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Abstract

We consider compactified six-dimensional gauged supergravity and find
the general warped solution with four-dimensional maximal symmetry.
Important features of the solution such as the number and position of
singularities are determined by a free holomorphic function. Further-
more, in a particular torus compactification we derive the supergrav-
ity coupling of brane fields by the Noether procedure and investigate
gravity-mediated supersymmetry breaking. The effective Kahler po-
tential is not sequestered, yet tree level gravity mediation is absent as
long as the superpotential is independent of the radius modulus.

Zusammenfassung

Ich bestimme die allgemeine gewarpte Losung der kompaktifizierten
sechsdimensionalen Supergravitation mit maximaler vierdimensionaler
Symmetrie. Wesentliche Eigenschaften der Losung wie Anzahl und
Position von Singularitdten werden von einer frei wahlbaren holomor-
phen Funktion bestimmt. Weiterhin betrachte ich eine spezielle T2/ Z-
Kompaktifizierung, bestimme die lokal supersymmetrische Kopplung
der Branefelder mit Hilfe der Noether-Methode und untersuche die
gravitative Vermittlung von Supersymmetriebrechung. Das effektive
Kéahlerpotential zerfallt nicht in separate Anteile der verschiedenen
Branes. Supersymmetriebrechung kann damit bereits auf Bornniveau
durch gravitative Effekte tibermittelt werden, jedoch nur, wenn das
Superpotential vom Radionmodulus abhéngt.
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1. Introduction

Wenn es moglich ist, daB es Ausdehnungen von andern
Abmessungen gebe, so ist es auch sehr wahrscheinlich, daB sie Gott
wirklich irgendwo angebracht hat. Denn seine Werke haben alle die
GroBe und Mannigfaltigkeit, die sie nur fassen konnen. Raume von
dieser Art konnten nun unmoglich mit solchen in Verbindung stehen,
die von ganz anderm Wesen sind; daher wiirden dergleichen Raume
zu unserer Welt gar nicht gehoren, sondern eigene Welten
ausmachen miissen.

(Immanuel Kant, Gedanken von der wahren Schatzung der
lebendigen Krifte)

High-energy physics is in a peculiar situation today: On the one hand, there are big
problems which imply that we have to extend the standard model. These include the
recent cosmological precision measurements which indicate that the universe as a whole
is dominated by an unknown substance — dubbed dark energy for a lack of better words
— which causes the expansion to accelerate, and that the matter part mainly consists
of unknown matter which is called dark matter. In the standard model, there is no
candidate particle for dark matter, and the problem of dark energy might well require
us to go beyond quantum field theory: Quantum field theory does not describe gravity,
which is phenomenologically well established. On the other hand, the standard model
successfully describes all laboratory experiments conducted so far (strictly speaking,
neutrino masses are already beyond the standard model, but they are easily included
and almost standard by now).

A possible programme to attack these problems is to assume that the standard model
results as a low-energy effective theory from a string theory compactification. This
generically incorporates several popular extensions of the standard model, notably su-
persymmetry and extra dimensions, on the low-energy side while providing a theory of
quantum gravity on the high-energy side.

A complete model along these lines would have various issues: In a string theory
setup, there are branes and fluxes to choose, there might be intermediate field theories
in lower dimensions and an N = 1 supersymmetric theory with a gauge group containing
the standard model group and the correct particle spectrum. In this effective theory,
the remaining supersymmetry is then spontaneously broken and the standard model,
including masses and mixings, emerges. Along the way the moduli have to be fixed, the
cosmological constant must be small and positive, and there must be some suitable dark
matter candidate.

This is a formidable task, and it can be tackled from many angles. In this thesis, we will
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consider two aspects of intermediate field theories: The result of any compactification
is a compactified space, that is, a spacetime that is split in a four-dimensional large,
i.e. noncompact, part for standard model particles and physicists to propagate in, and a
compact internal space, and thus the metric is block-diagonal. For simplicity, one often
considers maximal symmetry for the large dimensions (i.e. “our” world is Minkowski,
de Sitter or anti-de Sitter space), and then this almost fixes the four-dimensional part
of the metric. The only part that is not fixed is a conformal factor that depends on the
internal dimensions, so that the metric becomes

ds® = W?(y) dsi + gmn(y) dy™dy" .

Such a geometry is known as warped geometry and has important implications for e.g. the
hierarchy between scales in the theory.

The use of extra dimensions in purely field-theoretical settings has also become rather
popular in recent years, in particular the use of singular internal spaces, like orbifolds.
They are smooth manifolds, but for isolated singular points. In the full space, these
points correspond to special hyperplanes, called branes. Fields on such spaces can live
in the full spacetime (the bulk), in which case there can be boundary conditions at
the branes which lead e.g. to a breaking of gauge symmetries or to a reduction of the
spectrum of light states. Alternatively, fields can be confined to branes, so that one can
simply realise e.g. four-dimensional theories which are coupled to higher-dimensional
gravity and gauge fields. Such models go by the name of brane-worlds and realise higher
dimensions in a way Kant did not imagine.

Orbifolds provide a convenient method to construct such singular spaces, by dividing
a smooth manifold by a non-freely acting discrete symmetry. However, the resulting
space is what matters, and one can study such spaces without resorting to the orbifold
procedure.

Considering singularities, six-dimensional compactifications are particularly interest-
ing because four-dimensional branes then have two transverse dimensions. Codimension-
two branes have an important property, namely, their curvature is independent of their
tension, or energy density. The reason is that two-dimensional spaces admit a special
kind of singularity, the conical singularity. As the name suggests, a conical singularity
locally looks like the tip of a cone, and it is completely characterised by the deficit angle
which gives the “pointiness” of the cone. The curvature close to the singularity is of the
type (finite) + §(x — z0), and there is no 1/r-divergence as e.g. for a Schwarzschild sin-
gularity which is of codimension three. A brane with a certain tension will just generate
a corresponding deficit angle, but the curvature (i.e. the effective cosmological constant)
on the brane vanishes. This is the idea of self-tuning.

We will study this idea in the context of six-dimensional gauged supergravity and a
warped compactification. This supergravity theory comes with a positive definite poten-
tial which allows to circumvent the usual no-go theorems on warped compactifications,
and it has a gauge field whose field strength can have nontrivial flux in the internal
space. We find that, also for warped geometries, Minkowski space is the unique max-
imally symmetric four-dimensional space. Fine-tuning of the cosmological constant is
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thus unnecessary, the reason being that the internal space is compact. For the same
reason, however, the gauge flux is quantised, and this leads to a different fine-tuning
condition, between the brane tensions.

For six-dimensional supergravity, we find the general warped solution. Its most inter-
esting feature is a free holomorphic function which determines the number of singularities
in the internal space via its simple poles and zeroes. Hence, we can find solutions with
any number of branes, and give examples of two- and many-brane solutions.

Many-brane solutions with matter on different branes are frequently employed for
supersymmetry breaking. The spatial separation in the extra dimensions serves to hide
the hidden sector, while the mediation of supersymmetry breaking is effected by bulk
fields. A very generic candidate for the mediation is gravity, since gravitational fields
always propagate in the whole of spacetime. Gravity mediation in this sense does not
mean graviton exchange, but any interaction that is encoded in the Kahler potential,
which generically includes non-universal couplings which imply strong flavour-changing
neutral currents. If, however, the extra-dimensional separation leads to a particular
structure in the Kahler potential, the sequestered form, schematically

Q2 = Qpuk + Qobservable + Phidden

such contact terms are absent. In five dimensional supergravity, the Kahler potential
is indeed sequestered. We will study a six-dimensional setup in which this structure is
not realised. This is due to a certain bulk field which has nontrivial couplings to the
branes, and upon integrating out this field, we potentially generate contact terms which
lead to direct mediation of supersymmetry breaking. However, the situation is actually
more subtle: masses in the observable sector depend on the moduli dependence of the
superpotential as well, and hence they are related to the issue of moduli stabilisation.

In the next chapter, we will introduce higher-dimensional supergravity and motivate
why it is worthwhile to analyse such theories by placing it in the context of general
beyond standard model physics. In Chapter 3, we will find the general warped solution
of six-dimensional supergravity. For a particular compactification, we find the locally
supersymmetric coupling of branes to the bulk supergravity in Chapter 4 and analyse
gravity mediated supersymmetry breaking. Finally, we conclude in Chapter 5.
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Introduction




2. Supergravity in Higher Dimensions

We first present a brief overview of the standard model and give some reason why it
should be extended. In the second and third section we then outline three possible
directions of extension, higher dimensions, supersymmetry and grand unification. All
are justified in two ways: From a top-down perspective, string theory (almost) requires
both extra dimensions and supersymmetry, and it easily provides large gauge groups like
Eyg, depending on the type of string theory. On the other hand, these concepts are also
quite fruitful in a bottom-up approach, that is, in (effective) field theories which arise
as direct extensions of the standard model with additional ingredients.

This section is not intended to be comprehensive. Rather, its aim is to motivate why
it is ultimately worthwhile to investigate higher-dimensional supergravity in the light of
general beyond the standard model physics.

2.1. The Standard Model

The standard model is a gauge theory based on the gauge group SU(3),xSU(2), xU(1),.
Associated are the gauge bosons in the adjoint representations of the factors: The gluons
G, the SU(2), gauge bosons WZL and the hypercharge gauge field B, wherea =1,...,8
and i = 1,2, 3 label the SU(3), and SU(2), generators, respectively.

The particle content is split into the matter fermions and the Higgs sector:

e The matter sector contains three families, i.e. three copies which follow the same
pattern. All fermions are chiral, and they are divided between different represen-
tations as follows:

— The quarks come in the fundamental or antifundamental of SU(3).. The left
handed up and down quarks form a SU(2),-doublet, while their right-handed
counterparts are singlets of weak isospin:

QZ(ZE)~(3,2>1/G, up~ (3,1, di~(31), (21

— The leptons are similar, but for one exception: They are colourless. Strictly
speaking, the standard model does not contain a right-handed neutrino (which
is a complete singlet), but neutrino masses, which are by now firmly estab-
lished, strongly suggest their existence:

€L

L= (”L) ~(1,2),,,  &~(L1), [u; ~ (1,1)0] (2.2)
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e The Higgs field is a complex scalar doublet:
ot
o = <¢0> ~ (1,2)1/2 (2.3)

Since left- and right-handed fermions have different gauge quantum numbers, any
direct mass term is forbidden by gauge invariance, just as for the gauge fields. To obtain
massive particles, one can employ the Higgs mechanism: The Higgs field has a potential

GO RO 2.4)

which generates a vacuum expectation value (®) # 0. The potential fixes the modulus to
be (®T) () = 4p?/\ = (246 GeV)?, but the phase of (®) is not fixed. Since ® is charged
under SU(2), x U(1),,, this group gets broken to the subgroup U(1)_, (whose relation
to the original SU(2), x U(1), is determined by the phase of the vacuum expectation
value). The W; and B, fields mix in this process to give the Wj, Z, and A, fields. The
first three of these get massive: A mass term comes from the covariant derivative acting
on (®), the required longitudinal components are provided by the Higgs field. Being a
complex doublet, it had four real degrees of freedom to start with, so one remains: The
Higgs boson ¢, the only as yet undetected particle of the standard model.

The Higgs not only couples to the gauge field, but also has Yukawa couplings to the
fermions ~ ® 1), ¢)5. The vacuum expectation value (®) thus turns the Yukawa coupling
into a mass term for the fermions. The three generations can mix in the mass terms
via coupling matrices, and the mass terms need not be (and are not) diagonal in the
same basis as the kinetic terms. This leads into the realm of flavour physics: important
examples are the B meson system and neutrino oscillations. The Yukawa matrices
show a complicated structure, the origin of which is not understood at the moment.
Nevertheless, in the quark sector, the mixings are small, and the absence of flavour-
changing neutral currents (FCNCs) is an important constraint for theories beyond the
standard model.

2.1.1. Problems of the Standard Model

While the standard model is very successful experimentally, there are a number of issues
which suggest that there might be a more fundamental theory beyond it:

1. Neutrino masses and coupling unification: The right-handed neutrino, which is
already present in (2.2), is actually beyond the standard model. It is (almost)
required because we now know that neutrinos have masses. Neutrino masses,
however, are extremely small (their size is unknown, but there are upper bounds
of order 1 eV, and theoretical prejudice would prefer masses around 1072 eV), and
them being generated by the Higgs mechanism in the same way as for the other
fermions seems highly unnatural. There is a more compelling solution to this
problem which goes by the name of see-saw mechanism[1]. The key observation
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is that right-handed neutrinos are complete standard model singlets, so they can
be Majorana particles. As such they can have two types of mass terms, the usual
Higgs coupling Y, and a Majorana mass term which involves only the right-handed

fields,
£ D Y,€; (D) my L’ + Myl Cvy + Hec. (2.5)

Assuming that the Majorana mass M is much larger than the Dirac mass
mp =Y, (®%), one can find two mass eigenstates, the heavy one with a mass
~ M and a light one with mass ~ m2/M. Assuming a Dirac mass of order of
the other fermion masses, O (1 GeV), the Majorana mass scale would be around
O (10" GeV). This model nicely fits into e.g. SO(10) GUTS, see Section 2.2.1.

2. The hierarchy problem: The highest scale in the standard model, the vacuum
expectation value of the Higgs field, is (¢) = 246 GeV. This is 16 orders of mag-
nitude below the Planck mass Mp = 2.4 - 10!® GeV, the relevant scale of gravity
(in other words, gravity is extremely weak compared with e.g. electromagnetic
forces). This is regarded as a very unnatural hierarchy between gravity and the
other interactions.

3. The preceding problems were not fundamental but rather aesthetic ones. There
are, however, observational results which directly require physics beyond the stan-
dard model, to wit, dark matter and dark energy.

Observations of the cosmic microwave background[2], the large scale structure of
the universe[3] and of galactic rotation curves show that the matter content of
the universe is split into about 15 % visible, i.e. baryonic (and leptonic) matter
and 85% dark matter. This matter is not really dark, but transparent, that is,
electrically neutral. It is detected by its gravitational effects: It clumps and thus is
important for structure formation in the early universe. No standard model parti-
cle is a suitable dark matter candidate, and while there are some possible solutions
which do not involve new fundamental particles (primordial black hole remnants,
topological defects), these are the most natural. Extensions of the standard model
usually come with plenty of those, but most of them do not have the right proper-
ties: They need to be electrically neutral, stable, and be in the right mass range to
be nonrelativistic now (that is, cold dark matter). Supersymmetry offers a natural
candidate in the form of the lightest neutralino, a mixture of the superpartners of
the weak gauge bosons and the Higgses, or in form of the gravitino which is the
superpartner of the graviton[4]. Alternatively, more complicated supersymmetric
models contain various other particles which are neutral and stable and thus could
constitute dark matter.

Much more mysterious is another, and actually dominant, component of the uni-
verse: dark energy. The distance-redshift relation of type Ia supernovael5], the age
of globular clusters, and the microwave background data together with the Hubble
parameter measurement[6] tell us that about 70% of the energy of the universe are



14 Chapter 2: Supergravity in Higher Dimensions

not in matter, but in a smoothly distributed form with negative pressure, which
manifests itself most prominently in an acceleration of the cosmic expansion. The
nature of this energy is totally unclear at the moment. The simplest explanation
would be a cosmological constant as a modification of gravity. Other mechanisms
involve slowly evolving scalar fields or the vacuum energy of a quantum field theory.

4. The issue of dark energy, as well as the hierarchy problem, might well be inac-
cessible in a purely quantum field theoretical setting, since in QFT, gravity is not
included, and it is not obvious how to treat e.g. zero-point energies of quantum
fields.

This is a general problem: It is already very hard to formulate QFT on curved
spacetimes, and a quantum theory of gravity is still lacking. A straightforward
quantisation of general relativity fails because the theory is (perturbatively) non-
renormalisable. The — at the moment — most promising candidate for a theory
unifying quantum theory and gravity is string theory. String theory generically
lives in ten dimensions, but one might hope that the standard model in four di-
mensions emerges as a low-energy limit. More about this in Section 2.2.2.

2.2. Beyond the Standard Model

In the previous section, we have argued that the standard model, despite its phenomeno-
logical success, is not the ultimate theory of nature. When going beyond the standard
model, there are generally two approaches:

e The bottom-up approach, where one starts form the standard model and enriches
it with more ingredients like supersymmetry, unification or higher dimensions, to
name the most popular ones.

e The top-down approach, which assumes a fundamental theory (or model) of ev-
erything, presumably at a very high energy scale, and proceeds to lower energies
to try and find the standard model as a low-energy limit.

