piece of this self-energy reads

2% —2e¢ 1 2
:_L(tﬂn%) /d5xd49 traa| — QV(z,y) DPOV(:c.y)] 0(2y).

gauge
Zip div (4m)? \€
(4.71)

As explained in Section 3.2 in the non-Abelian theory the counterterm is only well
defined when we take the nonlinear extension. So we arrive at the counterterm

AFENEe — 2 d%x d*0 traq |Q (1 d*OWW,, + L eaw, Wﬂ") 5(2y)
fp (47)2e S AV o« @ yr
(4.72)
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This counterterm involves the gauge kinetic term of the four dimensional gauge
multiplet. Hence, there is a running of the four dimensional gauge coupling at the
fixed points which is read off from the general expression (4.72) as demonstrated
in the final equations of Section 3.1.3 after one has chosen the representation of
the chiral multiplet and the matrix () for a specific orbifold theory.






Chapter 5

Supersymmetric theory in six
dimensions

In this chapter the results of the preceeding chapter are generalized to a six di-
mensional spacetime with the two extra dimensions compactified on the orbifold
T?/Zy. Again we consider a hyper multiplet and a gauge multiplet in the bulk
and aim at the renormalization of the gauge kinetic term. We determine the
counterterms in the bulk and at the fixed points. We find that in even ordered
T?/Zy orbifolds those fixed points that form a Z, subset must be distinguished
from the other fixed points, because at these fixed points special cancellations
appear. Moreover, we observe the generation of a higher dimensional opera-
tor as loop counterterm in the six dimensional bulk. We consider the Abelian
theory in which only the hyper multiplet leads to loop corrections in the first
section. The non-Abelian theory in which also the particles from the gauge sec-
tor contribute to loop effects is discussed in the second section. Our method of
calculating Feynman graphs directly on the orbifold is adjusted to cover the case
of this more complicated orbifold. For a study of supersymmetric gauge theory
on T?/Z, which has been performed in the component field formalism and is
thus complementary to our superfield approach we refer the reader to [76].

5.1 Hyper multiplet coupled to an Abelian
gauge multiplet

In this section we consider a hyper multiplet coupled to an Abelian gauge multi-
plet in six dimensions with the extra two dimensions compactified on the orbifold
T?/Zy. The six dimensional multiplets have the same decomposition into four
dimensional multiplets as in five dimensions, but their superfield action is slightly
changed. In the Abelian theory only the hyper mutiplet contributes to the re-
normalization of the gauge kinetic term, so we quantize only the hyper multiplet
part of the action. Then we extend our orbifold compatible calculus for Feyn-

81
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man graphs to the case of T?/Zy. This involves a generalization of the orbifold
compatible delta functions that arise from functional differentiation w.r.t. the
preceeding chapter. We determine the renormalization of the gauge kinetic term
due to the hyper multiplet in the bulk and at the two classes of fixed points.

5.1.1 Classical action in six dimensional Minkowski space

First we consider the classical action for a hyper multiplet that is coupled to
an Abelian gauge multiplet in six dimensions. The action in terms of four di-
mensional superfield [13,15] is similar to the five dimensional action and we will
indicate the deviations. The hyper multiplet action with its coupling to the
gauge multiplet takes the form

Sy = / d’x { / d'0 (©4e*V D, + e VD) +

= [ ¢_(6+\@q5)®++/d2§¢+(—5+\/§q5)<1>_}. (5.1)

Here we employ complex coordinates z = %(1)5 —izg) and Z = %(1)57%— izg) such
that the six dimensional derivative operators are 0 = 05 + i0s and 0 = 05 — i0s.
Most of the changes w.r.t. the five dimensional case have to do with the question
if the five dimensional derivative operator ds has to be replaced by 0 or 9. So
the only terms in the hyper multiplet action that are changed w.r.t. the five
dimensional action (4.2) are those that contained the five dimensional derivative

operator ds. The action is invariant under the super-gauge transformation

P, — e 2P, V -V 4+A+A,
(5.2)
P — 2P S — S ++/20A.

Notice that in both expressions (5.1) and (5.2) the holomorphic derivative 0
appears only in those places where chiral superfields are present. The kinetic
action .7y for the six dimensional gauge multiplet involves the four dimensional
gauge multiplet V' and the chiral multiplet S as in five dimensions

1 1 1 o
yv:—2/d6.ﬁl]{—/d29WaWa+_/d29WdWa+
g 4 4

+ /d49 [(\/iév - S) (\/iav - S) - avév} } (5.3)

but in six dimensions it is not possible to represent this result in terms of a
single gauge invariant vector superfield like the superfield V5 defined in (4.5). It
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is straightforward to rewrite the gauge kinetic action in the following form
1 1 _ - - o
Hr =5 /d% d'0 {g VDD’D,V + 9V OV —v20VS — V20V S + 55|,

(5.4)

In this form it is clear that the same self-energies Xy, Xyg, Xy and Xg5 as in
five dimensions have to be calculated in order to determine the renormalization
of the gauge kinetic action.

5.1.2 Quantization of the action

The generating functional looks exactly the same as in five dimensions (4.7) with
the five dimensional action replaced against the six dimensional action.

Hyper multiplet propagator

The propagators for the two chiral multiplets that form the six dimensional hyper
multiplet,

Zo|Jy, J-] =

. 6 4 7 —1 1 5P—2 j+
.@(I)Jr.@q), exXpq? d’x d 9 (JJrJf) m a D2 14D J 9
—0-55 _
(5.5)

are the direct generalizations of their five dimensional counterparts given in
(4.8). The six dimensional propagators are depicted in the same way as in five
dimensions in Fig. 7. As the multiplets from the gauge sector do not lead to
a renormalization of the gauge kinetic term in the Abelian theory, we do not
discuss the gauge and ghost superfield propagators here.

Interactions

The interactions of the hyper multiplet with the gauge multiplet do not contain
any derivatives in the extra dimensions and are therefore just the six dimensional
version of (4.9) depicted in Fig. 8.

5.1.3 Orbifold compatible calculus for T?/Zy

The properties of T?/Zy are more complicated than those of S1/Z,, they are
described in App. A.2. The hyper and gauge multiplets on the orbifold need to
be covariant w.r.t. the Zy orbifold action. Hence, their transformation behaviour
under z — e~ %z is found to be

P, — eMEPD, P — e MECD_, V-V S e¥s, (5.6)
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where ny are integers between 0 and N — 1 such that
6i(1+n++n,)<p - 1. (57)

is fulfilled. As the two numbers are related by (5.7), we need only one of them in
principle. However, it turns out to be convenient to keep using the notation n.
The reduction to the Zy orbifold group is attained for n, =0 and n_ = 1. Then
many of the properties of the five dimensional case, discussed in Section 4.1,
are recovered. To obtain the orbifold compatible delta functions for the chiral
superfields, we write down the transformation behaviour of orbifold compatible
sources under z — e~ ¥z

Ji — eimi@g]i, j:l: — €migoji. (58)

Then we define the functional derivatives w.r.t. the sources with the appropriate
factors of D? and D? to maintain chirality

o.J D? . 8. D? (=)

5 Dy 0 Dy 59)

0Jy1 —4 0Jy —4
These definitions have to be in accordance with the transformation behaviour of
the source terms (5.8). The following orbifold compatible delta functions ensure
that this is the case

N—-1
< 1 Z , .
55? - N b=0 e 5% 2y — €% 2y) 61 (g — 1) 61(62 — 1),

Ly 1 N (5.10)
Oy = N Z eT P 52 (25 — €™ 21) Y (20 — 21) 0% (0y — 0y).
b=0

One checks that the so-defined delta functions transform in the same way as
the corresponding sources under an orbifold transformation zo — e %z, of the
second coordinate

~ . ~ ~(+£) . ~(+£)

5531@ — e 5%) ) 091 — €75 0y, (5.11)
and inversely under an orbifold transformation z; — e =%z, of the first coordinate
~ . ~ ~(+£) . ~(=£)

5 eime gl 5T e, (5.12)

Derivatives with respect to the compactified coordinates always act on the §%(z,—
e®?z1) factor. Therefore, changing a spacetime index of such a derivative also
changes the type of delta function and implies a complex conjugation
= 2+ = =)

This completes the discussion of the supersymmetric Abelian gauge theory on the
six dimensional orbifold 72 /Zy. We have seen, that even though many properties
are very similar to the ones encountered for the S'/Z, orbifold discussed in
Section 4.1, there are also some important additional complications in the six
dimensional case.
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5.1.4 Renormalization of the gauge kinetic term due to
the hyper multiplet

The calculation of the renormalization of the gauge kinetic term in six dimensions
with the two extra dimensions compactified on T?/Zy parallels the procedure
described for five dimensions with the extra dimension compactified on S'/Z,
carried out in Section 4.1.4. The expansion of the hyper multiplet action to
fourth order in the gauge coupling (4.46) remains valid in six dimensions. This
means that we have to calculate the same set of graphs as in five dimensions
depicted in Figs. 9 and 10. The replacement of fields against the derivatives
w.r.t. the corresponding source terms is performed as

o o

oL — SGT) o, — OAY (5.14)
The results for the graphs are provided in App. C.1 in a non-Abelian notation
which has a simple reduction to the Abelian calculation performed here. The
self energies Xy v, Xy, Xy g and Xgg are similar to those that we found in five
dimensions. The differences arise from the changes of the derivative operators
in the quadratic part of the gauge multiplet action and from the fact that the
orbifold compatible delta functions are no longer real and we have to distinguish
between ¢ and &

1 ~ 1 =6(+)
b)) :2/d6 40 (=V, OuPy V) — 60 = §
vy =4 ( 5’:)12 (V1 021 Va) @+ 00), 21 @+ 00), 21
1 =6(-) 1 56(_)

B CE A R

(5.15)

5 1 e 1 56
20V, OVyp— 50— §
RO INETEE), 2 T roa),

_ 1 ~ 1 =
Sys= —2vV2¢ [ (d),d*0 oVy Sy ————— o) —— §5)
VS \/7q /( x)12 122 (D+aa)2 21 (D‘I—aa)g 21 >

(5.16)

- 1 < - 1 ~6(—

Yis5 = 2q2/(d6$)12d49 S152 m 5g§+) S2m 53% g (5.17)
After the reduction of one more orbifold compatible delta function following the
three steps described in Section 4.1.4 we split the amplitude into three different
contributions. The bulk amplitude has two ordinary delta functions and is recov-
ered for b = 0 in the expansion of the last orbifold delta function. The amplitude
at the Z, fixed points of an even ordered orbifold is obtained for b = N/2. It is
related to the amplitude at the fixed points of S'/Z,. The sum in the last delta
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function that runs over all values of b except for 0 and N/2 gives the contribu-
tions of the amplitude at those fixed points that are not in a Z, subsector of the
Zy action. These three different contributions are presented separately.

Bulk renormalization

The bulk contribution of the self-energies (5.56)-(5.58) is given by the b = 0
contribution from the delta functions. We extract the divergence with the help
of App. D.1 and determine the local bulk counterterm in six dimensions. It con-
sists of a sum of two terms. The first term in the sum is the counterterm to the
six dimensional gauge kinetic term and the second term is a higher derivative
operator that is generated in the renormalization process

AFIPT — A hvper A gphyper, (5.18)

gkt
The piece of the counterterm that renormalizes the bulk gauge kinetic term reads

2¢°m?2 % 1
hyper __ d 2 a h
A,ngt = (A7) Ne /d x 1 /d 0 WW, + h.c. +

+ /d49 [(ﬂév - S) (\/iav - S) - avév} } (5.19)

and the higher derivative operator that is generated as loop counterterm is also
localized in the bulk

2,,—2¢ 1 B
A hyper:L/dd —/d20 = h.c.
BN snene ] 7 a W (O+09)W, + hc. +

+ / d' [(\/5 av — S)(D+65)(\/§ oV — s) - aV(D+05)5V] } (5.20)

where d = 6 — 2¢. From (5.19) we can read off the gauge coupling running in
the six dimensional bulk. The relation between bare coupling and renormalized

coupling is given by
1 1 2 ¢*m?
- <_ _oaam ),ﬂe (5.21)

9% g? (4m)3Ne

such that the beta function of the inverse coupling squared is found to be

4 ¢*>m?
By = “TnPN (5.22)

and the running

1 1 2¢*m? | P
R R 5.23
PR . 2



5. Renormalization due to the hyper multiplet 87

Next we discuss the conterterms at the two classes of fixed points.
Fixed point self-energy

First we display the divergent self-energy contributions at all fixed points com-
bines. We take one half of both possibilities to reduce one of the two delta
functions as described in Section 4.1.4 and extract the four dimensional diver-
gence at the fixed points according to App. D.2. After expansion of the last
orbifold compatible delta function with (5.10) and integration over the ordinary
delta function 6%(zp — z;) the self-energies at the fixed points read

2e

. N—-1
L d.. 74 1
= - — — — |:|
Sw. | (M)QNE;/MM{ 2<p(b)+p( b))v PV +

+p(b) (évav —V20VS —V20VS + 55)} 22((1 = ™)z), (5.24)

where d = 6 — 2¢ and p(b) is a sum of phase factors p(b) = e*"+% + "% Now
we separate the contributions at the different fixed points.

