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Abstract

In this master thesis D-brane-instanton generated contributions to the phenomeno-
logy of intersecting D-brane models are investigated. At first a brief introduction
to Calabi-Yau and orientifold compactification of supersymmetric string theory is
given and the elementary properties and consistency conditions of intersecting brane
models like Ramond-Ramond-tadpole cancellation and Green-Schwarz mechanism
are explained. The connection between field theory- and D-instantons is shown by
the example of the D3/D(-1)-system and the instanton calculus in string theory is
described which is the main tool to calculate instanton-contributions to the effective
supergravity action. The normalization of the holomorphic contributions in terms of
Planck- and string-mass is derived. After showing the need for D-brane instantons
in the generation of perturbatively forbidden Yukawa couplings in MSSM orientifold
models, the implications of the required “Yukawa-instantons” for flavour violating
effects are investigated systematically for a specific 5-stack quiver model. Contribu-
tions to lepton-flavour violating meson decays are found which are finally used to
derive a lower bound on the string mass scale.
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Chapter 1

Introduction

The standard model of particle physics is one of the great achievements of theoretical
physics. As a renormalizable, anomaly free quantum gauge field theory containing
QCD and electroweak theory it can explain with extraordinary accuracy a wide
variety of phenomena ranging over many orders of magnitude in energy. It explains
the dynamics and systematics of the strong force responsible for mesons and baryons,
the vector-axial-nature of the weak force and predicted the properties of the massive
W and Z gauge bosons that mediate charged and neutral currents. It explained the
supression of flavour changing neutral currents leading to the prediction of the charm
quark. And it also gives a candidate mechanism for electroweak symmetry breaking
-just to mention a few of the deep insights of this model of nature.

But it is also clear that it cannot be a complete theory of nature. First of all it does
not include gravity. But also in its attempt to describe the other three fundamental
interactions, there are a lot of facts which cannot be explained by the standard
model. There are at least 26 undetermined parameters, where no predictions can
be made from the theory. For example the masses of the elementary fermions are
set by the Yukawa couplings but we do not know what determines the values of
these couplings. There is no prediction from the standard model. Experimentally,
we can determine the masses of quarks and leptons. They range over many orders of
magnitude and there are huge differences between the families. The standard model
also does not explain why there are three families with different mass hierarchies
and also anomaly cancellation seems a big coincidence.

String theory is not only a promising candidate to get a unified quantum theory of
gravity and the other interactions but can give a geometrical explanation of some
of the above mentioned problems. The consideration of the quantum theory of a
one-dimensional object propagating in spacetime (which is parameterized by a map
of a two dimensional domain of definition to a target manifold) makes it possible to
have the right amount of degrees of freedom to have both, gravitational and gauge
excitations in the massless spectrum. To be a consistent quantum theory, (super-
symmetric) string theory predicts spacetime to be ten-dimensional and therefore

11



12 CHAPTER 1. INTRODUCTION

we have to explain why we have not discovered the extra dimensions up to now.
One way to do this is to assume spacetime to be the direct product of the visible
Minkowski space and an internal compact (Calabi-Yau) manifold. The geometry of
the internal space will then determine some of the physical properties of the external
space.

One important discovery in string theory was the existence of non-perturbative
objects like D-branes. It was shown that that the massless spectrum (which is
associated to the particles we see in nature) of open strings ending on a number of
coincident branes reproduces the degrees of freedom of non-Abelian super Yang-Mills
theories. This is the basis of intersecting brane models in which branes contain the
external Minkowski space and intersect in the compact internal space. Depending
on the intersection geometry we get different realizations of four dimensional chiral
fermions. Multiple intersections of two stacks of branes correspond to the families
of particles and from general consistency conditions like charge conservation in the
compact space one can infer anomaly cancellation.

Furthermore it is possible to relate the strength of the Yukawa couplings to the
volume of internal geometrical objects such as world-sheet- and D-instantons which
opens up the possibility to explain the observed mass hierarchies of the standard
model. Conversely these hierarchies together with phenomenological bounds like
proton or meson decay give us important restrictions and hints about the size and
energy scales of the fundamental parameters in string theory.



Chapter 2

Orientifold compactifications and
D-branes

2.1 Calabi-Yau compactification

The cancellation of the superconformal anomaly requires the spacetime dimension
of superstring-theories to be D = 10. Since we observe only 4 dimensions in nature
(at least up to the available energies in present accelerators) we have to “make the
remaining dimensions small”. One way to achieve this is to demand our spacetime
to be of a direct product form M;y = My x X where M, should be four dimensional
Minkowski space and the internal space X should be a compact six-dimensional
manifold, about which we make reasonable physical and geometrical assumptions to
be described in the following subsection.

2.1.1 Geometrical and physical requirements

One way to deal with the hierarchy between the electroweak and GUT /Planck scales
is to avoid quadratic divergences in certain loop corrections to the standard model.
This can be done by demanding the standard model to be supersymmetric because
then fermionic and bosonic contributions cancel out. Therefore we have to choose
our internal manifold such that spacetime supersymmetry in four dimensions is
possible. We start with a direct product metric of the form

ds? = g da" @ da” + gundy™ @ dy" (2.1.1)

Here, the internal coordinates on X are labeled by y™ and the external coordi-
nates on M, by x* and capital coordinate indices range over the whole product
manifold M = 0,1...9. One could also include a “warp factor” multiplying the

13



14  CHAPTER 2. ORIENTIFOLD COMPACTIFICATIONS AND D-BRANES

first or the second summand of (2.1.1) but we restrict to the above case. We con-
sider the low-energy limits of type ITA/B superstring theory which are given by
type IIA/B supergravity in 10 dimensions. To have unbroken supersymmetry, the
vacuum should obey eQ|0) = 0, where @ is the generator of the ten-dimensional
supersymmetry-transformation parameterised by € and therefore both objects are
spinors of SO(1,9). If we denote by ¥ an arbitrary field we get the following con-
dition on the vacuum expectation values

(6.) = (0[[eQ, ¥]|0) = 0 (2.1.2)

i

Now consider the variations of the gravitinos v, = ( o
M

) in type II supergravity :

1
(SEwM :VME‘FZHMNPFNPPE—I—... (213)

Here the I'-matrices represent the Clifford algebra in ten dimensions, H = dB,
where B is the NS-NS antisymmetric tensorfield and P is I'y; for type ITA and o3
for type IIB (omitting the factors of identity). The dots represent terms involving
the different R-R-fields. If we take the vacuum expectation value of all the bosonic
fields to be zero (and thus H = 0), we get to the constraint (the covariant derivative
contains the vacuum expectation value of the spin connection):

0y =Vye=0 (2.1.4)
Since the spinor-bundle over the product manifold M, x X decomposes into ten-

sor products of the corresponding bundles over M, and X respectively, we get the
following decompositions in type IIA /B

erra = EL(a") @ny(y™) + EL (") @ n-(y™) (2.1.5)
€4 =E @) @n_(y™) + & (2") @1y (y™) (2.1.6)
€ = 5 (2") @4 (y™) + 4 (2") @ n—(y™) a=1,2 (2.1.7)

Now we can expand V), into internal and external part and infer from equations
2.1.5 to 2.1.7

9,67 (x) =0 Vouna(y) =0 (2.1.8)

Therefore we get a constant spinor in four dimensions and we can choose for example
1y as a covariantly constant Weyl spinor on our internal manifold . This has
interesting consequences to the type of the internal manifold one can choose:
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e X is a Kahler manifold. For the proof we observe that we can define the
following endomorphism of the tangent bundle of X:

I = iﬁlrnmmr
where I = %(FmF” — I'"T",,), and the '), are this time the 6-dimensional
gamma-matrices. From their properties, one can show that J squares to —Id
and the metric on A" is Hermitean w.r.t. J (for more details see for example

[2]). In addition, we see immediately that the Nijenhuis tensor of J vanishes
(because 7, is covariantly constant):

Niw = I (Vo Jf = Vudy) = Ji(Vef, = Vi Jj) = 0
And thus J is integrable.

e X is Ricci-flat. For the proof we use again that 7, is covariantly constant:

1
0= [V, Vuln, = ZRmnquPanr

from which it follows for Riemannian manifolds that R,,, = 0.

From these two facts it follows from a theorem by Iwamoto that the holonomy group
of X is contained in SU(3) (see [2]). Because 7 is a spinor on the internal manifold,
its chirality components transform as 4 and 4 under SO(6) ~ SU(4) if we parallel
transport it around loops in X. Thus if we assume the holonomy is SU(3) i.e. we
have a Calabi-Yau-manifold we can decompose

4su@) = 3sue) © lsue) (2.1.9)

and so we get exactly one singlet, i.e. a constant spinor on X and the same for the
45p(1). If we again use the decomposition (2.1.5) to (2.1.7) we see that we get in this
case one constant Majorana spinor in four dimensions, which parameterizes N' = 1
supersymmetry in four dimensions. If we instead considered a proper subgroup of
SU(3) there would in general be more singlets and therefore extended supersymme-
try in four dimensions. For example if we consider type II theories, we start with
N =2in D = 10 and depending on the internal geometry we get in four dimensions
N =8if X is a torus T%, N =4 if ¥ = K3 x T? and as already mentioned N = 2
for X = C'Ys;.

2.1.2 Compactification of type II theories on
Calabi-Yau manifolds

As shown in the last subsection, we can get the minimal amount of supersymmetry
in four dimensions if we compactify on Calabi-Yau threefolds X. We now want to
summarize elementary facts about Calabi-Yau manifolds and then give the massless
spectrum of string theory compactified on this type of geometry.
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Calabi-Yau manifolds

For the basics of the geometry of Calabi-Yau manifolds we refer to the standard
literature, for example [3] to [5].
There are five equivalent definitions of a Calabi-Yau manifold. A Ké&hler manifold
of complex dimension n

e which is Ricci-flat

e which has vanishing first Chern class

which has trivial canonical bundle

with holonomy group SU(n)

which has a globally defined, non-vanishing holomorphic n-form.

is called Calabi-Yau.

We are now going to list some elementary properties of this class of manifold which
will be important later.

If we denote the space of sections of AP?(X) := \* T*E0x @ A T*OD X by QP(X)
then the Dolbeault cohomology is defined by

X L Ker(é L QPI(X) — QPatl(X))
H" ) = (- v 1) = o))

(2.1.10)

We then can define the Hodge numbers A7 := dimH?4(X’). It turns out ([3]) that
the general Hodge diamant of a Calabi-Yau threefold is given by

1
0 0
0 ! 0
1 p2! | (2.1.11)
0 h! 0
0 0
1

The two nontrivial Hodge-numbers h%! and h*! have an important geometrical
interpretation in terms of the moduli of the Calabi-Yau manifold. To see this, we
add to the metric a perturbation g,,+h,, and demand that the Calabi-Yau-condition
is preserved (in order to get perturbations of the metric which are not related by
diffeomorphism, we also demand to fix diffeomorphism-invariance V*h,, = 0).
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hl’l
Consider the Kéhler form w of X: w = g,;dz* Adz". Looking at perturbations
of the form h,; one can infer from the Lichnerowicz-equation [10]

VAVl + 2R, hag =0 (2.1.12)

that w changes by a harmonic form, and therefore w + dw again gives rise to
a Kéhler class [w + dw]. Now Yau'’s theorem ([6], [7]) states, that, provided
vanishing first Chern class, there is a unique element in each Kéahler class of X
that is Ricci-flat. Thus the cohomology H™!(X) is isomorphic to the possible
varitations of the Kahler form that preserves the Calabi-Yau condition and
therefore the moduli space of Kahler structures has dimension h'!.

h2’1

In this case we look at perturbations of the form h,,. These transformations
correspond to a change of the complex structure J on the manifold X (for more
details see for example [8]). If we change the coordinates on X infinitesimally
from z to 2/, generated by a vector field V = v*%0; + ©%0;, J transforms as

J— AJATY A=1+7 (2.1.13)

where J is the Jacobian of the transformation. Therefore, infinitesimally (this
is just a local statement, so actually we get information only about the tangent
space to the moduli space of complex structures at the point J)

J'=J+ 00+ v (2.1.14)

So these perturbations are given by elements of H é(TX ) for the holomorphic
part and by HA(TX) for the antiholomorphic part which are given by H'(T'X)
by the Cech-Dolbeault-isomorphism ([8]). Taking into account the triviality of
the canonical bundle A3T*X and therefore the triviality of ASTX = AST*X we
see that the wedge product gives an isomorphism between A2T*X and AT*X
and therefore

HYTX) = H(N°T*X) =< H*'(X) (2.1.15)

Thus we see that at least locally, the moduli space of complex structures of X
is characterized by H?!(X) and has therefore dimension h*!.