Both ways have their virtues and problems, and we will briefly discuss both of them
in this section. The most obvious problem is that we do not know the fundamental
model, and hence it is not clear whether we arrive at a consistent theory (bottom-up)
or end at the standard model (top-down). However, we will for the purpose of this
section restrict the top-down approach to string theory compactifications, and gear the
bottom-up ingredients in accordance, that is, we mention extensions of the standard
model which have some motivation in string theory.

2.2.1. Bottom-Up: Supergravity and Higher Dimensions

The most common addition certainly is supersymmetry in a more or less simple form.
It has been around for about thirty years, and so has grand unification. In recent years,
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extra dimensions have also become very popular. All three have interesting benefits in
their own right, and they are motivated by string theory as well. Thus, one might hope
that there is a model starting from a consistent string theory, which by way of compact-
ification, arrives at the standard model at low energies. En route, there might be stages
where one deals with a higher-dimensional supergravity theory, and it seems advanta-
geous to tackle such a quest from both sides, that is, by compactifying string theories
and by extending the standard model with higher dimensions and supersymmetry.

All such theories are to be regarded as effective theories, that is, they are nonrenormal-
isable and only valid up to some energy cutoff. Beyond that cutoff, one has to assume a
(more) fundamental theory, from which the effective theory arises as a low-energy limit.

Higher Dimensions

In the simplest higher-dimensional setup, spacetime is modelled as a d-dimensional man-
ifold, where d > 4. Spacetime has a product structure where four of these dimensions are
large, e.g. Minkowski space, while the additional d — 4 dimensions form a small compact
manifold.

The compact internal space imposes periodicity or boundary conditions on the fields,
so that the dependence on the extra-dimensional coordinates can be expanded in a set
of basis functions. For one extra dimension, a circle parametrised by y € [0,27R), a
scalar field ¢(x,y) can be Fourier expanded as

1
V2T R

The kinetic term in the Lagrangean then leads to mass terms for all modes (after inte-
grating over the fifth dimension),

/dya5¢a5¢ =- i (%)2@@. (2.7)

n=—oo

$x,y) = > e, (x) . (2.6)

n=—oo

In this way we have traded the dependence of fields on the extra dimension for an
infinite tower of massive fields, the Kaluza-Klein tower. If the circle is very small, the
Kaluza-Klein masses are large, and for the effective low-energy theory, we can keep only
the massless mode, the zero mode.

For fermionic fields, there is a subtlety: In five dimensions, there are only Dirac
spinors, so there can be no chiral fermions. The dimension of spinors grows quickly with
spacetime dimension, so that e.g. the smallest five-dimensional spinor corresponds to a
four-dimensional Dirac spinor, i.e. two chiral ones. This also implies that the simplest
supersymmetry in five or six dimensions actually is N' = 2 extended supersymmetry in
four dimensions. Details about spinors in six dimensions can be found in Appendix A.

Branes and Orbifolds
The simple higher-dimensional setup discussed in the previous section can be extended
in an important way by the introduction of branes, that is, four-dimensional subspaces to
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which fields can be confined. Branes arise if the internal space is not a smooth manifold,
but has singular points.

z z

4 7TRZ 1 WRZ

—TR, TR, —7R, ! TR,

—7TRZ _ﬂ-Rz

(a) The torus as a rectangle in R? with (b) The orbifold. The fundamental domain
opposite sides identified. The Zo action is halved, the green dots mark the fixed
is indicated by the red arrows. The lower points of the Zy action. The vertical edges
picture shows the torus as embedded in R3. are identified, with a fold in the middle.

Figure 2.1: The Zy action takes the torus to the orbifold T?/Zs by identifying opposing points. The
orbifold has four conical singularities, each with a deficit angle of .

A convenient way to construct such singular internal spaces is orbifolding. In this
case, one starts with a regular manifold and mods out by a non-freely acting discrete
symmetry. The fixed points of this action correspond to singular points on the resulting
orbifold, and to branes in the full setup.

As an example, consider the two-dimensional torus 7', with the fundamental domain
(y,2) € (—mR,, TR,] X (—7R,, ™R,] (see Fig. 2.1(a)). Let the group Z, act on the torus
by

r: (y,2)— —(y,2) (2.8)

and identify points which are mapped onto each other under this reflection. This action
has four fixed points,

P =(0,00 Py=(7R,0) Py=(0,7R.)  Pi=(xR,7R.),  (2.9)

and the fundamental domain is halved. One can choose the fundamental domain to
be the “right”, i.e. y > 0 part of the original one as in Fig. 2.1(b). Then the left and
right edges are identified with themselves, such that the resulting object embedded in
three-dimensional space looks like a pillow with four corners, corresponding to the fixed
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points of the group action. However, the orbifold is flat everywhere (except for the fixed
points), so the pillow picture might be misleading.

In orbifold field theories, the discrete group acts on the fields as well. In the case of
a Zo symmetry, the action is quite simple: Collecting all fields of the theory in a vector
®, the reflection acts by a matrix R,

re®(z,y,2) = RO (v, —y,—2), R*=1. (2.10)

The dependence on the four-dimensional coordinates x* is unaffected. We can diago-
nalise the matrix R to obtain a set of even and odd fields, that is, in the diagonal basis,
the reflection acts as

r:®; (v,y,2) — £ (r,—y,—2) . (2.11)

To study the consequences of the Zs action on the fields, we can start from the Kaluza-
Klein decomposition of a field ® similar to Eq. (2.6). Consider a scalar field for simplicity,
extension to other spins is straightforward. It is convenient to rewrite the exponentials
in terms of sines and cosines to display the symmetry properties:

Yy z
o(x,y,z) = \/TRZ Z Pm,n) {cos (mR—y—i-nR—Z)

m,n=—00 (2.12)
.. Yy z
+181n (mRy + nRz)]
After integrating over the extra dimensions, the mode ¢, ) acquires a Kaluza-Klein
mass m%mvn) — (m/R,)* + (n/R.)’. This means that the only massless mode is the
(m,n) = (0,0) cosine mode.

Imposing the Zs action, we immediately see that for even fields, the sine modes are
forbidden, while odd fields lose their cosine modes. In particular, only the even fields
retain a zero mode, while the lightest mode of odd fields already has a mass of the order
of the inverse compactification radius. This is the main feature of orbifold theories: By
choosing appropriate boundary conditions, one can eliminate unwanted fields from the
low-energy theory. This includes gauge fields, so that gauge symmetries can be broken
at orbifold fixed points, and a huge number of models of this type exists.

The construction of orbifolds in the way just described is quite intuitive. However, we
end up with a theory defined on a manifold with singularities, and its origin as a smooth
space with a discrete symmetry is not relevant. We could just as well have started with
the fundamental domain of the orbifold and imposed the right boundary condition to
end up with the same theory. Indeed, there are many two-dimensional manifolds with
singularities that cannot be obtained as a manifold modded out by a discrete symmetry.

While much of the orbifold construction can be carried over to other dimensions, the
severity of the resulting singularities depends on the dimension. In one-dimensional
orbifolds, the singularities are simply end-of-the-world points on a closed interval. This
is a reflection of the fact that, in one dimension, there is no curvature. In two dimensions,
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there is a special kind of singularity, the conical one. It can be thought of as a tip of
cone obtained from a plane by cutting out a wedge of deficit angle § and gluing the edges
(see Fig. 2.2). The metric close to such a singularity can be brought into the following
form (in polar coordinates (p, ), where the singularity is at p = 0, and 0 € [0, 27)):

ds* = dp* + §*p*do? (2.13)

A circle of radius r around the singularity has circumference 27r3, which means the
deficit angle is given by § = 27 (1 — ().

Conical branes have two important properties:
The curvature close to the singularity does not
diverge, but is smooth up to a J-function at
the position of the singularity. This is in con-
trast to singularities in higher dimensions, like the
Schwarzschild black hole, where curvature invari-
ants diverge as powers of 1/r. Thus, singularities
of two-dimensional manifolds are weaker. The sec-
ond feature concerns the use of a two-dimensional
manifold as internal space of a higher-dimensional
spacetime: The curvature of a four-dimensional

Brane position

1§

brane located at a conical singularity is indepen- pigure 2.2: A conical brane is obtained by
dent of the brane tension (i.e. the energy density): cutting a wedge from a circle. The curva-
The bulk develops a conical singularity with deficit ture does not diverge on approaching the
angle of the same value as the localised brane en- P

ergy density. This effect is known as self-tuning.

Warped Geometries

Now we turn to the metric of higher-dimensional theories. A product spacetime
Sita = S1 X Sy suggests a split metric, Guyy = ¢ () ® gmn(y), where the four-
dimensional metric has certain symmetries (e.g. Minkowski). An interesting general-
isation of this, however, is a so-called warped geometry, where the line element is

dsg = W*(y) dsj + gumn(y) dy™dy", (2.14)

that is, the 4d metric gets multiplied by a warp factor depending on the extra coordi-
nates. Its main significance is that the warp factor can generate large hierarchies between
scales. In particular, if there is a brane at position gy, with a mass parameter m, this
corresponds to a physical mass W (yg) - m [7]. Thus, a large variation of the warp factor
can generate a large hierarchy between initially comparable mass scales.

Supersymmetry and Supergravity

Certainly supersymmetry is the most popular route beyond the standard model. The
idea of unifying particles with different spins was first pursued in the early 60’s, but in
1967 Coleman and Mandula[8] proved that there was no way to have a symmetry between



2.2. Beyond the Standard Model 19

fermions and bosons in QFT. In the beginning of the 70’s, Golfand and Likhtman[9] and
Volkov and Akulov[10] proposed a way to circumvent this theorem, and in 1975, Haag,
Lopuszanski and Sohnius[11] were able to show that this way is unique: The extension
of the usual symmetry algebra by fermionic generators, that is, generators in the spinor
representation of the Lorentz group which obey anticommutation relations. The first
field theory model exhibiting supersymmetry was found in 1974 by Wess and Zumino[12],
and before the end of the decade, starting from Refs. [13, 14], gauged supersymmetry —
supergravity — was widely studied. By now, supersymmetry is included in the majority
of models beyond the standard model, from MSSM parameter scans to KKLT flux
compactifications. There is a large number of excellent books and reviews available,
some of which are collected in Reference [15]. Here I will just collect a few tidbits of
information to argue why supersymmetry is an interesting approach and what issues are
particularly relevant for the later discussion.

Supersymmetry has several attractive features:

e From the theoretical point of view, it is the only possible extension of the Poincaré
group as a symmetry group of a quantum field theory. The extensions proceed
via a graded symmetry algebra to avoid the Coleman-Mandula no-go theorem,
and it is essentially fixed. The generators of supersymmetry transformations @);,
i=1,..., N carry spin 1/2 and fulfill anticommutation relations among themselves,
in particular,

{Qm@j} = 204" P, . (2.15)

For notations and conventions, see Appendix A. If N' = 1, one speaks of simple,
otherwise of N-extended supersymmetry. The more generators, the larger the
multiplets, and for N’ = 4 all multiplets contain a vector field, that is, all fields
are gauge fields. For A/ = 8, there always is a spin-2 particle, so one is lead to
supergravity. A > 8 would imply spins greater than 2, and there is common
belief that such a theory cannot be consistently formulated (unless it is free).
Here the aforementioned spinor growth in higher dimensions comes in: Simple
supersymmetry in five or six dimensions corresponds to N = 2 supersymmetry in
four dimensions, simple supersymmetry in seven to ten dimensions to N/ = 4. In
eleven dimensions, we find A/ = 8 and for more than eleven dimensions, N > 8.

e Since fermions and bosons come in pairs and contribute with opposite signs to
loop diagrams, many divergences cancel. In particular, there are no quadratic
divergences, including the notorious Higgs self-energy, of which only a logarithmic
divergence remains. In general, supersymmetry protects against large radiative
corrections. There are powerful non-renormalisation theorems which state that
the superpotential, i.e. the part of the Lagrangean containing masses and Yukawa
couplings, does not get renormalised at all (in perturbation theory). This even
holds for spontaneously broken supersymmetry.
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e Supersymmetry suggests a new global symmetry, called R-symmetry, which en-
sures that some particles can only be produced in pairs, which in turn means that
the lightest of these particles is stable and might be a candidate for dark mat-
ter. R-symmetries are symmetries that do not commute with supersymmetry, so
particles in a supersymmetry multiplet have different R-charges. This also means
that extended supersymmetry can have larger R-symmetry groups, while simple
supersymmetry at most has a U(1) pSymmetry.

e When supersymmetry is gauged, the theory contains gravity as well, hence the
name supergravity. The gauge field is now a spin-3/2 fermion, the gravitino.

Supersymmetry, relating bosons with fermions, requires superpartners of all fields in
a theory, that is, fields with different spin, but the same quantum numbers otherwise —
up to the charge under the aforementioned R-symmetry. These superpartners are not
part of the standard model, so we need to introduce more fields to make the standard
model supersymmetric:

e Spin-0 partners for all fermions, with the same quantum numbers: Squarks and
sleptons ( “scalar fermions”). They are grouped in so-called chiral multiplets, which
contain a chiral fermion and a complex scalar.

e Spin-1/2 partners for the gauge bosons (the gauginos). Vector fields come in a
vector multiplet together with a fermion with non-chiral interactions.

e Supersymmetry requires two Higgs fields, to give masses to the up-type quarks and
neutrinos and separately to the down-type quarks and charged leptons. Both Higgs
fields are SU(2) doublets and come with fermionic superpartners, the Higgsinos.
After electroweak symmetry breaking, there will be five physical Higgs scalars
(two of which are charged), and the Higgsinos mix with the electroweak gauginos
to form electrically neutral neutralinos and charged charginos.

So altogether, supersymmetry requires more than doubling the degrees of freedom.
For exact supersymmetry, however, there are no new parameters, since masses and
couplings of superpartners are fixed. A host of new parameters is introduced by broken
supersymmetry.

From the experimental side, however, evidence for supersymmetry is rather slim. In
particular, scalar superpartners of the standard model fermions with equal masses are
not observed. That means that supersymmetry cannot be exactly realised, but at best
in a broken way. Mechanisms for supersymmetry breaking are discussed in the next
section.

Supergravity

From the supersymmetry algebra we know that the anticommutator of the supersym-
metry generator with itself is the generator of translations, P,. From this one can guess
that the commutator of local supersymmetry transformations will be a local translation,
i.e. a coordinate transformation, and thus that local supersymmetry “implies gravity”.
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‘ Multiplet H D=4 D=6 There also is a tensor multiplet in four dimen-
= 7 sions which we will not consider. The super-
Gravity || g | Yu | Gunv  Byn | Yu scripts £ on the two-forms denote (anti-)self-
d.o.f. 2 2 9 3 12 duality of the field strengths.
Tensor BJ\} . ) X The matter multiplet is a chiral multiplet in four
dof 3 1 4 and a hypermultiplet in six dimensions. The
—— — smallest spinor in D = 4 is a Weyl or Majorana
Matter ¢ ¥ Giy i =12 v spinor with two degrees of freedom, in D = 6 the
d.o.f. 2 2 4 4 smallest spinor is a Weyl spinor which has four
Vector An | A Ay A degrees of freedom.
d.o.f. 2 2 4 4 In each multiplet, the number of (on-shell)

bosonic and fermionic degrees of freedom is
equal.

Table 2.1: The fields of the relevant multiplets and their degrees of freedom in four and six dimensions.

Indeed this is the case, and this is why local supersymmetry goes by the name of su-
pergravity. As any local symmetry, supergravity involves a gauge field, but since the
transformation parameter is a fermion, the gauge field is a spin-3/2 field, the gravitino,
the superpartner of the graviton. In four dimensions, the graviton and the gravitino
together form a complete supersymmetry multiplet. In higher dimensions, however, the
gravitational multiplet will contain additional bosonic (p-form) fields. In six dimensions,
for example, there is the 2-form field Bj;y. The reason for the additional fields is that
a multiplet needs to contain the same number of bosonic and fermionic degrees of free-
dom. With increasing spacetime dimension, the spinors grow exponentially, and so new
bosonic fields have to be added. The same applies to chiral multiplets' (vector fields
accidentally double their degrees of freedom from four to six dimensions, so the multiplet
still contains one vector and one spinor). The field content in four and six dimensions
is given in Table 2.1.