7, fixed point renormalization

The contribution of the self-energies located at the Z, fixed points of even ordered
orbifolds can be read off from (5.24) for b = N/2. Due to the fact that the
numbers n, and n_ are related to each other by (5.7) the quantities p(b) and
p(—b) vanish for b = N/2 and so does the divergent self-energy at these fixed
points (5.24). Therefore, in the Abelian case, there is no renormalization at the
Zy fixed points due to the hyper multiplet at all. This is the generalization of
the result that we found a vanishing self-energy due to the hyper multiplet in
the Abelian theory at the fixed points of S*/Z, in Section 4.1.4.

Non-Z, fixed point renormalization

Now we consider the contributions at the rest of the fixed points which do not
lie in a Zsy subsector of an even ordered orbifold. Their contribution can be read
off from (5.24) for b # N/2. The condition e#z = z that is implemented by
the remaining delta function describes the same fixed point set for b and —b.
Therefore, we sum the contributions to b and —b explicitly in the form

N-1 [N/2]«
> AWD)SP((1—e®)z) = > (AD) + A(=b) (1 —€™)z).  (5.25)

b£N/2
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The symbol [N/2], is defined via

%(N - 2) if N even

IN/2], = { (5.26)
(N—1) if N odd

DO =

and we have used that the delta function 52((1 — eib‘P)z) is symmetric under a
reflection of b. Then the local counter term is written as

[N/2]

hyper 2[1726 d 1 2 o
A’yno}:iZg = _m Z C(b) d“x Z d-0 WaW + h.c. +

+ /d40 [(ﬁév - S) (\/iav - s) . avév} } 52((1—€e®)z). (5.27)

where ¢(b) is defined as the combination of phase factors
c(b) = cos (bpny) + cos (bp (ny +1)). (5.28)

The gauge coupling running of the four dimensional gauge coupling at the fixed
points is read off from this general counterterm as demonstrated in Section 3.1.3
after one has chosen the order N of the orbifold and specified the orbifold twist
phase n. This Abelian result will also serve as a cross check for the non-Abelian
result in Section 5.2.4.
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5.2 Hyper multiplet coupled to a non-Abelian
gauge multiplet

In this section we consider a hyper multiplet which is coupled to a non-Abelian
gauge multiplet in six dimensions with the two extra dimensions compactified
on T?/Zy. In the non-Abelian discussion we quantize also the gauge sector of
the theory and extend the six dimensional orbifold compatible calculus that was
discussed for the Abelian case in Section 5.2.3 to cover the non-Abelian case.
We calculate the loop effects for the gauge kinetic term due to to hyper, gauge
and ghost multiplets and distinguish contributions in the bulk and at the two
classes of fixed points.

5.2.1 Classical action in six dimensional Minkowski space

The classical action for a hyper multiplet that is coupled to a non-Abelian gauge
multiplet in six dimensions in terms of four dimensional superfields [13, 15] has
many similarities both with the six dimensional Abelian action and the five
dimensional non-Abelian action. The kinetic action of the hyper multiplet with
its coupling to the six dimensional gauge multiplet . is given by the same
expression as in the six dimensional Abelian theory (5.1) for unit charge. The
kinetic action for the six dimensional gauge multiplet is given by

1 1 Vo
Ho=; /d% {tr {Z /d29 W Wt 5 /d29 dea} + (5.29)

+tr /d49 [(—% d+ S) e’V (% 0+ S) e + iaewaew} }

with the notation for the complex coordinates given below (5.3). This means
that w.r.t. the five dimensional non-Abelian action (4.30) the second line is
modified. The non-Abelian super-gauge transformation for the six dimensional
theory reads

(I)+ N 6_2qA(I)+, 62V N €2A€2V62A’

d P 6-|—2q/\ S N 6_2A (S + 1 a) 62A (530)
_ _ , 72 .

The action (5.29) reproduces the six dimensional non-Abelian SYM theory when
its restriction to component fields with V' in WZ gauge is taken. To render the
action fully gauge invariant, a Wess-Zumino-Witten term has to be added [13].
This term, however, does not have a quadratic piece and therefore does not



90 5. Quantization of the action

influence the quadratic part of the gauge multiplet action
1 1 _ - _ _
Hyo = 7 /d59: d*0 tr [g VD*D?D,V + 0V dV — 20V S —20VS + SS|.
(5.31)

This is the straightforward extension of the five dimensional quadratic piece
(4.32). Therefore, in order to determine the renormalization of the gauge kinetic
term, we have to find the same self-energies as in the five dimensional case.

5.2.2 Quantization of the action

The theory is quantized by inserting it into the path integral. The generating
functional is the same as in five dimensions (4.33) with the five dimensional non-
Abelian action replaced against the six dimensional non-Abelian action.

Hyper multiplet propagator

The propagator for the hyper multiplet in the six dimensional non-Abelian theory
is the same as the propagator in the six dimensional Abelian theory (5.5) and
we can use the drawing conventions of the five dimensional non-Abelian theory
in Fig. 11.

Gauge multiplet propagator

The quadratic part of the vector multiplet action can be represented as

1
ZO[JV,JS] :/@Vexp{i/dﬁxtr{/d‘lé’?VAV—I—/dA‘H JyV

+ /d29 JsS + /d20 J_SS‘] } (5.32)

where the vector v and the hermitean matrix A are given by

/a) 1 2 1
1% ~0Py—00 5 Pi0 3P0
v=|51, A=| P00 3P 0 . (5.33)
_ 1 3 1
S ~5P0 0 ip

The operator A has chiral zero modes corresponding to the gauge directions x

A+A
Ax=0 for x=00v=|V20A]. (5.34)
V20A
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This shows explicitly that also in six dimensions in order to define the propa-
gator of the vector multiplet, we need to perform a gauge fixing to modify the
quadratic form A so that it becomes invertible. In six dimensions, the gauge
fixing functional (4.37) is generalized to

—4

D? 1.5
0=—"(V2V+=0S (5.35)
—4 O
and the restriction to the highest component now yields
D? 1 ) M
—0O|=— (DC + D+ 06A5 — 05/16 + 10MA ) . (536)

V2

Hence the imaginary part gives rise to a six dimensional Lorentz invariant gauge
fixing for the vector field A,;. The gauge fixing action is

L L pap? 510 s1s
S = gZ/dxd etr[v(m+8p D?D, )V + V2V (05 +05) +65D35},
(5.37)

such that the gauge fixed action finally involves an invertible quadratic operator

_ _ 0 )
g + Sf = /d%d%’tr[—V(D—l—@@)V—l—S + 09 S}.

(5.38)

The propagators for the four dimensional superfields V' and S are decoupled

1 1 - —1
_ [ 6. g4 1
ZO[JV,JS}—exp{z/d:cdHtrLlJVD+88JV+JSD+88JS]}. (5.39)

Since the five dimensional propagators (4.41) contain only 92, this six dimen-
sional result is precisely as expected.

Ghost propagator

Finally, in order to determine the ghost propagators in six dimensions we have
to take into account the following modifications: The infinitesimal version of the
six dimensional transformation law (5.30) for the superfield S reads

xS = V20A +2[S, A, (5.40)
This leads to the infinitesimal gauge variation dc of the gauge fixing functional

509 = \/5?—51 (Lv(C — C) —+ coth (Lv(Lv(C + C))) +

+ g (V29C - 2[5.0Y)). (5.41)
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The ghost action is determined straightforwardly in analogy to (4.44)

S = % / &z d*0 tr {\@ (€ + ") (LV(C — C) + coth (Ly (Ly (C + é))))

C'%(ﬁéC—2[5,C})+C’ _(facwz[s C})}, (5.42)

which means that w.r.t. the five dimensional version (4.44) only the last two
terms are modified. The ghost propagators are therefore the straightforward
generalization of the five dimensional version (4.45)

1 1
ZolJo, Jo| = e d°x d*0 tr Jh——=de — J} J 5.43
|:C C:| Xp{/ |: C +aa CD+aaC ( )

Thus, we see that the propagators in six dimensions are to a large extent sim-
ple generalizations of the five dimensional propagators given in Section 4.2.2.
Therefore, we use the same conventions to draw the six dimensional propagators
as given in Fig. 11.

Interactions

The interactions that involve the hyper multiplet are the same as in five dimen-
sions. They can be found in (4.46) and are depicted in Fig. 12. The following
interactions from .#, involve the gauge multiplet and the chiral adjoint multiplet

S

Hint D / d®z d*0 tr{ [V,D*V]D*D,V — % [V,D*V]D*|V,D, V] +

—~ é [V, [V,D*V]]|D*D,V + v20V [V, 5] — V20V [V, S] +

258 + Saviv vov)) - 22ov v v.]] +

-2 v v v.s)) +28 [V v 5]]|. 4

For these interactions we use the drawing conventions of Fig. 13 also in six
dimensions. In the ghost sector the following interactions which are depicted in
Fig. 14 are obtained from the expansion of the ghost action (5.42)

S > [Exd0u](© )0 =€)+ L+ YW V.04 ]

wvilose-vilerscl|. e
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We already mentioned above that in six dimensions gauge invariance requires
the presence of an additional WZW term for the gauge multiplet V' [13]. This
term leads in principle to a three point gauge field self-interaction. However, it
turns out that all graphs that can be constructed with this additional interaction
add up to zero because of the symmetry of the structure constants. Thus, for
our calculation, we do not need these interactions and are left with the same set
of relevant graphs in six dimensions as in the five dimensional situation.

5.2.3 Orbifold compatible calculus for T?/Zy

We will now describe which boundary conditions the fields have to fulfill in
order to live on the orbifold 72 /Zy instead of uncompactified Minkowski space.
The hyper and gauge multiplets on the orbifold need to be covariant w.r.t. the
Zy orbifold action. Hence, their transformation behaviour under z — e~z is
required to be

by — 2,04, V—Z2,VZ,,
L (5.46)
o - 7 | S—Z_57,,

with the properties Z¥ = Z¥ = 1, because the transformations are Zy actions.
Invariance of the action requires in addition that the matrices Z, and Z_ be
unitary and that they are related to each other via

Z,7_e¥ =1. (5.47)

Therefore, we only need the matrix Z, in principle. However, it turns out to be
convenient to keep using the notation Z.. The transformation rules for the V'
and S superfields with the adjoint indices made explicit are given by

Vi QL Vi S et Q S, QY =w[T'Z. T2, (5.48)

This implies that all matrix elements @Q°; are real. Invariance of the action
requires @ to have the properties (4.51) and QY = 1 as it defines a Zy action.
The reduction to the Zs orbifold group with ¢ = 7 and Z, = —Z_ = Z is
interesting, because then many of the properties of the five dimensional case,
discussed in Section 4.2.3, are recovered.