We remark that a fascinating aspect about Calabi-Yau manifolds is, that lots of them
come in mirror-pairs: (X, X’) is said to be a mirror pair, if H>*(X) = H'(X’) and
H*Y(X') = HY'(X). The mirror conjecture says that this holds for all Calabi-Yau
manifolds. More on this interesting subject and also on the relation to physics can
be found in [9] and [10].
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Compactification of type II strings on Calabi-Yau manifolds

For later reference we give the massless spectra of the type II theories after GSO
projection (which in the NS sector eliminates the tachyon and leaves the massless
states unchanged and in the R sector selects a specific chirality of the ground state).
Let us denote the creation and annihilation operators by v, (half integer for NS and
integer for the R sector). To disinguish left and right movers, we use a tilde. We
begin with the ITA theory and comment about the changes in the IIB case:

e NS-NS: -
UL [0,05 NS)L @0, NS)i
which can be decomposed as
8y ® 8y = 35 (graviton) @ 28 (B-field) @ 1 (dilaton)
which is the same for the IIB theory.

e R-NS
‘07 ka 0_27 R)L ® ¢Z_l |07 ku NS)R

which include the states
8¢ ® 8y = 56 (gravitino, pos.chirality) @ 8 (dilatino, neg.chirality)
which is again the same for the IIB theory.

e NS-R
,lvbi_l|07 ka NS)L ® |O> k? O_Za R>R

which gives the states
8y ® 8¢ = 56 (gravitino, neg.chirality) @& 8 (dilatino, pos.chirality)
Here, we have the opposite chiralities for the IIB theory.

e R-R
|O> k? O_Za R)L ® |O> k? ﬁa R)R

which contains the the following states
85 ® 85 = 8 (1-form) & 56 (3-form)

In contrast to the odd dimensional forms we get in the IIB theory the even
dimensional forms

1 (0-form) & 28 (2-form) & 35 (4-form)
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The massless fields are the fields of the type IIA/B supergravities. In the follow-
ing we want to compactify these theories to four dimensions, with a Calabi-Yau
threefold as internal geometry. To get the four dimensional low energy effective
theory, we have to dimensionally reduce, like in [1] [12] [11] the fields in the above
list. For definiteness, consider the type IIA theory (similar arguments hold for the
IIB case). In general, if we have the massless Dirac/Klein-Gordon equation in ten
dimensions, we can split them into four dimensional and internal part, the internal
part describing the four dimensional mass.

e For ten-dimensional scalar fields, the internal operator is the Laplace-operator.
The Laplace-equation on the compact internal space has just the constant
solution and therefore we get one scalar field in four dimensions.

e For the p-form fields C), in the ten-dimensional spectrum which have an action

S, = / dC, A #dC, (2.1.16)
X

and for the equations of motion, we get AC, = 0 , where A = d x d + ddx
is the internal Laplace-Beltrami operator (we fixed the gauge by imposing
d* C, = 0). Thus the number of massless fields in four dimensions is given
by the number of harmonic forms or according to Hodge’s theorem by the
dimension of the corresponding cohomology group.

e If we have spinor fields in ten dimensions we can make the ansatz (where the
&, are eigenfunctions of the internal Dirac operator)

Wt y™) ch ) @ En(y™) (2.1.17)

and decompose the Dirac operator into internal and external part. Again
the zero modes of the internal operator determine the massless fields in four
dimensions. In this case the kernel of the internal operator has dimension
given by the index of the internal Dirac operator.

e Finally the ten-dimensional metric G,y splits into various sectors. If we take
both indices four dimensional, g,,, which is a scalar on the internal space, we
get just the four dimensional metric. The index structures g,; and g,; would
correspond to (1,0)- and (0, 1)-forms on the internal space, respectively. But
from the Hodge-diamond in the previous section, we can see, that the di-
mensions of the corresponding cohomologies are zero. The remaining metric
components with all indices internal, g;; and g,; are scalars in four dimensions.
The four dimensional masses correspond to the variations of the internal met-
ric, and as we saw in the last section, the massless cases are exactly the complex
structure (h*! complex scalar fields) and Kahler moduli (h'?! real scalar fields).
One can physically interpret them as the Goldstone bosons coming from the
choice of one specific vacuum geometry [1].
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We can now apply this procedure to the type IIA supergravity theory. To see the
structure of the four dimensional theory, we can organize the resulting fields into
representations of four dimensional NV = 2 supersymmetry. To find the spinor-
part of the four dimensional multiplets, we use the following decomposition of the
spin-bundles S(My x X) = ST(My x X) ® S~ (M, x X)in ten dimensions:

S(My x X) =(ST(My) ® ST(X)) @ (5™ (M) ® S™(X))
D (S™(My) @ ST (X)) ® (ST (My) ® STH(X)) (2.1.18)

From this we get the decomposition of spin—%—matter. For the spin—%—matter we
have a similar decomposition into different parts (see for example [12]). Instead of
writing down the precise formulas (which we do not need in the following) we want

to describe the physical interpretation.

e The four-dimensional part of the metric and one-form together with the two
chiralities of the two spin—% parts of the decomposition of the gravitini give
the four dimensional gravity-multiplet.

e The hM! zero modes of the metric get complexified by the (1,1) part of the
NS-NS two-form and together with the C;; part of the R-R three-form and
four dimensional spin—% parts of the gravitini give h''! vector-multiplets.

e The h*' complex zero modes of the metric together with the Cj;z and Cyjy
part of the R-R three-form and two chiralities of the spin—% part of the decom-
position of the gravitini give h*! complex hypermultiplets.

e The zero mode of the dilaton combines with the dual of the four-dimensional
part of the NS-NS two-form (which gives rise to a scalar ¢ given by 4,dB = dc).
Together with the four parts of the decomposition of the dilatini and the Cjjy,
and Cp, parts of the R-R three-form to an additional hypermultiplet which is

also called the universal hypermultiplet, because it is also part of the spectrum
of the type IIB theory.

We observe that there are h'! vectormultiplets and h*! 4+ 1 hypermultiplets and
the gravity multiplet in type ITA. The massless four dimensional spectrum of the
type IIB theory can be obtained with similar methods (see [12]). An interesting
fact is that the spectra of type IIA /B theories differ only by exchanging the Hodge
numbers h*! and h!. This is again a consequence of mirror symmetry, which states
in general that compactification of type ITA on a Calabi-Yau threefold gives the same
spectrum as compactification of type IIB on the mirror threefold.
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2.2 D-branes

One of the main sources of the second superstring revolution was the observation
of non-perturbative objects, especially Dirichlet-branes. They are not present in
the perturbative string spectrum but show up in the easiest case if we consider the
T-dual of string theory compactified on a circle. The observation is that open string
endpoints in the T-dual theory are confined (have Dirichlet boundary conditions)
to p-dimensional submanifolds of the target space. But this is not only a geometric
statement. In fact, Polchinski showed [15] that one can describe the fluctuations
around the submanifold in terms of quantized open strings ending on it and therefore
a D-brane is a “dynamical” object. The resulting open string spectrum contains a
U(1)-gauge connection and it turns out that if N Dp-branes coincide, we get a
U(N) gauge theory. Therefore D-branes and as we will see later, intersecting branes
(where one also gets chiral matter fields) are a natural starting point for constructing
models of particle physics.

2.2.1 T-duality of open strings

Consider for simplicity bosonic string theory with target space topology Ry 24 x S*,
the radius of the circle being R. We get a discrete momentum along the compact
direction. In the closed string sector we have in addition a conserved winding number
k and the mass spectrum is given by

2 2R2 9 ~
w2y ) (2.2.19)

R2 0/2 o

we see that this spectrum is invariant under the T-duality transformation

N 2.2.20
I ( )

which interchanges winding and momentum quantum numbers. Now in the open
string, there is no conserved winding since differnt winding states can be deformed
continuously into each other. And therefore the question arises, what is the T-dual
of the open strings? Remembering that T-duality has the following effect ([11]) on
the embedding coordinate X?(7, 0 ):

XB(1,0) = Xp(r+0) + Xp(T—0) — X*(1,0) = X1(7+0) Xg(r—0) (2.221)

we observe that Neumann and Dirichlet boundary conditions get exchanged:
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0y X® — 0. X% (2.2.22)

Thus an open string with Neumann conditions on the compact coordinate will be
confined to a 25-dimensional submanifold in the dual theory. It is also interesting
to consider the limits of large and small radius. Taking R — 0 in the closed sector,
we see from 2.2.19 that all nonzero momentum states will decouple but we get a
continuous set of winding modes. Therefore we actually get again a theory in 26
dimensions (we interprete the continuous set of winding modes as new free momen-
tum states). The other limit R — oo has a similar effect and the two scenarios are
physically mapped to each other by T-duality. In the open sector R — 0 will also
decouple states with nonzero momentum in the compact direction but there will
be no continuum coming from winding states. Therefore we only get a theory in
25 dimensions. The only difference of open and closed strings are the boundaries
and therefore the interpretation is that the open string boundaries get confined to
a lower dimensional submanifold, a D-brane (see figure 2.1).

2.2.2 Gauge symmetry

On R 24 X ST we can decompose the gauge field (of the open bosonic string massless
spectrum) as (A*, A%). By a gauge transformation we can chose A% to be a constant
0

denoted by 57%. The momentum in the 25-direction gets shifted to

25 25 1 0
P4+ A® = 7 + R (2.2.23)

Taking in addition U(n)-Chan Paton lables |ij) into account, then we get again a
shifted momentum and therefore the changed mass formula:

1 1
M? = —QWR(QTH’L +6,—6;)+ E(N —1) (2.2.24)

In the generic case (0; # 0; for i # j) we get a U(1)" gauge theory. Let us then look at
the T-dual theory. Using the mode expansion ([11]) we get (using X?* = X* +27R)

X?(m) — X*(0) = —(2mn + 0; — 0,)R = —27ma/ (A — A2) (2.2.25)

and we see that the shift in the momentum gives an open string in the dual picture
which stretches between two D-branes at positions A7’ and A% (see figure 2.1).
Now turning the argumentation around, we see, that if we let k£ different D-branes
coincide, we get k? gauge fields in the massless spectrum of the open string (because
; = 6, for the respective pairs i, j), forming the adjoint representation of U (k).
This is also named a k-stack of D-branes. The same argumentation continues to
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Figure 2.1: Open strings with ends on D-branes

hold if we consider superstrings and D-branes which are (one also says which wrap)
more complicated submanifolds such as the product of Minkowski space and some
nontrivial cycle in the internal Calabi-Yau manifold.

2.2.3 DBI action and Chern-Simons couplings

Information about the dynamics of D-branes can be derived from scattering ampli-
tudes ([11]). The first part of the action which we will write down just for complete-
ness is given by the Dirac-Born-Infeld-action

Sppr =Ty, / " ee™ ) (—det(gup(X) + 2ma’ Fyp(X) — Bap(X))2 (2.2.26)
Xpt1

where gq(X) = 0,XM0,XNgyn and By, = 0, XM 8, XY By are the pullbacks of
the target space metric and NS-B-field and F' is the field strength of the U(1)-gauge
field on the brane.

More important for later is the second part of the action, which describes the cou-
pling of the brane to the Ramond-Ramond-fields. The main idea of its construction
is that chiral fermions on the D-brane world volume (which for example exist at
the intersections of different branes) have anomalous gauge transformations which
are proportional to the index of the Dirac operator on the D-brane world volume
Y. The index can be expressed in terms of topological quantities due to the Atiyah-
Singer-theorem [16]:
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ind(i D)) — / en(F) A ch(F) n 2D vy (2.2.27)

) A(NY)

where T3 and N denote the tangent and normal bundles, ch the Chern character,
A is the A-class (both explained in the first appendix), e denotes the Euler class
and F' is the curvature of the Chan-Paton bundle with base 3.

Assuming now that the RR-fields C; couple in the following way to the world volume
of the D-brane (the sum over different grades of forms is denoted by @)

Srr = / PBcany (2.2.28)
b
p

where Y should be of the form that the behaviour of this type of coupling under
gauge transformations exactly cancels the anomaly mentioned above, then one finds
the following Chern-Simons-coupling of the RR fields to the D-brane [17]:

Scg = —,u,,/zch(F) Ay ﬁ((gi)) NP, (2.2.29)

Here, Ry and Ry are the curvatures of the tangent and normal bundles to ¥ and
tp = 2wl P71, where [, is the string length. The general action of the RR-p-form
fields is given by the usual kinetic term and the above Chern-Simons action:

Scp+1 = / de—l—l A *de+1 + Scs. (2230)
My axX

we will use special cases of this action later to derive important consistency condi-
tions for string theoretic models for particle physics.

2.3 Orientifold compactification

The massless modes of the type ITA /B superstring theories give the spectra of N = 2
supergravity theories. In section 2.1 we observed that compactifying them on a Cal-
abi Yau threefold gives N' = 2 supergravity theories in four dimensions. To get
phenomenologically attracive models, we have to reduce the amount of supersym-
metry to NV = 1 (the N'=2 chiral supermultiplet contains in addition to the standard
model fermion field also a fermionic partner in the same representation of the gauge
group). We also want to consider D-branes as building blocks of MSSM-like mo-
dels. As we have seen in the previous section, they are charged objects under RR
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antisymmetric tensor fields. Because the internal space of our compactification is
compact and without boundary, we need to cancel these charges according to the
Gauss law. Both problems can be fixed by introducing a so called orientifold pro-
jection.

To reduce the amount of supersymmetry, let us consider the worldsheet parity
operator

Q:(r,0)— (1,21 — 0) (2.3.31)

combined with an operator which gives us a sign depending on the left moving
fermion number (F denotes the left moving fermion number operator):

Q(-1)fr (2.3.32)

This acts on the Fock space of physical states by interchanging left /right moving sec-
tors and giving a minus sign for an odd number of left moving fermions. Especially
in the NS-R, (R-NS)-sectors we see that only a linear combination of the two graviti-
nos is invariant under (2.3.32). In the type ITA case, which is the theory we always
use for examples (but if not otherwise stated, similar arguments hold for the type
IIB case):

8c®@Y_1|0,NS)n + ¢_1]0,NS), ® 8 (2.3.33)

This is invariant because we have physical states (and therefore (—1)f = 1 ) and
the world-sheet parity interchanges left movers and right movers. Therefore the
projected theory has only N' = 1 supersymmetry.

If we also combine the above projection with an antiholomorphic involution & of the
internal space (if we can for example introduce complex coordinates z;,i = 1...3)

g: X — X

i dz  i=1...3 (2.3.34)

we see that the fixed point set of the involution is a 3-cycle in the internal space and
contains in addition the whole external Minkowski space:

Fix(7) = R" x 33 (2.3.35)

It turns out that this fixed point set also couples to the RR-fields. It is called
orientifold plane, Op-plane for short, where p denotes the number of its spatial
dimensions (similar to the notation for Dp-branes). The appropriate Chern-Simons-
coupling has a similar structure as for the Dp-branes:
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[ £ RT/4
So, = — / A C, 2.3.36
Op Qphip R14xT, s RN/4 @ ( )

where Rr and Ry are the scalar curvatures of the tangent and normal bundle of
the orientifold plane respectively and £ denotes the Hirzebruch-polynomial, which is
given for reference in appendix 1. In addition (), denotes the charge of the orientifold
plane which one can calculate via scattering amplitudes and in our normalisation
convention has the value 2P~

In the next section we want to combine the Chern-Simons-actions of D-branes and
O-planes in such a way that the overall RR-charge in the internal space is zero.