The two-form field By, in the six-dimensional gravity multiplet poses a problem: Its
field strength H},np = 38[MB;{,P] is self-dual, and thus there is no Lorentz-invariant
kinetic term to build an action[16]. This problem can be solved by adding the tensor
multiplet (BZQ N X @) to the theory: it contains a two-form field with anti-self-dual field
strength. The form fields can be combined into a single two-form By;y = B}, n + By
without duality conditions. In this process, the theory acquires two more new fields, the
dilaton ® and the dilatino y.

The pure supergravity Lagrangean is fixed by supersymmetry. The coupling of su-
pergravity to matter is also constrained, this time by a geometrical symmetry: The
complex scalar fields of the theory (which come in chiral or hypermultiplets) can be
regarded as forming a sigma model, and there are strong restrictions on the geometry of
the sigma model target space (or in other words, not every matter model can be made

L As previously mentioned, six-dimensional simple supersymmetry corresponds to four-dimensional
N = 2 supersymmetry, which was once introduced as hypersymmetry. The only part of this use
that stuck was the name hypermultiplet for the A" = 2 counterpart of the chiral multiplet

2The obvious term HJJ\} ~vpHT MNP yanishes due to the self-duality relation, as in two or ten dimen-
sions.
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locally supersymmetric). These restrictions depend on the dimension and whether one
deals with extended or simple supergravity. In the simplest case of four-dimensional
simple supergravity, the target space must be a Kéahler manifold. A Kéahler manifold
is a complex manifold with a Riemannian metric and symplectic form, both of which
are compatible with the complex structure. For practical purposes, this means that the
Kéhler metric (i.e. the metric of the sigma model) is given by the derivative of a real
scalar function, the Kihler potential (denoting the fields by ¢’ and the conjugate fields

by ¢'):
o 0
Kyj=—=——
1] a(bia(bj

The simplest choice K (gg, gb) = ¢'¢" is called the canonical Kdhler potential because it
leads to canonical kinetic terms, hence to a renormalisable matter sector. If K (gg, gb)
is of higher than second order, the matter sector is nonrenormalisable. Gravity, how-
ever, is not renormalisable anyway, so there is no strict justification for a canonical
Kahler potential. We can, however, demand that the non canonical terms are sup-
pressed by the Planck scale, such that in the limit Mp — oo, where gravity decouples,
the resulting theory is again renormalisable. We will later see that gravity-induced
higher order terms are important for supersymmetry breaking. This discussion holds
in the Einstein frame where the gravitational Lagrangean is just given by the Ricci
scalar, g = %\/—_g R. We will later sometimes use a different function also called
Kahler potential, 2 = exp{—K/3}. This is the analogue of K in the supergravity con-
formal frame where gy = %\/——gQR A canonical Kahler potential corresponds to
Q(3.0) = exp{F¢'}.

There are two more functions that determine a supergravity theory: The gauge kinetic
function f(¢;) and the superpotential W (¢;), both of which are functions of the fields
¢; and not of their conjugates. The gauge kinetic function determines the gauge kinetic
terms via

gg, kin — Kij auq?@wbj ) K(QZ;, ¢) = 8iajK(gg7 ¢) : (216)

1 i ~
ggaugekin = _Z Re fFHVFlW + ilm fFHVFlW ) (217)

so that the standard gauge kinetic terms are reproduced by f = 1. There can be
different gauge kinetic functions if the gauge group is composed of several factors. The
superpotential contains mass and coupling terms.

We have omitted factors of Mp in the formulae above. They can be restored by con-
sidering the mass dimensions of the supergravity functions: €2 and f are dimensionless,
K has mass dimension 2 and the superpotential is of mass dimension 3.

Supersymmetry Breaking
We now turn to the issue of supersymmetry breaking, which, phenomenologically, cer-
tainly is the most important issue in supersymmetric model building since it determines
the masses of the superpartners.

As a preliminary remark, let us check signs of supersymmetry breaking: From the
supersymmetry algebra, one can infer immediately that for a supersymmetric theory,
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the vacuum energy cannot be negative, and vanishes if the vacuum state |0) is super-
symmetric:

By = (017510) =  (IQUO)IE + 1Q:I0) 17 + |Gul0)[* + [ @:l0)[F) 20 (218

In supergravity, however, this result is no longer true, and the value of the vacuum
energy is not directly related to the question whether supersymmetry is broken or not.
The potential of supergravity is not positive semidefinite, and it is given by an expression
involving both the Kéahler and the superpotential,

_— 1
V =X (DWK™ DWW — 3|W|*) + WDQ . (2.19)
Here D,W = O;WW + K;W is the Kahler covariant derivative® and K7* is the matrix
inverse of the Kahler metric. The D-terms are related to the gauge fields and can be
expressed in terms of the scalar fields and the generators of the gauge group, but we will
ignore them for now. The sign of supersymmetry breaking in supergravity is a vacuum
expectation value of a D;WW, or in other words,

(F'y = (—=e"PKTD;W) #0. (2.20)

A vacuum expectation value (D) # 0 is also a sign of supersymmetry breaking. Both
F and D terms show up in the supersymmetry transformations of fermions, so their
vacuum expectation value implies that the vacuum is not invariant. As the potential
is not positive semidefinite, one can usually fine-tune the vacuum energy to zero with
broken supersymmetry.

A special form of Kéhler and superpotential that ensures a vanishing vacuum energy
is the so-called no-scale model[17]: For n fields, the Kéhler potential is

K:—Zailn@i;a@) , Zai:?), (2.21)

and the superpotential is constant. For this setup, the scalar potential vanishes identi-
cally, since the condition on the ; enforces the cancellation of the —3|W|* term.

Now for the breaking mechanism. Within a supersymmetric theory, the breaking
should be spontaneous rather than explicit, and indeed the O’Raifeartaigh model pro-
vides a simple setup for a spontaneous breaking of supersymmetry with only chiral mul-
tiplets and renormalisable couplings. However, we run into a phenomenological problem:
There is a mass sum rule which says that in such a situation, the supertrace of the mass
matrix vanishes. In other words, if the theory has a set of scalars ¢; and fermionic
partners x;,

StrM® =" (mg,)" =2 Y (my,)?=0. (2.22)

scalars fermions

3Tt is covariant under the Kihler transformations K (557(251') — K (&,q&i) + F(¢i) + F((Eg) and
W — exp{F(¢;)} W.
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This rule holds in the presence of spontaneous supersymmetry breaking, and it holds
separately within each quantum number sector, e.g. for the down-type quarks. This
clearly is not viable phenomenologically, as it would require the sum masses of the scalar
partners to be below (10GeV)?, so they certainly would have been seen in experiment
already.

The supertrace theorem, fortunately, tells us how to avoid it: It is valid for renormal-
isable couplings and at tree level. So the way around employs either nonrenormalisable
couplings or radiative corrections, and in both cases, the hidden sector. The hidden sec-
tor comprises a set of fields which break supersymmetry, e.g. an O’Raifeartaigh model,
but which is hidden, i.e. has no renormalisable couplings to the MSSM at tree level. The
breakdown of supersymmetry is instead mediated to the observable fields by some other
mechanism. There are several popular such mechanisms:

e Gravity mediation[18]: This is in the first category, nonrenormalisable couplings.
Gravity mediation does not refer to graviton exchange, but to all couplings sup-
pressed by the Planck scale. The hidden sector fields are assumed to have Planck-
suppressed gravitational couplings to the observable sector, which give rise to su-
perpartner masses. Such couplings might be enforced by the UV completion of the
effective theory, and, in particular, are not restricted by the equivalence principle,
i.e. need not be flavour-blind. Generically, indeed they are not, and that is one of
the major problems of this approach. Here extra dimensions might help.

e Gauge mediation[19]: From the category of radiative corrections, gauge mediation
scenarios involve a third sector, the messenger sector, which couples to the hidden
sector and is itself coupled to the standard model (or GUT) gauge group, so it
induces superpartner masses via loops. These, in contrast to the previous case,
are automatically flavour-blind, so in gauge mediated scenarios flavour-changing
neutral currents are naturally suppressed.

e Higher-dimensional mechanisms[20]: In higher-dimensional theories, the hidden
sector can be hidden by the extra dimension: The observable and hidden sector
fields are localised on different branes, with no direct couplings between them.
In simple supergravity setups this leads to a special kind of Kahler potential in
the low-energy effective theory, the sequestered form (ignoring bulk fields for the
moment). Expressed in terms of {2 = exp{—K/3} the sequestered form is defined
by

Q ((Ehidu (Eobsa (bhidu (bobs) = thd ((Ehida (bhid) + Qobs ((Eobsa (bobs) . (223)

The Kahler potential at tree level splits into separate potentials for the hidden and
observable sector, as might be expected from higher-dimensional locality. Loop
corrections do induce couplings between the sectors and hence mediate supersym-
metry breaking. In Chapter 4 we will consider a specific scenario: The mediators
will be moduli fields, that is, fields in the higher-dimensional metric and gravity
multiplet which are related to the size and shape of the internal orbifold.
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We will also see, however, that the sequestered form shown above is not a generic
outcome of higher dimensional theories. This is actually no surprise: When going
to the low-energy effective theory, one explicitly breaks higher-dimensional locality
and generically generates a non-local effective Lagrangean. If some fields have non-
trivial couplings to the branes, integrating them out will generate direct couplings
between the sectors.

If the mediation effects reside in the Kahler potential, it is a variant of gravity
mediation. There are other mechanisms in higher dimensions which do not rely
on supergravity, but rather employ e.g. gaugino fields living in the bulk to transfer
supersymmetry breaking [21].

e Anomaly mediation[22]: The dimensionless couplings of the visible sector are scale
invariant on the classical level. In the quantised theory, however, scale invari-
ance is broken by the conformal anomaly. If there is a hidden sector breaking
supersymmetry, the anomaly will generate masses in the visible sector which are
proportional (but suppressed with respect) to the gravitino mass. These masses
depend on the 3 functions and anomalous dimensions of the fields* and are always
present. In most models, anomaly mediation is not the dominant mechanism. If
there is no other mediation present, however, anomaly mediation effects can be
crucial.

As a remark, let us briefly mention the approach usually entertained in the minimal
supersymmetric standard model. The key point is that there are certain supersymmetry
breaking terms which preserve most of the nice features of supersymmetry, in particular,
the absence of quadratic divergences. These are called soft terms and are generated
by spontaneously broken supersymmetry. They are mass terms for the gauginos and
sfermions as well as bi- and trilinear scalar interaction terms. Since most of these
parameters are complex matrices in flavour space, there are 105 new parameters in
the MSSM not present in the standard model®. This is too much to perform generic
parameter space scans, so one usually imposes some restrictions on the parameters, such
as universality of sfermion and gaugino masses at the GUT scale. The resulting model
goes by the name of CMSSM and has five parameters, and there have been a large
number of studies of this or related models.

Grand Unification

The standard model gauge group Ggy and representation assignments do not seem as
natural as they could be, and there have been attempts to embed them in a simpler
framework. The general idea is that Gy actually is the unbroken subgroup of a larger
gauge group Ggrand, Which gets broken in some way at a high energy scale. This idea is

4The 3 function dependence of the scalar masses leads to an immediate problem: Sleptons acquire
negative squared masses in simplest setups.

5This is the final parameter count, since some matrices are Hermitean and some phases can be absorbed
in the fields.
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known as grand unification, and the resulting theories are called grand unified theories
(GUTs). The pattern of standard model representations could follow from the split of
representations of Ggana into representations of the subgroup Ggw.

The idea has been supported by the observation that the three gauge couplings of the
standard model evolve with energy scale and (almost) meet at a scale of ~ 10¢ GeV,
which defines the GUT scale Mgyr. The running of the couplings of course depends on
the particle content, and including only standard model particles, the couplings do not
meet exactly. If one, however, assumes supersymmetric partners with masses around
a TeV, the couplings meet. This is usually considered an argument in favour of low-
energy supersyminetry.

What groups are possible GUT groups? They have to meet some requirements:

e The rank of Ggy is four, so Ggrang must have at least rank four to admit Ggy as
a subgroup. On the other hand, Ggrana should not be too large.

® Ggang should have complex representations to accommodate the standard model
representations without additional mirror fermions. The corresponding represen-
tations must combine to anomaly free generations.

e Taking gauge coupling unification serious, Ggrana should have only one gauge cou-
pling. This is satisfied if Ggang is a simple group, or if it is a product of identical
groups which are related by discrete symmetries.

Popular GUT groups include SU(5), SO(10) and Eg, among others. From the point of
view of neutrinos, SO(10) seems to be the most natural GUT group because it unifies
all standard model fermions of one generation, including the right-handed neutrino, in
one 16-dimensional spinor representation®. Furthermore, it is of rank five, so there is
an additional U(1) which can be combined with hypercharge to a U(1)z_;. If this is
broken at Mqgyr, a Majorana mass term of this order for the right-handed neutrino is
presumably generated, leading to the see-saw mechanism of Eq. (2.5).

Concrete model of GUTs do have their problems, most notably proton decay. Since
quarks and leptons are unified in representations of Ggrand, there are gauge interactions
that turn quarks into leptons and hence, protons can decay, e.g. via p — me™. Since
experimental limits on the proton lifetime are of the order of 10?3 years (depending on
the mode, see [23]), this places strong bounds on Mgyt and the details of the model.

There are other problems which are related to the breaking of the GUT symmetry.
First of all, Ggana needs to be broken down to Ggy. If this is done by the Higgs
mechanism, the Higgs field usually needs to be inside a very large representation of Ggy;.
Similarly, the standard model Higgs field is paired in a representation of Ggrana together
with coloured partners. In both cases, the symmetry breaking needs to be adjusted not
to break e.g. SU(3),. Furthermore, the coloured Higgses also mediate proton decay, and
hence must be very heavy. This means that inside a single Ggrana representation we have
the usual Higgs fields with electroweak scale masses, and the coloured triplet with GUT
scale mass. This is called the problem of doublet-triplet splitting.

6This is the spinor of SO(10), not a spacetime spinor.



2.2. Beyond the Standard Model 27

The two latter problems can be solved in higher-dimensional theories, orbifold
GUTs|24], where boundary conditions render some of the GUT gauge fields very heavy,
thereby eliminating the need for a GUT Higgs boson. Furthermore, boundary condi-
tions can also forbid zero modes for some components of a GUT multiplet, solving the
doublet-triplet splitting problem. Actually, two extra dimensions seem to be preferred
from the point of view of orbifold breaking of an SO(10) GUT [25] because the breaking
cannot be achieved in five dimensions due to group-theoretical reasons[26].

2.2.2. Top-Down: String Theory Compactifications

Superstring theories[27] live in ten dimensions, and there are five of them: Type I,
type IIA, type IIB, heterotic SO(32) and heterotic Eg x Eg. They are distinguished by
the amount of supersymmetry (N = 2 for type II, N/ = 1 for the rest) and whether
they contain open strings (in type I) and gauge fields (type I, type IIA and heterotic).
They contain a number of massless bosonic fields: The metric, a scalar called dilaton,
and an antisymmetric two-form are generic. There will also be gauge fields (excluding
type 1IB) and further forms for type II theories (one- and three-form for ITA, zero-, two-
and four-form for IIB).

There are various connections between these theories which relate e.g. the strong
coupling limit of one theory to the weak coupling limit of another one.

Calabi-Yaus and Orbifolds

The simplest compactification is on a six-dimensional torus. This, however, brings about
phenomenological problems, one of them being that the resulting effective theory retains
all the supersymmetry of the original string theory. This implies N = 4 supersymmetry
in four-dimensional language. This has been a quite popular theory, mainly because
it is so symmetric. The theory is finite to all orders and conformal, for example. Un-
fortunately, the standard model is completely different, so one has to look for more
involved compactification schemes. Generally, one is interested in compactifications pre-
serving simple four-dimensional supersymmetry to have some control over perturbative
corrections.

A simple alternative to tori are orbifold compactifications[28]: The geometry is al-
most as simple as a torus, and the orbifold projection breaks some supersymmetries.
Furthermore, the orbifold fixed points give rise to localised states (the twisted sectors,
strings that “wind around” the fixed points), which can be interpreted as brane-localised
matter in higher-dimensional field theories.