To obtain the orbifold compatible delta functions for the various superfields,
we write down the transformation behaviour of orbifold compatible sources under
z— e ¥z

J, — J+Z;1, Jvt— Q' v,
| B (5.49)
J_ — Z:IJ,, Jg' — e sz Jg7,
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where the orthogonality property of @ in (4.51) has been used. This is also
reflected in the orbifold compatible delta functions for the T7?/Zy orbifold

N—1
~ 1 )
o5 = N [Z5] % 6% (22 — €%21) 6% (w2 — 1) 6*(02 — 61),
b=0
N-1
~( 1 )
03 = 5 D [20] % 6% (22 — %% 21) 6% (22 — 1) (62 — 1),
= (5.50)
N-1
S(V)i. — i Z [be} 1,52(22 B eibgozl> 64(552 — ) 54(92 —9)
TN b=0 ’ ’
N-1
e 1 A 4 A
5&18%]‘ = N L [Q_b] Zj 52(22 _ ezbgpzl) 54(x2 o 371) 54(92 . 91).
b=0

We check the orbifold compatibility: Under zp — e %z, these delta functions
transform in the same way as the corresponding sources

(Ha —17e (e (V) i (V)i
551) b [Z+1] a 551) bs 551) j— Q' 5%1) 3s (5.50)
—Ja —17e s(=)d $(5)i —ip i $S) '

05 — (271w 05", 05 — e Qi 07,

Under z; — e %2 they transform as the inverse of the corresponding sources,
so that these delta functions are indeed orbifold compatible
S(+Ha a  (+)a (V)i —17i. s(V)i
05 = (2] 03, 08— [Q 17 647, oo
(=)a a  5(=)a O i —17i  §(S)d .
551) b — [Z—} a’éél) bs 5%1) = e [Q7] i’éél) j

In contrast to the orbifold compatible delta functions (4.54) in five dimensions,
these delta functions are no longer symmetric in their indices: The exchange of
the spacetime labels results in

- =(+) = =)
+)a a V)i V) i
5§2) 62521 b 5§2)j:5§1)j7

- (5.53)
S(—)a :_a N (S i
5%2) 62521 b 5%2)j:5§1)j7

because Z, and Z_ are unitary and () is orthonormal. Derivatives with respect to
the compactified coordinates always act on the 6%(z9 — €®#2) factor. Therefore,
changing a spacetime index of such a derivative also changes the type of delta
function as

- ~ =)
3y 659 = ~0, 6

( a (Vs NS_’i
21 by By 08 )15 = —0 65",
(5.54)

3 s(—)a 3 :(Jr)a NG (V)4
3y 05, % = —1 09y %, 0y 05715 = —0y 64 ).
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Notice that for the hyper multiplet delta functions a complex conjugation is
involved in (5.53) and (5.54). We are now ready to perform loop calculations
also in the non-Abelian theory in six dimensions with the extra two dimensions
compactified on the orbifold T?/Zy.

5.2.4 Renormalization of the gauge kinetic term due to
the hyper multiplet

In this section we determine the renormalization of the gauge kinetic term in
the non-Abelian theory in six dimensions where the extra dimensions are com-
pactified on the orbifold 72 /Zy. There are many similarities to the calculation
in the five dimensional non-Abelian theory on the orbifold S'/Z, which we de-
scribed in Section 4.2.4. Therefore, it will suffice for us to indicate the points
that deviate from our treatment in this section. The expansion of the hyper
multiplet action to fourth order in the gauge coupling (4.46) remains valid in
six dimensions. Hence, we have to calculate the same set of graphs as in five
dimensions that was depicted in Figs. 15 and 16. The results for these graphs
are provided in App. C.1. The replacement of the fields on the external lines
against the derivatives w.r.t. the corresponding source terms is performed as

5 )
4 —» — P, — b, — P - — .
T o(id.) (i) Cosge) T (i) (5:55)

Then the self-energies Yy, Yy g, 2y 5 and Xgg are calculated as

1

hyper 6 4 56(+) 1 550+
Z‘}"I/J —/(d $)12d9tr[—%m621 D2P0‘/2

- 5
(O+00), '

1
(D + 00_)2

=6(—) 1 6(—)
Oy OoFPyVo——— 0,
21 240 2(D+0a)2 21

-V

1 ~ = 1 ~6(—
+20V, maﬁ” a%magg )}’ (5.56)

1 e = 1
hyper 6 4 _ 6(+) _ 6(—)
L 2\/§/(d x) ,d'0 tr {avl CETTN Oo) 527(D o0, 0oy } (5.57)

P = 2 / (d°z),,d*0 tr

1 ~ - 1 <6(—

We reduce one more orbifold compatible delta function in the by now familiar
three steps of Section 4.1.4. In the same way as in the Abelian calculation in
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Section 5.1.4 we distinguish self-energy contritutions in the bulk, at Z, fixed
points and non-Z, fixed points.

Bulk renormalization

The bulk contribution of the self-energies is extracted for the term with b = 0 in
the expansion of the last orbifold delta function. We extract the divergence with
the help of App. D.1 and determine the local bulk counterterm in six dimensions.
In the same way as in the Abelian calculation the counterterm splits into a piece
that renormalizes the bulk gauge kinetic term and a higher derivative operator

NS = NS P+ NS, (5.59)

The first term which renormalizes the bulk gauge kinetic term reads

_2 2,,—2¢ 1
a7y = gt [ { Joul gy e

o - 1 o
+ /d49 tr [(—% a+s) v (% a+s) e 4 0e Wae?VH (5.60)

and the second term which is the higher derivative operator is given by

—2€
hyper _ % d 9 l (0 _
AyHDO 73(47)3]\[6 /d xT {/d 0tl”|i4W ( +33)Wa} + h.c. +

Sl

+ /d49 tr{ (~50+8) e (0+00)(Ho+5) e +
+ iae—w(mwa) 862‘/} } (5.61)

where d = 6 — 2e. The counterterm (5.60) to the bulk gauge kinetic term
influences the six dimensional gauge coupling running. The six dimensional bare
gauge coupling is related to the renormalized gauge coupling and the counterterm

by
1 1 2m? )
B (A D) 5.62
5= () (562)
Then we find that the beta function reads

4m?

Brygz = —m- (5.63)
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Integration between the energy scales o and p determines the running

11 2,

This concludes the discussion of the bulk results.
Fixed point self-energy

The fixed point self-energy is the sum over all values of b without the bulk
contribution at b = 0. After we integrate out the ordinary delta function §2(zy —
1), we obtain

. _9e N-1
s d,. 74 1 b b b b
= (47)2Ne -5 O
pr div (47T)2N€;/d $d9tr|i QV(Z++Z7+Z,+Z+) POV+

+OVZEIV + ZPOVOV — V20V ZES — V2200V S — V2 20OV S +

~V2OVZES + 45785+ 70 SS | 8*((1 —e™)z), (5.65)

where d = 6 — 2¢. Now we distinguish the contributions at the two classes of
fixed points.

Zs fixed point renormalization

For even ordered orbifolds we have Z, fixed points. The contribution of the self-
energies located at these fixed points is given for b = N/2. When the matrices
Z, and Z_ are taken to this power, they have special properties

7200 =-7" 2P == ZMP =77 =717, (5.60)

which are a consequence of the relation between the matrices Z; and Z_ (5.47)
and the unitarity of Z, and Z_. This means that the matrix Ziv/ ? has the same
properties as the matrix Z in the five dimensional case that we considered in
Section 4.2.3. Hence, we observe special cancellations in the self-energies at the
Zs fixed points of an even ordered orbifold

—2¢

hyper H N/2 S ) a
A’ngyp __m/ddxdzlﬁtr{ZJr |:(S— 128)62V7 (5—1—%8)6 2V]+

S

+ iZf/Z [aew,aewu 52(22). (5.67)
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In particular, the part of the self-energy proportional to the kinetic term of
the four dimensional gauge multiplet vanishes. This means that there is no
renormalization of the four dimensional gauge coupling at the Z, fixed points of
an even ordered orbifold.

We note that we recover the rest of the operators in the gauge kinetic term
(5.29) enclosed in commutators. In the same way as discussed below (4.64) the
counterterm is invariant under the zero mode gauge group, but it is not gauge
invariant under the full bulk gauge transformation.

Non-Z, fixed point renormalization

Now we regard the terms of the divergent self-energies with b # N/2. As in the
Abelian calculation we sum the contributions to b and —b in the form (5.25).
We introduce the algebra element A, that corresponds to the unitary matrix 2,
via Z, = e+ to write the local counterterm as

(2 [N/2]

hyper d 2 o
AT = = 47T 2Ne Z / d'z { / d@tr[Pl(b)WaW}jth.c.Jr
v fatou e ((~5o+8) e (Hows) e+ Lavar)] 4
4 1 -2V 1 3 Q 2V 1 -2V 9 2V
+/d6’tr[P3(b)(<ﬁa+S>e <——20—|—S)6 + 5 07 de )]}x

x 62((1—€e™)z).  (5.68)
Here P;(b) are the following combinations that involve the algebra element A
Pi(b) = Po(B) + Py(b),  Pa(b) = cos (bA) ,,  Py(t) = cos (b(As +¢)) (5.69)

and the counterterm (5.68) is the non-linear extension of the quadratic piece.
We remark that by a formal replacement of the matrix A, by the product of
a scalar and the orbifold phase a,¢ and of the trace tr by the square of the
charge ¢* one obtains the Abelian result found in Section 5.1. In order to read
off the gauge coupling running of the four dimensional gauge coupling at the
non-Zs fixed points from the first line of (5.68), one has to specify the order of
the orbifold N and the matrix A, (or equivalently 7. ).

5.2.5 Renormalization of the gauge kinetic term due to
the gauge multiplet

Here we determine the renormalization of the gauge kinetic term due to the loop
corrections that involve the gauge and ghost multiplets. The relevant interactions
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are contained in Ay in, and Sy ine. Because the graphs that involve interactions
from the WZW term vanish identically, as remarked in Section 5.2.2, we are
left with the same set of graphs as in the five dimensional non-Abelian theory.
The graphs are depicted in Figs. 17 and 18. The results for these graphs are
presented in App. C.2. Here we display the self-energies at the level of two
orbifold compatible delta functions. The V'V self-energy reads

gauge __
EVV -

; 1 ~ . 1 -
o fomm | (d82)10d%0| — 3VIO,PVE— —58VImi = 56(V)nk
Pl /( #ha [ Y @00, T (O400),

. 1 ~6(5)mj 1 T6(S)nk
Vig P‘rZ _ 5 mj __ 5 n
TR g ), @ 00),

L 1 ~ . 1 ~
iy /L 6(V)myj 6(S)nk
H 20OV 5 gl o ] (5.70)

and the VS self-energy is given by
YOS =

L 1 ~ . 1 ~n G
— 2V2 fisnfomm / (d%z) 1o d*0 OV} S} maﬁf”’w méﬁf”"k, (5.71)

with the complex conjugate result for the VIS self-energy. Finally,

L 1 ~ . 1 ~ &
gauge __ - 6 4 i Qb _ 6(V)my _ 6(S)nk
2 QfZkaZmn/(d x)ud 0 515, 7(5 n 33)2521 7(5 +00)2521
(5.72)

is the result for the SS self-energy. We reduce one more orbifold compatible
delta function and distinuish the contributions in the bulk and at the two classes
of fixed points

Bulk renormalization

The bulk counterterm for b = 0 in the expansion of the remaining orbifold
compatible delta function is again a sum a of counterterm to the gauge kinetic
term and a higher derivative operator

ASLE = AT + AARS (5.73)
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The counterterm to the gauge kinetic term is given by

auge 2m21u726 d 2 1 o
Ayggktg — m/d X {/d HtrAdlZW Wa} +h.c. +

L - 1 o
+/d49 trad [(—%ms) e2V <%8+S>e Wt S0 Wae?V} } (5.74)

And the higher dimensional operator that is generated as a loop counterterm in
the bulk reads

A = — / d'a { / 420 traq H We(0+00) wa} Fhe

+ /d49 traa { (—% 0+ S) e2V(D+85> (% 0+ S) eV 4
+ Lo (o109) MV] } (5.75)

where d = 6 —2¢. The gauge coupling running in the six dimensional bulk can be
read off from the counterterm to the gauge kinetic term in (5.74). To this end the
trace in the adjoint representation of the gauge group has to be rewritten into the
trace in the representation of the hyper multiplet which appears in the action.
Then the running of the six dimensional bulk gauge coupling is obtained in the
same way as in the preceeding Section 5.2.5 for the hyper multiplet calculation.

By gauge invariance we can infer some additional effects. As we remarked
above, the action is not gauge invariant unless also a Wess-Zumino-Witten term
is added [13]. Therefore, to preserve supergauge invariance, also this Wess-
Zumino-Witten term has to be renormalized. Moreover, because a higher deriva-
tive operator is generated, also a higher derivative analogue of the Wess-Zumino-
Witten term must exist and renormalize. We have not performed an explicit
calculation to confirm the renormalization. However, we can say that the Wess-
Zumino-Witten term and its higher derivative counterpart will have to renor-
malize with the same multiplicative coefficients as the corresponding terms in
the quadratic part of the action in order for the theory to be gauge invariant at
the one-loop level.