2.3.1 Tadpole-cancellation conditions

In this section we want to derive a topological condition on the cycles wrapped by
the D-branes and orientifold planes, which correspons physically to charge neutrality
in the compact internal space. Consider orientifold p-planes (labelled by i) which
contain the Minkowski space R'? (p > 3) and wrap (p — 3)-cycles ¥, 3 in the
internal space. In addition consider stacks (labelled by a) of N, Dp-branes and
their images under the orientifold map, which also contain the Minkowski space and
wrap (p — 3)-cycles in the internal Calabi-Yau. Firstly, we want to determine the
equation of motion of the RR form C,;;. The relevant kinetic part of the type
ITA /B supergravity action is given by

1
Skin = Sp2. / Fpya N xFpio Fpyo =dCpia (2.3.37)
Kio Jasxx

where k19 is proportional to the fourth power of the string length. In addition we
use the Chern-Simons couplings given in (2.2.29) for the Dp-branes and in (2.3.36)
for the Op-planes. To carry out the variation of the Chern-Simons couplings with
respect to the RR form C),1; we expand the square root expressions. For example,
the first terms in the expansion for the Dp - brane case gives (using p1(TY,41) =

p1(TMy3)p1(TE,-3) )

A(RT) 1 (4)
- = (1—-——p(R;)+...
Ty~ D)
1 Sps 1 gp 5 1

and we get an expression of similar structure for the Op-planes ([18]). Expanding
also the Chern character and then varying the relevant parts of the action with
respect to Cpy1 leads to

(Scp+15 6Cp+1 (Skln + SDp + Sg;f)
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1
S 5Cyi1 Ad ho(F,) A 6C
4K32, M 3xX 7 Lot Z Y Dpa chol .
+ 11 Z chy(F,) A 6Chir — Quity Z / 5Chi1.  (2.3.39)
Z:Dp ’ EOP

We observe that chy(F) = tr(1) = Np,. If we also introduce the Poincaré-duals to
the cycles Xp, and Yo,

TDp ‘= PD(EDP) Top = PD(EOP) (2340)

we get for the variation of the action

1
50p+15 =T T2 / 5Cp+1 N *de+2 + Hp Z NDpa / 5Cp+l N T Dp,
4K10 Janaxx My 3xX
S Nog [ 8y A, = Qo > | aCuinro
o My 3xX My 3xX

(2.3.41)

which gives us the equation of motion

1
Fd * Fpyo = ppNpp, E TDpa + HpNDp,, E :WDpa/ — Qplip E :WOpi (2.3.42)
10 A i

a/

If we now consider the corresponding homology classes Ilp,, Ilp, € H3(X,Z) we
can translate the above equation into homology. Observing that d * Fj, o is exact,
we get

> Na(lpp, +10p,,) = @Qp Y Tlo,, =0 (2.3.43)

which is also known as the tadpole cancellation condition with respect to the RR-
form Cpy.



Chapter 3

Intersecting D-brane models

In this chapter we consider type IIA string theory compactified on Calabi-Yau
manifolds/orientifolds with D6-branes wrapping 3-cycles on the internal space. In
general position (i.e. infinitesimal deformations do not change the geometrical pro-
perties) two internal 3-cycles intersect at points. As we have already seen, we get
non-Abelian gauge groups at the intersections. It will turn out that the massless
open string spectrum at the intersection will contain chiral fermions in four dimen-
sions. The resulting anomalies are cancelled by the RR-tadpole cancellation condi-
tion described in the last chapter for the Abelian case and by the generalized Green-
Schwarz-mechanism for the mixed Abelian non-Abelian and gravitational case. Thus
this setup provides the possibility to construct consistent four-dimensional models
of particle physics.

3.1 Branes intersecting at angles and chirality

To illustrate the appearance of chiral spinors, let us consider two D6-branes, D6,
and D6, which both contain the four-dimensional Minkowski space. For simplicity
let us take the six-dimensional internal space to be C* with complex coordinates
Z', 72, 73, Four-dimensional Minkowski space should be part of both branes and
therefore the two branes wrap cycles of real dimension three in the internal space.
Generically, they intersect at a point in the internal space and the intersection is
characterized by three angles 6, 65, 03, schematically depicted in figure 3.1.

Now consider the sector of open strings which have one endpoint on the first brane
and one endpoint on the second. We are interested in the massless case and there-
fore both endpoints are confined to the intersection of the two branes. The only
difference in the quantisation procedure are different boundary conditions on the

28
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Figure 3.1: Two D6-branes containing the four-dimensional external space and wrap-
ping different 3-cycles in the internal manifold

two endpoints, describing the confinement to the two different branes:

oc=0: 0, (27 + 29 =0,(Z" —=Z9) =0
o=7: 0,77 +e*%0,7" =0 (3.1.1)
0. 77 — e*i9. 77 = 0.

These boundary conditions give rise to a modified mode expansion. In particular,
the oscillator modes of both, world-sheet bosons and fermions get shifted by €; := %:

al aZLJrEj &l di_ej (bosonic) (3.1.2)

gz—i—u = 7vbn+l/+6j lzgz-i-u = ng;/"l‘l/—ﬁj (fermionic) (313)
where as usual v = 0 for the Ramond sector and v = % for the Neveu-Schwarz
sector. An important consequence of this shift is the following. In the generic case,
where all 6; are non-zero, all excitations in the Ramond-sector along the internal
directions are massive. The only zero modes come from the directions along the
common Minkowski space. These form, as in the unshifted case, a representation
of the Clifford-algebra, but this time in four dimensions. The GSO-projection will
project out one chirality and therefore the Ramond ground state is a single chiral
Weyl fermion.

The mass of the lowest excitations of the NS-sector (which give scalars in four di-
mensions) depends on the ;. Only for specific values of them, the bosonic and
fermionic degrees of freedom in four dimensions match. As a consequence super-
symmetric models only arise (if at all) on intersecting brane configurations of specific
values of the intersection angles.

3.2 Massless spectrum and family replication

Let us now consider stacks a, b of N, and N, D-branes respectively. They are
assumed to wrap the 3-cycles

I,,1, € Hs(X,Z) (3.2.4)
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which are in general not invariant under the orientifold projection Q&(—1)z. For
this case, the gauge symmetry realized on the intersection of the two cycles is
U(N,) x U(Ny). The degeneracy of the massless modes of the open string stretch-
ing between the two stacks is N, and N, respectively. We therefore see that the
chiral fermion at the intersection described in the last section transforms under the
bifundamental representation (CJ,, 7). If the string stretches between the stack a
and its orientifold image a’ the corresponding chiral fermion on the intersection of
I1, and its orientifold image II/, transforms in the symmetric (1], or antisymmetric

Ha representation of the gauge group U(N,).

In a compact internal space X 3-cycles generically have multiple intersections.
Clearly one can create an arbitrary number of intersections by deforming the cycles
wrapped by the brane. But the physically interesting quantity is the net number of
chiral fermions which translates into the notion of topological intersection numbers.
These are counted by the intersection product (M is a manifold of dimension n):

o: Hy(M,Z) x Hy_p(M,Z) — Z (3.2.5)

(1L, IIp) = / i, A\ 1, (3.2.6)
M

where 7y, are the elements representing the cycles II; in cohomology.

Now we see that we get II, o II, copies of the chiral fermionic matter arising at
the intersection of the cycles II, and II, wrapped by stacks of D-branes. This is a
geometrical explanation of the existence of multiple families of elementary particles.
The exact rules ([19]) to compute the multiplicities of the various representations
(depending on the type of object which wraps the cycles involved in the intersections)
are given in the table.

Representation Multiplicity

L. L(IT, o T, + Mog o T1,,)
T, ST, o I, — Tpg o I1,)
(Dm ib) Ha o Hb
(e, ) I, o I,

Table 3.1: Chiral matter for intersecting D6-brane models

3.3 Anomaly cancellation and Green-Schwarz mech-
anism

In the last section we described the existence of four-dimensional chiral fermions at
the intersection of D-branes. As usual chiral fermions will be the source of gauge
anomalies. In the following we will see that purely non-Abelian anomalies will cancel
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as a consequence of the RR-tadpole cancellation condition derived earlier. The case
of Abelian, mixed Abelian non-Abelian and gravitational Anomalies will cancel due
to the generalized version of the Green-Schwarz-mechanism.

3.3.1 Non-Abelian anomalies

To prove the absence of non-Abelian anomalies, we first recall the tadpole cancella-
tion condition 2.3.43 for type ITA string theory with D6-branes and O6-planes:

> N,(Ip, +10p,) —4) T, =0 (3.3.7)

Now from field theory we know (e.g. [20]) that the non-Abelian anomaly coming
from the graphs

rvvve SU(N,) SU(N,)
5U(Na>7ﬂ70‘b~< SU(Na)'m@;:
s SU(N,) SU(N,)

is proportional to the group theory factor

A% o t2(TT? TEV) = %A(m)d@b@ (3.3.8)

a’—-a

where 7, denotes the representation and T are the generators of the gauge group
SU(N,). One can show that A(r) = 1 for the fundamental representation and
A(r) = N —4 (A = N + 4) for the antisymmetric (symmetric) representation of
SU(N) and A(r) = —A(7) for the conjugate representation. Summing over all
possible chiral fermions and using the multiplicities of table 3.1, we get for the
anomaly

A oY " Ny(~T1, o I, + T, o T,

b#a
N,—4
+ T(Ha o H:I + Ha o HOG)
N, +4
* (I, o IT/, — T1,, o Tpg) (3.3.9)

=TI, 0 (Y Ny(Il, — IT}) + N,I1,) — 411, o Tog
b#a
= 0.

where we have used II, o II, = 0 for threecycles II,.



32 CHAPTER 3. INTERSECTING D-BRANE MODELS

3.3.2 The Green-Schwarz mechanism

We now want to treat pure Abelian, mixed Abelian non-Abelian anomalies and gra-
vitational anomalies. In the following we sketch the main arguments for the cancel-
lation of these anomalies by introducing an appropriate Green-Schwarz-counterterm.

Let us first introduce useful objects for the later calculation. Let {I';} be a basis
of H3(X,Z) and {A7} a dual basis w.r.t the intersection product (I'; o A7 = §7).
Therefore we can expand every 3-cycle I1, € H3(X,Z) as

I, = aily = oV (3.3.10)

Now we consider the U(1), — SU(N,)? anomaly with contributions of the following
type of diagrams:

rrvvees SU(Ny) SU(Ny)
U(l)aW\/< U(l)aWW\<I>§
55555 SU(N,) SU(Ny)
They are proportional to the group theory factor (][20])
A oy Qa(r)Cy(r) (3.3.11)

where the sum goes over the representations of chiral fermions in the loop, @), is
the U(1)-charge of stack a and Cy(r) is £ for the fumdamental /antifundamental and
A2 (A22) for the symmetric (antisymmetric) representations. Writing this again
with the help of the multiplicities given in table 3.1 we get

1 N,
Aabb O<§5ab(z an(Hl —|— Hg) — 4 Z HOﬁl) (@] Hb —|— 7(—]._[@ —|— Hg) (@] Hb
l l

(3.3.12)
N, ,

= 7(—1’[@ +1I)) o 11,

where we have again used the tadpole cancellation condition 2.3.43. In the following,
we want to use the Chern-Simons couplings of the RR-forms to the stack a to show
that by dimensional reduction we get couplings which cancel the above field theoretic
anomaly. Thus string theory provides a mechanism to get consistent models of chiral
gauge theories in four dimensions. Consider the following Chern-Simons couplings
of the RR~-forms C'5 and Cj to the field strength F; on the stack a:

/ Cs A tr(Fyu A Fy) / Cs NtrF,. (3.3.13)
RL3xI1, RY3 xI1,
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We now want to perform a dimensional reduction. Therefore we use the decom-
position 3.3.10 and integrate over the internal parts to obtain the following four-
dimensional scalars (axions) and two-forms:

@:/@ &:/@ (3.3.14)
T; AJ

using them we can write the couplings 3.3.13 as follows:

E%/ dtrF, A Fy; mE@/ B) A F, (3.3.15)
- R13 - R
7 J

1,3
where the factor N, comes from the trace over the U(1)-generator if we decompose

U(N,) = SU(N,) x U(1). These couplings can be used to get the following Green-
Schwarz-diagram

v
Fl, aaananane f(((((
B @\
Fb

Figure 3.2: Tree-level axionic contribution

The amplitude will be proportional to the vertex coefficients, which we get from
3.3.15:

N i il
Ags o< — Z(% - &, )ﬁbi

2 i
N, , : :
=5 > (0 —al)ByTio N
.3
No
== T(Ha — H;) e} Hb (3316)

We get the %-factor from the symmetry of the diagram and therefore we see that it
will cancel the field theoretic anomaly 3.3.12.

Similar cancellations can be observed for the other types of anomalies, like the cubic
Abelian and gravitational cases ([14]).

An additional important observation of the above couplings 3.3.15 is the fact that
some of the Abelian gauge fields get massive via a Stiickelberg-type mechanism.
Therefore they are still global symmetries at the perturbative level and therefore
restrict the form of allowed couplings in the theory. This will be discussed in the
next section.
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3.3.3 U(l)-symmetries

We again recall the schematic Green-Schwarz coupling structure of the U(1)-gauge
field F, on the stack a to the two-form B

m B’ A F, (3.3.17)

RL3

Consider now the following Lagrangian, containing in addition the kinetic terms for
the 2-form B and for the U(1)-gauge field Fy:

1
L =—dBA*dB — ﬁFa NxF, +mBA\F, (3.3.18)
g

We want to show that such a Lagrangian is equivalent to a Lagrangian with a mass
term for the gauge field A, or some gauge equivalent configuration, with F, = dA,.
To show this we observe that the above Lagrangian can be reformulated with an
independent field H plus the constraint that dH = 0 (and therefore locally H = dB)
which is implemented by an auxiliary field a:

1
Ez—H/\*H—4—g2Fa/\*Fa+mB/\dAa+madH (3.3.19)

if we do a partial integration in the last two terms we get (assuming that the boun-
dary terms vanish)

1
L=—-HANxH — pFa NxFy, —m H A (A, + da) (3.3.20)
g
Now using the resulting equation of motion *H = —% (A, + da) we get
m? 1
L= _T(A“ +da) N *(A, + da) — FF A *F (3.3.21)
g

which gives a mass to the field A,+da. This is also called the Stiickelberg mechanism.
To preserve gauge invariance this mechanism also demands that the scalar a trans-
forms under U(1) gauge transformations to compensate the transformation of the
gauge field A,. As a result, U(1)-symmetries which become massive in this way
will still be symmetries in perturbation theory and therefore will often forbid phe-
nomenologically desired couplings later on. This will be one of the reasons for the
introduction of D-brane instantons. Because we also want at least one massless U(1)
to have electromagnetism, we are finally interested in the conditions under which
a linear combination of U(1)’s will remain massless. Recall the coupling which
generates the Stiickelberg-mass:

Ny(maj — w0 ) B) A F, (3.3.22)

Rl,B
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If we now consider a set of stacks of D6-branes labelled by x with N, branes at the
stack x we can look at the linear combination ¢, F, of the U(1)-field strengths. The
Stiickelberg coupling then becomes

Z o(Toj — ) B A g, F, (3.3.23)

RlS

and therefore the condition for a linear combination of U(1)’s to remain massless

can be read off:
Z GuNy(my — ) =0 (3.3.24)

This is again a topological condition which will play an important restrictive role in
finding realistic models of particle physics.
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D-brane instantons

4.1 Instantons in Yang-Mills theories and
collective coordinates

In the first section we want to briefly recall the basic elements of Yang-Mills in-
stantons ([21][22][23]]26]). We first want to state an instanton-solution to SU(2)
Yang-Mills theory and then describe the behaviour of path integrals if we expand
the physical fields around an instanton solution. It will turn out that it is necessary
to integrate exactly over the collective coordinates of the instanton solution to avoid
an infinite path integral.