In a more general approach, one is led to a certain class of compactification manifolds:
If the compactification of the ten-dimensional string theory on a product space My x Sg,
with M, Minkowski space and an internal manifold Sg is to preserve one quarter of the
original supersymmetry in four dimensions, as seems more sensible from the phenomeno-
logical point of view, one is led to a certain class of internal spaces called Calabi-Yau
spaces[29], which are characterised by two properties: They are Ricci-flat complex man-
ifolds with SU(3) holonomy. These conditions follow from the transformation law of the
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gravitino: The ten-dimensional gravitino W, splits into four four-dimensional gravitini

L, each with a supersymmetry transformation that starts with 5@% = D,€e' +-- -, where
the €' are four spinorial transformation parameters. Unbroken simple supersymmetry
means that there should be one €' that is covariantly constant, D,e" = 0, which in turn
means that the holonomy should not be the whole SO(6) = SU(4), but smaller. For
type II superstrings, this still yields N’ = 2 supersymmetry in four dimensions. Calabi-
Yau compactifications of the heterotic string, on the other hand, were already widely
studied in the 80’s.

A given Calabi-Yau manifold usually admits a number of continuous deformations
which preserve the Calabi-Yau property. These deformations appear as scalar fields in
the theory on this space, and they come in two classes: Kéahler moduli and complex
structure moduli. Their respective numbers are given by two Hodge numbers ~A(bY) and
h(12) which encode topological information about the manifold. Roughly speaking, the
complex structure moduli contain information about the shape of the manifold, while
the Kéhler moduli are related to its size. After compactification, these moduli fields
have no potential, so their value in the ground state is undetermined and needs some
stabilisation mechanism.

Orbifolds actually are related to Calabi-Yau spaces: They arise as particular limits,
that is, they form special points in the moduli space of a given Calabi-Yau.

Fluxes

One of the problems of string theory compactifications is moduli stabilisation: The
moduli demand a potential to fix their values at some minimum. For some of the
moduli — the complex structure moduli — a potential is generated by fluxes. Fluxes
are vacuum expectation values of p-form field strengths (of which there are several,
depending on the type of string theory considered) in the internal directions (so as to
preserve 4d Lorentz invariance). As they are field strengths of form fields, they are
subject to Bianchi identities as well as equations of motion, and they can be expanded
in terms of harmonic functions of the Calabi-Yau, which in turn depend on the complex
structure moduli. Thus, integrating over the internal space generates a potential for the
complex structure moduli[30]. The Kéhler moduli, on the other hand, are not fixed in
this way. Furthermore, the fluxes are quantised: the integral of the field strength over a
compact submanifold of appropriate dimension must be an integer.

Fluxes also allow warped compactifications with non-Calabi-Yau internal manifolds:
The transformation law of the gravitino contains a term involving fluxes, so if they are
non-zero, a covariantly constant spinor is no longer required. For an overview of flux
compactification, see Ref. [31].

Branes

Important objects in string theory are branes. They can arise in two ways: Open strings
have ends, and these ends need boundary conditions, which can be of Dirichlet or von-
Neumann type. Imposing Dirichlet boundary conditions in p spatial directions fixes
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the ends of open strings on p + 1-dimensional hypersurfaces called Dp-branes. Actually,
these branes are more than just boundary conditions: they act as sources for fluxes of the
p + 1-form fields that are present in type I and II. By adding branes to a type II theory,
half of the supersymmetry is broken, and open strings are included in the spectrum.

Gauge Groups

A priori, only heterotic and type I strings contain non-Abelian gauge groups (for type I, it
is SO(32)), so model building concentrates on these theories, where the heterotic Eg x Eg
theory has been especially popular[32]. In this theory, one Eg gauge group factor (or
its E¢ subgroup) is used as a GUT group in four dimensions, while the other factor is
hidden, i.e. visible matter is a singlet with respect to the second Eg. This can lead to
models with three families of standard model-like matter[33]. The discovery of D-branes
as dynamical objects has recently led to a lot of activity in type II model building, since
stacks of N coincident Dp-branes support a SU(N) gauge theory. For p = 3, the branes
can be extended along the noncompact spacetime, and hence one obtains a non-Abelian
gauge theory in four dimensions.

2.2.3. Intermediate Field Theories

The reduction from a full string theory down to the low-energy four-dimensional theory
might involve intermediate steps. For a simple example, consider an anisotropic com-
pactification on a six-dimensional torus where d; radii are of the order R;, much larger
than the remaining 6 — d; which are ~ R;[34]. In an energy range between R; ' and R_!,
the theory will be described by a (4 + d;)-dimensional (supergravity) field theory. This
also allows orbifold GUTs in any dimensions, where the orbifolding is only applied to
the d; intermediate dimensions. Successful gauge coupling unification, however, prefers
one or, in particular, two extra dimensions

In the rest of this thesis, we will — motivated by the preceding discussion — consider
in detail six-dimensional supergravity theories. A particularly attractive feature of two
extra dimensions is the possibility of conical branes when compactifying to four dimen-
sions, and in the next chapter we will find the general solution of gauged supergravity
with any number of conical branes and four-dimensional maximal symmetry. In Chap-
ter 4, we will look to the specific case of a torus orbifold with matter on fixed points
and investigate gravity mediated supersymmetry breaking.
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3. The General Warped Solution in 6d
Supergravity

We now turn to six-dimensional supergravity. The special role of six-dimensional models
is that the internal space is two-dimensional (since we desire four large dimensions). Two-
dimensional spaces admit conical singularities, and branes located in a two-dimensional
internal space generate such a singularity, and there is no effective cosmological constant
on the brane[35]. This is the idea of self tuning[36], which has been used in various at-
tempts to address the cosmological constant problem. Such a compactification employs a
six-dimensional cosmological constant and flux of an Abelian gauge field. First attempts
were made in non-supersymmetric theories[37], which find four-dimensional Minkowski
vacua if gauge flux and cosmological constant are tuned against each other.

Six-dimensional gauged supergravity[38], on the other hand, includes an Abelian gauge
field for the U(1), symmetry, and a positive definite potential. Furthermore, tuning
of the gauge flux is automatically enforced by the dilaton equation of motion. Six-
dimensional gauged supergravity was compactified (without branes) already in Ref. [39].
It was found in Ref. [40] that four-dimensional Minkowski space is not only possible, but
inevitable if one requires maximal symmetry in four dimensions (and the internal space is
compact). This analysis was generalised to warped solutions with axial symmetry[41, 42]
and to unwarped solutions with many branes[43].

Four-dimensional Minkowski space follows from the compactness of the internal space.
For the same reason, however, the gauge flux is quantised, which translates into a
fine-tuning condition between the brane tensions of the model[44]. Hence, stable four-
dimensional Minkowski vacua require specially chosen brane tensions, which spoils the
self-tuning effect[45, 46]. This problem can be avoided by coupling six-dimensional
sigma-models to gravity[47]. For anomaly cancellation, further bulk fields are necessary
in any case[48].

In this chapter, we will present the general warped solution in six-dimensional super-
gravity, following Ref. [49]. In the next section, we will introduce the setup and find
the solution. In Section 3.2, we will show examples with two and many branes, and we
finish the chapter with comments and conclusions.

3.1. The Setup

We consider six-dimensional gauged supergravity with a number of four-dimensional
branes. In this chapter the branes only have a brane tension which can arise from a
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ground state energy of fields living on the branes. Neither do we consider the brane
fields themselves, nor do the branes couple other than gravitationally.

The bulk theory contains a combined gravity and tensor multiplet (introduced be-
cause of the self-duality condition on the two-form in the gravitational multiplet, see
Section 2.2.1) and an Abelian vector multiplet which gauges the U(1) , symmetry under
which the fermions and the two-form are charged. The component fields of the combined
gravity and tensor multiplet are the metric Gy, the antisymmetric tensor By, the
dilaton @, the dilatino x and the gravitino ¥,,;. The vector multiplet contains a vector
Ajpr and the gaugino A. The complete action and transformation laws are given in Ap-
pendix B. Here we only give part of the action relevant for our discussion, i.e. omitting
fermions and the tensor field strength,

11 1
Shulk = /dGX V-G {53 — 58M<I>8M<I> — Ze*‘I’FMNFMN —2g%%| . (3.1)

We set the six-dimensional Planck scale Mg = 1. The last term in the action is of crucial
importance: It is a positive definite potential which acts as a vacuum energy for any
finite @, and thus as a source for curvature to provide a compact internal manifold. The
potential allows us to circumvent the usual no-go theorem for warped compactifications
with finite Planck mass. In the limit ¢ — 0, our solution disappears.

The vector field gauges the U(1), symmetry under which all the fermions and the
tensor are charged. Its field strength is Fiy;ny = Oy An — Oy A Its coupling constant is
denoted by g.

The branes are characterised by their brane tensions A;, ¢ = 1,...,n,. The branes
are located on hypersurfaces X (z), and their action is

Sbrane = - Z /d4$l vV —Yi Az (32)

with g¢; ,,,, the metric pulled back to the brane.
The Einstein and field equations following from this action are

1
Ryn = 0 ®On® + 926¢GMN +e? <FMPFNP — gGMNFPQFPQ>

(3.3)
TR
1
—® MNY _ — P MNY _
Dy (e7*F )_maM(\/ Ge ®F ) 0, (3.4)
1 1
Mp — _— M __ % MN 2 @
Dy D @_maM( GO <I>) 46 FynEF"" +2g%e”. (3.5)

Thrane ig the brane contribution to the energy-momentum tensor.

3.1.1. The Ansatz

We now specify the ansatz for the solution: We require a (4 + 2) split metric with
maximal symmetry among the four large dimensions x* and a warp factor depending
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on the extra coordinates y™. Nothing should depend on the z* and the field strength
vacuum expectation values should respect four-dimensional Lorentz invariance (this is
why we omitted the tensor field strength in the above action). All fermions vanish.

ds? = W2(y) Guwdatda” + g, dy™dy™, (3.6)
o= a(y) | (33)
Gunp =0, fermions = 0. (3.9)

The requirement of maximal symmetry means that R, (§) =
y = const. are de Sitter, Minkowski or anti-de Sitter for A >
respectively.

The Ricci tensor for this metric is

Auw, and the slices
, A =0or A < 0,

3

0
1

R (G) = (3)\ — ZWQDmDmW‘l) Gy (3.10)

Ry (G) = Ry (9) — 4W'D,,D,W , (3.11)

where D,, is the covariant derivative with respect to the extradimensional metric g, .
The brane energy momentum tensor is

brane __
T,ul/ - O ) (312)
1
T = —=Aimn0”(y — 4i) (3.13)
235

at the brane positions y;. With this ansatz, the Einstein and field equations (3.3)-(3.5)
become
1

3\ — iszmDmW‘* = — <ZF2€¢ — ng‘P) w2, (3.14)

3
Ry (§) —4W'D,,D,W = 0,,$0,® + (ZF%—‘P + g%‘b) Gn

1 (3.15)
+ —NiGmn0*(y — i)
; 7 (Y —u)
Om W ®F(y)) =0, (3.16)
W=D, (W*D™®) = — GF%—@ - nge‘D) : (3.17)

3.1.2. The Solution
We first solve for the dilaton and gauge flux. Combining Egs. (3.14) and (3.17), we get

6W?2\ = D, [W*D™(®+2InW)] . (3.18)
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Integrating over the compact manifold, we find A = 0, that is, Minkowski space is the
unique maximally symmetric solution (for regular warp factor and dilaton). This is
completely independent of the brane tensions A;. Inserting A = 0 in Eq. (3.18), we find
a solution for the dilaton in terms of the warp factor and an integration constant ®,:

O =0y —2InW (3.19)
The gauge flux equation (3.16) is also easily solved:
F(y) = fe®W™* = fePoWW =5 (3.20)

Here f is another integration constant.

For the Einstein equations, it is convenient to express the metric of the internal space
in conformally flat form and introduce a new complex variable z = y° + iy®. We also
temporarily write the warp factor as W = exp B, so the metric is

ds? = ¢?B(2) (nwdx“dx” + eQA(E’Z)dde) . (3.21)
With this choice, the Einstein equations (3.14) and (3.15) become (for R,,, Rs; and
R.:):

1
—40°B + 4 (8B)" +80BBA =4 (3B)" , (3.23)

_ — 1
—4e7** (40BOB + 90B) = ™ (g2 — —ergB) : (3.22)

—600B — 40BOB — 200A — 49BIB + %eer% (g N f2 _83)

(3.24)
+ ZAZ-52(2 — 2)
Here 9 = 2 and 9 = 2. We can rewrite Eq. (3.23) as
e*19 (e *'0B) = 0. (3.25)
This implies that the combination
V(2) = e *0B (3.26)

is a holomorphic function!. This function vanishes for a non-warped solution, i.e. for
constant B which can be rescaled to B = 0. In this case, Eq. (3.22) implies f? = 4¢?,
and the internal geometry can be obtained from Eq. (3.24):

DDA = i 2eP024 _ ZA 0% (2 (3.27)

IStrictly speaking, it is meromorphic: Isolated singularities are actually required to reproduce the
d-function terms at the brane positions in Eq. (3.24).
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This solution reproduces the known unwarped scenarios of Refs. [42, 43].
We are looking for a warped solution, that is, V' # 0. In this case, we can multiply
Eq. (3.22) by V to obtain (reinstating W = e?)

d(Vow?) = —ie%gQ d (W4 + 4f—;W‘4) : (3.28)
which implies that the two sides differ by at most a holomorphic function v(z),
Vow? = —16%92 <W4 + —QW*‘* — QU(Z)) . (3.29)
4 492
To simplify this equation, we introduce a new holomorphic variable[50]
Q.
g:/ Vd(zzl) = 0 % = %6% (3.30)

which eliminates the V' from the left hand side of Eq. (3.29). We can now exploit the
reality of the warp factor by differentiating Eq. (3.29) and its complex conjugate:

1 g, 20 P 9 0 4 1 g, 20 0 L7
— o2 (Wt Lw — Wt = 2P (Wt Lw 31
e g € < + <ot e g + (3.31)

which implies

0 W = iW and hence v = v = const. (3.32)

FI:
Since W only depends on the real part of £, we define a new variable
1 _
(=Reg =5 (€+8). (3.33)

in terms of which Eq. (3.29) can be written as an ordinary differential equation,

dW 1, W =W 20 P(W)
a 2! e W o

(3.34)

where

2
2 ]'€<I>02 2_f_

o (3.35)

The function P(WW) on the right hand side of this equation has two real positive roots
at

Wi=v+ Vo2 —u?, (3.36)
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and the warp factor is bounded in this interval W? < W* < W for spacelike extra
dimensions. This implies the conditions v > 0 and v? > u? for the integration constants.
The solution to the equation can be given in implicit form as

(Wi(¢) — wt)""

(Wi — Wi ()"

=exp{2y* (Wi =W ((-C)} - (3.37)

In the limit ¢ — 0, one of the roots of P(W) disappears, the warp factor becomes
unbounded and the internal space is noncompact. To keep the warp factor finite, one
has to cut off the internal space with a one-dimensional boundary. This corresponds to
a four-brane as in Romans supergravity[51], which differs from our model by g* — —g?.

This solution does also satisfy the third equation, Eq. (3.24), up to the d-function part
which will be matched by the deficit angles of conical branes.

To find the internal metric, we look at the definition of V', Eq. (3.26), and the new
coordinate ¢ and find with Eq. (3.34):

pa_LOW 1 1 0w 1 P(W)

7 = - 3.38
VW WV oo 2] Wt (3.38)

~—

1dw

27d¢

Hence, the internal metric is
_ 1 P(W) _

ds? = W2e?4 dzdz = dzdz. 3.39
2 2V()P W -

Effects of V

We will now analyse the effects of the function V' (2). From Eq. (3.37), we can see that the
warp factor approaches W for { — +oo, values which are attained for zeroes of V(z).
On the other hand, Eq. (3.39) indicates that for poles of V(z), the extra-dimensional
metric vanishes. So zeroes and poles determine singularities in the internal space. More
explicitly:

1. Assume (2) = ¢(z — z)” around 2. Since V(z) is holomorphic, o must be an
integer, and it is restricted to be +1: For a > 1, the new variable ( and hence the
warp factor are discontinuous around zg, while for a@ < —1, there are curvature
singularities worse than delta functions. Thus, V'(z) should have only simple zeroes
or poles.

2. Now let us look at the two cases. Consider first a simple zero,
1
V(z) = c(z — 2) ~ (=~ 2—111\2'—20\2 : (3.40)
c

¢ must be real. On approaching zy, ( — 400 and the warp factor W — W, for
cs 0.
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The internal geometry exhibits a conical singularity at z5. The metric around z
becomes

Wt

41

dsy = |z = 2" Vdadz,  with B =77

On a change of coordinates to p = |z — zo|™ /A+ and 0 = Arg(z — z), the metric
changes to ds3 = dp®+ 3% p?d#?, which is precisely the form of a conical singularity
with deficit angle 27 (1 — 84) (see Eq. (2.13)).