Fixed point self-energy

The self-energy at the fixed points is obtained for the terms with b # 0 in the
expansion of the last orbifold compatible delta function. After the extraction
of the four dimensional divergence and the integration over the ordinary delta
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function we obtain
- —2€

N-1
auge . 2 d 4 1 b
z:%p ¢ ‘div - _(47T)2N6 ; /d zdf {pl(b) trAd|:_ EQ VDPOV]—i—

+ pa(b) traa [Q—b (avév —V20VS - V280V + Sg) ] } 62((1 — e®)z),
(5.76)
where the quantities p;(b) and py(b) involve sums of phases
pi(b) =6 — e — e py(b) = 14 e (5.77)

and d = 6 — 2e. Now we distinguish the contributions at the different fixed
points.

Z4 fixed point renormalization

Also in the loop correction from the gauge sector we observe special cancellations
at the Z, fixed points of an even ordered orbifold that are not present at the
other fixed points. This is because at the Z, fixed points that are given for b = g
all combinations proportional to py(b) vanish and only the counterterm to the
gauge kinetic term of the four dimensional gauge field survives

4 :U’_2€

1
gauge __ d,. )+ 2 N/2pany 2
(5.78)

As always, after one has specified the representation of the hyper multiplet, the
order of the orbifold and the transformation matrix (), one can read off the
running of the four dimensional gauge coupling at the Z, fixed points from the
general counterterm (5.78).

Non-Z, fixed point renormalization

As usual the contributions of the last orbifold compatible delta function with
b#0and b # % give the counterterm at the non-Z, fixed points. We sum the
contributions to b and —b in the form (5.25) and obtain the result

—2e  [N/2x
auge 1% 1 o
AZES = 7(4702]\[6 E /dd:z: {Z /d29 trad {Pl(b) w Wa} +h.c. +
b=1

—|—/d49 traq |:P2(b) ((% (9—|—S> e 2V <_% 5+S) 62V—|—£ (9@2\/562‘/)} }

x 0*((1—e™)z),  (5.79)
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where d = 6 — 2¢ and the expressions P;(b) and P»(b) are defined as
Py(b) = 6cosbH — cosb(H + ¢) — cosb(H — o),
Py(b) = cosbH + cosb(H + ). (5.80)

Here we have introduced the hermitean matrix H via () = eI, To arrive at this
expression we have used that the matrices cosbH, etc. are symmetric, which is
a consequence of the fact that @ is orthogonal. The symbol [N/2], has been
defined below (5.25). The gauge coupling running of the four dimensional gauge
coupling at the non-Z, fixed points can be read off from the first line of (5.79)
after the orbifold has been specified.

The counterterm (5.79) is gauge invariant under the zero mode supergauge
group, as defined below (4.64). However, as we discussed there also this term
is not gauge invariant under the full supergauge transformations. This is not
surprising when one takes into account that (5.29) is also not gauge invariant by
itself: One needs to add a Wess-Zumino-Witten term to make the theory gauge
invariant. Therefore we expect that also the expression above can be made gauge
invariant by adding a suitable extension of a Wess-Zumino-Witten interaction.



Chapter 6

Supersymmetric theory in ten
dimensions

In this chapter we consider a gauge multiplet in a ten dimensional spacetime
where the extra six dimensions are compactified on the orbifold T¢/Zy. For
completeness we start by presenting briefly the Abelian action where it is im-
mediately clear that no renormalization of the gauge kinetic term takes place.
Then we focus on the non-Abelian case and calculate loop corrections to the
gauge kinetic term due to the gauge multiplet self-interactions and ghost multi-
plets in the loop. We check the well-known fact that there is no renormalization
of the gauge coupling in the ten dimensional bulk because of the high amount
of supersymmetry. In addition, we find that no higher dimensional operator is
required as loop counterterm in the ten dimensional bulk. We derive a general
expression for the divergent amplitude at the fixed points/planes of the orbifold.
Then we specify to the case of a T°/Z, orbifold in order to obtain a definite
result for the counterterms. We find that on the six dimensional fixed torus a six
dimensional higher derivative operator has to be introduced as loop counterterm
in addition to an ordinary six dimensional counterterm. The four dimensional
fixed points of the orbifold support a counterterm for the kinetic term of the
four dimensional gauge multiplet.

6.1 Abelian gauge multiplet

The action for an Abelian gauge multiplet in ten dimensions represented in four
dimensional superfields has been derived in [13,15]. The degrees of freedom of
the ten dimensional gauge multiplet are contained in one four dimensional gauge
multiplet V' and three chiral fields Sy, where [ is the family index. The action
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is then given by

1 1 1
y\/ = ?/dlol' {/dQQ (Z W&Wa + §€IJKS[aJSK) +hC+

+ /d49 [ (\/Eéfv . S[) (\/ﬁafv - Sf) . avafv} } (6.1)

Here we employ the following notation for the complex coordinates in the extra
dimensions

21 = = (Tag2r — i@atar), Zr = = (Tapor +ixasar), (6.2)

NN
N |

where the index [ runs from 1 to 3 and is the same index as the family index, be-
cause the derivative operators and the chiral fields S form a covariant derivative
structure. The holomorphic and antiholomorphic derivatives are

Or = Osyor + 104107, Or = 3121 — 1 04401. (6.3)

The ten dimensional action for the Abelian gauge multiplet (6.1) is closely related
to the six dimensional Abelian action (5.3). In the second line it is only the family
index that has to be added. A new piece that involves the three chiral superfields
is the term in the superpotential. This term is necessary such that the action
in Lorentz invariant in ten dimensions. The action (6.1) is invariant under the
following super-gauge transformation

Sp— S +V20[A, V-V +A+A (6.4)

The action (6.1) involves only kinetic terms for the four dimensional gauge mul-
tiplet V' and the three chiral multiplets S;. Hence in the Abelian theory no
renormalization takes place and we proceed directly to the non-Abelian theory
in the next section.
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6.2 Non-Abelian gauge multiplet

In this section we consider a non-Abelian gauge multiplet in ten dimensions with
the extra six dimensions compactified on the orbifold T°/Zy. We discuss the
ten dimensional action in terms of four dimensional superfields and quantize the
theory. Then we focus on the renormalization of the gauge kinetic term, where
in this discussion we renormalize only the operators that involve the four dimen-
sional gauge multiplet due to loop corrections from gauge and ghost multiplets.
This will suffice for us to check that the renormalization in the bulk vanishes
identically and to obtain a general formula for the gauge coupling running at the
fixed points/planes of the orbifold. In the last section we specify to the orbifold
T°/Z4 and infer explicit counterterms.

6.2.1 Classical action in ten dimensional Minkowski space

Here we introduce the classical action of a non-Abelian gauge multiplet in ten
dimensions. The decomposition into four dimensional multiplets is the same as
in the Abelian case. The action for the ten dimensional gauge multiplet in terms
of these four dimensional superfields reads [13, 15]

Sy =

1 1. 1 V2
e /dmx { /d29 tr{i WoW, + 5 7R S, (8JSK + = (S, SK})} +h.c.

_ _ 1 =
+ / d'6 tr {(—% a; + S,) 2V (% o' + Sf) e 4+ 70 816_2‘/] } (6.5)

where we employ the same notation for the (anti-)holomorphic derivatives as in
the preceeding Section 6.1. The last line is just the generalization of the corre-
sponding part in the six dimensional non-Abelian action (6.5). The additional
superpotential term that in the non-Abelian theory also involves a self-coupling
of the chiral adjoint multiplets S; appears only in ten dimensions. The ten
dimensional super-gauge transformation is given by

S; — e (SI + % 81> e 2V o PA2V A (6.6)
The action (6.5) in its component field form reproduces the ten dimensional
SYM theory when the restrictions of the four dimensional gauge multiplet V'
are chosen in WZ gauge. In order for the ten dimensional action to be fully
super-gauge invariant under (6.6) a WZW term has to be added [13] like in the
six dimensional non-Abelian theory discussed in Section 5.2. In the same way
as in six dimensions, this term does not have a quadratic piece such that the
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quadratic action of the gauge multiplet consists only of the quadratic terms in
(6.5)

1 1 _ 5 5
Sy = e / d"rd'0 tr [g VD*D*D,V + 0;V 0'V — V20,V S+

D? oL D2
— =Sk + 510, SK)} (6.7)

We note that the new superpotential term gives rise to the last two terms such
that in principle two more self-energy calculations are required to obtain the full
renormalization of the ten dimensional gauge kinetic term. In the following we
will restrict ourselves to determine the loop corrections to the first two operators
in (6.7) that involve only the four dimensional gauge multiplet V. In our notation
this corresponds to the calculation of the self-energy >y, .

—\V2o,VS! + 5,8 + % (LK (S,a,

6.2.2 Quantization of the action

To this end we quantize the action. The generating functional of the theory
reads

3
2l (95),] = [V T 751 exp {z [ (zsgl?mehan(% Si) +

—I—tr[ [aonv s [eos),s+ [@o (JS)IS”} )} (6.9)

The quadratic action (6.7) determines the free-field generating functional from
which we obtain the propagators. As in the preceeding chapters this will require
a gauge fixing and the introduction of ghosts.

Vector superfield propagators

The free-field generating functional that involves the quadratic action (6.7) can
be represented as

Zo[ v, (Js),]

3 1
— / 9V 11 ZSr exp {@ / d"z tr[ / d*o 7 70 A vy + / d*0 JyV +
I=1

= [0 (g5),5"+ [0 (JS)IsfH, (6.9)
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where the vector v and the hermitean matrix A are given by

V —DPO — (9151 % P+(§[ UIJ L P 01 T}IJ
V(I) = S[ y A(IJ) = —% P+7]IJ8J 1 P+7]IJ ; IJK@ D42D
2 LA LU= R
(6.10)
The operator A has chiral zero modes corresponding to the gauge directions x
A+ A
A(IJ) X)) = 0 for X)) = 5AV(J) = \/§8JA . (6.11)
V29;A

Therefore, we have to perform a gauge fixing in order to modify the quadratic
form A so that it becomes invertible. The gauge fixing procedure follows closely
the gauge fixing in six dimensions described in Section 5.2.2. The gauge fixing
functional (5.35) is generalized to

D2

0="; <fv += 615”) (6.12)

and the restriction to the highest component of the gauge fixing functional yields
D2

— 0

1
(o _ _
- ’ \/§< C+ D+ 05As — 0sAg + O Ar — 0= Ag +

+ 910 A — yAry — iaMAM). (6.13)

Hence the imaginary part gives rise to a ten dimensional Lorentz invariant gauge
fixing for the vector field Ajy;. In extension of the six dimensional result (5.37)
the gauge fixing action is found to be

1 10 4 1 a2
ygfz—?/d v d'0 tr V(D+§D DD, )V +

_ _ 1 -
+ V2V (0,8 +0;8") + 08" = aJSJ)} (6.14)
and the gauge fixed action involves an invertible quadratic operator

_ _ogsl/ 137
yvz+ygf:/dloxd49tr{_v(m+0131)V+51$5J+

! : Z; SKﬂ. (6.15)

5 ”K(s Oy —— D = Sk + 810,
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Figure 19: Only in ten dimensions there is a propagator that connects two chiral
adjoint superfields S corresponding to off-diagonal elements in the quadratic
form A.

Hence the propagator of the four dimensional gauge multiplet V' is decoupled
from the propagators of the three chiral adjoint fields S

Zo[ v, (Js),]

1 1 . o1
_ ; 10 4 - - _ e
_exp{z/d xd@tr[4JVD+aLaLJV (JS)ID+8L5L(JS)J+

1Ko D? _ . L IKg D2
- Ush 355,52 =am Us)s — Us) B335t —io (JS)J} } (6.16)

The first line is the direct generalization of the propagators in the six dimensional
non-Abelian theory (5.39). But the second line which is due to ten dimensional
Lorentz invariance contains new propagators that connect chiral adjoint fields Sy
with the same chirality which have no analog in six dimensions (and obviously
vanish when not all three S; fields are present). The propagators are depicted
in Fig. 19.