4.1.1 Finite action solutions by selfdual/anti-selfdual
connections

Consider the pure Euclidean Yang-Mills action over a compact manifold M

9° Jm

where the trace is over the adjoint representation of the gauge group. To write this
more conveniently we use the scalar product of forms 7, with values in the Lie
algebra g of the gauge group G:

M X, (RY) :=nA*x(®tr(adX oadY) (4.1.2)

where 7, € A*T*M, X,Y € g and ad denotes the adjoint representation. With
this definition we get

1
Ly = ?/Mw, F) (4.1.3)

36
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Observing that the Hodge-star on 2-forms squares to the identity in four Euclidean
dimensions, we can estimate the Yang-Mills action from below:

0 <(F +x*F,F +xF)
= (F,F) £ (xF, F) £ (F,%F) + (xF,%F)

=2((F, F) £ (xF, F)) (4.1.4)
and therefore we get a lower bound for the Yang-Mills-action:
SYM Z ‘/ trB' A F ‘ (415)
M

And we observe that this bound is reached by selfdual or anti-selfdual field strengths.
Therefore to minimize the action we only have to solve the (anti-)selfduality con-
dition. This was first done in [22] for the gauge group SU(2): If we want to get a
solution to the Yang-Mills equations for the connection A (F = DAA, D4 the gauge
covariant derivative), the field strengths should vanish for |z| — oco. Therefore the
following ansatz is reasonable:

A= f(r)UdU U :RMN{0} — SU(2) (4.1.6)

Here, f is a real function of r = |z| which has the property lim, .., f(r) = 1 in
order to get a pure gauge ansatz. The (anti-)selfduality conditions then lead to
ordinary differential equations for f and one can show that the solution in the so
called singular gauge [26] is given by (7, are the t'Hooft symbols defined in the
appendix):
PP, (x — x0)

(@ — 20)*[(z — m0)* + 9]
We observe that the solution is characterized by 4 parameters z, (the position of the
instanton) and p (the size of the instanton) which are called the collective coordinates
or moduli of the instanton. We will see later that they will play an important role
in the evaluation of the path integral in the presence of an instanton.

A (75205 p) = 2 (4.1.7)

The class of maps U : R"\{0} — SU(2) is topologically the same as the maps
S3 — S3% and therefore is classified by the homotopy group m3(S%) = Z and one
can show that for every n € 7Z there is a solution minimizing the action with the

minimal value
1 872
9 Jm g

where n € Z is usually referred to as the instanton number. Atiyah, Drinfield,
Hitchin and Manin gave a construction of instanton solutions to all numbers n € Z
([24]) and it was given for more general gauge groups in [25].

4.1.2 The path integral in the presence of an instanton and
collective coordinates

We now want to calculate correlation functions in an instanton background by ex-
panding the action around the classical instanton solution.



38 CHAPTER 4. D-BRANE INSTANTONS

Bosonic collective coordinates

Let us first consider a system with bosonic fields ¢/ and action S[¢’]. We decompose
the fields to treat quantum fluctuations around the classical instanton solution:

¢ (x) = ¢ly(w, ) + ¢ (2, N) (4.1.9)

where we have written down explicitly the dependence of the classical instanton
solution and the quantum part on the collective coordinates as seen in the last
section. The collective coordinates only enter by introducing the split into the
classical and quantum part. Let us also expand the action up to second order in the

fields:

5’ Sl [(b]
09" (x, A)6¢ (z, A)
Where we denote for convenience the operator 9t and its integral kernel representa-

tion by the same letter. We now observe that the operator 991 has zero modes, which
are by definition nonzero normalizable eigenfunctions of 9 with zero eigenvalue.

1 . .
Slol = Sa+ 500 Mijby My = (4.1.10)

They are given by (7 : . To prove this, we take the derivative of the equations
of motion w.r.t. the collectlve coordinate A and assume the normalizability:

9 88,
NGl (x, \)

525,4[4] 57 (y, \) 0¢’,
/ Yoo Nogh(y, N OA OA L

If now 901 is a self adjoint operator, we can expand the quantum fluctuations into
eigenfunctions E7 of IM:

M B = Bl 0y =Y &mEli By En) = Cobin (4.1.12)

meN

Then we can write the path integral as

/ [dele51%) = / (T] Vemd&n)e etz Ementnenen (4.1.13)

meN

If there are no zero modes, the Gaussian integration would lead to a result propor-
tional to (detfm)_%, but in the presence of zero modes this would be infinite and
thus the path integral ill-defined. We therefore single out the integration over the
zero mode to get

/[d¢] -Sle /d&) e 5 (det'IT) 2 (4.1.14)

where det’9t comes from performing the Gaussian integration without the zero mode
& (which is also called the amputated determinant).
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Now to convert this into an integration over the collective coordinates, we do a
Faddeev-Popov-insertion:

1= /d)\é(g()\))ag—(;\). (4.1.15)
We will do this insertion with g(A) = —(¢ — ¢u(A)| %) and therefore we get:
/[d¢]6_5[¢] — /dAdfo\/%e‘Sd(det’z):n)—%5(_<¢qu|%>)(_a_i<¢qum|8a¢;z>)
— [ dnagoae S et mn)E6(6oco) o — (0N 55 )
= / d\y/Coe™ 5 (det/om) "2 (4.1.16)

here we have neglected the term (@4, ()\)|%%) because in a semiclassical approxima-
tion the solution ¢ should not oscillate too strong. For more zero modes, we get

([26])
/[dgb]e_s = /Hd)\i(detU)ée_Sd(det'i)ﬁ)_% (4.1.17)

where U denotes the metric on the space of collective coordinates.

Fermionic collective coordinates

Again we use the ansatz ¢(z) = ¢u(x, A)+dqu(x, A) and we can expand the quantum
fields ¢, in eigenfunctions
=Y &mEl, (4.1.18)
meN
but now the &, are Grassmann-valued parameters. Using again the definition
(4.1.13) of the path integral measure we now get because of the Berezin-integration-
rules:

/[dgb]e_s[‘z’] = /dfo coe_SCl(det'Sﬁ)% (4.1.19)

and after transforming the integration variable &, into the collective coordinates
of the fermionic instanton solution ([26]) one again has an integration over the
Grassmann-valued (fermionic) collective coordinates.

4.2 D-brane instantons

In this section we now turn to instantonic objects in string theory. Here we will
come to a generalization of field theory instantons. A Dp-brane instanton is by
definition an object which is pointlike in the external space and wraps a (p + 1)-
dimensional cycle in the internal Calabi-Yau space. They are often called Euclidean
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branes or Euclidean instantons because they are only extended in the (Euclidean)
internal dimensions. Our first example are the D(-1) branes which are simply points
in the external space. Placing them into spacetime filling D3-branes, we will be
able to derive the ADHM-constraints and the BPST instanton solution from string
scattering amplitudes. Therefore it is reasonable to consider those objects as string
theoretic realization of gauge instantons.

4.2.1 The ADHM-constraints from string scattering

We now want to describe how the ADHM constraints arise from string scattering
amplitudes in the o/ — 0 limit and how one gets the classical instanton solution
stated in chapter 4.1 . It was realized in [28] that one can describe an instanton
solution with topological charge k in SU(NN) gauge theory if we place k D(—1)
branes into a stack of N D3-branes (which fill out the four dimensional external
space). In order to find the effective Lagrangian of the massless fields on the D3
branes, we consider scattering amplitudes of the involved fields and perform the
limit o’ — 0 where the Yang Mills coupling remains constant (this is often called
the field theory limit). As an example, we get the interaction term of a gauge boson
A" and two gauginos A* by calculating the following disc-amplitude

_1 _ _1
M < (Vi 2 () VD () Vi 2 (25)) 219 203 200 (4.2.20)

where z;; = z; — z; and the superscripts on the vertex operators denote the ghost
charges. The vertex operators needed for this amplitude are given by (we first drop
factors of 2w’ and just give the dependence in the final results by reintroducing
them in the following way: We have (27a/ )% for bosonic fields of the NS sector and

(2ma/)7 for the fermionic fields of the R sector)

) 1 o X

Vi = Aﬂ_ﬂ%(z)e—wew (=) (4.2.21)
_1 _ : i, X P

Vi = RaaS%(2) 54 (2)e 200X (4.2.22)
_1 i M

V/S 2 AaaSa(2)Sa(z)e” 70D eirnX (4.2.23)

Here we assume Euclidean signature. X, denote the string coordinates and S the
spin fields. We use u,v = 1...4 for the external dimensions, a,b = 5...10 for the
internal dimensions and M, N = 1...10 for complete space. A ten dimensional spin
field decomposes into Weyl spinors S, (S5%)of SO(4) of positive (negative) chirality
and Weyl spinors S4(S4) of SO(6) of positive (negative) chirality. Inserting this
into 4.2.20 we can factorize the different sectors which leads to the evaluation of

Acm<sd<z1>SA<zl>wu<z2>sa<z3>53<23>>Aa3<z3>%Au@)

<€_%¢(zl)e—¢(z2)e—%¢(zs)><€iP,ILX“(Zl)eipﬁx“(zz)eipflx“(z?))>
B 1
V2

212 223 231

CAaad, 3 A (p) AP 6%, (4.2.24)
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Where we used the correlators given in the appendix and C is a normalisation
constant. Taking the trace over the gauge group indices, summing over the different
orderings of the generators of the gauge group (for the rules of computing disc
diagrams see for example [11]) and writing out the normalisation factor C, we arrive

at
21 _ &
———tr(Agal A", AJ) (4.2.25)
9y m
where we get a factor of (2wa/ )2 from the fields and in addition we introduced a

normalisation constant for disc amplitudes for D3-branes which is given by W
m Y M

(see for example [33]). We can proceed in the same way for all the massless fields of
the D3-D3 sector. Taking the o/ — 0 limit (with the Yang-Mills coupling fixed) and
doing a Fourier transform one can derive the Euclidean N' = 4 super-Yang-Mills
action which is responsible for these interactions ([30]):

1 1 n @
S =—— /d4x tr{§F5,, —2Aaa DD 5/\? + (Du¢a)2
9y M

- %[% o] — i(5) P Naalda, Af] — i(X) A (¢, AT]}. (4.2.26)

But in addition to that we can also consider the massless fields in the D(—1)-
D(—1) sector and in the D3-D(—1)-sector. We first give the relevant fields and their
properties:

sector | modulus vertex operator representation
NS a, 1%¢“(3)6_¢(Z) adoint of U(k)
NS Xm ﬁmem(z>€_¢(z) 7
NS D, 3 Dol W (2)" (2) i
R | M4 | MOAS,(2)Saze 39¢) ”
R Xia | XaaS4(2)84(2)em29¢) v

Table 4.1: D(-1)-D(-1)-sector

sector | modulus vertex operator representation
NS We, waA(2)S%(2)e*) (k,N)
NS w® WA (2)Sy(2)e??) (N, k)
R | wa | mald(@)S42)e @) | (K N)
R fa | Bald(2)Sa(z)e 20 (N, k)

Table 4.2: D(—1) - D3 - sector

A and A denote the twist fields which change the boundary conditions from the
D(3) to the D(—1) sector and vice versa.
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Now again the scattering amplitudes will give us the relevant information about the
action of the moduli fields. Let us, for example, consider the following amplitude
1

Ay tr{212223231)\aAﬁ <Sd(21)SA(21)¢u(22)5ﬁ(23)53(z3)>

a MPB (e~ 29(1) ¢~ 0(z2) g~ 36(28)) )
= — i tr{Aqa(G,,) 50" MO} (4.2.27)
which will give a contribution of the form

Arams = —étr(&m[ﬁaﬁ, M) (4.2.28)

0
Where we have introduced again the constants appropriate to the type of fields (as
explained above) which give us (27ra’)? and in addition we have a factor of m
which together give only a dependence of gy. This is the analogue of the Yang—l\/[illos
coupling for the D(-1) branes and is kept constant in the field theory limit . If we
calculate in a similar way all the 3-point correlators in the D(-1)-D(-1) and D3-D(-1)

sector we arrive at the action for the moduli given by [30]

m Z o m — e} Z’_
S = tf{ - [a,qu ]2 - EM A[XABu MZ] + X WaW X + §MAMBXAB

— iD(w*(r%)swg + i776, [a*, a”])

&

+ NG (M we + Bap® + ol [MP4 a,])} (4.2.29)
where xap = Xm(X")aB.

We observe that the equations of motion for D¢ and \§ exactly correspond to the
ADHM constraints (given in [26]).

4.2.2 The BPST instanton from string scattering

It is also possible to get the instanton solution in classical field theory. For simplicity
we consider only the case of topological charge 1, i.e. we have an Abelian Chan-
Paton gauge group in the (-1)-sector. In addition we restrict to SU(2) gauge theory
on the D3-branes to get the original BPST solution. We have to evaluate the disc
amplitude with two moduli and one gauge field inserted given in figure 4.1.

To calculate the amplitude we use the vertex operators for the moduli w and w of
the above tables. They are in the (—1)-ghost picture so we have to chose the vertex
operator for the gauge field in the zero ghost picture. Applying the picture changing
operation we get:

AT = 2T (90X, — ip - i, )e PX (4.2.30)

and thus we get for the amplitude

Mpaw = <V1I(;_1)VA£(p)Vu(;_1)>Z12Z23Z31
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W

Figure 4.1: Disc diagram leading to the BPST instanton solution: The two insertions
of the moduli vertex operators change the boundary from the D3 sector (which is
represented by a solid line) to the D(-1) sector (represented by a dashed line).

= wd<A(21)6_ipx(zl)A(23)>w13212223231<€_¢(zl)6_¢(23)>
(S%(20) 2T (0X), — ip - ()57 (23))
= i(T)ep T (W (o) 57, e~ o (4.2.31)

where we have used the correlators and t’Hooft symbols 7, given in the appendix.

Now if we want to calculate the gauge potential A, (x) in position space we have to
multiply the above amplitude with the propagator ¢, /p* and then take the Fourier
transform with respect to the momentum variable p:

d4p — 1 ipT
Ai(l‘): /—Al(p,w,w)—ep

27T2 © p2
= — 2T, (we (7)), (&= ) (4.2.32)

Mz —a9)t

To write this solution more conveniently, let us define 2p? := W% w,® and the follow-

ing matrices

a 1 a a -
toy, = Q—pz(w‘j‘ (7e) 5wﬁb) (4.2.33)

Now if we look at the ADHM constraints in the case of topological charge 1 given
in equation 4.2.29 which in this case reads

@ () wy = 0 (4.2.34)

(07

With the help of this constraint we get the following

Claim: The t-matrices obey the same algebra as the generators of the SU(2) gauge
theory.