This is where the singular terms in the Einstein equations come into play. From
Eq. (3.15) or (3.24), we can match the deficit angle to the brane tension. In two
dimensions, we have 01 |z|° = 276%(z) and Rpn(§) = (1 — 1) dd1In|z — z|*.
Thus, we find that the brane tension is equal to the deficit angle:

M) (3.42)

A:27T(1—72|c| Wi

3. At a simple pole V(2) ~ ¢(z — z,) ", nothing special happens to ¢ and the warp
factor. The presence of |V|~* in the internal metric (3.39), however, implies that
the metric around zy behaves like

s o PW(x))
2P W2 (%)
N’

=:k2

|z — 20|* dzdz = k*r? (dr* 4+ r2d6?%) , 22—z =re’. (3.43)

The overall factor k2 could be scaled away. Now, changing the radial coordinate to
p = 1?/2, the metric takes the form ds? oc dp? + 4p*d6?, i.e. 3 = 2 and the deficit
angle is fixed to —2m.

4. Finally, we have to consider the behaviour at infinity. If, for large z, V(2) o 2,
with N > 2, there will be another brane at z = oo with fixed deficit angle

A =27 (2—N) . (3.44)
For N =1, ( — £o0 logarithmically as z — oo, and there will be a conical brane

with deficit angle 27 (1 — 84), depending on the sign of .

This extra brane with negative tension can be understood as a consequence of the
Gauss—Bonnet theorem which states that the sum of brane tensions cannot exceed
47, but is limited by the integral over the Ricci curvature over the internal space
(for a genus-0 surface),

> A AT =dr — % / ViRd%y. (3.45)
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For N conical branes, the sum over the deficit angles (3.42) contains a term 27N,
and hence there must be some brane tension contribution —27/N to cancel this.
Explicitly, we have

1
dr — 217" > % :4W—§/\/§Rd2y. (3.46)
+

branes

In the sum it is W for ¢ < 0 W* for ¢ > 0.

3.2. Examples
Now we will discuss specific examples of the solution, that is, we choose special forms for
the function V'(z). First we recover known warped solutions with two branes and discuss

flux quantisation and the unwarped limit. In the next section, we find new solutions
with more than two branes.

3.2.1. Two-Brane Solutions, Axial Symmetry

The Solution
For the simplest solution, we choose V'(z) to be

Viz)=—-. (3.47)
This will lead to conical branes at z = 0 and at z = oo, with warp factors W, and W_,
respectively?.
We can perform a global change of coordinates to ¢ and 6, provided c is real. In the
following, we assume ¢ > (. The new coordinates are

g:_g1n|z|2, f=——In>, (3.48)

and the metric takes the form

(3.49)

To find the warp factor, we have to solve Eq. (3.34). To find the explicit solution, it
is actually convenient to rescale the coordinates ¢ and 6 to

1 1
dn = EW‘A‘dC, dy = —Ede. (3.50)

2The point z = oo is at a finite proper distance from z = 0 and corresponds to the other pole of the
compact space.
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As W did not depend on 6, neither does it depend on 9, and the equation becomes

d (W4)
292 (W8 — 20W4 4 u?)’

dn = — (3.51)

which can easily be integrated over d (W*?) to yield
1 1 W4 —
N="m=537—7 Artanh(iv) . (3.52)

Inverting this and expressing v and u? in terms of W, we can get the warp factor as
a function of . This can be inserted into the overall factor in Eq. (3.49), where the
tanh-behaviour of W* leads to a cosh ™ -dependence. The constant 7, can be set to zero
by demanding that W4(n = +o0) = Wi.

So finally, the full metric is

d52 = WQTIMle‘MdI‘V + CL2 (I/Végd'r]2 + de) ) (353)
where
1 1
Wt = 5 (Wi + Wf) + 5 (ij — Wf) tanh [072 (Wi — Wf) T}] ) (3.54)
22 PW) 2y (Wi — WE)Q (3.55)
T2 W2 16 cosh?[ey? (WA — W)y |

Nothing depends on ¢, the axial symmetry is manifest.

Brane Asymptotics

We can explicitly check Eq. (3.41) in our case to see that the deficit angle does not
depend on the coordinates. Consider the limit  — oo (the case n — —oo can be
obtained by switching W, < W_ in the following discussion). The warp factor and a?
go to

wt — ij — (ij — Wf) exp{—nyc (Wi — Wf) 7}} , (3.56)
4 1i74)\2
a? — ifczw exp{—y’c (Wi -W*)n}. (3.57)

To show the conicality, we change the radial coordinate to
1
dpy = —aWidn = —échJr (Wi = W) exp{—~*c (W} — W) n}dny (3.58)

and the metric becomes

W4 —w41?
ds3 — dp? + [fc*T] prdi?. (3.59)
+

2
+
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Hence, the brane tensions at 1 = oo are indeed

(3.60)

wi —w
AL =27 (1 — yzc;) .

Wi

The brane conditions can be exploited to fix some parameters of the solution in terms
of the brane tensions Ay and the gauge coupling g, which are input parameters in the
Lagrangean. There will be two conditions, which can be obtained by solving for W /W4
and eliminating it:

8w A A
Qoo 0 (1t ) (1= 61
o 92(A+—A)( QW)( 27?)’ 61
f VE : Wt 2r— A
v g(1+/i)’ VIR g 2 — Ay (3:62)

Flux Quantisation and Planck Mass

Unfortunately, we will see that flux quantisation does not give further conditions on the
free parameters. The general flux quantisation condition for a compact two-dimensional
space is

2

/ =" (3.63)
g

Mo

with an integer n. For this discussion, it is convenient to use the warp factor itself as
the radial coordinate, by inserting

1 W3
Widy = -
TP

aw (3.64)

into Eq. (3.53) (via ¢ and Eq. (3.34)) to obtain the internal metric

W P(W)
ds? = dw? dep? . .
% = 5B W2t S dy (3.65)
Then, the flux is
1
Fivy = g ewy feP W5 = Sews fePow s, (3.66)

which can easily be integrated to give the quantisation condition

1, g (WE-W! / _ 27n
8fe < W do = s (3.67)

2me
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This, however, does not give a new relation between the parameters, but only a fine-
tuning condition of the brane tensions,

(1 — %) (1 — %) =n?. (3.68)

Finally we can consider the Planck mass in this solution by dimensionally reducing the
Einstein-Hilbert term in the Lagrangean. Integrating over the internal space in (W, )
coordinates, we obtain

Wy

1

Mp = §M§ / W3dw - /dzp = %Méc (Wi —w?) . (3.69)
W_

So in the end we have only fixed two out of the four parameters ¢, f, v and ¢4 by
Egs. (3.61) and (3.62). The parameter ¢, however, can be absorbed in a rescaling of 7
and 1, so only one unfixed modulus remains.

The Unwarped Limit

Although we could scale ¢ away, it is sensible to keep it
explicit when performing the unwarped limit. The reason
is that, in the limit of constant warp factor, the function
V' should vanish, and ¢ provides a handle for that, by
taking ¢ — oo.

We need to be careful, however, when taking this limit:
Several quantities explicitly depend on the parameter c.
On the other hand, obviously W, — W_ for the un-
warped case, or in other words,

2

wi-w!) —o0 <« % — 4. (3.70)

Hence, a consistent limit is obtained by taking ¢ — oo
Figure 3.1: The unwarped rughy and Wy — W_ at the same time, while keeping
ball. n runs from —oo at the lower k= (Wi . Wf) <3.71)

end to +oo at the top.

finite. It this way, V' — 0, and quantities like the Planck mass and metric coefficients
stay finite. It is also consistent with the parameter fixing conditions (3.61) and (3.62),
since Ay — A_ o< 1 (W —W?) k and k — 1. The metric (3.53) becomes

2 dn? + W_Sd’g/)2
d 2 W2 Vd td leWQ n +
$ T W drTdr 16 T cosh?(y2kn)

This is a metric with two conical singularities of equal deficit angle, as can be seen by a
change of coordinate to dp = kv?cosh™'(kv?n) dn, which converts the metric to

(3.72)

v, 1 FP\°
ds® — Win,da'ds” + 1672 w2 <dp2 + <W$) sinp d@[)2> : (3.73)

52
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This describes a rugby ball shaped internal space (see Fig. (3.1) with two branes of equal
tension A, where

A=2r(1—p). (3.74)

Here the internal curvature is constant, R = 3272W;2. This is consistent with the
Gauss-Bonnet theorem (3.46), where the volume of the internal space is wk/ (4W?).

3.2.2. Multi-brane Solution

We can generalise the solution of the preceding section to more than two branes. To this
end we require a function V' with several zeroes. However, we encounter some restrictions
on the positions of the branes and a fixed-tension brane at z = oo.

The Solution
We take an obvious generalisation of the simple ansatz (3.47),

1 N

V(z) = - H (z —2i) (3.75)

with NV complex numbers (brane positions) z;.
The new coordinate ¢ becomes

/ dz / , N 1
¢ = / V) +c.c. = c/dz Zl;[l =) + c.c. (3.76)

This can be integrated using

A NN 1
11 => (11 , (3.77)
i1 (Z — Zz') i—1 (j;éi Zi — Zj) zZ— Z;
SO
(= 52{0 (H Z¢—2j> In(z — z) +¢ (H z‘l-—:Zj) ln(z—zi)}. (3.78)
=1L \gA j#i 5
it a;

If this is to be single-valued, the coefficients a; have to be real, a; = a; for all 7. This
implies that the brane positions have to be aligned along a straight line, z; = |z €',
where ¢ is the same for all i. To compensate this, ¢ = |c|e"™=D¢ By a change of
coordinates, we can choose the phase ¢ = 0, that is, the branes are aligned along the
real axis, and c is real. Thus ( is

N
1
¢ = §Zailn\z—zi\2. (3.79)
=1



3.2. Examples 43

Note that 37 a; = 0.
For the explicit warp factor, consider Eq. (3.37) (with (5 = 0) and define a new
“coordinate” x by

eWiX = (W*—wh) e27’C (3.80a)
VX = (Wi — W) 27 (3.80b)

X is subject to the constraint
eWix 4 eWiIx = (Wi —w?) e’ (3.80¢)

The warp factor can be written in terms of x in a form reminiscent of (3.54),

W= G VW) 5 (V=W v (V-] @)

Brane Asymptotics

The brane tensions can be found from the general discussion at the end of Section 3.1.2,

or by expanding the warp factor around each brane. Here we follow the general approach.
From Eq. (3.79), we can see that ( — 400 at z;. The sign of ( and hence the warp

factor at the brane, that is, W, or W_, is determined by the sign of a;: For a; < 0,

( — +oo0 and W — W, and opposite for positive a;. Each brane tension is given by

Eq. (3.42), so writing A. for branes with warp factor W, we have

Wj—W‘l)

3.82

AL =27 <1 —*|ai|
This is completely analogous to the two-brane case.
In contrast to the two-brane case, however, for N branes there also is a brane at
z = oo. This is mapped to ¢ = 0 because » . a; = 0, and the brane tension is fixed by
the number of branes (see Eq. (3.44)):

Ao =27 (2= N) . (3.83)

We will now use Eq. (3.82) to fix some of the parameters of the model. Assume the
first k a;’s are negative and the rest is positive, so that there are k branes with tensions
A and N —k with tensions A” . We can get a set of relations similar to (3.61) and (3.62):

(1-2A) (N—k— £, )
(P g = 2N il i=1,...k, (3.84)

5 :
9°N =2k + 5- (Z?:l A — Ei\;kdrl Al—)

(1-Fxyoad) (k-gAr)

4
e® |a;| = — — ~ i=k+1,...,N, (3.85)
9°N =2k + 5- (Zj:l No=30 00 Al)
R om(N —k)—SN A
S +4g ‘/a . where &= ™ ) kZ’:’?“ —. (3.86)
v L+ & 2mk — 32 Ay
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We find N + 1 relations. Furthermore, two brane positions can be chosen at zy = 0
and z; = 1. The overall factor ¢ cannot be absorbed into V', so one parameter remains
unfixed, as in the unwarped case.

Flux Quantisation and Planck Mass

We again consider flux quantisation. This time, we will employ a more general procedure
than in the two-brane case, since we cannot use the warp factor as a coordinate. We
will stick to the original complex coordinate z and metric (3.21). The flux is

1, g 0w

F,;= ezz\/fe%W 6 —ezzfe%W 424 — _§€nge v (3.87)

and we can insert this in the flux quantisation condition (3.63) to obtain the condition
1 oWt 2

—gfe% / dzdz v % . (3.88)

To evaluate this integral, we use the divergence theorem for a complex function J and
a domain of integration R C C,

/ dzdz (0J +0J) =i f (Jdz — Jdz) . (3.89)
R OR
To apply this to the flux quantisation integral, we have to split the internal space into
several patches and find that the only contributions come from the singularities where
W = W4, and there is an additional factor of 27i from the residue. Hence, the condi-
tion (3.88) gives

k
feg (Z |ai|> (Wi —w?) = s (3.90)

9

since S°F_ |a;| = Zﬁvzkﬂ |a;|. The a;’s are given in Eq. (3.84), and we find a weakened

fine-tuning condition between the brane tensions:

k
(1—%2/\1) (N k——ZAJ>—n (3.91)

j=k+1

A similar integral has to be performed for the Planck mass: In the same coordinates
as before, the Planck mass is given by

Mp = %Mé/d dz aW "M (Z\al> — W) . (3.92)

The Unwarped Limit
For the unwarped limit, we again have to balance two limits: we take (Wf_ — Wf) — 0
and ¢ — oo, i.e. |a;| — 0o, while keeping

wi—wH

.93

Bi =2a;
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finite (no distinction between ¢ = 1,..., kand i = k+1,..., N is necessary in this limit).
This keeps the Planck mass and brane tensions (3.82) finite,

k
Mp — 4%Mg (2 \5i|> , (3.94)
A — 2 (1—|B)) . (3.95)

The brane tension at z = oo is not affected. As ¢ — oo, indeed V' — 0 as required.
For the metric, we can use the warp factor of Eq. (3.81) to rewrite the function P(W),

P(W) = %nyW“ (Wi —w*) (w*—-w?) (3.96)
1 2 (Wi — WE)Z 1
R W+ cosh®[L (Wi — W) ] (3.97)

Hence, in the unwarped limit, the metric goes to

2 W4 _ W4)2
ds? — W?2p,, dz"dz” + l“; cosh™2 [
o 16 )P !

Wi —wi
QTn} dzdz. (3.98)

In each patch of coordinates, we can change this into a more convenient form using a
holomorphic function

W= e><p{72I/le"/v;ivvf } ) (3.99)
so that the internal metric becomes
ds; = LWi%dzdz. (3.100)
4T (14 w])
For our case, £ can be inferred from ¢, Eq. (3.79), and w is
N
w = Zl_Il (z — zl-)ﬁ" . with ;= ,yzaimw;!vﬂ‘ , (3.101)
so the brane tensions are given by the exponents,
AN — 27 (1—|B]) ,A® — 27 (1 = N) . (3.102)

Note that this is again consistent with the expression from the Gauss—Bonnet theorem,
Eq. (3.46), since the scalar curvature of the internal space goes to R = 3272W;2.
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3.3. Possible Generalisations

We have found the general warped solution in six-dimensional gauged supergravity with
four-dimensional maximal symmetry. The four-dimensional geometry is fixed to be flat.
Essential properties of the internal geometry, such as the number of conical branes, are
determined by a holomorphic function.

We can reproduce the known warped solution[40, 41] with two branes. Unfortunately,
brane tension fine tuning from flux quantisation is not removed. For a more general
function, we can also incorporate many branes in a warped geometry. In this case,
there is still one fine-tuning condition involving all brane tensions. There also appears a
negative tension brane, as required by the Gauss-Bonnet theorem. For both situations,
we can safely take the unwarped limit so that the internal volume and Planck mass stay
finite.

Interesting generalisations would involve more general functions, in particular, peri-
odic functions to generate other topologies like toric orbifolds. Another route would
be to consider couplings of bulk fields to the brane tensions, as suggested by the next
chapter’s results.



4. Gravity Mediated Supersymmetry
Breaking in 6d

In this chapter we will analyse gravity mediated supersymmetry breaking in a six-
dimensional supergravity theory: Ungauged supergravity on a T?/Z, orbifold, with
matter located at fixed points.