Ghost superfield propagators

What remains is the determination of the ten dimensional ghost propagators. To
this end it is necessary to consider the infinitesimal version of the ten dimensional
transformation law (6.6) for the three superfields Sy

oASr = V209;A +2[Sp, Al. (6.17)

This determines the infinitesimal gauge variation d¢ of the gauge fixing functional
D? _ _
600 = V2= (LV(C’ — C) + coth (Ly (Ly (C + C))) +

4 éa,(\/?e}fc —2[5.C))),  (618)
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v v~y

Figure 20: The ten dimensional theory contains a vertex involving three chiral adjoint

superfields S.

which enters in the definition of the ghost action. The ten dimensional ghost
action is a straightforward generalization of its six dimensional counterpart (5.42)

T = \/% / "z d* tr {\/5 (€ + (LV(C — ) + coth (Ly(Ly (C + é))))

mIRSH

vo(vaare—alsta))+ o d(vaoe 2[520})} (6.19)

Therefore, the ten dimensional ghost propagators are as simple as in six dimen-
sions (5.43)

_ 1 1 _
ZO [JC7 J/C’] = exp {Z/dIOx d49tr{ - J/C’ m JC - J/C’ m JC:| }
1 1
(6.20)

The drawing conventions for the ghost propagators are given in Fig. 19.

Interactions

We expand the gauge multiplet action (6.5) to the fourth order in the fields to
obtain the interactions between the four dimensional gauge multiplet V' and the
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three chiral adjoint multiplets S;

Hint D / d"z d*0 tr[ [V,D*V]D’D,V — % [V,D*V|D*[V,D,V] +
- é [V, [V, D*V]]|D*D,V + V20,V [V,5'] = V20,V [V, '] +

—QSI[V,SH oV [V.[V.0'V]] +

2oy v )] - 220 v V.S + 201 [V 5] +

1 1 D? _ .
3\/_ 7K _S[[SJ,SK] — ﬁe”K _—451 [SJ,SK] . (6.21)
Most of the interactions are generalizations of the six dimensional case. But only
in ten dimensions there is a three point vertex that connects three chiral adjoint
fields S of the same chirality (and its hermitean conjugate) in the last line of
(6.21). The interactions are depicted in Fig. 20.
The ghost action (6.19) is expanded in order to find the interactions that
connect the four dimensional gauge multiplet V' and the three chiral adjoint
multiplets S; with the ghost multiplets C' and C” which we depict in Fig. 21

Fopint D /dl% d‘ tr{(C' +0)[V.C~C] + % (C'+ [V [V.C+ ]

+ \/5%0’ [S5%,C) - \/5%[ c'[s,C]]. (6.22)

In principle there is also a three point self-interaction of the gauge multiplet from
the WZW term which we mentioned above. But in the same way as in the six
dimensional calculation all graphs that can be constructed from this interaction
vanish due to the symmetry of the structure constants. Therefore, we do not
consider this interaction here.

6.2.3 Orbifold compatible calculus for T°/Zy

Now we extend our orbifold compatible calculus such that it covers the ten
dimensional non-Abelian theory. The four dimensional gauge multiplet V' and
the three chiral adjoint fields S} have to be covariant w.r.t. the Zy orbifold action.
Hence, their transformation behaviour under the orbifold twist z; — e 7z is
found to be

V—>ZVZ, S[ Hei@IZS[Zil, S’IHe*iWZ*IS}Z (623)
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Figure 21: Those vertices that connect the four dimensional gauge multiplet V' with
the ghost multiplets are of the same type as in lower dimensions. A change occurs in
the upper right vertex which connects the ghosts to the family of three chiral adjoint
multiplets Sy.

with the properties ZV = 1, because the transformations are Zy actions. Invari-
ance of the action requires in addition that the matrix Z be unitary and that
the sum of the phases fulfills

Z ¢y = 0 mod 27. (6.24)
I

The transformation rules for the V' and S superfields with the adjoint indices
made explicit read

Vi Qv Sty S, QY =w[TZT;Z). (6.25)

This implies that the matrix () has the same properties as in the six dimensional
non-Abelian theory considered in Section 5.2.3. To obtain the orbifold compati-
ble delta functions for the various superfields, we write down the transformation
behaviour of orbifold compatible sources under z; — e “7z;

Tt QI (Js) — e 1 Q' (Js)?, (6.26)

where the orthogonality property of @ in (4.51) has been used. The orbifold
compatible delta functions arise from functional differentiation w.r.t. the source
terms as

5<JV)2i (V)i <(S1)i oI 5(j5)2i1 D2 ~(§1)i .
5(Jv),? =0y §rN s T g% 0 5(Js) 77 = —; %2 50

(6.27)
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where the orbifold compatible delta functions in (6.27) are defined for the T°/Zy
orbifold as

o 1 N—1 o 3 i
591/)23' = N ; [Q b} J }162(22J — ¢ belJ) 54($2 - $1) 54(92 - 91),
1 N—1 3
<(S1)4 i
5511) j = N — e bsp[ ] ;]li[l(52 Z9J — € b‘”zl ) (54(1'2 — f[)l) 54(02 — 91),
. 1 N—1 3
5§1mj = N e eﬂbw y Jl_[:l52 2oy — €' WZLJ) 54(@ - 561) 54(92 - 91)-

(6.28)

We check the orbifold compatibility: Under zo; — e =% 2y these delta functions
transform in the same way as the corresponding sources in (6.27)

V)i i (V)
551 jHQi’éél)jﬁ
3(S1)i —i i 5(8)d! <(S1)i i i 59
5511)3' —e Q" 551) 7o 5511)3‘ — Q% 551) J (6.29)

and under z;; — e ¥z, they transform as the inverse of the corresponding
sources in (6.27), such that these delta functions are indeed orbifold compatible

(V)i 174 (V)
551)3'—)[Q 1] i’éél) VR
$(S1)i i —17i_ §(Sn)i (Sn)i —i —17i_ F(Sn)i
oy — e QT 0 = e QT 0 (630)

As the properties of the () matrix are the same as in six dimensions the exchange
of the spacetime labels results in
Sy . s1) 5 g
5%2) J— 621 ]Z ) 6( & j 5511 le (6-31)
because Z is unitary and () is orthonormal. Derivatives with respect to the
compactified coordinates always act on the 62 (22 g — ez J) factor. Therefore,

changing a spacetime index of such a derivative also changes the type of delta
function as

Oop 651 = —oy, 6 9y, 6 = —ay, 840 (6.32)
This completes the discussion of the supersymmetric non-Abelian field theory

in ten dimensions with the extra six dimensions compactified on the orbifold
T?/Zy. We are now ready to perform loop calculations in this theory.
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Figure 22: Graphs that contribute to the Xyy self-energy in ten dimensions. Most of
the graphs are straightforward extensions of the graphs that were calculated in lower
dimensions. A graph that can only be constructed in the ten dimensional theory,
however, is the graph labelled 22.E.

6.2.4 Renormalization of the gauge kinetic term due to
the gauge multiplet

In this section we calculate loop corrections to the gauge kinetic term in the non-
Abelian theory in ten dimensions where the extra six dimensions are compactified
on the orbifold T¢/Zy. As we already remarked below (6.5) we will not perform
the complete renormalization for all operators in the gauge kinetic term, but
instead restrict ourselves to calculate the Xy self-energy which renormalizes
the first two operators in (6.5) that contain only the four dimensional gauge
multiplet V. The set of graphs that is relevant for this caclulation can be found
in Fig. 22. Many of these graphs have counterparts that we considered in the
analysis in lower dimensions in Sections 4.2.5 and 5.2.5 and their generalization
to ten dimensions is straightforward. One graph, however, only exists in the ten
dimensional theory. This is the graph 22.E that involves the new propagators
which connect chiral adjoint fields of the same chirality in (6.16). The results
for all graphs from Fig. 22 are provided in App. C.3 on the level of two orbifold
compatible delta functions. The sum of the graphs defines the ¥y, self-energy
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; 1 ~ 1 ~
Yy =3 fijkfgmn /(dlox) 12 d49<_VfDZPOV2€> EQ 6211(](V)mj_ 52110(\/)nk
. 1 ~
- f’l]kffmn Z /(dlox) 12 d40 ( — ‘GZD2P0‘/2> 510(51 - 52110(51)nk
1
1~
+2 fijkfﬂmn /(dlo ) d49 (9[‘/’Z 8IV£ 2 (510(‘/) mj___ 52110(51)”k

1 ~
— o for Z EIKCEIKF/ d10, d498 Vzasz 610(51) 610(5K)nk’
(6.33)

where we use the bold box to denote the ten dimensional d’Alembert operator
O = O+ 9,,0M. Now we reduce one more orbifold compatible delta function to
an ordinary delta function and obtain the results in the bulk and at the fixed
points.

Bulk renormalization

The bulk result is obtained for the b = 0 contribution in the expansion of the
last orbifold compatible delta function (6.28). The bulk contribution of the self-
energy vanishes identically and there is no renormalization at all. This result was
to be expected, since it is known that there is no gauge coupling renormalization
in an N = 1 supersymmetric theory in ten dimensions. Clearly, the presence of
the new graph 22.E that is constructed from the new propagators specific to ten
dimensions is indespensable for this result to hold. Moreover, we note that no
higher dimensional operator is generated in the bulk as loop counterterm.

Fixed point self-energy

The other terms with b # 0 in the expansion of the last orbifold compatible delta
function constitute the self-energy contributions at the fixed points and planes

of the T°/Zy orbifold

EVV7 fp —

N-1

1 1 £ .
—Z Pl(b)/(dl%)u d*0 traq [—be Vlmzpovz] o, 6215 H & (ZzJ—ezw"ZlJ)
J=1

b=0

N-1 3 3
Z Py(b / dlo d49 traq [be 31‘/15[‘/2] Eli 021 EIL H 5 (ZzJ—eibwzlJ)a
b=0 I=1 2 2 =1

(6.34)
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where we have only indicated the delta functions in the compact dimensions for
notational simplicity. The quantities that involve the phase factors are defined
as

3

1 A A 1 A 4

Pl(b) = N (3 _ %Z (ezbtpl + e—zbsm) )’ P2(b) — N(l + e—zbapl . Zew‘pJ)-
J=1 =

(6.35)

Because a T%/Zy orbifold has a quite complicated geometry with fixed points
and fixed planes, the exact divergence structure of the self-energy depends on
the respective orbifold under consideration, represented by the orbifold twist.
Therefore, we will now consider a specific example with a definite twist.

6.2.5 Renormalization of the gauge kinetic term due to
the gauge multiplet on T°/Z,

As an example we specify to the orbifold T°/Z4. For details on the geometry of
this orbifold we refer the reader to [48,77]. For this orbifold the twist is given
by

1 1 1
QDIQW <§7_Z’_Z> y (636)

thus fulfilling the constraint on the phases (6.24). This means that in the second
twisted sector there is effectively no orbifold action on the first complex torus
and the twist corresponds to a Z, orbifold action in the remaining two tori

1 1
20 =2m (0, 5 2) : (6.37)
Hence, in the T°/Z, orbifold we have to distinguish six dimensional contribu-
tions which are localized at the fixed torus in the first complex plane for b = 2 in
(6.34) and contributions which are localized at the four dimensional fixed points
in the b = 1, 3 sector from (6.34). The six dimensional fixed torus supports a six
dimensional amplitude whose divergence is the same as that of the bulk contri-
bution in the six dimensional calcuation discussed in Chapter 5. The amplitude
at the fixed points gives rise to the usual four dimensional divergence.