Proof: We have to show that

tiabtjbc - jabtibc = teiity", (4.2.35)
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The left hand side is given by

1 a & ¥ 8 a & y b

4—p4[wd (73) ﬁ'wﬁbw*'yb(Tj)Fngéc —wy'(75) Bwﬁbw‘yb(Ti)’ygwéc]‘ (4.2.36)
Now we use the fact that the identity and the Pauli matrices form a basis of complex
2-dimensinal matrices: . _

o Swly = 201+ my(r)’ (4.2.37)
Inserting this in the left hand side of the above equation, we see that the part
multiplying the identity exactly gives the desired result. It therefore remains to
prove the vanishing of the second part. So we have to prove the vanishing of

mkwda(TiTij — TkaTi)dﬁ-’u_Jﬁb (4238)

this is equal to

& B

ar- . .
mrwe, (ZTaTZ'Ej]m — T Tj€kia — ZTaTkEjm) 8

d .
B

= w,fima (0w — 20" )ejia] i, (4.2.39)

but both terms vanish because of the ADHM constraint 4.2.34. q.e.d.

= MW" (1T Th€jia) u‘f

And therefore we can write the gauge potential in the following form (using the
normalisation tr(T47T%) = 2645)

ALa) = (T,
(x — o)V

=92p%pl T 4.2.4
p n;u/ (ZZ}' _ $0)4 ( 0)

But this is exactly the first term in the large distance (|z — x¢| > p) of the BPST
solution in singular gauge presented in section 4.1:
p*i, (x — x0)"
(= 20)*[(z = 20)* + p?]
(x — o)V

AS (2503 p) = 2

2

(-4 —px0)2 o) (4.2.41)

—9 2—c
P M ([L’—ZL'Q)4

Also the higher terms in this expansion can be derived from scattering amplitudes
as shown in [30].

4.2.3 E2-instantons in type ITA string theory

In our first example we did not care about the internal space when considering the
properties specific for instantons. Now we want to look at instantons which are
3-dimensional cycles and therefore extended objects in the internal space.
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Let us, for concreteness consider type IIA string theory compactified on a Calabi-
Yau manifold. To reduce the amount of supersymmetry from V' = 2 to N’ = 1
we perform an orientifold projection Qa(—1)t as given in chapter 2.3, where
denotes the world sheet parity operator, ¢ is an antiholomorphic involution and F7,
denotes the number operator of left moving fermions. We therefore get O6-planes
wrapping a (special Lagrangian) 3-cycle in the internal manifold as a fixed point set.
As we saw in the last chapter, the Green-Schwarz-mechanism was used to cancel the
RR-tadpoles by Chern-Simons-couplings of the RR-form C3. If we now look for
internal cycles which intersect the above objects in a point in general position and
also couple to the axionic 3-forms we are guided to consider Euclidean branes with
3 dimensions.

The Dirac-Born-Infeld and Chern-Simons-actions for Ep-Instantons are of a similar
structure as for Dp-branes (2.2.26 and 2.2.29). Looking at the coupling of the RR-
form C5 one can read off the action for E2- instantons

526_¢/ Qg—l—'l/ 03 (4242)
I's I's

where )3 is the holomorphic 3-form on the internal Calabi-Yau.

4.2.4 Zero modes

Now we turn to the massless spectrum of an open string with both ends on the E2-
brane or with one end on the E2-brane and one end on a matter-D6-brane. Because
these are very important for the phenomenological parts later in this work we will
explain their properties in more detail than in the first example.

The important difference to open strings ending on Dp-branes is again the pointlike
character of E2-branes in the external space. Therefore in the external dimensions
we get Dirichlet-Dirichlet (DD) boundary conditions for open strings with both
ends on the E2-brane and Dirichlet-Neumann (DN) boundary conditions if the open
string ends on the E2-brane and on the D6-brane.

We can observe the number and properties of the different zero modes by considering
the mass formulas of the superstring with appropriate boundary conditions. As in
section 3.1 we get fractional modings a,,1., and ¢, 1.+, if the cycles wrapped by
the branes intersect at angles ¢; and x = $(0) for the NS (R) sector. The DN-
boundary conditions give an additional shift of % in the external dimensions of the
E2-D6-sector which has the consequence that the zero point energy in the NS-sector
(which is already greater than —% for generically intersecting branes) gets shifted by
% and therefore there will be no zero modes from this sector. In the R-sector the zero
point energy is still zero but because of the %-shift in the mode expansion we have a
world-sheet spinor as zero mode (and is thus two-dimensional). The GSO-projection
will select a specific chirality and therefore we get one real degree of freedom.
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We now want to describe in more detail the different zero modes and give a physical
interpretation.

Zero modes in the E2-E2-sector

Due to being pointlike in four dimensions, the instanton breaks translational sym-
metry in these directions and therefore we get four massless Goldstone-bosons z#.
In addition, some supersymmetry will be broken, depending on the geometry of the
cycle wrapped by the E2-brane: In general position it will not be invariant under
the orientifold projection and therefore we have the full A/ = 2 supersymmetry
(Q1,Q2) on the Calabi-Yau as constructed in the second chapter. The orientifold
projection will break half of these supersymmetries: Due to the localisation of the
instanton [27], the unbroken supercharges will be Qf and Q% leading to four Gold-
stino modes. To emphasize their origin of different parts of the N/ = 2-algebra they
will be denoted by % and 7¢.

We conclude that (if we assume the absence of additional zero modes to be discussed
in the next subsection) to get a F-term contribution (we finally want to integrate over
the zero modes in analogy to the previous section), we have to look for a configura-
tion where half of the Goldstino-modes are absent, in other words the configuration
should only see N’ = 1 supersymmetry. This is the case on an appropriately placed
spacetime-filling D-brane (and therefore the E2-brane should be placed on top of
the D-brane) or on a fixed-point-cycle of the orientifold-projection. The first case is
similar to the first example of instantonic branes discussed in the previous subsec-
tion. It corresponds to the stringy realization of a gauge instanton. In the second
case one has to be careful about the action of the orientifold map which in the case

of one E2-brane projects out the 7 modes (see [27] for the general case of a stack
of E2-branes).

There are also zero modes coming from the different directions in which we can
deform the cycle the instantonic brane wraps. One can show that there are one
complex bosonic and four fermionic zero mode associated with one direction in
which we can deform the cycle. The multiplicity of these zero modes is counted by
the number of possible deformations which is given for E2-instantons by the first
Betti-number b*(E2). A instanton without these zero modes is called rigid.

Zero modes in the E2-D6 sector

Let us now turn to the case of an open string with one end on the E2-brane and
one end on an N-stack of D6-branes (which contains the external space). As al-
ready noticed, there are fermionic zero modes from the Ramond sector. The GSO
projection only gives rise to chiral spinors on the two-dimensional world-sheet and
we therefore get a one-dimensional Grassmannian degree of freedom. These zero
modes are called charged zero modes because they transform with respect to the
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fundamental representation of the gauge group given on the stack of D6-branes. In
the following table 4.3 we list the multiplicities of the different representations with
respect the gauge theory on the E2 and the stack of D6-branes labelled by a (which
are given by the topological intersection numbers similar to the case of intersecting
D6-branes).

Zero mode | Representation | Multiplicitiy
%\a = >\E2—a (_1E27Da) IEQ_G
)\a = >\a—E2 (1E27 ia) —[EQ_G
Au = AB2—q (1E2,Th) Iy
)\; = )\a_EQI (_1E2>ia) [Ez,_a

Table 4.3: Zero mode content of an instantonic E2-brane intersecting with a stack
a of D6-branes

From the table we can read off the total U(1)-charge of the zero modes with respect
to the stack a:

QG(EQ) = Na([g2—a - 152—a - IEZ’—a + 152’—a)
= NoIp2-a — Ig2—a) (4.2.43)

4.2.5 Instanton calculus in string theory

We now want to give a way to calculate string theoretic correlation functions in a
background of D-instantons. To have a concrete case in mind, we go back to our
first example of the D(-1)/D3 -system and take again the notation introduced there
for the moduli fields. The important observation which leads us to a prescription
of how to deal with insertions of moduli fields is that the moduli fields have no
momentum in the four dimensional world and thus have no dynamics. We therefore
can identify for example a 3-point function with two moduli fields and one gauge
field with a 1-point function in spacetime. We will introduce the following notation
for disc amplitudes to write this explicitly:

(Ve ViV ) = (Vi) o) (4.2.44)

which also can be stated in terms of Feynman diagrams:

world sheet space
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Where we depicted the instanton brane with dashed lines to distinguish it from the
D(3)-brane, which is a solid boundary.

Now let us first consider all disc diagrams with only moduli fields inserted, i.e. in the
above introduced language, spacetime-vacuum contributions (figure 4.2). In terms

Figure 4.2: Spacetime vacuum contributions

of correlators this reads
(Lo = (1) + (VaaV,) + ... (4.2.45)

Calculating the amplitude without any insertions it was shown in [30] that it is
proportional to the topological charge k. The sum of the other diagrams gives the

full moduli action: 82k
T
(Do = — S (4.2.46)
Y M

The next step is to consider now also insertions of matter fields. To get the full
contribution to a correlator of n matter fields ¢; one has to sum over discs with all
possible conﬁgurations of moduli vertex operators V), inserted:

ILd=]11 (]J
HV@ D(M) — dV J H bk Zkapk Hsz Jl (4.2.47)
gYM abe

conf

Here the division by dV,;. means that we can fix three positions on the disc.

In addition to that, in analogy to the field theory case described earlier, we have to
integrate over the space of moduli. We denote the corresponding measure by dM.

This integration has the effect that a class of disconnected diagrams get connected
in the spacetime point of view. In the integrated product

/dM<H V) (1) Dowy (4.2.48)

the integration over the moduli will connect the two parts at the location of the
different moduli and therefore we get a connected diagram of the fields ¢;. But this
works also for a product of two correlators of matter (¢;) fields like

/dM<H ¢i>D(M)<H ¢j)D(M) (4.2.49)
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The result of the moduli-integration therefore is that we have also to consider these
seemingly disconnected diagrams when computing correlation functions of matter
fields in an instanton background.

In the case of equation 4.2.48 we have to sum over all kinds of products of the
vacuum contribution. Taking the different symmetry factors into account ([31]) we
get

1
1+ (1)pmy + §<1>D(M)(1)D(M) + ...

— e~ (U (4.2.50)

In addition to that as a consequence of equation 4.2.49 we have to sum over all
different distributions of matter fields on disc diagrams.

To summarize, if we want to compute a (amputated) correlation function in an
instanton background (at disc level) we have

H¢] |D inst — Z /dM H V¢k H V(Z);W D(M)€E RE

o;C{l..n} ki€o1 krEor
Uoi={1..n}
(4.2.51)

Finally we want to remark that the above calculation only considered scattering at
disc level. To be more complete one has also to consider all different world-sheet
topologies ([30]).

4.2.6 Instanton contributions to the superpotential in type
ITA string theory

We now specialize to the case which is the most important one for our phenomeno-
logical investigations in the next chapters.

The goal is to find corrections to the superpotential of the four-dimensional effective
supergravity action. In our phenomenological considerations we do not want to
calculate the cft-correlators exactly. We just want to read off the general structure
of the correction terms and estimate their order of magnitude. To do this we have to
be careful to get the right supergravity normalization of the superpotential terms. A
superpotential term consisting of a product of chiral superfields ®; = ¢; + v/201; +
A0 F; which is multiplied by the appropriate factor of the Planck mass
n+3
w o M [ @ (4.2.52)
i=1

leads to an F-term in the supergravity action of the form
O*W R, Lz O

|6 OeK 2'¢sz =
0,00, \/Knij [Tz K

M;m (4.2.53)
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Here K is the Kéhler potential and kK;; is the matter metric which we assume
to be diagonal for simplicity. The square root factors come from the canonical
normalisation of the matter fields. In the next step we want to estimate their
strength. For this let us denote the volume of the internal Calabi-Yau by V = VIS,
It can be shown ([32]) that the matter metric is inversely proportional to the real
part 7, of the Kahler modulus of one of the large cycles in the internal space and
one gets the following volume dependence

Ky o 7'b_1 x V73 (4.2.54)
In addition, the Kahler potential contains a term —21In) and in 4.2.53 this leads to

Mp"V5 vy T o (4.2.55)

ki,

Using the relation between the string and Planck mass ([32]) M, = Mp/V/V we
finally get a scale factor of M;"V~%.

Let us now turn to the computation of the instanton contribution to the super-
potential using the instanton calculus. In the section about the zero modes of E2
instantons we have seen that if the instanton is rigid and lies on top of an orientifold
plane, then it has the right amount of universal zero modes to have a chance to con-
tribute to the superpotential. In general, if the cycle of the instanton intersects the
cycle on which the matter-brane-stacks are wrapped, there are in addition charged
zero modes over which we have to integrate. If we focus on contributions of the
order ¢° in the main expression 4.2.51 (which are dominant in the weak coupling
region of small g5) we see that only corrections of the form

(Pazy Paras - - - Pab) ru, (4.2.56)

contribute (because with every A we get a factor of /g; and the disc carries an
overall normalisation of g;!). Thus we arrive at ([27])

o )

Tiny b1 - FapTam

o

TMITM2 * T TN (npp—1)TMnys (I)IMnM b]\/1>

<(I)a1an>:c11x12 L@ ¢

T T T1(ng —1)T1ng

o / d*zd®0) H(I+

E2Dg E2Dq
conf a i=1

1
[T @I @x)
i=1
eMpaelloon (- [Z1 ) ra 50, - - (Pasy [ZL)na, 30, (4.2.57)

where we have introduced the notation

Db, [Tr] = Py, Py @ d

TRoTk3 * * * F Th(ny, —1)Thny, (I)xlmkbk

(4.2.58)

kTl ~ Tk1Tk2

and the correlators are pictorially given by disc diagrams as depicted in figure 4.3.

In the case of an E2-instanton, the empty disc gives us a factor of

1 Vol(E2)
gs 13

(1) = (4.2.59)
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B2 = (CulT),

Figure 4.3: Disc diagram with two zero modes A, and A, which change the boundary
from the matter branes (solid lines) to the E2-instanton brane (dashed line). In
addition matter fields ®;; are inserted. Between insertions ®;; and ®,; the boundary
is the matter brane j.

_ Vol(E2)
We therefore get a supression factor of the contribution proportional to e 912 .

To sum up, if we do the integration over the zero modes we get a contribution to the
superpotential (if the number of charged zero mode fields in the correlators match
the number of charged zero modes in the measure, because otherwise the fermionic
integration gives zero) which has the schematic form

M
/ d*zd?0 [ | ape (4.2.60)
=1

and which has to be multiplied by the appropriate mass and scale factors like in
4.2.55.