One motivation for considering brane world supersymmetry breaking is the problem
of flavour-changing neutral currents (FCNCs) which generically are present and strong
in gravity mediated models. The reason is that the K&hler potential {2 = exp{—K/3},
which encodes the soft masses, introduces mixings via the coefficient of QIQ]», where Q);
are visible sector scalars:

1
QQTQ = —3—]\413621@] (52J -+ CZ]) 5 (41)

where the contact terms Cj; depend on the hidden sector fields which break supersym-
metry. Generally, this will lead to unacceptably large FCNCs, which can be avoided
only if we assume a special structure of the contact terms, diagonal or aligned with the
fermion Yukawa couplings. This is a strong assumption and needs to be justified.

A possible justification is the so-called sequestering[20], where the Kéhler potential is
simply the sum of hidden and observable sector contributions, so C;; = 0. Sequestered
Kahler potentials can arise in higher-dimensional models where the hidden and observ-
able sectors are located on different branes. The separation in the extra dimension can
guarantee the absence of contact terms. However, sequestering is not a generic result
of higher-dimensional theories, for two reasons. First, the bulk contains the gravity
multiplet, which couples to the branes. Integrating out the higher Kaluza-Klein modes
can generate contact terms, which are benign in the sense that they are calculable and
flavour-blind since gravitational fields couple universally. Second, the bulk might contain
other fields with nontrivial brane couplings, and these fields may spoil sequestering and
introduce dangerous contact terms. Such contact terms seem non-local, but of course
integrating out the higher Kaluza-Klein states generates a non-local effective theory, and
the branes are not “far apart” in any sense[52, 53]. The contact terms so generated are
suppressed by the volume of the internal space, but so is the gravitino mass which is
the scale of supersymmetry breaking. Hence, generically one might expect non-universal
contact terms of the order of the gravitino mass.

Specific models of brane-world supersymmetry breaking have been widely studied in
five dimensions[54], where the tree-level result indeed is sequestered,

1 — 1 1
Qg = = (T+T) — =i — =id » 4.9
5d 2( + ) 3-tobs — 335hid (4.2)
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with the radion modulus 7" which does not couple to the branes. Hence, at tree-level there
is no mediation of supersymmetry breaking, and one-loop corrections[55] are important.
Unfortunately, they turn out to produce negative (masses)2 unless large brane-localised
gravity kinetic terms are introduced[56].

Here we will generalise these studies to six dimensional supergravity on the orbifold
T?/Z,, presenting the results of Ref. [57]. For the bulk-brane coupling we start from
globally supersymmetric brane theories and iteratively make them locally supersymmet-
ric by the Noether method[58]. This will involve coupling to bulk fields. We will follow
this procedure to two-fermion terms. For the combined bulk-brane action we will find
the low-energy effective action at tree level and include one-loop corrections. In this
setup, we will analyse the effects of gravity mediated supersymmetry breaking.

4.1. Bulk-Brane Coupling

4.1.1. Bulk Action

The action of ungauged supergravity follows from the general action in Appendix B by
setting ¢ — 0 and omitting the gauge fields A); and A. The remaining field content is
the metric G;x which we trade for the sechsbein! e,,#, the gravitino ¥, the two-form
By, with field strength Hynp = 30 Bypy, the dilaton ® and its fermionic partner,
the dilatino y. The fermions are chiral in the six-dimensional sense. The Lagrangean is

1 '_ e ?® -
Loulk = €6 {§R6 — iU, TP DT + EHMNPHMNP + X' Darx
Loy eote - 1€ g, ryvranry,
50M NG M NHpgr

67<I>
12¢/2
e ®

UMINEy Hynvp + Hee. + 27 XTMYE N Hynp

1=
-+ ;GW‘I/MFN\T’PHMNP + \T[MFMNPQXHNPQ + H.c. (43)
efcb

NG
1
—§>_<TMTN\I/M8N<I> + H.c. + (four-fermion terms)} :

It is invariant under local supersymmetry transformations with chiral parameter € (up
to three-fermion terms):

Sey A = %@Mr% +He., (4.4a)
-
e
SWar = Dye + r — 3G unTpo)eHNT? 4.4b
M M 24\/§ ( MNPQ MN PQ) ( )

M = (u,m) etc. are Einstein indices while A = (o, a) etc. are Lorentz indices. Both range over
0,...,3,5,6, and numerical Einstein indices are indicated by 5 etc. Details can be found in the
appendix.
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‘ Field H even H odd ‘ Table 4.1: Decomposition of bulk fields into even and odd
e A e e allegalega components. WV, and x have opposite six-dimensional
M H . ”jr i = chirality, ¥, ¢, and x~ are four-dimensionally right-
Wy @Z)u U, u m handed. Details about I'-matrices and the spinor decom-
Bun || Bmn BW Bum position are given in Appendix A.
X X" X~
£ et e~
° ]
_ P
5BMN— TII/ MPNE— 2\/§ XPMN?:"’H'C', (440)
M ie”? MNP
(SX = —éF EaM(I) + 12\/5 FMNP cH s (44d)
1
00 = 5)25 + H.c. (4.4e)

We compactify the theory on the torus orbifold T2/Z,. We take a symmetric orbifold
(v°,y%) € (=R, 7R] x (—7R,wR], and the Z, acts by (y°,y°%) — — (y°,y%). The fields
— and the transformation parameter — are decomposed into even and odd fields as given
in Table 4.1.

The extradimensional metric is parametrised as follows,

A1l
Imn = — ( 2 Tl 2) ) (45)

To \T1 T + T3

so that the volume of the orbifold is Vz2/7, = 2 (7TR)2 A. The other two moduli can be
combined into 7 = 75 + im; which describes the shape of the torus (the ratio of lengths
via |7|%, the angle by 7y /7). This parametrisation is actually redundant, i.e. under a
SL(2,Z) transformation 7 — (a7 — ib) / (icT + d) the torus goes over to itself.

4.1.2. Brane Action and the Noether Method

In this section we will couple the branes to the bulk via the Noether method. This
method has e.g. been used to couple chiral multiplets to supergravity in four dimensions
and branes to a supergravity bulk in five and eleven dimensions[58, 55|, but the six-
dimensional bulk-brane coupling has not been derived before. Off-shell methods might
be more powerful when applicable, but the Noether method is a simple and efficient pro-
cedure to derive the coupling even when there is no off-shell formulation of supergravity
at hand, like in six dimensions. Furthermore, we will find that it is sufficient to compute
zero- and two-fermion terms to uniquely fix the low-energy effective theory.

The procedure involves several steps, and we will explicitly find the coupling of a chiral
multiplet on the brane to the bulk supergravity. This section will be rather technical,
and the result is Eq. (4.29). For the case of a charged chiral multiplet plus vector
multiplet we just give the result.
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Brane Chiral Multiplet

We put a chiral multiplet with complex scalar () and chiral fermion 7 on the fixed point
(v°,4%) = (0,0). We take the starting action to be globally supersymmetric:

£y = eads6 f (@QT&“Q + <%7_I’Y“au77 + HC)) : (4.6)

Here we abbreviated ds¢ = 0(y°) d(y®) and included a factor f, which is a function
of the bulk bosonic fields to be specified later. This is invariant under these global
transformations:

1

5Q" = ﬁﬁé (4.7a)

on = —EW (0.Q) € (4.7b)

The parameter ¢ is a four-dimensional chiral spinor which we identify with the positive
parity component of the six-dimensional supersymmetry variation parameter, & = ™.

Now for the Noether procedure. The idea is to vary the action (4.6) with a local
variation parameter. The action will not be invariant, and we will add further terms in-
volving couplings to brane fields and augment some bulk quantities with brane-localised
terms until the action is invariant. We will pursue this method to two-fermion terms,
i.e. there will be uncancelled four-fermion variations left. The rationale for that is that
the zero- and two-fermion terms are all we need to infer the Kahler potential and gauge
kinetic function of the low-energy effective theory. Since we know the effective theory
is /' = 1 supersymmetric, knowledge of these two functions completely determines the
theory. Hence, it should be possible to find the complete action, including four-fermion
term, so that it is locally supersymmetric.

But now to the brane! The variation of the action (4.6) under a local transformation,
where £ = et = ¢*(z) depends on the four-dimensional coordinates, splits into several
distinct pieces:

x JH
super
€40 —— 1
0L = 3/556 <f "y’ 0,Q d,e™ + 5O/ = 9" 9,Q 8) +4050,Q'0" Qo f
- ~ g P
0nq~20 = (4.8)
ie4056 f 1 T (P v pi K VPN
+—50.Q"0,QY, (779" =g = ") e +Hc.

5.4,

The last part stems from the variation of the vierbein determinant, and we only keep
the scalar kinetic term since we only consider two-fermion variations. The second part
contains the yet unknown variation of f, while the first contribution comes from the
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variation of @ and n by Eq. (4.7a). The term o J,f comes from an integration by
parts, while the first term is the supercurrent times the derivative of the transformation
parameter. Such a term always comes about when one varies a globally symmetric
Lagrangean with a local parameter, and is cancelled by a coupling of the associated
gauge field which is the gravitino for supergravity. For the parameter e (x), the correct
component actually is the right-handed positive parity component Q,D:[, and the coupling
is the Noether term

64556f_
ﬁ

This term, however, again, has further variations (again, we only consider the variations
of the fermions in %y, since the variations of e; and f are four-fermion terms):

L = V" 0,Q ¢,y + Hee. (4.9)

64556_
0N = Y0,Q0, et
N 7 m*y"0,Q

ealsefe ™ (o

— Taﬂl (H g (WM’V)\EWPU - 3’71/7)\%0) (4.10)

+61€2HV56 (’}/uf}/)\f}ﬂuy - f}/l/)/)\)> EJF

164556f + T+ wrp p v v pp wnvp\ ~+

+ 0.Q'0,Q Y, (=" —"g"" + "9 ++"g"") e’ + H.c.

Here the last line is 9, %y, the variation of the Noether term from the variation of . The
second and third line follow from the H,;yp variation of the gravitino. The determinant
of the zweibein follows from the contractions of the form HMNPT v p, e.g.

HMNPTy np = H*PTyp + 3HM'T e + 3H"™ Ty

b (4.11)
— H“VPFHVP -+ 3HMVTF;LI/T + HM566nren €, FuEQbF56 )

where the Einstein and Lorentz indices are connected via zweibeins. The I',,,,-term is
off-diagonal and hence vanishes on e+,
The last line of (4.10) is of the same form as §..% in Eq. (4.8). They combine to

ie4056 f
2

6Ly + 06y L = — 9,Q'0,Q U *Pet 4+ Hec. (4.12)

We will not cancel this by further terms, but modify the bulk fields. To be precise,
the variation of the gravitino kinetic term in the bulk action (4.3) contains a piece that
vanishes due to the Bianchi identity,

iege™®
12v/2

- -

ey
12\/5

51<>g’ﬂbulk =

\T/MPMNPQREGNHPQR + H.c.
(4.13)

= — 'l/}+ “Vp€+a p56 _'_

Wi P79, H, et et + Hec.
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where T = — (1/1; + g ) is a linear combination of the higher-dimensional gravitino
components, and there are additional terms in the second line that vanish on the brane.
We exploit the above variation by replacing Hy;np — Hynp, where Hyyp does not
satisfy the Bianchi identity, but rather

a[uﬁy]sé = —\/§i556fe¢6[HQT8,,]Q + (2-fermion-terms) , (4.14)

while G[Mﬁlwp} = 0 + (2-fermion-terms). To find a H which will do that, we first set
f = e~®. This implies

__645566 A+
SonLo . 9,90,Q7 (v — g") et + Hec. (4.15)

645566 ¢ t
01 = — A9 5 QtorQytet + He. (4.16)

The condition (4.14) for the modified Bianchi identity is satisfied by

=~ 1556
g6 = Hysi \/_
The modified Bianchi identity cancels the variations 6..%y + 6,-Zn. However, there

is a price to pay: 0.Z,ux contains another term which relies on the Bianchi identity to
vanish,

(QTOMQ 0 QTQ) + (2-fermion-terms) . (4.17)

—-o
6¢ )_(FMNPQFE&MHNPQ + H.c.

1242

<I>
_ e Sy et 9, H 5 + Hee, (4.18)

272

1
= —5645566_ GMQT@Q)_(JWW&JF +H.c.

52gbulk = -

To cancel this, we have to include another coupling, which is to the dilatino. This comes
as no surprise, since the dilaton couples to the brane, and so should its superpartner.
The term is

—d
X' 0,Q" + H.c. (4.19)

It has variations from 6n ~ 9Q and dx ~ 9P which cancel %A, 07-% and the J,, f-
part of dg,-Zp. On the other hand, there is another variation from 6x ~ Hy/np which
is not cancelled.

So by now, the brane Lagrangean is

Zbrane - 30 + ZN + Zdino s (420)



4.1. Bulk-Brane Coupling 53

which, together with the modified Bianchi identity, has a remaining variation

64556672(13 1 — (U puvy +
5Zbrane = 4 G_QGMQHV5677 ('}/ + 39 ) € (421)
1
FiHm QM ) e (422

This can be cancelled by a further modification of the three-form field strength which
changes its supersymmetry transformation law. The variation of the bulk field strength
kinetic term is

cee 22

5H2 gbulk = 6

(Hw,péH’“’P + 3H O HM™ + 6HM565H“56> . (4.23)

So we can cancel 0. % ane if we find a further two-fermion modification of H which has
the additional variations

5extrafl“56 = —%&,Qﬁ (v"* + 3g"") et + H.c. (4.24)
Dextra 17 = 2—5@62 HQTY" et + Hee. (4.25)
Such a modification is provided by the following terms:
ﬁMSG)Q—fermion - —25%7_)’)’“77 (4.26)
AW’) > formion —215%7_7%14)77 (4.27)
together with a modified transformation law of the two-form field,
Sextra Bsg = —%ﬁf@ + H.c. (4.28)

This was the final step. To summarise, the brane Lagrangean up to four-fermion terms
is
gbrane = 30 + D%N + gdino
i
= ey056e 7 [@QT@“Q + <—

nAM
5" Ol (4.29)

1 i
— MY, QYT + —
\/5777 7 0,Q¢, 7

In the bulk Lagrangean, we have replaced H — H , Where

X1 9,Q" + Hc)] .

77 1056 _

Hywp = Hyyp — mnwyw, (4.30)
~ i0 i

H 55 = Hps — % (QT@LQ —-0Q"Q — 57}%?7) , (4.31)

and modified the transformation law to (4.28).
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Brane Vector Multiplet and Charged Matter

A similar, but more complicated procedure can be carried out for the case of a brane
Lagrangean involving a U(1) vector multiplet and a charged chiral multiplet. Here we
only quote the result.

The initial Lagrangean contains kinetic terms for vector field A, gaugino A, scalar
@ and chiral fermion 7, couplings of matter to the vector via covariant derivatives, a
Yukawa-like term ~ QnA and a quartic scalar term. There are two pieces to be added,
a Noether term which now involves A and the field strength ), and a dilatino coupling
to n and A\. We again change the three-form H — H which does not satisfy the Bianchi
identity and has a modified transformation law. The complete Lagrangean is

gbrane = 64556 {gol + g}i] + gdlino} ) (432)
where
1 1<
Ly = =7 Fu P + <%)\7*‘Du>\ + H.c.)
L ? {DuQTD“Q + (%eéﬁ,}/uDun + HC):| (4.33a)
- 1
+e® (\/iige"p@*kn + H~C~) — 59 QI

- (i B
L= —5A" (—Fpov”a —ge® |Q|27“) (n

o (4.33D)
+ ﬁe_éﬁVWVDuQ Y+ He.,
Lhino = —ige " |QP A — —z¢ "D, Q" x + He, (4.33¢)
V2
The modified field strength is

H,,=H 056 (% A4 4.34

pp = Hpwp — 972 e (6 VpwpA + n'VWPn) ) (4.34a)
~ ) . _ <
H5 = Hp5+ % [-2i (Q'D,.Q — D,Q'Q) — Tyun + e®A, ], (4.34D)
1)

5extraBSG = _%Qﬁng + H.c. (434(})

Brane Superpotential

We can also include a brane superpotential. Here we give the simplest case, a constant
superpotential, i.e. a gravitino mass term Wj. The starting point is the brane action

1 _ _
Livp = —5eads fWo, /" CYL + Hee. (4.35)
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The procedure is similar to the previous one, but this time it involves couplings of the
extra-dimensional components of the gravitino to the brane. We also have to take the
spin connection into account, which results in a coupling of the shape modulus. The
final brane action is

1 [A — = _
ZW = 564556 T_WO (—@Z)M’)/!ch?; + 177[)5_6’)/MC’17Z)5 + HC) . (436)
2
Here 9546 = — (@Z); +ithg ) The transformation laws of these gravitino components also

get an additional brane-localised term,
1
vV AT2

From this result we can infer how a field-dependent bulk superpotential couples to the
bulk moduli. In particular, if the brane theory develops a vacuum expectation value of
F- or D-terms, the coupling is

dextrals+6 = 056 WoCz" . (4.37)

1 2Ae®
ngD = —564556 <€2¢92D2 + ¢ |F‘2) . (438)

4.2. The 4d Effective Theory

We now find the low-energy effective action for the theory. The light degrees of freedom
are the zero modes of the even fields: The bosonic ones are the four-dimensional metric,
the volume and shape moduli, the dilaton, the two-form components B, and B,
while the fermionic zero modes comprise the four-dimensional gravitino, the even extra-
dimensional gravitino components and the dilatino.