Fixed torus renormalization

The counterterm that is localized at the six dimensional fixed torus in the first
complex plane for b = 2 is a sum of a counterterm to a gauge kinetic term of a
six dimensional gauge multiplet and a higher derivative operator

orus

A(%gauge _ Ayggkatuge 4 A;ﬂéla)uge. (638)
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The counterterm to the gauge kinetic term of the six dimensional gauge multiplet
is given by

Agremee 0 L [ fpg o T ocoppap | e s
ekt (4rr)3e Adly “ o

_ 1 =
—I—/d40 trAd [Q_Q <<—% (91+Sl> 62‘/(% 01+Sl) 6_2V—|— Z 016_2‘/(9162‘/)] }
x 07 ((1 — €™?%2)25) 6°((1 — €%9)z3). (6.39)

Here we have displayed the full counterterm that is proportional to the action of a
six dimensional gauge multiplet that lives on the first torus. Notice that we have
only calculated explicitly those terms that involve only the four dimensional
gauge multiplet and its derivatives. In order for the theory to reproduce the
complete action for the six dimensional gauge multiplet, also the terms that
involve one of the three chiral adjoint multiplets S and its chiral conjugate S
have to be present (the one with the same index as the derivative operator). This
observation is strengthened by our experience from the last chapters where we
saw that the 9V 0V operator always renormalizes in the same way as the terms
that involved the associated chiral adjoint field S and its chiral conjugate. In
addition, a higher derivative operator is localized at the fixed torus

—2¢

1 _
Ayé%uge = _6(ljl7T)3€ /ddx { /d29 trAd {Z Q_2WQ(D+8181)WQ} —+ h.C. —+

+ /d49 tI‘Ad |iQ_2 <(—% 81—1—51) €2V(D+8151) (\% 51 +g1> 6_2V +
+ 301 e (040,01) 62‘/)} } 0% ((1 — €™%2)2) 6% ((1 — %) z3), (6.40)

where d = 10 — 2¢. The gauge coupling running of the six dimensional gauge
coupling of the theory that is localized at the fixed torus can be read off from
(6.39) after the matrix () has been specified.

Fixed points renormalization

The delta functions [[5_, 62((1 — €#7)2,) and [[5_, 02((1 — e~%7)2,) describe
the same fixed point set, so we add the contributions to b = 1 and b = 3 to find
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the counterterm at the four dimensional fixed points

—2e¢
A — 2 /Wx{/feuM[%QIW”MJ+ho} (6.41)

P (4m)%

[T (@ —e*)zy). (6.42)

Here we give only the counterterm to the four dimensional gauge multiplet which
is important for the running of the four dimensional gauge coupling of the theory
that lives at the fixed points. The divergent self-energy piece that involves the
derivatives of the V field has a more complicated structure as we can see from
(6.34). The determination of this self-energy piece is straightforward, but in
order to combine it to a well-defined counterterm, we would have to know the
contributions from the chiral adjoint multiplets Sy, too. In any case the running
of the four dimensional gauge coupling of the theory that lives at the fixed points
can be read off from the counterterm (6.41) once the matrix ) has been specified.






Chapter 7

Summary and Outlook

This thesis focused on the renormalization of supersymmetric gauge theories in
higher dimensions where the extra space is compactified on an orbifold. Feyn-
man’s path integral calculus was extended to fields that respect the orbifold
boundary conditions in order to provide a convenient general framework for loop
calculations in field theories on orbifolds. This method was centered around the
notion of orbifold compatible delta functions which arise from functional differen-
tiation and in which the information on the geometry of the orbifold is encoded.
The orbifold compatible calculus was presented in Sections 4.1.3 and 4.2.3 for
the Abelian and non-Abelian theory of a hyper and a gauge multiplet in five
dimensions with the extra dimension compactified on S'/Z,, in Sections 5.1.3
and 5.2.3 for the Abelian and non-Abelian theory with the same field content
in six dimensions with the extra two dimensions compactified on T7?%/Zy and in
Section 6.2.3 for the non-Abelian theory of a gauge multiplet in ten dimensions
with the extra six dimensions compactified on T°/Zy.

The orbifold compatible calculus supported an analysis that focused on the
renormalization of the gauge kinetic term. We showed that the renormalization
of a theory in a higher dimensional non-trivial spacetime exhibits a rich structure
with three principal effects: Besides the fact that loop corrections lead to the
ordinary renormalization of the bulk gauge kinetic term, the introduction of both
localized gauge kinetic terms at the fixed points or planes of the orbifold and
higher dimensional operators may be required as loop counterterms.

In Section 4.1.4 it was shown that the loop corrections to the gauge kinetic
term due to a bulk hyper multiplet in the Abelian five dimensional theory with
the fifth dimension compactified on S*/Z, only give rise to a linearly divergent
counterterm in the bulk. No localized gauge kinetic terms have to be introduced
as counterterms and no higher dimensional operator is generated. For the non-
Abelian theory on the same orbifold the calculation in Section 4.2.4 showed that
the hyper multiplet induces the same linear divergence in the bulk as in the
Abelian theory. At the fixed points some operators from the action of the five
dimensional gauge multiplet are renormalized, but not the gauge kinetic term of
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the four dimensional gauge multiplet. According to our calculation in Section
4.2.5 the gauge and ghost multiplets also induce a linearly divergent counterterm
in the bulk. It has the opposite sign as compared to the hyper multiplet contribu-
tion. The loop corrections of the gauge and ghost multiplets at the fixed points
are such that from the action of the five dimensional gauge multiplet only the
gauge kinetic term of the four dimensional gauge multiplet is renormalized. No
higher dimensional operators are generated in the five dimensional non-Abelian
theory.

In Section 5.1.4 it was demonstrated that the loop corrections to the gauge
kinetic term due to a bulk hyper multiplet in the Abelian six dimensional the-
ory with the extra two dimensions compactified on T?/Zy lead to a higher
dimensional operator in the bulk. This higher dimensional operator has to be
introduced as a loop counterterm in addition to the ordinary six dimensional
bulk counterterm to the gauge kinetic term. At the fixed points which form a Z,
subset of an even ordered orbifold no localized renormalization effects appear in
generalization of the five dimensional result. At the non-Z, fixed points we find
an ordinary four dimensional counterterm. Also in the non-Abelian calculation
on the same orbifold performed in Section 5.2.4 the loop corrections due to the
hyper multiplet generate a higher dimensional operator in the bulk in addition
to the ordinary six dimensional counterterm. At the Z, fixed points some of the
operators of the six dimensional gauge kinetic term are renormalized, but not
the gauge kinetic term of the four dimensional gauge multiplet. At the non-Z,
fixed points we obtain the usual four dimensional counterterm. As we describe
in Section 5.2.5 the gauge and ghosts multiplets induce a higher dimensional
operator in the bulk as loop counterterm in addition to the counterm to the six
dimensional gauge kinetic term. At the Z, fixed points only the gauge kinetic
term of the four dimensional gauge multiplet is renormalized. The non-Z, fixed
points support an ordinary four dimensional counterterm.

In Section 6.2.4 we calculated the loop corrections due to the self-interactions
of a non-Abelian gauge multiplet in the ten dimensional theory where the extra
six dimensions are compactified on T°/Zy. We checked with our calculation the
fact that the loop corrections to the bulk gauge kinetic term vanish. Moreover,
our analysis revealed that no higher derivative operator is generated in the ten
dimensional bulk and we derived the divergent self-energies at the fixed points
and planes in general. To calculate the divergences and counterterms explicitly,
we specified to the situation that the extra six dimensions are compactified on
T°/Z,4 in Section 6.2.5. We showed that on the six dimensional fixed torus a six
dimensional higher derivative operator has to be introduced as loop counterterm
in addition to an ordinary six dimensional counterterm. The four dimensional
fixed points of the orbifold support a counterterm for the kinetic term of the
four dimensional gauge multiplet.



7. Summary and Outlook 121

The general results presented in this thesis are ready for application once a
concrete orbifold is specified and the local spectra on the fixed points/planes are
known. In particular, they can be applied to obtain the local gauge coupling
running in orbifolds whose spectra are generated from a heterotic string orbi-
fold construction without Wilson lines like the T°/Z, spectra considered in [48].
Realistic 'local GUT’ string theory models, however, associate Wilson lines to
the fixed points in order to provide different phenomenologically promising GUT
gauge groups at different fixed points. In order to address the renormalization of
these ’local GUT’ string models our work can be straightforwardly extended to
include Wilson lines. There are two possible paths one can follow: Wilson lines
correspond to non-trivial periodicity conditions of the fields under torus lattice
shifts and so the periodicity conditions of the fields and their sources have to be
modified. This would be reflected in a change of the orbifold compatible delta
functions. The second possibility is to take advantage of the fact that a field
that transforms non-trivially under a torus lattice shift can be expressed as a
periodic field that is minimally coupled to a constant background gauge field. In
this picture the inclusion of Wilson lines requires a minimal modification of the
field content to include these background gauge fields.

Another point is that in this investigation we took only part of the renorma-
lization into account. The fact that higher dimensional operators and localized
gauge kinetic terms are generated as loop counterterms means that they cannot
be set to zero at the tree level and should be considered right from the start in
a fully consistent analysis [78]. The full renormalization of the theory should
include a discussion of all higher dimensional operators. For example, the ope-
rators that can be constructed from a gauge field strength F' in six dimensions
involve besides F'F and FOF also terms like F'® where the indices are contracted
in all possible ways. In ten dimensions there are even more complicated struc-
tures, because higher dimensional operators like F?0OF and FO*F with k up to
the value three are allowed. Only the analysis of the full renormalization could
provide an answer to the question how many free parameters the theory actually
contains.

In principle, string theory predicts these higher dimensional operators as
o’-corrections at the tree level. However, explicit loop calculations that are
required to infer the renormalization of the tree level coupling constants are
very difficult. Calculations might be performed at the one-loop level in string
theory, but two loop calculations are technically very hard to manage. Therefore,
for higher loop calculations one has to resort to field theory methods. The
orbifold compatible calculus presented in this thesis represents a fully consistent
framework for calculations at any loop order and seems to be an appropriate
tool to address these questions.






Appendix A
Orbifolds

In this appendix we give a brief definition of orbifolds and discuss the orbifolds
S1)Zy and T?/Zy in a little more detail. For the geometry of T°/Z, we refer
the reader to [48,77]. An orbifold O is defined as a quotient space of a manifold
M and a discrete symmetry group P

O=M/P, (A.1)

where P is called the point group. We are interested in the situation that the
manifold is an n dimensional torus 7™ which can be obtained from n dimensional
flat space by dividing it by a lattice A

" =R"/A (A.2)
Then we can write the orbifold in our case as
O=R"/(PxA)=R"/S (A.3)

where the space group S is the semi-direct product of the discrete symmetry
group and the torus lattice shifts. For more details we refer the reader to the
original literature [40,41].

A.1 One extra dimension compactified on the
orbifold S'/Z,

To describe the orbifold S!/Z,, we begin by defining the circle S by the identi-
fications

y~y+Aw,  Aw=21RZ, (A.4)

where Ay is the winding mode lattice. The length of the circle (the “volume”
of a fundamental region of the lattice Ay) is equal to Vol = 27 R. We denote
the delta function on the torus by d(y) = dr(y + Aw). The momentum in the
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fifth direction p® is quantized and takes values in the Kaluza-Klein lattice such
that the five dimensional integral is defined as

d° d*p 1
/ <27£5 - / (2754 2R ZA Ak =Z/R. (A.5)

The volume of the Kaluza-Klein lattice is given by Volx = %.

To construct the orbifold S*/Z,, we need to divide out a Z, point group. We
implement the Z, action as a reflection y — —y. This implies that the derivative
in the extra dimension transforms as d5 — —05. The fundamental domain of the
S1/Zy orbifold is the interval [0, 7R]. It has two fixed points located at y = 0
and y = mR. The delta function that peaks at these two fixed points is given by

d(2y) and can be expanded into

1
0(2y) = 5 (0(y) + oy — 7). (A.6)
The normalization using the number of fixed points, 2 for S/Z,, ensures that
the integral of this delta function over the circle is unity.

A.2 Two extra dimensions compactified on the
orbifold T?/Zn

Next we consider compactification of two dimensions on the orbifold T?/Zy.
Because the torus 77 is compact, the only possible values for the orbifold order
N are 2,3,4,6, but we will keep our discussion general here. The torus 772 is
defined by the identifications

ezt Aw,  Aw = 7T<Rlz n RgewZ). (A7)

Here Ay, denotes the winding mode lattice of the torus with the volume Voly, =
(27)2 R1 Ry sinf, where Ry and R, are the radii of the torus and 6 defines its
angle, i.e. @ = 7/2 gives the square torus. Inspired by the string literature, we
can introduce the complex structure modulus U and the Kahler modulus 7" of
the torus

Ry
AW:TF :—26,

7 7
(z+UzZ), U Rle

T = iRlRQ sin 6. (A8>

In terms of these variables the volume of the torus reads Vol = (27)*Im (T)).
The momenta p and p of the torus mode functions ¥, (z, 2) = ¢P**7?) are quan-
tized: p lies on the Kaluza-Klein lattice Ax (and p on the complex conjugate
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lattice). The six dimensional momentum integral is defined as

@y _ [ d 1 B i i}
/ (2m)6 / (2m)4 (27)2Im (T)) Z A = S i ) (z2U+17Z) .
(A.9)

The volume of the Kaluza-Klein lattice is given by Volx = 1/Im (7).