We know from the action of the E2 brane that it also involves as imaginary part
the axion described in chapter 3.3.2, and which transforms under a global U(1),-
gauge symmetry (with generator A,) as ® — ® + Q,(E£2) and therefore we get the

transformation law
e~z iQa(EDAa =52 (4.2.61)

We conclude that a instanton-generated contribution of the form 4.2.60 is invariant
under the global U(1),-symmetry, if

ZQa(q)aibi) = _Na([a,E2 - [a’,E2) (4262)



Chapter 5

Yukawa couplings/mass
hierarchies in MSSM models

Now we have developed some of the most relevant tools to analyze possible phe-
nomenological implications of D-instantons. Because of 4.2.62 it is possible to have
couplings which are perturbatively forbidden because of the violation of global U(1)-
symmetries. We use this to generate Yl]{/klég\;? terms such as the light quark masses.

The instantonic supression factor of e 9 can be used to get the different mass

hierarchies as we observe in nature. We will demonstrate this in the next section.

But there is also a dangerous effect which often rules out MSSM models: If an in-
stanton which is needed for example to generate a perturbatively forbidden coupling
like Yukawa terms or neutrino masses, also has the right intersection (and therefore
zero-mode-) structure to generate dimension 4/5-couplings which could result in
baryon/lepton number violating processes which are strongly bounded by experi-
mental observations (like proton decay), a tension arises between getting the right
strength of the desired coupling and staying beyond experimental bounds. Obvi-
ously one of the strongest supressed effects is proton decay. The experimental bound
is 7, > 10%2y. But also flavour violating effects are highly constrained by experiment
([44]). The contribution of instanton effects and their relation to the experimental
bounds will be investigated in the next chapter.

There is also the interesting possibility to turn the way of thinking around and use
_ Vol(E2)
experimental facts to derive bounds on the instantonic supression factors e 9522

which could lead to estimates on the characteristic length scale of the compactifi-
cation manifold (if one for example assumes that the E2 brane minimizes its lengh
(energy) and therefore wraps internal cycles which are of a length scale which is
characteristic for the internal manifold).

52
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5.1 Useful facts about the MSSM

But before starting to investigate the implications of D-instantons on particle physics
we first want to briefly state the most relevant facts of the minimal extension of the
standard model to a supersymmetric theory (called the minimal supersymmetric
standard model). We only state the results and the reader is invited to have a look
at the broad literature on this subject (here we used mainly the conventions of [34],
[35]; an introduction to phenomenological issues is given for example in [36], [37]
and also the references given there).

Particle content

To extend the standard model of particle physics into a supersymmetric version, one
has to fill the particle multiplets into appropriate supermultiplets. Since supersym-
metry relates fermions and bosons the idea of packing standard model fermions and
gauge bosons in the same supermultiplets suggests itself immediately. However, this
does not work since the bosons and fermions in a supermultiplet should transform
in equal representations of the gauge group. We therefore get chiral supermultiplets
for the fermions and vector supermultiplets for gauge bosons and as a consequence
the superpartners arise as the other components in the respective multiplets. In
addition, since there are contributions to the U(1)® and U(1) — SU(2)? anomalies
coming from the Higgsinos which do not cancel, a second Higgs doublet is needed.
In addition it is also needed for the Yukawa couplings of up and down-type particles
in order to preserve the holomorphicity of the superpotential.

The particle content is summarized in the following table:

Superfield | Bosons | Fermions | SU(3). | SU(2); | U(1)y
QL (ﬂL, dL) (UL, dL) L] U %
Ur i, uly N 1 ~2
Dg g db, N 1 1

L (I;, éL) (l/, eL) 1 L] —%
Er & ek 1 1 1
H, | (Hf,HY) | (Hf HY) | 1 0 3
Hy (Hc(l]’Hd_) (gé)»ﬁ]d_) 1 0 _%
G G¢ G* Ad 1 0
W WE WS | W W3 Ad 0
B B, B 1 0

Table 5.1: Spectrum of the MSSM

where we wrote down one generation. To indicate all three generations we often use
the notation
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Qi Ug Dp,  I=1..3 (5.1.1)

and similar for the other matter fields.

Lagrangian and couplings of the MISSM

We now give the superspace formulation of the Lagrangian of the MSSM. We will
need the structure of the couplings later on, when we try to derive some pheno-
menology induced by D-istantons which are needed in specific intersecting brane
models to generate required couplings. The strategy later will be to use the MSSM
vertices and combine them with D-instanon-generated ones to get processes which
may be observable and to get hints how processes could be realized at the 1-loop
level in string theory.

Since they are not needed later we omit the gauge fixing/ghost parts.

Let us begin with the kinetic terms for the gauge fields
1
L,= /d291[2tr(WwWw) + W We + 2tr(W 4eaWged)| + h.c. (5.1.2)

Where we have W,,, = DDe VD,eV and V = 22:1 %V“ for the weak inter-

. L. . . . 3 b
action and similar for the strong interaction Wy.q with Vg = >, %qucd and

W, = —iDDDaV for electromagnetism. Here the D,, is the covariant derivative in
superspace.

Then the kinetic terms of the matter superfields
Ly :/dzé’dzé Ltexp(gr*V® + ¢'Y,V)L
—I—/d26’d26’ E}T%exp(g’YeRV)ER
+ [ POPE QL explgrV 4 gVV 4 0N Vi) Qs
+ / d*0d*0 U}, exp(g'YV — gaeaX'V2g)Ur
—I—/d26’d26’ DL exp(g'YyV — gch)\*b\/qbcd)DR
- / d*0d*0 H} exp(gr®V® + ¢'Yy,V)H,

+/d29d2é H exp(gr®Ve + 'Yy, V)Hy (5.1.3)
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Now there are the Yukawa terms (we omit the exact normalisation)
Ly = / d*0 H,LE, + H,QUr + HiQDr — uH,Hy + h.c. (514)

In addition there are soft breaking terms, which break supersymmetry but do not in-
troduce new quadratic divergences: We will use later only —m3; HyH,—mj HjHz—
(bH,Hq + h.c.). Finally we also can add the following terms which usually induce
dangerous processes like proton decay which is too fast and therefore one introduces
the R-pariy ([35]) symmetry which forbids them:

Lr= a[JKQiLJDg + ﬂ[JKLILJEg + ’Y[LIHu + 5[JKD{%D1€U}[§ (515)

The component Lagrangian is rather long and can for example be found in [38] and
(39].

5.2 Yukawa couplings/mass hierarchies from
D-instantons

Let us first discuss the constraints which one has from theoretical considerations
(often called top-down-constraints). To illustrate the ideas we also discuss three
different examples with three, four and five D-brane stacks to realize the gauge
symmetries and matter content of the MSSM. In every model, the first two stacks
should represent the non-Abelian symmetries and the others are different U(1)-
factors, i.e. the gauge symmetry is

UB)axUR)yxU(1)exU(l)g %X ... (5.2.6)
As we know from chapter 3.3 there are no non-Abelian anomalies due to the tad-
pole cancellation condition and the mixed, Abelian and gravitational anomalies are

cancelled by the Green-Schwarz-mechanism. The tadpole condition in the case of
ITA with spacetime filling branes wrapping internal 3-cycles II, reads

> N, (IL, +1I,) — 4Tl = 0 (5.2.7)

If we multiply this with the homology class of a specific cycle II, this leads to a
condition on the muliplicities of the matter representations (remember table 3.1)

> Ny(Mg o IL, + I, o IT,) — 411, 0 Tog = 0

= Ny(I, oI, — I, 0 TI,) + N,II, o IT, — 411, 0 Tpg = 0 (5.2.8)
n#a
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which can be rewritten appropriate to table 3.1

Z Na(HnoH;—HnoHa)—l—(Na _ 4)(HaoH;+HaoH06)—l—(Na + 4)(HaoH;—HaoH06) =0
n#a
(5.2.9)
and therefore we get the condition
#(a) = #(8) + (No — () + (Na + #(T) = 0 (5.2.10)

where #(...) denotes the number of fields transforming in the representation given
in brackets.

The Green-Schwarz mechanism implies that the gauge bosons of the U(1)’s gener-
ically acquire a mass (but remain gauge symmetries due to the Stiickelberg me-
chanism). To have the standard model massless hypercharge we require at least
one massless U(1) to exist, whose generator is a linear combination of the different
U(1)-generators:

Uy =Y q:U(1), (5.2.11)

As we have seen in section 3.3 this combination remains massless, if the condition
3.3.24 holds. If we multiply it again with the homology class of a specific cycle and
perform the same calculation as above, we get a second condition

N (F(T) + #0) + Y Nt (D) — Y o No# (0 0) = 0 (5.2.12)
T#a T#a

In addition to these constraints one has to adjust to various experimental observa-
tions (often referred to as bottom-up-constraints). First of all we get stacks from
which the MSSM matter fields arise. In addition there are usually more stacks to
ensure for example tadpole cancellation (these latter correspond to a hidden sector).
One requires that there are no more than the MSSM fields in the massless open string
spectrum coming from the matter brane stacks and all MSSM fields should only be
charged under the gauge symmetry of these stacks, i.e. we do not allow intersections
between the matter stacks and the additional ones. In the concrete realization of the
MSSM all the Yukawa terms in the superpotential (5.1.4) should be generated. If
they are forbidden because they violate global U(1)-symmetries, an instanton with
appropriate intersection structure is required. In addition, depending on how neu-
trino masses are realized (e.g. seesaw mechanism) a right handed neutrino mass term
NgNp is also needed. The R-parity violating couplings of equation(5.1.5) should be
forbidden (and therefore all instantons which also induce these terms) or at least
highly supressed.

More on the various phenomenological constraints can be found in [41] - [43] where
also the realization in terms of D-instantons is discussed and a systematic survey
for realistic models of the MSSM is performed.
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5.3 D-instanton induced MSSM phenomenology

In the following section we want to discuss three examples which are one of the most
promising ([43]) models of the MSSM with intersecting D-branes. The standard way
to get the Yukawa couplings is to consider maps from world-sheet discs (with the
matter fields contributing to the Yukawa coupling inserted) to the target space such
that the different boundaries connect the intersections which give the matter fields
of the Yukawa coupling. The strength of the coupling depends on the volume of the
surface spanned by these intersections (for more details, see for example [40]) and
therefore different coupling values can be explained geometrically.

In many cases, D-instantons are used to generate desired phenomenological properties
of the respective intersecting brane models. In the rest of this work we will concen-
trate on these effects and remark only as an aside on possible additional effects of
world-sheet instantons. Furthermore the underlying internal geometry will not be
fixed. We only assume the existence of geometries which have the needed cycles and
intersection structure.

5.3.1 3-stack-models

In this class of models we have the gauge symmetry
UB)a xU(2)y x U(1), (5.3.13)

Two different ways of realizing the massless hypercharge were found (given in [41])
which are consistent with the top down constrains and correctly give the MSSM
hypercharges:

U(1)y = %U(l)a + %U(l)a and

U(1)y —%U(l)a _ %U(l)b (5.3.14)

For every combination, there are various possibilities to realize the MSSM matter
fields. To illustrate the way of investigating such models we choose one specific
realization with the first hypercharge and matter content given in table 5.2 ([41]).

From the U(1)-charges we can check which Yukawa couplings are allowed perturba-
tively (we indicate the charges as subscript and the family indices I,J = 1,2, 3 as
superscript):

Q£(1,—1,0)Hu(0,171)Ué(—l,o,—n L{O,l,—l)Hd(Ov—L—l)E}{E(O,OQ)
Lfo,1,_1)Hu(o71,1)Né(0,_2,0) Hyo0,1,0Ha0,-1,-1) (5.3.15)

Clearly there is one forbidden Yukawa coupling:

Qi(L—LO)Hd(O,—L—l)D}Jz(z,o,o) (5.3.16)
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Sector | Matter | Representation | Multiplicity | Hypercharge
ab Qr (a,b) 3 %
ac’ Ur (a,c) 3 -2
aa’ Dg Ea 3 %
bc L (b, ¢) 3 — %
bC, Hu (sz C) 1 %
bc’ H, (b,¢) 1 — %
bb' | Ng ut 3 0
cc’ Er s 3 1

Table 5.2: Spectrum of an MSSM model with hypercharge $U(1), + U (1),

where we can read off the following charges for the generating instanton
Q.(E2) = =3 Qy(E2) =2 Q.(FE2)=1 (5.3.17)

Now from the condition 4.2.62 we can determine a possible intersection structure of
the instanton such that it can generate the coupling 5.3.16:

Ipsa=—1 Ipp=1 Ipp =1 (5.3.18)

where we assume (to avoid additional deformation zero modes and to get the right
universal zero mode structure) that the instantonic cycle is rigid and lies on top of
an orientifold plane. We therefore get zero modes which have the following trans-
formation behaviour:

S\a S\a S\a . (1E27|ja)
Mo Ayt (—1p2,0)
)\c : (_1E27DC) (5319)

The path integral contribution leading in g5 giving the Yukawa term is
/d4xd29d3)\ad2)\bd)\ce_sd61'1°°p<)\GQ£)\1))()\bHd)\C)()\QD}‘]%)\G> (5.3.20)

which leads to a contribution of the form (where we absorb all additional factors in
the constant Y77)

/ dzd* e Y17 Ql myD}, (5.3.21)

Here we can already see the effect on the mass hierarchies between the three families:
The non-perturbatively realized couplings are in general supressed by the exponen-
tial factor. Depending on the factor Y this can lead to realistic hierarchies in the
MSSM model. We investigate these issues more detailed in the cases of four- and
five-stack-quivers (those will be the most relevant for further investigations in later
chapters) in the next sections.
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5.3.2 4-stack model

A very economic and beautiful way of modelling the MSSM is to take an additional
U(1)-brane, which leads to the gauge group
U@B)a xUR2)y x U(1). x U(1)4 (5.3.22)

It was shown in [42] that there are the following possible massless hypercharges
which give the correct hypercharge values of the MSSM

U(1)y == 30U = U
U(1)y == SU(1), — U0~ U(1)

U(1)y == 3U( = U + U1

Uy =gU(1)a + U,

Uy =5V + U0+ LU

U(1)y :%U(l)a + %U(l)c _ ;U(l)d (5.3.23)

As a realistic example we pick out and discuss an example with the hypercharge
assignment (also called the Madrid-embedding, see [42])

1

U)y = SV, + %U(l)c + %U(l)d (5.3.24)

One possible realization (which turns out to be the most realistic four-stack at the
moment, for a systematic analysis with respect to the bottom up constraints, see
[43]) is given by

Sector | Matter fields | Representation | Multiplicity | Hypercharge

ab Qr (a,b) 3 %

ac Ul (a,c) 1 —%

ad U (a,d) 2 -3

CLCL/ DR a 3 %

bc L (b,e) 3 —3

| HorHe | o)tk | L
b/ Nr 4, 3 0

cd Er (c,d) 3 1

Table 5.3: Spectrum for the 4-stack model
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We get the following perturbatively allowed Yukawa couplings (we write the U(1)-
charges as subscript):

Qi (1,—1,0,0)Hu (0,171,0)U11% (-1,0,—1,0)
I J
L(0,1,—1,0)Hu (0717170)NR (0,—2,0,0)

Hy 01,1,0Hda 0,-1,-1,0)
(5.3.25)

To complete the set of quark Yukawa couplings we have to add the following

Qi (l,—l,O,O)Hu (0,1,1,0)U12{3(_170’07_1) (5326)
which has the U(1)-charges
Qu=0 Q=0 Q.=1 Qa=-1 (5.3.27)

and therefore has to be generated by D-instantons. From equation 4.2.62 we get the
following intersection structure:

Ipoa =0 Ipp=0 Ige=—1 Ipa=1 (5.3.28)

Thus we get as Yukawa matrix for the up-type quarks

g ghe % gie e
M, = (Ha) | g8 gspe™ 5> giye™ % (5.3.29)

u u —S¢ u —S¢
931 g32€ "F2 gzz€ TE2

where the first column g;; come from the perturbatively realized coupling. Because
there is no supression factor, we associate the mass coming from these couplings to
the top-quark.