4.2.1. Tree Level

Our aim is to find the Kahler potential, superpotential and gauge kinetic function of the
low-energy theory. To this end it is sufficient to check the kinetic terms of the boson
zero modes. We take the background to be

1
ds? = Zgu,,d:c“d:c” — Gmndy™dy™ (4.39)

and reinsert the Planck scale. The six-dimensional fundamental scale Mg is the cut-
off of the effective six-dimensional theory. The compactification scale, that is, the
mass of the lowest Kaluza-Klein modes, depends on the volume of the internal space,
Mygx ~ VT_;/ZQ2 ~ A7Y2R~1. For the six-dimensional theory to be sensible, we require
Mg /Myxk > 1. The coupling of graviton zero modes is gouverned by M2 /My, rather
than by Mg itself.

The above scale considerations are valid in the Einstein frame. When compactifying to

four dimensions, the Ricci tensor is multiplied by A coming from the determinant of the
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metric in the integration measure. To get rid of this, one has to perform a Weyl rescaling
to again go to the Einstein frame. This endows all masses with a factor of A~1/2, so that
the compactification scale becomes Mgy ~ (AR) ™", while the four-dimensional Planck
scale is determined from the graviton zero mode coupling and is Mp = 2r RMZ.

Now for the action. The higher modes of the fields can be integrated out trivially,
with the exception of the odd components of the two-form. They need special treatment
because of the replacement (4.34), which results in the appearance of

-2 -2

€6€ s AMNP_€46 ~ ../\
g Havp BP0 = = HysH s
—2 , )
- ‘ 4.40
~ ToA2 <8#BSG + 05 Bs + 05 B, — 056 ﬁ (QTDHQ — DuQTQ)) R ( )
I

The ellipses represent the other components of H and fermionic terms in the brane-
localised additions. Hence, there are couplings ~ 95605 B,,5j" of the odd components of
the two-form to the brane. Additionally, there appear potentially dangerous d2-terms,
but they will cancel while integrating out the Kaluza-Klein modes of B,,,,. The derivative
translates into a mass of the Kaluza-Klein modes, so the coupling is proportional to the
mass, which compensates the mass suppression of the propagator, and the heavy states
do not decouple. In other words, the appearance of the brane coupling modifies the
boundary conditions and thus the Kaluza-Klein expansion. To find a new expansion,

one first has to solve the equation of motion of B, (ys,y6>, and then reinsert the

solution into the action before integrating out the extra dimensions. In this procedure,
one has to treat the even fields j, and 9, Bs; as constant sources. The relevant equations
for the field strength are

OH =0, °H,z5=0. (4.41)

So the field strength is constant, [ w56 = Cp = const. We can solve this equation if we
assume a function W, with Bz = —0;W,, and B 5 = 0;W,,, so that ﬁu% = C,, becomes

(02 +02) W, = 0,Bsg — Cp + 8565, - (4.42)

The left hand side vanishes when integrated over the internal space. Hence we find the
integration constant (remember Bgg is a zero mode)

r

Hence, we see that H w56 does not contain a d56 contribution. The brane-localised part
was cancelled by a contribution of the odd B,,,,. We could solve the equation of motion
explicitly, but actually, C, is all we need.
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Inserting C), in the action and the zero modes for all other fields, we find the low-energy
effective action for the bosonic fields:

1
Lrsibos = eaMp {5}% + 2A26 Aot A+ 8 0D + —8 L, T20" Ty + —8 110" T

- , 672‘? )
MZA D.Q'D*Q - 4M2 it 12A2 T2z ue (4.44)
e—2¢ i 2

o (8MBSG + NI (Q'D,Q — DMQTQ)) }
P

It is actually convenient to redefine some fields: The three-form is dual to a pseu-

doscalar ¢ via e 2*H wwp = eWp,\a’\cr, and the metric determinant and dilaton are com-

bined to new fields ¢ and s by
t = Ae® s=Ae® (4.45)

to disentangle the coupling to B:y and 0. The new Lagrangean reads

1 1 1 1 1
og,ﬂefﬁbos = 64Mg {§R + 4—ﬁﬁut 8‘% + 4—528M8 8“8 + 4—7_226M72 8“7’2 + 4—7_226M71 8“7'1

1
M2 9,Q70"Q — 4M2 "+ 5 50,0 00 (4.46)

1 2
+2_t2 (auBSG + \/EIMPQ, (QTDMQ - DMQTQ)) } :

Since we know that the four-dimensional effective theory has to be N' = 1 supergravity,
the kinetic terms must be derivable from a Kéhler potential, which is a function of
complex fields and their conjugates, and a gauge kinetic function which exclusively
depends on the complex fields. To obtain complex fields, we can group the scalar and
pseudoscalar fields? together to form the moduli multiplets

QI

T =t+iV2 By + SR

S=s+io, T="Ty+1im. (4.47)
These combinations are actually dictated from the kinetic terms in Eq. (4.46), where
e.g. t appears in the coefficient of the kinetic term of Byg.

In terms of the Kahler potential K (T, T,S,8,T, ?) and the gauge kinetic function
f(T, S, T) the kinetic terms can be written as

1 82
gbos,kin = 64MP {iR + Z ,u(b H(b - RefFMyFHV} . (448)

2Bs; can be seen to be a pseudoscalar because CP in the extra dimensions amounts to an orientation
reversal, under which the antisymmetric two-form changes sign.
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Comparison with the Lagrangean (4.46) gives

K = —ln(% (T+T) - %) —ln(% (S+§)) —mG (T+7_')) , (4.49)
f=1. (4.50)

Compactifying the gravitino mass term from the superpotential Lagrangean (4.36),
we get

Ly = —%@T_zwowmwf +He. (4.51)
This precisely corresponds to a constant superpotential W = W, in four-dimensional
supergravity.

Later we will study the mediation of supersymmetry breaking from the hidden sector
on one brane to other branes. To do so, we need to find the supergravity functions for
the case where there is matter on more than one brane. Fortunately, the other branes’
matter couples just as the one we considered, so the previous result can be generalised
straightforwardly.

Assume that on brane a (where a = 1, ..., 4 labels the branes), there is matter consist-
ing of scalars (), and gauge fields A%. The brane kinetic terms are fixed by €2, (Qa, QL)
for the scalars® and f,(Q,) for the gauge fields, and the brane superpotential is denoted
by W,(Q,). The supergravity functions for the low-energy effective theory are

K — _1n<% (T+T) - Za:ﬂa(Qa,Ql)>

_m(% (s+§)> —1n<§<7+f>> ,

F= fuQa) . (4.52b)

(4.52a)

W=> WaQa) - (4.52¢)

In Section 4.3, we will use this result to analyse gravity mediated supersymmetry
breaking. Some remarks about general features of this solution are in order.

1. The first observation is that the Kéahler potential is not sequestered as in Eq. (2.23).
This means that in principle, there can be tree-level mediation of supersymmetry
breaking. However, we will see in Section 4.3 that the issue is more subtle. The
non-sequestering is not so severe that the effective theory would contain direct
contact terms ~ |Qq|* |Qs|> between different branes. There are, however, vector-
vector terms ~ (§2,0,Q,) (§,0*Q)y) which arise from integrating out the two-form
field in H 56 along the lines of the discussion before Eq. (4.43). Such operators do
not contribute to supersymmetry breaking mediation.

3Q) is the Kahler potential on the brane. For canonical kinetic terms, 2, (Qa, Q:fl) =Q'Q.
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2. The moduli couple flavour-blindly, that is, universally to all brane fields. This is
enforced by six-dimensional supergravity without any freedom.

3. The superpotential only depends on the brane fields and not on the bulk moduli.

4. The Kahler potential is “partially no-scale”: It is no-scale with respect to the bulk
moduli but not to the brane fields. In the scalar potential, hence, the —3 |I/V|2 part
is cancelled, and the only moduli dependence of the scalar potential comes from
the exp{ K} factor:

1 -~ —
V=—KYO,WohW (4.53)
8tT2
Here 4,5 only range over the brane fields. This result holds as long as W is
independent of the moduli. The full scalar potential is given in Eq. (4.69).

4.2.2. Loop Corrections

As the tree-level system (4.52) is not no-scale, the loop corrections to the Kéahler potential
will generically not play a decisive role in the mediation of supersymmetry breaking. In
specific situations, on the other hand, the system is effectively sequestered in the sense
that there is no tree-level mediation of supersymmetry breaking, and loop corrections
might be relevant, so we list them for completeness.

The one-loop corrections are most easily expressed in terms of 2 = exp{—K/3}. At
one loop, Q = Qe + AQ, and AQ can be conveniently calculated from[59]

N;T(1 = d)2) .
AQ =T U TYUIIND 2 4.54
3 Mlg (47T)d/2 Z ( )

Here m,, is the Kaluza-Klein mass spectrum depending on n = (ns,ng) in the so-called
supergravity conformal frame where the Einstein-Hilbert term is

1 1
Loont = 5 Mpes2R = 5 Mie, A*r PR, (4.55)
The factor N; depends on the matter present. Each Dirac fermion contributes Ni, = 1,
while a gauge boson has a negative contribution, N; = —2. The formula is to be
understood in dimensional regularisation, so d = 4 + €.

The relation (4.54) can be derived by considering the contribution of a field of mass
m and spin j to the renormalisation of the Einstein-Hilbert term which is

N; T(1 —d/2) mi—2

ALy = =2
R M (47r)d/2

V=9gR. (4.56)

This has to be summed over all Kaluza-Klein modes. Now one can see why the supergrav-
ity conformal frame is convenient: The A%y terms can be understood as contributions
to Q, and so (4.54) follows. For a more explicit derivation, see [59)].
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The mass spectrum in this frame can be found from the kinetic term of a scalar for
simplicity. Its equation of motion is

O (e6GMNong) =0 (4.57)

Inserting the Kaluza-Klein expansion for ¢ results in the replacements [ly¢p — —m2¢
and 0,,¢ — in,,¢. After Weyl rescaling to the supergravity conformal frame, the mass
spectrum is

9 1

_ . 2
mone = a2 g Ing + ins7|” . (4.58)
To find A€, we need to evaluate the sum
1 ! 2s
2(8) = 5 Z Mg g (459)
n5,n6€Z

at s = d/2 — 1. The sum is computed in Appendix C. The result for AQ is
32 1
3 (47)* (2rRMp)?
C(3) + %i) (7_ + 7—_)3 + Z |:1+7rm5ﬂé6(7'+7") (6727rm5m67 + HC):| (460)

Mg

AQ = —

ms,meEN

X
(T + T — 2sanes/M2)** (S + 5)*° (7 4 7)

2/3

This contribution is suppressed by a loop factor and the volume, (47)* (2rRAMp)°.
There is also a divergent part of the one-loop correction which simply leads to a renor-
malisation of the tree-level parameters which depends on the UV completion of the
theory.

4.3. Gravity Mediated Supersymmetry Breaking

Now we can turn to the issue of gravity mediation. The setup is given by the effective
theory defined by the supergravity functions K, f and W as given in E. (4.52). We
restrict to matter on two branes, denoted by QY and Q' for the observable and the
hidden sector. The tree-level Kahler function is

0= (1+7 - 200.(27.0") ~20:(2%.0")) " (5 +8) " (r+ 7). (a6)

As stressed before, it is not sequestered, and the matter fields are not separated from
the T modulus either. The “partially no-scale” structure, visible from the fact that the
exponents add up to one, means that in the scalar potential the —3 \W\Q part will be
cancelled.
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The scalar potential generally is given by Eq. (2.19),

1 -
V=—e5X(DWK* D,W —3|W*) + — D?
e (D WV =3IWE) + 5e7
1 il j 2 2 1 2
— @F KZJFJ_3MPm3/2+72RefD .

Here we have inserted the expression (2.20) for the F-terms and the gravitino mass

1
m§/2 = ﬁgeK |VV|2 , (4.62)
since these are the order parameters for supersymmetry breaking. We assume there are
no relevant D-terms. The F-terms and the Kahler metric are listed in Appendix D.
We assume supersymmetry is broken by a nonvanishing vacuum expectation value for
the F-component of the hidden sector fields or any modulus field. Further, we assume
that the breaking leads to a vanishing vacuum energy, (V') = 0. This allows us to express
the gravitino mass in terms of the F-terms,

L O i O L P il
(5+5)° (+7° (T+7)° "~ MR(T+T)

1
m§/2 -3

(4.63)

We now turn to the soft supersymmetry breaking masses. For the brane theories, we
assume that the Kahler potentials start off canonical,

0= Q'@ +0((2°0")") . aw=a"e" +o((@"Q")") . (e
To calculate the soft masses, we expand the Kahler function in powers of @VQV,
0 =Qy(T,8,7,Q") - %YV (T,5,7,Q") Q" Q" + 0<(QVQV)2> : (4.65)
and find the visible sector masses by[60]

m2, = —F'F0,0;,In(Yy) . (4.66)

Here the index i ranges over the moduli and the hidden matter, i € {7, S, 7, H}. In our
case,

(5+5)" (r+7)"
Y = - TR (4.67)
(T + T — 2Qma)

and hence the soft mass is

2 2 2 2
Mops = % |FS|— 5+ |FT|_ 5 — 2 |FT|— 7 —4 2|FH| = (4.68)
(S+S) (t+7) (T+T7) MZ(T+T)
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Here we assume that the hidden sector fields have vanishing vacuum expectation values.

First of all, we see that the masses can turn out negative, so the radion and hidden
sector vacuum expectation values cannot be the only contribution but must be com-
pensated by the other moduli. The other important observation concerns the last term:
It corresponds to tree-level mediation of supersymmetry breaking, where the symme-
try breakdown, signalled by |F H|2 # 0, is immediately transferred to the visible scalars.
This is the effect of the non-sequestered form of the Kahler function. However, one needs
to be careful: The F-terms are not necessarily independent. Indeed, we can explicitly
calculate the scalar potential and obtain

11
V= 327 [Oorue IV + (i) | Fal’]
115, [F HOWE = (WOrv 4 WorT)) (4.69)

+5 (25 10sW|? — (WosW + WoziW))
+75 (202 [0, W[ — (WO.W + WO:-W))] .
The mass of the visible scalar must show up in the potential. Yet, if the superpotential is

moduli-independent — which it is on the perturbative level — only the first line remains
and the hidden sector does not interact with the observable one. Hence, mgps ~ 0,05V

is independent of ‘FH 2, and there is no tree-level mediation.

Actually, this persists even in the presence of non-perturbative effects as long as the
superpotential is T-independent: The Kéhler potential depends on 2t = T+ T — 2Qops —
204, but not on T and QV separately. The superpotential will in general depend on
Qv, but the masses inside the superpotential are supersymmetric masses. Hence, to
consider soft breaking masses, we can assume JgW = 0, and hence T' and Q" only

appear in the combination % (T + T) — @VQV. The soft mass is proportional to
OOy V ~ OrV . (4.70)

Assuming that the potential stabilises T, that is, there is a minimum of V' with respect
to T', we have 0rV = 0, and hence the soft masses vanish. Hence, there is a relation
between moduli stabilisation and mediation of supersymmetry breaking (as was to be
expected, since soft masses really can only be computed in a stable vacuum). It should
be noted that the soft masses are flavour-blind even if we introduce more than one visible
field, since neither the moduli nor the hidden sector fields have any freedom to couple
to the observable sector.