To define the orbifold T?/Zy, we implement the Zy action of the orbifold
group as z — e~ ¥z, with ¢ = %’r Consequently, the holomorphic derivative 0
transforms as @ — €“?0. The delta function, that peaks at the orbifold fixed
points 2y, is given by

B 1
 4sin 1|2

02 (1 —€)z) > 8z — ), (A.10)
f

in terms of the torus delta function §%(z). The factor 4|sin [ equals the
number of fixed points of the 7?%/Zy orbifold.






Appendix B

Example of a supergraph
calculation on an orbifold

This appendix contains a worked out example that illustrates the self-energy
calculations on orbifolds that we have performed. We have chosen the V'V self
energy contribution due to the chiral superfield S in the five dimensional non-
Abelian theory. The graph is depicted in Fig. 17.A. As a supergraph it is quite
simple and therefore we can focus on the special issues of computing diagrams in
the five dimensional space where the extra dimension is compactified on S*/Z,.
The techniques that we present here can be extended to the higher dimensional
calculations.

From the graph 17.A we see that the corresponding term in the expansion
of the generating functional is the quadratic term that contains the SVS in-
teraction term twice. The interaction term is given in (4.47). To calculate the
self-energy graph the S and S superfields on the external lines are replaced by
the corresponding sources that act on the exponential of the propagators (4.41)
as we showed in detail in Section 3.1.3. After functional differentiations we ob-
tain the orbifold compatible delta functions for the non-Abelian theory in five
dimensions (4.54). The expression for the supergraph 17.A on the orbifold reads

D2D2 s .
: 25§2)p’ X

17.A =2 d5 d49 Vzv@ S(S) J /)7107’/
A= fijkfﬁmn ( Y )1234 1v2 Y31 p (D+852)2 16

a  D2D2? .
TS (B

$(S) m
R T ), 16

Here we have used that in five dimensions there is no distinction between the
orbifold delta functions for S and S as we remark below (4.54). Now we try to
replace as many orbifold compatible delta functions by ordinary delta functions
as possible. The strategy to replace an orbifold delta function by an ordinary
one is always the same: One expands the orbifold delta function into a sum and
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128 B. Example of a supergraph calculation

performs a substitution such that all the summands are equal. For example,
we can replace the first orbifold delta function in the final factor in the expres-
sion (B.1) for diagram 17.A. We begin by expanding the first delta function by
inserting its definition

_ e ws) 5 M DED3 xs) o
17.A =2 fijk fomn / (d°x d*0),,,, VIVY 05 GETOF i6 2 b5y " X
1 (o m n?  DiDP «s)
X 5 <5q 5(y4—y2)—Qq 5(y4+y2)> 54(1'4—1'2)54(94—02) (D T ag)l 16 1 541 q/k.

(B.2)

We perform the reflection 3y, — —y4 to show that
m " 2(S m " (S
-Q, / dys S(ys+y2) ' 557" = 3 / dys (ys —ya2) " 837", (B.3)

where we have used the transformation properties (4.55) of Si‘f)q/k and the or-
thogonality of () in (4.51). Here we have not copied the propagators because they
contain the operator 92 which is invariant under this reflection. Substituting this
back into the original expression, we obtain

/ A2 712
x5 5 07 D3D;5 s n
031 p @O+ 32), 16 O35 pr"" X

17.A = 2 oy fomm / (&xd'0) . ViV}

1 DID} <(s)m
05" . (B4
(O+82), 16 (B4)

X 5(y4 — y2)54(l’4 — .1]2)54(94 — 92)

Hence we have removed the orbifold projection on the first delta function. In
the same fashion we can reduce one of the orbifold delta functions in the first
factor. We choose to make the replacement

0515 — 8} 0(us — )8 (w5 — 20865 — 01). (B.5)
Now we integrate over (z,6); and (z,6), and are left with
17.A =2 fijrfomn / (d°xd*0),, ViVy x

« 1 Dng (S)nj 1 ngg S(S)mk
(O+3), 16 2 (O+&), 16 *

(B.6)

We have now arrived at the level of two orbifold compatible delta functions.
In general one must be careful to reduce one more orbifold compatible delta
function as described in Section 4.1.4. But as the remaining two orbifold delta
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functions are of the same type, we are on the safe side and choose to expand the
second delta function

1A =2 fufon [ (Badi), VivE DID sspn;
R 2R gL, 16

1 D2D?1
X (O + 02), i6 2 B) <77mk5(92 — Y1) — ka5(y2 + y1)> 54(1’2 - $1)54(92 —6y).
5
(B.7)

Performing the transformation y; — —y; one shows that
— fijn ka/dyl Vi 6(ya+u) 05" = fige "lmk/dyl Vi 6(ya—y1) 05" (B.8)

Here we used that both the transformation of V' in (4.50) and of the orbifold
compatible delta function in (4.55) bring in a matrix ). Then we applied the
orthogonality property of @ in (4.51) in order to place the indices of all three
@’s alike. Subsequently, we took advantage of the fact that three ()’s contracted
with the structure constants leave the structure constants invariant, as found in
(4.51). Thus, we find

17.A =2 fij fomnn™ / (dPxd*0),, ViVy x

L DiD3 s,y 1 DiD3

X 5 21 5 521. (B9>

Hence we see that in this diagram we have been able to replace all but one orbifold
compatible delta functions by ordinary delta functions. The final step in the
evaluation of this diagram in the coordinate space representation is to make the
expression local in the Grassmann variables. Making use of standard identities

for the covariant supersymmetric derivatives, we perform the integration over 6,

4 1 _ A 1
A= f. mk 5 4 i 1 5(S)nyj 5
17.A = fijkfomnn /(d x)12d" 0 [— VIOR)V, EEY3R doy GETHN O

it e P $5(8)nj 1 5
+2V}'V, GCEXE 0oy GETIE 95, . (B.10)
Since the expression only contains 6y, it is local in §; and we simply dropped the
subscript “1” on . The structure of the calculation is the same in higher dimen-
sions except for the fact that the orbifold compatible delta functions involve N
summands on a Zpy orbifold instead of two. The result for the six dimensional
counterpart to the graph from this example calculation can be found in (C.6)
in App. C. One observes that the reduction of the six dimensional result to five
dimensions straightforward by making use of the fact that 665) = 6. Hence we
refer to App. C for the expressions for the other diagrams in Fig. 17.






Appendix C

Explicit results for loop graphs
on orbifolds

This appendix provides the amplitudes for the loop graphs that have been cal-
culated. The amplitudes are presented on the level of two orbifold compatible
delta functions as far as the spacetime part of the delta functions is concerned.
As the Grassmann factor of the orbifold compatible delta functions does not feel
the orbifold we have already integrated out the dependence on one of the Grass-
mann variables thus rendering the expressions local in €, i.e. the integrands only
depend on one Grassmann variable 6 and all indices at the fields refer only to
the spacetime variables, cf. the last line in the example given in (3.45). App. C.1
contains the results for the five and six dimensional loop graphs which involve
the hyper multiplet. The five and six dimensional results for the gauge and ghost
multiplet loops are presented in App. C.2. Finally, App. C.3 provides the results
for the ten dimensional loop graphs due to the ten dimensional gauge and ghost
multiplets.

C.1 Loops in five and six dimensions involving
the hyper multiplet

Here we give the amplitudes for the loop graphs that involve the hyper multiplet
in five and six dimensions. The amplitudes as they stand are taken from the
non-Abelian calculation performed in six dimensions with the two extra dimen-
sions compactified on T?/Zy. In particular, this means that the expressions
correspond directly to the six dimensional version of the graphs in Figs. 15 and
16 and make use of the orbifold compatible delta functions (5.50). They give
rise to the self-energies (5.56)-(5.58). The Abelian result in six dimensions is ob-
tained by formally replacing the trace 'tr’ against the square of the charge ¢ and
interpreting the orbifold delta funtcions as those from the Abelian calculation
defined in (5.10). Then the amplitudes correspond to the six dimensional version
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of the graphs in Figs. 9 and 10 and give rise to the self-energies (5.15)-(5.17).

The amplitudes reduce to those in the five dimensional non-Abelian calcu-
lation when one replaces z = y, neglects any dependence on Zz, changes the
derivatives @ and 0 to 95 and uses the orbifold compatible delta functions (4.54).
Then the amplitudes correspond to the graphs in Figs. 15 and 16 and give rise
to the self-energies (4.57)-(4.59). The five dimensional Abelian case is obtained
from the five dimensional non-Abelian case by formally replacing the trace 'tr’
against the square of the charge ¢? and interpreting the delta functions as those
in (4.16). Then the amplitudes correspond to the graphs depicted in Figs. 9 and
10 and they give rise to the self-energies (4.57)-(4.59).

The graphs which contribute to the ¥y, self-energy are

1 ~ 1 1 =6(+)
= — 6 4 - 56 -0 —Voy ) —————
15.A. 2/(d z) yd 9tr[%<m+88)2521 (;0RVe-Y2m:) TR
1 =6(-) 1 1 6(—)
—_— - —Vody )| ——— .
+ ‘/l(D + 66)2621 (2 PO‘/Z ‘/2 2) (D + 88)2521 :|7 (C 1)
01 =6(+) 52 =6(—)
_ 6 4
158 = 4/(d z),, d"6 tr[Vl(D par T e } (C.2)
15.C. = —2/ (2°2) t*0 e[V 320 5"
.Cy 12 1V2 09 (O +00), 2
<6(—) 1 ~6(—)
HVV BT S |- 3
The graphs which contribute to the ¥¢5 and Y35 self-energies are
16.Ay = 2/(d6:z:) d*6 tr [Slégﬁ(w%%#g&)} (C4)
2 (B+00), 2 T(O+00), T

i 1 .
168y = —2V/2 / () ,d*6 tr [avl 53?’52756(*)]. (C.5)

1

(04 99), (O+00), >

C.2 Loops in five and six dimensions involving
the gauge multiplet

Here we provide the amplitudes for the loop graphs from Figs. 17 and 18 that
involve the gauge and ghost multiplets in five and six dimensions. These dia-
grams appear only in the non-Abelian theories. As they are presented here, they
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are obtained in the calculation performed in six dimensions where the extra two
dimensions are compactified on T?/Zy. This means that the delta functions
are taken to be those in (5.50) and the corresponding self-energies are given in
(5.70)-(5.72).

The result for the five dimensional calculation with the extra dimension com-
pactified on S!/Z, is obtained by replacing z = y, neglecting any dependence on
7, changing the derivatives 0 and 0 to 05 and interpreting the delta functions as
those in (5.50). Then the amplitudes give rise to the self-energies (4.65)-(4.67).