The structure of the mass matrix results in masses for the three families related in
the following way: l l
My Mg :my ~1:e %82 ¢ 5B, (5.3.30)

Thus we get a hierarchy between the top quark and the two light families, which
is required to get a realistic model. The mass difference between the two light
families could be realized by different world-sheet instanton contributions (which
we absorbed in the g;;).

The above instanton gives rise to an additional problem. The zero modes also give
the following contribution to the path integral:

/ d4l’d29d5\cd)\d<5\CERURDRUR)\C[> (5331)

which gives rise to a baryon-number violating coupling which also induces effects like
proton decay, which are highly supressed. We therefore see an interesting interplay
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between a relatively low supression factor for the instanton in order to get the
right Yukawa coupling and the requirement of not violating experimental bounds on
proton decay, which are very strong.

Another interesting phenomenon arises in the down-type sector. Here, the complete
set of Yukawa couplings is realized non-perturbatively:

Qi (1,—1,0,0)Hd (0,—1,—170)D1{% (2,0,0,0) (5-3-32)
We get as U(1)-charges:
Qo=3 Q=-2, Q=-1, Qi=0. (5.3.33)
and therefore the intersection numbers of the generating instanton are
Ipsg=—1 Ipop=1 Ipsc=1 Ipyq=0 (5.3.34)

The path integral gives the contribution

/ BPAadXdA Y, (AaQL )Y, (N HaA) YD (AaDifAa) (5.3.35)
which leads to the factorizable Yukawa matrix
v =vy YY) (5.3.36)

Therefore only one eigenvalue is nonzero and we need 3 different instantons of the
type 5.3.34 to get 3 massive families. Using cycles with 3 different volumes we get
for the ratio of masses

mp @ My 1 Mg ~ e~SEan s ¢ SE22 ;¢ SE2a, (5.3.37)
Let us now turn to the lepton-Yukawa-couplings. From the U(1)-charges, we see

that they are forbidden perturbatively:
L{0,1,—1,0)Hd (o,—1,—1,0)E}£ (0,0,1,1) (5.3.38)
and therefore we need an instanton of the following type
Ipoa =0 Ip2p=0 Ipze=1 Ipza=—1 (5.3.39)

The path integral gives the contribution
/ dAedNgeSE2Y T (N H L' EX) (5.3.40)

and thus there is no factorizable Yukawa structure. All lepton masses are supressed
by the same order, which is not what we observe.
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There is another possibility for an instanton to have the right charges:
Ipoa=0 Ipp=0 Ipe=1 Ipg=-1 Ip2=1 (5.3.41)

where the last entry is a so-called vectorlike-intersection, which gives the zero modes
e, Ae and has zero net charge ([41]). The path integral now contains the following
contributions:

/ d* e d?0dNLdN2ddXge 552 Y T (NEIN) (YL H LI N2 + Y3 (A2 H L7 AL))
= / d*zd?0e 55y (YY), — Y3 ELHyL’ (5.3.42)

where the minus sign comes from the exchange of the fermionic variables !, \?

Thus we now get a factorizable Yukawa matrix
Y =Y!(Yy - Ya) (5.3.43)

which, like in the down quark sector, allows us to use 3 different instantons to get
realistic mass hierarchies:

_gcl _qcl _Qcl
My i my, s me e B2 e k22 ;e Tk2s (5.3.44)

5.3.3 5-stack model

The addition of one U(1) brane to the 4-stack model discussed in the last subsection
enlarges the number of possibilities to realize the MSSM matter fields and therefore
it is more likely to find a model which is more realistic. In [43] one of the closest
models to the MSSM which can account for lots of the various phenomenological
constraints was proposed. It uses the “extended Madrid” hypercharge embedding;:

U(1)y = éU(l)a 45U+ SUWa+ 30 (5.3.45)

One choice of matter content is given in table 5.4.

The up-quark-Yukawa-couplings are the following

1 12

QL (1,—1,0,0,0)Hu (Ovlvlvovo)UR (_1707_17070)
1 3

QL (1,—1,0,0,0)Hu (0,1,1,0,0)UR (—1,0,0,—1,0)
23 12

QL (11,000 Hu 01,1,00UR (~1,0,-1,0,0)

%3(1,1,0,0,0)Hu (0,171,0,0)U?2 (-1,0,0,—1,0) (5-3-46)

Only the first one is realized perturbatively, the others are generated by appropriate
instantons. Proceeding like in the last subsection we get the Yukawa-matrix

u u u ,—SHa,
d11 912 g13€ '

(H,) | gue=Si2 gue=Siee  gueShes (5.3.47)

l ) l
ggle_s%za géée_sfm,z ggge_s%z,s
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Sector | Matter | Transformation | Multiplicity | Hypercharge
ab QL (a,b) 1 1
ab’ % (a,b) 2 %
ac UR (a,c) 2 —2
ad' U3 (a,d) 1 —2
aa Dp Ha 3 1
b’ H, (b, c) 1 g
bd L (b, d) 3 —%
be' | H, (5.2) ! 1
ce! E¥ (c,e) 2 1
ce N} (¢,e) 1 0
dd' E3 [Tl 1 1
de NZ (d,e) 2 0

Table 5.4: Spectrum for the 5-stack model
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and similar for the down quark and lepton mass matrices. Again we get a hierarchical
structure for the quark masses which we want for phenomenological reasons.

For completeness we finally list the charges of all Yukawa couplings in this model:

QLH.UE’

Q1 H,U;

QB H, UL
QP H,U},
QrLH.Dp
Q7 H.Dg

LH,EY
LH E}
LH,N},
LH,N?

00000
001 —-10
02000
021 —-10
3 —-200 —1
30001
0-21-10
0-201 -1
000 —11
001 —-21

(5.3.48)

To conclude, we observe that there is one heavy quark family (whose Yukawa cou-
pling is realized perturbatively) and all other couplings have to be realized by D-
instantons. Like in the 4-stack model, the appropriate choice of intersection struc-
tures can lead to realistic mass hierarchies.



Chapter 6

Flavour violating effects in MSSM
orientifold models

6.1 Flavour violation in the quark sector

Let us consider the standard model Yukawa couplings which have the general form
Ly = Y ppul — V]G - ¢df + h.c. (6.1.1)

To change to the mass eigenstate basis where the Y are diagonal, one does a rotation
with unitary matrices U and A

Yu,d = Uu,dAu,dALd (612)

where A, 4 are diagonal matrices. To compensate this rotation, we also change the
quark fields into the eigenstate basis:

ut — UM uh — A,
db — Ulldl d, — Al d}, (6.1.3)

The rotation mixes flavours in the charged current weak interactions e.g. the one
coupling to W+:

1
Jht ﬁah*‘(UJUd}”di (6.1.4)

where we define the Cabibbo-Kobayashi-Maskawa (CKM)-matrix in the usual way:
(Utu)dl .= vdl = dl’ (6.1.5)

Thus in general there will be intergenerational mixings in charged current weak
interactions. However, in the neutral current

4 - 2
o8 (ay" (P — 3 sin? 0, )u; — djyy*(Pp — 3 sin? 0, )d (6.1.6)

64
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- W+ + - W+ 7
Uurp \ B4 _ U y Ur
dr__, > i dr — AL L

W= W=

Figure 6.1: Standard model box diagrams for neutral Kaon decay and mixing

(P, = 1(1—15) and 6, is the Weinberg angle) one can show that we can replace d}
by d; and therefore there are no tree level flavour changing neutral currents (fenc'’s).
This mechanism was first realized by Glashow Ilionopoulos and Maiani (GIM) who
used it to predict the charm quark. The leading order fcne processes can only show
up at the one-loop level, for example in the mixing of the K°-meson or its decay
(figure 6.1).

In supersymmetric extensions of the standard model (focussing on the MSSM) there
are new contributions coming from quarks and gluinos in the loop. Since we have
observed a very strong supression of these effects (for a recent review of the ex-
perimental status, see [44]), we require a very strong supression of these effects and
therefore we get bounds on the parameters of the theory, for example the squark
mixing angles.

6.1.1 Flavour violation in 5-stack quivers

We now begin to investigate possible flavour violating effects in MSSM models.
Firstly, there are perturbatively allowed contributions to quark flavour mixing, as
pointed out in [49]. They are of the four fermion- type and therefore supressed by
the square of the string mass scale M,:

1 - _
EQ(WWM (6.1.7)

If in an MSSM model at least two families are realized by the same representation,
these four-fermion operators can contribute to flavour mixing. The strongest bounds
come from neutral kaon mixing and were calculated in [49]. They give a lower bound
on the string scale of M, > 103~ TeV.

But in addition there are also instanton contributions, which we investigate in detail
in the following.

In intersecting brane models of the MSSM we observed in chapter 5 that not every
phenomenologically required Yukawa coupling can be realized perturbatively, be-
cause of the violation of global U(1)-symmetries. Therefore we need E2-instantons
(in the case of type ITA theory) to generate the missing couplings.
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Because we have to sum over all allowed insertions of moduli and matter fields in the
path integral, we also get additional phenomenologically interesting contributions
from the “Yukawa-instantons”. Furthermore the coupling strength of the instanton
is set by the strength of the Yukawa couplings and therefore the new effects give us
bounds on the other parameters involved, like the string mass scale. In the following
we want to search systematically for phenomenologically interesting effects generated
by Yukawa-instantons. Because we know the supression scale of the instanton, we
can infer from experimental bounds on highly supressed processes some lower bounds
on the fundamental parameters in the model, like the string scale.

As a concrete model, we use the following 5-stack MSSM-quiver, first discussed in
the work [45]. It has the hypercharge

U(t)y = S0+ U0+ 500+ 5U0), (619

Table 6.1: Spectrum of the 5-stack quiver

Sector | Matter Fields | Representation | Multiplicity | Hypercharge
ab Q1 (a,b) 1 :
ab’ 23 (a,b) 2 5
ac Dp (a,c) 3 3
ac’ Uy’ (a,c) 2 —2
ae U3 (a,e) 1 —%
bc H, (b, c) 1 .
bc H, @, E) 1 — %
bd’ L1? (b, d) 2 —3
be L3 (b, €) 1 —3
cd Ex (c,d) 1 1
ce' B2 (c,e) 2 1

The quark and lepton Yukawa couplings have the following U(1)-charges :

QrURH, 0,—2,0,0,0
QiUH, 0,—-2,1,0,—1
Q> Uy’ H, 0,0,0,0,0
QYUH, 0,0,1,0,—1
QiDRHd Oa _2a070707
Q>*DrH, 0,0,0,0,0
LY H,E} 0,-2,0,0,0
LY H,E% 0,-2,,0,—1,1
L*H,Ey 0,0,0,1,—1

L3H,E% 0,0,0,0,0 (6.1.9)
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For these instantons we performed a systematic analysis of the phenomenology that
contributes to the path integral (up to operators of mass dimension smaller or equal
to 5). More precisely, we listed all possible holomorphic chain products of matter
fields which are possible insertions in disc amplitudes together with the charged
zero modes coming from the intersection of the Yukawa-instantons with the mat-
ter branes. In some exceptional cases which seemed to be very interesting, also
non-holomorphic products are listed. The rules of a chain product to give an al-
lowed contribution were described in chapter 4.2. The results of the analysis are
given in the tables in appendix 3. There are various interesting operators which we
summarize and comment in the following:

1. [0,-2,0,0,0

If the charges are realized with two zero modes A\, A\, we get the following
interesting dimension 5 operators:

QrDrUE QL QLUR' Dr@Q,
QLUE FhL"” HERURQL
LRPERURQL (6.1.10)

The second way to realize this charge structure is with zero modes Ay, Ay, AcAe.
If we combine two discs with Ay A, and A\, inserted, there will be no operators
of mass dimension lower than or equal to 5. But if we take one disc with Ay, A.
and one with Xy, A, we get the following operators:

QLUEQLDr QLUELYE,
H,QiURER (6.1.11)

2. 0,—2,1,0,—1\

If we combine M\ A, with ):\C)\e there are no operators of dimension smaller or
equal to 5. Combining A\yA. and A\ A, we get the following operators:

QrDrQLUR LY ErQLUp
QrDrH,Hy (6.1.12)
3.10,0,1,0,—1
If we take the direct realization of the charges via A.\. we get the following
operators:
DrQ} L? H,L?
ELLZQ¥U} ERUQLL? (6.1.13)

The first line would give dangerous R-parity violating couplings!
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4. |0, —2,0,—1,1\

Only the combination of discs with AyAg and Ay, gives operators of dimension
smaller or equal to 5. They are:

LRQIUREY LYZH,E% (6.1.14)
where the last one is also R-parity violating.
5.10,0,0,1, -1
In this case, if we take the direct realization of the charges via Ag\. we get the
following operators:
ELURQL LY ERH,Q7U (6.1.15)

For the second realization via AgAcAA. there are 3 different possibilities to
distribute the zero modes. In the case of A\g\. on the first and A\, on the
second disc there are no operators of dimension 5 or lower. The combination
M. and A\, also gives no interesting operators. Finally, the combination
A and A\, gives the following operators:

ELLPQIU ELLsHy
ELUMQ?Hy (6.1.16)

Let us now focus on the possible contributions to flavour changing processes in the
quark sector. Here we concentrate on neutral meson mixing because this is very
well studied experimentally and they serve as one of the most promising examples
of searches for signals of new physics.

Consider the contribution Q}URQ} Dg from 6.1.11. Taking the F-term, it contains
the following interaction (the tilde again denotes the superpartner to the fermion)

qr, L
/7
/7
»
7/
7
AN
AN
®
SN L12
d Mg

et iU

Figure 6.2: Instanton vertex: Solid lines represent fermions and dashed lines repre-
sent the bosonic superpartners

The strength of this vertex includes the instanton supression factor and for di-
mensional reasons the inverse of the characteristic mass scale, the string mass M
combined with the right winding scale factor Vs (as was pointed out in chapter 4.2).
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Figure 6.3: Coupling of the instanton contribution to the MSSM

How does this vertex couple to the MSSM to get a contribution to the neutral kaon
mixing? One possibility is depicted in figure 6.3.