In the remainder of this section we briefly comment on possibilities of moduli stabili-
sation: We can stabilise S and 7 by gaugino condensation, if there are two non-Abelian
gauge groups in the bulk. Generically, for bulk gauge groups the low-energy effective
gauge kinetic function is f = S, as can be seen from the kinetic term

1 compactification 1
L = —Zeﬁe*‘I’FMNFMN compactification | —e Ae ™ F, F" (4.71)

S
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There are loop corrections to this result[61], which give Af = # Inn(ir). Here, b is the
beta function coefficient and 7 is the Dedekind 7 function. Gaugino condensation results
in an effective S-dependent superpotential, which for two condensing gauge groups is of
the racetrack form,

1 2 2
Wt = —— (Al exp{—ng} — Ay exp{—giS}) . (4.72)
n(ir) by by

This fixes both S and 7. To stabilise 7', we can invoke the Green-Schwarz anomaly
cancellation mechanism. In six dimensions, this requires additional terms in the
Lagrangean[62], coupling the two-form By to the gauge field strength. This leads
to a T-dependent gauge kinetic function in the low-energy effective theory, since By is
the imaginary part of 7. By gaugino condensation, this can generate a T-dependent
superpotential which leads to a stabilisation of the radion. Such models, however, are
rather contrived, since they involve several gaugino condensates and additional hidden
sector D-terms to cancel the effective cosmological constant.

4.4. Conclusion

Here we have presented gravity mediated supersymmetry breaking in six dimensions.
We first found the locally supersymmetric coupling of brane matter to the bulk by the
Noether method and derived the low-energy effective theory, which is uniquely fixed
by supersymmetry. Hence, the contact terms are fixed and calculable in terms of the
moduli.

The Kéahler potential is neither sequestered nor no-scale. It is no-scale for the moduli
in the sense that they appear ~ (S + §) with exponents adding up to one, but the radion
modulus T" acquires an admixture of the brane matter which spoils the no-scale structure.
Since the superpotential is modulus-independent perturbatively, the scalar potential
remembers the higher-dimensional separation and exhibits no tree-level mediation of
supersymmetry breaking. Nonperturbatively, however, the superpotential can pick up
moduli dependence, as is necessary to stabilise the moduli. Gaugino condensates can
stabilise the S and 7 moduli, but to generate a T-dependent superpotential, we need
to add higher order operators in the six-dimensional action which couple the two-form
to the gauge fields. In this direction it is possible to stabilise the moduli and generate
acceptable soft masses (where anomaly mediation is present as well to generate gaugino
masses), albeit in a rather complicated way.
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5. Conclusion and Discussion

We have analysed two aspects of six-dimensional supergravity: We have found the gen-
eral warped solution with four-dimensional maximal symmetry, and we have investigated
gravity mediated supersymmetry breaking.

Such six-dimensional models are interesting, for example, in the light of anisotropic
string theory compactifications, where successful gauge coupling unification can be re-
alised if the internal space has two large radii, i.e. of the order of the inverse GUT scale,
while the remaining ones are small, ~ My*. This might help to bridge the gap between
the string and GUT scale. Accordingly, in a recent compactification of the heterotic
string which yields the standard model at low energies[63] (see also [64]), there can be
intermediate supersymmetric orbifold GUTSs in any dimension from five to ten. However,
the resulting low-energy theory in such models relies on a discrete choice of orbifold. A
dynamical mechanism to find such an orbifold configuration as a ground state of a theory
might be a desirable generalisation.

The warped solution we find is characterised by a free holomorphic function: Its zeroes
and poles fix the singularities of the internal space, and its functional form determines
the warp factor. We have presented two-brane solutions with axial symmetry and multi-
brane solutions which are not axially symmetric. In both cases, we found a finite Planck
mass. Flux quantisation gives a fine-tuning-condition on the brane tensions. In the
unwarped limit, the multi-brane case reproduces known solutions. The stability of such
solutions has been analysed recently[65]. A promising direction for future work would
be a systematic study of possible functions to choose. In particular, elliptic (i.e. doubly
periodic) functions would allow to incorporate solutions similar to torus orbifolds in this
formalism. Furthermore, we found in the analysis of the Noether coupling that bulk
moduli, in particular the dilaton, might couple to the brane. This would provide an
important generalisation of our approach.

On the more phenomenological side, the issue of supersymmetry breaking is far from
resolved, in particular, the mediation mechanism is unknown. Gravity mediation is a
theoretically favoured way because it is very generic: gravity is out there. However, for
viable models it is important to understand how soft masses are generated and why they
do not induce strong flavour-changing neutral currents. In this respect, extra dimensions
offer the obvious possibility to separate the supersymmetry breaking hidden sector from
the observable fields, and hence to suppress flavour changing contact terms. In five
dimensions, it turned out that a supergravity setup along these lines does not work: the
masses come out negative, unless there are large brane-localised gravity mass terms. In
six dimensions, the situation is different.

To study gravity mediation, we first found the coupling of brane-localised matter to
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the bulk supergravity by the Noether procedure. This involved adding a gravitino and
dilatino coupling term to the Lagrangean, as well as a modification of the bulk two-
form field and its field strength, which acquired a brane-localised piece. This in turn
leads to a non-sequestered low energy effective theory, since the odd components of
the two-form get a mass-dependent coupling which compensates the mass suppression
of the propagator and spoils sequestering, in spite of the spatial separation between
the hidden and observable sector. The supergravity functions — Kahler potential, su-
perpotential and gauge kinetic function — are uniquely fixed. In particular, the moduli
couple flavour-blind to the branes, and the superpotential is simply the sum of the brane
superpotentials; it does not depend on the moduli (in perturbation theory).
Sequestering forbids contact terms and hence tree-level mediation of supersymmetry
breaking. However, even though our model is non-sequestered, tree-level gravity media-
tion does not occur as long as the superpotential is independent of the radion modulus T’
and the radius is stabilised. Non-perturbative effects such as gaugino condensation, can
induce a T" dependence in the superpotential, which is required in any case to stabilise
the moduli. Hence we need to add more matter or gauge fields in the bulk. Models
of moduli stabilisation based purely on the ungauged supergravity of Chapter 4 require
quite baroque mechanisms (multiple gaugino condensates and higher dimensional oper-
ators). However, we are confident that embedding this scenario in the context of flux
compactifications along the lines of Chapter 3 will lead to more attractive models.



A. Notation and Conventions

A.1. Indices and Metric

We use the “mostly minus” signa-
[Dimension || 6 [ 4 | 2 || (e p, = diag(t, - — — —, —).
Einstein M,N,... | pv,... |mmn,... The indices are chosen as given in
Lorentz AB,... |a,B,... | a/b,... Table A.1. When in doubt, we de-
note explicit Einstein indices by a

Table A.1: Index conventions dot, e.g. Be.

The vielbein (sechsbein, vierbein, zweibein) has a lower Einstein index, e, and satis-

fies Gy = eﬁeﬁn 45. The inverse vielbein e% is distinguished by index placement and
fulfills ef el = 63, and ellef, = 6%.
The extra-dimensional metric in Chapter 4 is parametrised as

A1 T 1 (r2+72 -7
mn — 5 = m= . Al
g T (7'1 7'12+7'22) g ATy ( —T1 1 (A1)

A.2. T'-Matrices and Fermion Decomposition

The six-dimensional I'4 matrices are eight-dimensional, while we use four-dimensional
four-dimensional y*-matrices. The algebra is {TA,FB } = 2nB and {7“,7b} = 20,
The chirality projectors are

e in six dimensions: Py = % (1 £T7) with I'" = diag(—1,—-1,1,1,1,1, -1, —1),
e in four dimensions P/, = 3 (1 +1°) with 7% = i7%y'y*y* = diag(-1,-1,1,1).

The I'4 are given in terms of the v as follows:

a_ (1" 0 s_ (0 1 o_ (0 7
re(10) ee(8) re(%7)

Now we will discuss the decomposition of six-dimensional fermions into four-
dimensional ones. The gravitino ¥4 and the gaugino A have negative six-dimensional
chirality, P_WV,; = U,; and P_A = A, while the dilatino has opposite chirality, P, x = .

Chiral six-dimensional spinors correspond to two chiral ones in four dimensions. In
this case, they can be decomposed as

we(@) () (D) ()
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The lower component of negative chirality spinors, i.e. @DI, ¢ and A1, are four-
dimensionally right-handed (Pgy = ), as well as the upper component of the positive-
chirality spinor, x~. Conversely, ¢, Pt A~ and xT are left-handed (Pri = v). The
=+ superscript refers to Zs parity.



B. 6d Supergravity: Lagrangean and
Transformations

B.1. Gauged Six-Dimensional Supergravity

The theory contains the following fields: The metric Gy, the gravitino ¥,,, the two-
form By, the dilaton @, the dilatino y, the vector field Ay; and the gaugino A. The
field strength of the gauge field is

FMN IaMAN—ﬁNAM, (Bl)

while the two-form has a three-form field strength with a Chern-Simons-like coupling,

1 3
Gunp = OuByp + —=FunAp + cyclic = 30 Byp) + —=FiunAp) - (B.2)
\/§ [ ] \/§ [ ]

Hunep JunNP

The fermions are chiral, with ¥,; and x being of opposite chirality. The two-form and
the fermions are charged under the U(1), the covariant derivatives of the fermions are

1
DM\I/N = (8]\4 + ZWMABFAB + lgAM) \I/N (B3)
and the same for y and A. The variation of the two-form is
(SBMN = —CYFMN for 5AM = aMa. (B4)

Hence, Gy/np is gauge invariant due to the Bianchi identity for Fin.
The supersymmetry transformation laws are (up to three-fermion terms in 0W,;):

de,t = tpyIe + He. (B.5a)
—d
e

577Z)M = Dye + mGNPQ (PMNPQ — 3gMNFpQ) € (B5b)
5Bain = V3 A An + e T G (B.5¢)
= — £— —— € .C. 5e

MN [MOAN] NG (ML N 92 XL MmN

L —®
Sy = —iTMedy® + S—ﬂFMNPaGMNp (B.5d)
6P = 1ex + Hee. (B.5e)
i —

1
0N = ZFMNFMNg —ige®e. (B.5g)
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The bulk Lagrangean invariant under these transformations up to four-fermion terms
is

672@

12

1 = .
Louie = Mg eg {§R6 — i TN Dy + GunpGY"NF +ixTY Dyrx

1 o _
+ 50 POV - eTFMNFMN —242e® +ie"®ATM Dy, A

: =29

1e — MNP ie=®_ M
— GunpAT A—TAF A0y D

12¢/2
i@iq} — MNPQR ieiq} JMTN, P
- Yyl YnGpor + YT Gunp
122 24/2 (B.6)
+ o’ P TN\ Gy pg — i_MFNPXGMNP + H.c. |
122 VNG
ie”® 1
+ YIMNPy G — = XTMTNy 0D + H.c.
1 \/5 X XG MNP 2X Yy ON
-
_ eT Fuy ({0 pTMVDPA 4 iATPTM N pp — STMNA 4 ATMV )

+ig (i TYA +IATM ey, + YA — Ay) } .

B.2. Brane Supersymmetry Lagrangean

The starting point for the coupling of the bulk supergravity to the gauged chiral multiplet
on the brane is the theory involving a brane chiral multiplet (@), ) and a vector multiplet
(A, M) gauging a U(1) symmetry (no R-symmetry) with gauge coupling g. The covariant
derivative acts as

D,Q = (0, +1ig4,) , D,n = <8M +igA, + WY ) n, (B.7)
and the Lagrangean reads

1 i
Ly = eadss {—ZFWFW + (%)@“Duk + H.c.)
+e® {DHQTD“Q - (%eq’ﬁy“Dun + Hc)] (B.8)

- 1
e ? (\/ﬁige’q)QTAn - H.c.) — égze’% |Q|4} .
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The supersymmetry transformations are (with constant parameter ¢)

0Q = 52 0Q" = —57je (B.9a)

b= —4"D,Qe 5= 451" D,Q! (B.9b)

6A, = —3Ay.e + He. 0F,, = —idy, (Av,e) Hee. (B.9c¢)

SA = 19" eF,, + $9f|Q|% oA = —1=y"F,, — 1gf]1QI . (B.9d)
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C. Derivation of Loop Corrections

We give a brief derivation of the one-loop corrections to the Kéhler potential, Eq. (4.60),
using methods analogous to ¢ function regularisation[66].

The general formula (4.54) gives the one-loop corrections to the Kéhler potential,

N;T(1—d/2) )
Q="T———— a2
3 M (47r)d/2 Z

The mass spectrum is given by Eq. (4.58),

9 1

e = Ine +in57'|2 )
5,16 A4/37_2/3R2

Here we will compute the sum over the Kaluza-Klein masses:

1 b2 Iy 1 —s—1 ,—t'm?
2(3) = 5 Z mn57n65 — 52 1"(_8) /dt/t/ e ns,ng

nsm6EL ns,mg
1 1 1 /dtt31 Z’ o~ tine+irns|? (C.1)
2 <A4/3t§/332>s ['(—s) — )
1)

In the last step we have rescaled ' = t/ <A4/ 342/ 3R2). We will now split I(7): The
sum extends over all (ns,ng) € Z except for (0,0). The sum can be split into one over
(0,n¢ #0) and one over (ns # 0,n6). In the second sum, the exponent can be split
into a term ~ nZ and a piece involving both ns and ng, in which we perform a Poisson
resummation:

. 2 2, 2 2
E e—t|n6+1’rn5| — E 6—157'2715 E e—t(ne—nm'l)

n57#0 n57#0 neEL

o€ (C.2)

— E :€tT22ng\/E§ :677T2m(23/t72i7r71n5m6
t

n57#0 me€Z
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Taking all this together, we have

E eft|n6+17n5\ _ E e tn6+\/7§ 67t72n5

ns,ne ne#0 n5#0

[Zexp{ —trin? —

n5#0
me#0

= Iy (7) + Io(7) + I3(7)

} (C.3)

Reinserting the expression back into Eq. (C.1), we get three components of 3(s),

1
E(S) = Wg/gm <21<8) + EQ(S) + Eg(S)) (C4a)
with
Yi(s) = ¢(-2s) , (C.4b)
I(—s—1)¢(-2s—1)
2s+1 2 4
EQ(‘S) \/7_T7-2 F(—S) ) (C C)
27_;—1—1/2 ns s+1/2 -
Nas) = —2 E 5 Koiq (2 “2minneps L e | . (C.4d
3(s) (=) <p6) +1/2(2mTanspe ) € +H.c ( )
ns,pe €EN

where K, /9 is the modified Bessel function of second kind. This Bessel function arises
from the integral

a\ —

2 9 1-n
/ attre =2 () Ky (2ab) (C.5)

from integrating I5(7).



D. Kahler Metric and F-Terms

In this appendix we list some explicit expressions for the Kahler metric and its inverse,
and the F-terms of the model of Chapter 4.
The Kéhler metric in both forms is

o= (757 ) (5 (1)

T+T S 7
K:-31n9:—1n<%—90bs—9hid) —ln(S;S> —ln(T;T) . (D.1D)

For brevity we use the following expressions for the real parts of the moduli multiplets:

T+T S+ S5 T
t= S 2Q0bs — 28ia 5= 2t T2 = T (D.2a)

2 2 2
The Kahler metric K;; is given by the second derivatives of K with respect to the

fields (i =V, H,T, S, T):

2
(Qob:)vv + |(Qol;;)v | (Qobs)\/t'éthd)]T[ N (Q;;,;)V 0 0
2
(thd)}iQ(Qobs)\? (thi)Hﬁ + ‘(QII;Z)H‘ . (Q;g)H 0 0
Kij =  (Qobs) (i) 1 0 0 (D-3)
2t2 2t2 4¢2
0 0 0 = 0
1
0 0 0 0 e
The inverse metric is
t 2(Qobs)v
(Qobs)vv 0 (Qobs)vvt 0 O
O (thd)H}_{ (thd)Hﬁt O O
Kij - Q(Qobs)v Q(thd)ﬁ |(Qobs)v|2 |(thd)H|2 . (D4)
(Qobs)y 7 t (Qmid) g 7 todt|t+ Qobs)y 7 - (@nid) g 57 0 0
0 0 0 45> 0

0 0 0 0 472
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Finally, the F-terms:

FV = —,/— (DgW + 2 (Qobs) 7 D W) (D.5)
8T2 (QobS)VV
[t 1 _ _
FH = _ ] D=W 4+ 2(Qid) 5 DAW D.6
ST (thd>HH ( H ( hd)H T ) ( )
B
FT — 4 —DpW +2 (Qobs)y FY + (Qmia) y F7) (D.7)
2
3
FS = 4| D
ViP5 (D)
7__23
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