The graphs which contribute to the ¥y, self-energy are

. 1 ~arE 1 ~
170 = oo (@020 [VIORVE (5 g B0 5 B0

) 1 ~a T O ~
B it 6(S)myj 2 6(S)nk
2V e o E e o (€9

1 ‘
17.B = 5 fijkfgmn/(d6ﬂf)12 d49 ‘/lzm (P+ + P_ — 5P0) ‘/23 X

1 ~6(V)mj 1 56(VInk

_ 5 _ C.7
X (D +aa>2 21 (D +aa>2 21 ) ( )

_ 1 ~ ) 1 ~a( &
17C = fijkfémn/(d6x>l2 d49 [0‘/110‘/25 m 6261(V)mjm 6261(S)nk

- 02 Z6Vymj L 6
o avsz It R mji____~ 5 n
PP (0400, M (0400),

- Oy T6(V)mi 1 <6(5)nk
—VioVy e I ]
P (0400), ! (O+00),

: 00y wovym; 1 xes
iyl 1V2 6(V)mj 6(S)nk
AV S Y e ) (©8)

4 1 ~ , O ~
17.D = fifomn / (@)1 d'0 |27V R s

1, 1 oy 1 5
— S VIO (Py+ Po+ Py Vi ————=— 0y ™ ———— 5"k (C.9
2 1 ( + T + 0) 2 (D+88)2 21 (D+aa>2 21 :|7 ( )

ab

1 n it 0 T6(V) Ui T6(V) m
I7E = =< fijufomn 11 k/(dﬁl’)u d'0 Vivy o, )ajm op ™, (C.10)
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ab
17.F = 2 £ form "’f/ )10 d*0 VIVE OO m 1T 56S) 5 C.11
f]kf@ 77 ( )12 (D + 88)2 21 b ( )

_ 2 - 6 4 T6(V) 'flab T6(V) m
17.G = szykfémnn /(d )12d6’V1V2 091 a (D+05)2 dyr v (C.12)

The graphs which contribute to the X¢g and Y3 self-energies are

- 1 ~ | i
18.0= 2 S (001200 5184 1 Bl B
(C.13)

L 1 ~ . 1 ~n( O
188 = V2 fysfomn €0 '0[20V7S) e Bl B

- 1 - ) e
Vige _ 66(V)m_] 1 66(S)nk C.14
+ 1~2 (D + aa>2 21 (D + 88)2 21 ) ( )

- 1 ~ 0 ~6(5

(C.15)

C.3 Loopsin ten dimensions involving the gauge
multiplet

Here we provide the amplitudes corresponding to the loop graphs in Fig. 22
which involve the gauge and ghost multiplets. These results are obtained in the
calculation that is performed in ten dimensions where the extra six dimensions
are compactified on the orbifold 7%/Zy. The delta functions are given in (6.28)
and the amplitudes give rise to the ¥y self-energy in (6.33). The expressions
for the graphs are calculated to be

22.8 = fijifomn E /dm d49[V1DP0V2 —2510(51> 50k
ive L 51060m B2 F1060 0k
—2UV, O 091 09q , (C.16)
2

1 A
22B= B fz‘jkfemn/(dmx) o d* ViO (P + P_ —5Py) Vif x

L =10v)m; 1 5100v)nk
- m, - n ‘1
X o, Oz o, Oz , (C.17)
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. 1 ~ 1 ~qp/a
22C = fijkfgmn/(dwl’)lg d49 [al‘/lza[‘/; E 62110(‘/)7”]?2 62110(51)nk

oL 1 ~0.3
al‘/lvé 2 510 E 62110(51)nk

~ i A L g

O, o, *
_ L
+ VIVy alé? 62110(”””52 300k | - ((118)
O
22.D fzykfémn/(dwl’) d*0 [2‘/1‘/2 — 510(V EQ 52110(‘/)
2
= 1
- VAP + P R)VE 4 BRI EON] (g

22.E =2 fiji fomn »_, €K / ("), d*0 ViVy x
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The bold box denotes the ten dimensional d’Alembert operator O = O+ 9,,0M.






Appendix D

Regularization of the divergent
self-energy integrals

In this appendix we provide the regularization of the divergent self-energy inte-
grals that appear in the main text of the thesis.

D.1 Regularization of a divergence in the five
and six dimensional bulk

Here we demonstrate the regularization of the divergent integral in the five and
six dimensional bulk. We want to discuss both five and six dimensions at the
same time and employ a six dimensional notation which has a straightforward
reduction to five dimensions. The divergent bulk self-energies have the structure

1 5 1
(O+00 —m2); ' (O+ 00 —m2),

do1, (D.1)

ID = /(le')12 A([L’l)B([EQ)

where we introduced an infrared regulator mass m. A(x;) and B(z2) represent
the operators from the action that depend on the first and the second spacetime
coordinate, respectively, and are local in the Grassmann variables. The delta
functions in (D.1) denote the delta functions on the circle or the torus in the five
and six dimensional cases, respectively. For an application to the five dimensional
bulk self-energies one replaces 90 — 02 and uses z = y, z = 0. We insert a
Fourier transformation (D.21) to represent this integral in momentum space as

1 ddk
Ip = By Z Voly A(k, 1) B(—k, —1) Ip, (D.2)

where Vol is the volume of the circle or the torus in the five and six dimensional
cases, respectively. The p dependence is a result of our Fourier transformation
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138 D. Divergence at the four dimensional fixed points

conventions D.4. Here k is the continuous external momentum in four dimensions
and n the discrete Kaluza-Klein momentum in the extra dimensions. In order
to find the counterterms, we need to calculate the divergent part of

/ dip 1 1 1 D3
b= / (27m)4 Voly, nezAKp2+ In2+m?(p—k)?2+|n—1>+m? (D-3)
This has been done in App. D.3: We extend the four dimensional momentum
integral to d = 4 — 2¢ dimensions. As notation we keep D — d to be either 1
or 2, so that also the total number of dimensions D becomes € dependent. The
divergent part takes the form

Ip|, =iay +ico(k*+1%). (D.4)

div

In five dimensions dimensional regularization hides a linear divergence. The
leading term for «; is found to be

L
(47)?

and the second term a4 is not present in five dimensions. In six dimensions we
obtain the coefficients

m? (1 % 1 1 T
_ L, N — (4w D.
a (47)3 <e + an)’ a2 6(4m)3 <e +n m2>’ (D-6)

where % = % — v+ In4n. In six dimensions ay # 0 and the second term in (D.4)
requires the introduction of a higher dimensional operator as loop counterterm
in the action. Transforming back into position space we obtain the local terms

ap = — |m|, as =0 (D.5)

Tp|,, =i / @’z [on A(@)B(x) — oy Ar) (O+00)B(x)]. (D7)

D.2 Regularization of a divergence at the four
dimensional fixed points

The structure of a divergent self-energy contribution at a class of four dimen-
sional fixed points which fulfill z = e”*#z is represented as

JIp = /(dD$)12 A(zy) B(zg) X

1
“ [OF00—m?),

1
(D + 05 - m2)2

6(22 — eik“’zl) 5(22 — zl) (D.8)
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with obvious reduction to five dimensions. In the delta function only the compact
dimensions have been indicated for notational simplicity. In momentum space

1 d?k
Jp = 2_2/ (27 pu)2d Z (2m)  A(k, €90y + o) B(—k, —ty — l3) Jo. (D.9)

The divergence is due to the four dimensional integral

B dp 1 1
%_/( (D.10)

2m)7 2+ [+ 2 (p— B2+ G +

which is calculated in (D.20). One obtains after the transformation into position
space

‘7D }div

B <4jr>2 (F+m L) [ate (=), Alw.0)Blo ) 82— e02) = ).
(D.11)

This expression is local in the uncompactified four dimensional directions. In
the compactified dimensions, it is localized at the fixed points, because of the
two delta functions with the two different arguments.

D.3 Regularization of the momentum integral

In order to determine the counterterms, we need to calculate the divergent part
of the integral

J—’/ddpE L 3 L L (D.12)
D=1 (QW)dVOIW - p2+|n|2+m2 (p—k)2+|n—l|2+m2’ .

which is obtained after a Wick rotation. We can replace the integration over the
volume of the continuous momenta by the integration over the radius

d'pg - 2(,u)4*d 00 .
/(%)d a (4W)d/zp(%)/0 dp p™. (D.13)

The non-compact four dimensional integral is extended to d = 4 — 2¢ dimensions
using the standard procedure of dimensional regularization of scalar integrals.
Furthermore we use the identity

1 1 &
ME /7/ dt et M, (D.14)
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140 D. Fourier transformation conventions

where M; are the momentum-dependent denominators of (D.12). With the help
of a Feynman parameter s the integral (D.12) can be written as

o dt _L (1=5) (k2 +]1[?)+m? sl 2it
Ip = (4 )d/2 2D dVol/dS/ T —e 2 ]HK 0 <O|F>7

(D.15)

where for D — d = 1, 2 we take for 0 the 0 function of the circle or the torus,
defined in (D.25) and (D.32), respectively. After application of the Poisson
resummation formula (D.38) which is valid both on the circle and on the torus,
we obtain

[sa—sorurm?] g |0 <0|ﬁ)-
47r (4m\D/2 tD/2 1€ —sl 2t

(D.16)
Because 0y — 1 cannot lead to UV divergencies, we can put #y = 1 in order to
determine the divergent part. We find

ol = () () o™ ()

SIS

n/>0
(D.17)
In the six dimensional case we obtain
I _ ! [(1+1n“—2) (m*+ < L2 e )) +m?] (D.18)
6—2e¢ div (47T) m2 6 ) .

where we have defined * = 1 —~ +In47. Here only the terms with n' € {0,1}
contribute to the divergent part and we have neglected terms with higher n’. In
the five dimensional case the expression reads

1

Is oe|y;, = —iw|m|a (D.19)

where only the n’ = 0 term has been taken into account. The four dimensional
case can also be traced back when one neglects the summation ﬁ > - This

results in ,

) 1

(- mar L), (D.20)
€ m

liselan = 2

D.4 Fourier transformation conventions

In the evaluation of the divergent self-energies we need to perform Fourier trans-
formations between coordinate and momentum space. We describe our conven-
tions for the six dimensional situation compactified on the torus 72. Because of
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the notation in five and six dimensions introduced in App. A.1 and App. A.2,
respectively, the reduction to the five dimensional integrals on the circle S* is
straightforward. We define the Fourier transformation as

Az, z) = / 2 1)7 Z A(p, n)elPrin=tnz) (D.21)
/J, neAk
and
2u° d. . 12 —i(pr+nz4nz)
A(p,n) = Vol d'xd*zA(z, 2)e : (D.22)

We have introduced the regularization scale p such that the coordinate and
momentum Fourier transforms have the same mass dimension. The coordinate
space delta function is given by

d'p 1 , o
6wy — 21)0% (2 — 21) = /ﬁm Z eipleama)tn(za=2)+n(z2-21)) (D 23)
neAg

The delta function in momentum space can be expanded as

dlzd?
5d<p2—p1>52<n2—n1>=2/( v’z

i(Pz*pl)er(m*m)ZJr(ﬁz*ﬁl)i). D.24
27)4Voly, ‘ ( )

D.5 Genus one theta functions

The genus one theta function on the Kaluza Klein lattice is defined as
QK |: o :| (g|7‘) = Z eig(n—a)2+i[(o—ﬁ)(n—a)]‘ (D25)
g
n€Z/R

The theta function is translation invariant under a shift of a by an element of
the Kaluza Klein lattice or a shift of § by an element of the winding mode lattice

O { O‘;” ] (o]7) = Ok [ g } (o]7), n € A, (D.26)
O { ﬁiw ] (o|7) = O { g } (0 —wlr), w e Aw. (D.27)

The genus one theta function on the winding mode lattice is defined as

9W|: } (o|7) = Z e'3 (W= +ilw—a)(=P) (D.28)

we2mR

The relation between 0y and Oy, is

[y Eesmn 4] (2
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This can be obtained by using Poisson resummation, which allows us to rewrite
a complex exponential function that is summed over the Kaluza-Klein lattice
Ak into a delta function that is summed over the winding mode lattice and vice
versa. Concretely, we have

QWRZ ’"9—253/ w) y € R (D.30)
neAg weAw

and

R Z P = Z d(p—n), p € R. (D.31)

wEAw neNg

D.6 Genus two theta functions

The genus two theta function on the Kaluza-Klein lattice Ak is defined by

9K|: } (ofr) = 3 el silr-Aia-arsio—pn-a (D.32)

neENg

Also the genus two theta function fulfills the translation invariance properties
(D.26) and (D.27). The genus two theta function on the winding mode lattice
is defined by

9W|: :| U|T Z 6227—|w B2 +i(w— B)(chfd)+(wfﬁ)(2<‘7—a). (D33)
wEAW
The relation between 0 and 6y, is given by

Ox l g } (a|T):v012_”ei<—%lol2+aﬁ+&5> ew[ s } (‘_"

—1

—) . (D.34)

T

This is obtained by Poisson resummation on the torus

1 Z pilnz+nz) _ Z %52(2_10), z € C, (D.35)

VOIW neEAg wEAw
1 . _
i(wp+wp) _ 200
Vols > e Y 28(p-n), pecC (D.36)
wWE Ny neA g
where )
52(1’) =3 5(?5)5(176), 52(2) = 20(x5)0(xs)- (D.37)

Therefore, in the case 7 = % a=sl,and 0 = [ =
’ 2

O [ ‘Bl } (0%) — Vol (”T“z>¥ew { —Osz } (m%) (D.38)

holds both for the theta functions on the circle and on the torus.
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