As a rough estimate of the strength of the amplitude of this process we just write
down the characteristic contributions to the vertices and the propagators (since we
are just interested in the order of magnitude of the process).

—S, 4 2
M~ e ~0 Mgy M0 b M1
~ 1,2 .2 2 0,2
MVs m‘?i m&}?2 TVE M ek

(6.1.17)

Here we wrote a factor of m?2 for a propagator of a boson and m, for the propagator
of a fermion. We inserted a factor of the characteristic energy my,, coming from
the loop integration. In addition there is a factor of the initial particle mass squared
coming from the external legs and p from the insertion of the Higgs p-term.In
addition we get two Yukawa couplings which are of the order %, where Myeax 1S
the electroweak breaking scale. Finally Mj is the string mass scale which is combined
with the winding scale factor Vs needed for the appropriate normalization for the

superpotential.

However, if we want to have a really string theoretic contribution to neutral meson
mixing, we should check if the whole process exists in string theory. Especially
the loop should come from a one-loop diagram in open string theory. A possible
realization of the whole process would be the combination of a disc and an annulus
diagram as given in figure 6.4. As described in chapter 4.2, the integration over the
zero modes leads to a connected diagram which results in the same topology as the
MSSM process of figure 6.3 in the field theory limit.

But now we observe a problem. The out-states are fixed by the meson quark-content
and therefore all matter branes on the outer boundary of the annulus. To get the
right particles running in the loop, we have to fix the inner boundary to be the
color brane a. But now we do not get the Higgs mass insertion any more. Instead
we observe a state in the a — a-sector. It is not a gluon because it has to change
flavour. One possibility would be exotic matter and therefore we can not estimate
the strength of the amplitude. Taking the b-stack for the inner boundary of the
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annulus would give a weak gauge boson, a quark and a Higgs field in the loop. The
result would be an effective instanton generated coupling of the form (Q} DrW H,)
which is not gauge invariant and therefore also ruled out. The same argument holds
for the c-stack as inner boundary. The remaining stacks would again give rise to
exotic matter running in the loop.

a
1 1 -\ 12
b @ )¢
Y > VDY, SN S
E? E?2

Figure 6.4: String theoretic realization of the process

However, there is also the possibility to realize the couplings in figure 6.3 nonper-
turbatively by D-instantons. In oder to do this one has to include the additional
zero modes needed for these couplings in the annulus diagram in such a way that
all charge selection rules are fulfilled. We leave this problem for future work, given
in [46].

6.2 Lepton flavour violating

In the standard model with massless neutrinos, we have conserved lepton flavour
number. Thus every observation of lepton-flavour violating (1fv) processes would be
a definite hint for physics beyond the standard model. The most precise bounds on
possible Ifv processes come from the kaon and D-meson systems. In the following we
list the most promising candidate decay processes (the branching ratio BR gives the
ratio of the decay rate of the process to the total decay rate of the initial meson).

Table 6.2: Kaon decays into standard model particles with BR < 5 - 10710, [44]
Decay Branching ratio
K? — p*et <4,7-1071
Kt —wrfufe | <2,8-1071
KY — mute” | <4,4-1071°
Kt —qa putet | <5,0-1071

An investigation of the above given summary of the systematic analysis of the
instanton-induced phenomenology reveals the existence of various interesting opera-
tors which contain two quark and two lepton fields and therefore could contribute
to one of the meson decays of the table. In the last section, we observed that there
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Table 6.3: Examples for decay modes of D° with BR< 5-107% ([47])

Decay Branching ratio
DY — ete” 0,6-107°
D° — ptp 3,4-10°¢
DY — pFe¥ 1,9-10°¢

is an additional limitation on possible processes if we want to realize them purely
string theoretic, and therefore we will directly look for combinations of discs or discs
with annuli. Taking the operator

QIURERL" (6.2.18)

we get the combination of a disc with an annulus which is given in figure 6.5. There
are the following particles running in the loop (we use our example quiver of table
6.1): The bd'-sector corresponds to a lepton L, dd’' is a gauge boson (photon) or
its superpartner and the dc-sector corresponds to Fg. Therefore, in field theory the
process would correspond to the Feynman diagram given in figure 6.6. To get proper
MSSM couplings with standard model fermions as out-states, we get superpartners
running in the loop: In our case sleptons L and E}% and the photino 7. The whole
process would therefore contribute to the following decays of the D°-meson:

D’ —e et DY — et (6.2.19)
d/
QL UR 1Y% \Ek
d
b c
LR YL ¥
E2 E2

Figure 6.5: Instanton contribution to D%decay

Let us now estimate the order of magnitude of this process in field theory. From
. . =5 . . .
the instanton vertex we get the supression factor £ O% which can be rewritten in

S

terms of the Planck scale as gso —. From the loop integration we get a factor of
M3 Mp3
mg‘usy. Together with the propagator masses, the electromagnetic coupling constant

and using as kinematical factor the mass of the initial state of the D° we get

M X 62 1 m4 mDO g(?m(msusy) (6220)
3
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Figure 6.6: Instanton contribution to D%-decay

Using 1TeV for the supersymmetry scale, ﬁ for the instantonic supression (which

is set by the ratio of the haviest quark to the charm quark) and the mass of the D°
(2GeV), we get as a rough estimate

TeV?
Mo 210711 (6.2.21)

Mg

We want to compare this to the experimental bound for the above given D%-decays.
The lifetime of the D is 7po = 4,1 - 107 3sec which gives us (using the branching
ratio given in table 6.3) a decay rate of

Tpo_rpt, = BR(D? = LER)Tpo < 107*GeV. (6.2.22)
Now the amplitude of the process can be estimated by using
T po_ppy, & mpo| M|? (6.2.23)

The result is |[M| < 107°. Comparing this with the field theory estimate of the
instanton process we get a lower bound on the string scale of order 10~7 TeV which
is not very restrictive.

We see that the winding factor gives us an additional very high supression factor
such that instanton contributions to meson decay are very weak. To illustrate this,
we skip this normalization factor and calculate only with the naive expectation of a
supression of Mi characteristic for effective dimension 5 operators, i.e. we have

e~ m%o 9 _oLeV
M x Ms msusy mp gem(msusy) =4-10 Ws (6224)

susy

which would lead to the lower bound of M, > 2 TeV. Another important fact is
the experimental bound on the D% decay, which is not as good as for kaon decays.
If we had experimental bounds similar to kaon decays (table 6.2), we would get
M, > 3-1073 TeV with winding scale and M, > 2 - 10% TeV without this scale.
We conclude that instanton generated contributions to flavour violating processes
give weaker bounds on the string scale in our example model as for example the
perturbatively realized coupling (DrDrDgrDpg).



Chapter 7

Summary and outlook

At the beginning of this work, a brief introduction to the basics of Calabi-Yau
and orientifold compactification and a discussion of the most important proper-
ties and consistency conditions of intersecting D-brane models was given. Tad-
pole/anomaly cancellation resulted in important constraints on the geometry of
intersecting branes (and therefore on the particle content of the brane realization
of the standard model or the MSSM). We then introduced D-brane instantons by
first studying the D(-1)/D(3)-system. Here one can observe that D(-1) branes filling
the external Minkowski space can be interpreted as gauge instantons, especially by
noting that we could get the ADHM constraints and the classical instanton solution
by considering scattering of open strings ending on the D(-1)/D(3)-branes.

Generalizing this idea, we were traced to the consideration of Euclidean branes in
the internal Calabi-Yau manifold, which are pointlike in the external space. Using
an analogy to the field theory prescription of integrating over the space of collective
coordinates, we were able to compute instanton corrections to the effective four-
dimensional superpotential of the compactified type IIA theory.

We realized that these corrections can be used to generate perturbatively forbidden
but phenomenologically desired Yukawa couplings in MSSM orientifold models. Due
to the instanton-supression factor, depending on the volume of the internal cycle,
it was possible to get realistic mass hierarchies for the different families of par-
ticles. But we also observed that these “Yukawa-instantons” not only generate the
Yukawa couplings but also give rise to other superpotential couplings, like baryon-
number-violating terms leading for example to proton decay. In order not to violate
experimental bounds and still to get realistic mass hierarchies, we presented 5-stack
models of the MSSM (first found in [41]) whose Yukawa couplings do not generate
such catastrophic effects.

But even in the absence of proton decay operators there is still the possibility of
flavour violating effects in the quark and lepton sector. On the one hand, there are
perturbatively allowed flavour violating effects firstly discussed in [49]. In addition

73
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we found in the last chapter (after performing a systematic analysis of instanton-
generated operators of mass dimension smaller or equal to 5, presented in the ap-
pendix) the presence of lepton flavour violating effects generated by D-instantons.
Especially we found a contribution of a disc and an annulus diagram to the decay
of the neutral D-meson. Due to the experimentally measured supression of this pro-
cess, it was possible to get a lower bound on the string scale. This lower bound is
weaker than the bound which one gets by considering perturbatively allowed contri-
butions to neutral kaon mixing, mainly because of the winding-scale supression of
superpotential couplings and the weak experimental bound which will be definitely
improved at the Large Hadron Collider in the future.

It would be interesting to find an MSSM orientifold model which also does not al-
low the above mentioned perturbatively allowed flavour violating operators. These
models would be interesting candidates for models with a low string scale (and
therefore very exciting for future experiments at the LHC) and the instanton con-
tributions to flavour violating would give very important lower bounds on the string
scale in such models. We leave it for future research to check if such models are
possible (passing for example the tadpole/anomaly constraints). In this case it is
important to determine the lower bounds on the string scale coming from instanton
contributions to flavour violating effects as discussed in the last chapter.



Appendix A

Mathematical definitions

Al fl—class, Hirzebruch L-class and the Chern
character

In the first appendix we want to give the definitions of important geometrical quan-
tities used in the main text. To write down the Chern-Simons couplings of D-branes
and O-planes, we used the Chern character, the A-class and the Hirzebruch -£ -
class. We now want to state briefly the geometric background.

A.1.1 Multiplicative sequences

Let E — X be a complex vector bundle of rank n over a manifold X. Let us
denote by ¢(F) the total Chern class

c(B)=14c(E)+cE)+ - +cu(E) (A.1.1)

The Chern classes ¢, are defined as follows. Let P = X be the associated Gl(n, C)
principal bundle to E and () its curvature. Then we can express the following
determinant in terms of the pullbacks of forms on X

1 *
det(1, — 2—mQ) =1"(l+a1+-+a,) (A.1.2)

and ¢;(F) is the cohomology class of the form «.
One can show that the total Chern class has the following useful property:
c(E®FE') = c(E)c(E) (A.1.3)

As an application of this, let us assume we can split the bundle E into a sum of
complex line bundles £ = Ly & --- & L, then we get from A.1.3

o(B) =[]0+ ) o =ci(Lp) (A.1.4)
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Let us also define the rational Pontrjagin classes. For this £ should be a real oriented
vector bundle of dimension 2n and we define the rational Pontrjagin classes by

pi(E) = (=1)/ey;(E @ C) (A.1.5)
and the total Pontrjagin class is given by
P(E) =1+ pi(E) +pa(E) + -+ pa(E) (A.1.6)

It has the same property A.1.3 as the total Chern class. As a similar application we
assume now that the complexification £ ® C can be decomposed as a sum of line

bundles
EC2L,oLi® - ®L,®L, (A.1.7)

and we get for the total Pontrjagin class

p(E) =[]0 +23) (A.1.8)

k=1

As anext step we introduce the notion of a multiplicative sequence. Let Q[[z]] denote
the set of formal power series with variable z and constant term 1. For an element
g(z) € Q[[z]] let us consider the expression in k variables g(z1) - - - g(x)) which is
symmetric in the x; and therefore can be expanded in terms of the elementary
symmetric functions o, (z1, ..., Tk) = D, i Tiy Ty,

g(z1) - g(zr) = 1+ Fi(o1) + Fy(o1,09) + F3(01,09,03) + . .. (A.1.9)

Where the Fi(oy,...,0;) are polynomials (one can show that they are well defined
independent of the number of variables x1,...,x;) and define the so-called multi-
plicative sequence {Fj(o1,...,0;)}2, determined by the power series g(z).

If we now have a commutative algebra A with unit over Q which allows a decompo-
sition A =A@ A '@ A% @ ... and A"A" C A™*" let us define the set A of formal
sums

l4a+ay+... a €A (A.1.10)

with the following multiplication rule
(14+a1+as+...)(1+bi+bo+...) =14+ (a1 + b))+ (ag+arbi +b2) +... (A.1.11)

i.e. we collect the terms of equal grading. With this multiplication A turns into an
Abelian group. If we now have a multiplicative sequence as given above, we get a
group homomorphism

F:A— A
l4a+ay+...— 14+ Fi(a) + Fylar,a2) + ... (A.1.12)
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which gives for A = Q and the multiplicative sequence determined by g(z):
F(l4+o1+00+---+0,) =g(x1)g(z2) - - g(zp) (A.1.13)
as we can see from the expansion A.1.9.

If we take as algebra the cohomology groups H? (X,Q), we can define the to-
tal F-class of the bundle F as F(c¢(F)). From the property A.1.3 and from the
homomorphism-property of F we get (if we use the Splitting principle [16])

H 1+Cl

:f(1_+ 01(01(L1), ceey Cl(Ln>) + O'n(Cl(Ll), c. ,Cn(Ln)))
=g(c1(Ln)) -~ g(er(Lw)) (A.1.14)

The same statements hold for real bundles and multiplicative sequences of Pontrjagin
classes.

We are now finally able to write down the classes we used in the main text. If we
take as formal power series

Y T
W= GanER Tt et T (A-L1.15)

we get as multiplicative sequence the fl—sequence. Writing xp = ¢1(Ly) we get for
the total A-class

. x;/2
A =11 sinh(:ij 72)

=14 Ay (o1(22,. .., 22)) + Ag(o1 (a2, ..., 22),00(22, ... 22)) + ... (A.1.16)
where the the first three terms in the multiplicative sequence are given by
- 1
Ai(pr) = _ﬂpl
A2(p17p2) m(—4p2 + 7p7)
- 1
As(p1,p2,p3) = —m(wps — 44popy + 31p7) (A.1.17)

Taking for the formal power series the following

I(z) = % —1+ ;)a: - 4—159: +. (A.1.18)

we get the Hirzebruch-£-sequence

&(E) = H T (A.1.19)
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A.1.2 The Chern character

We finally want to give the definition and the easiest properties of the Chern char-
acter. If we write the total Chern class of a complex vector bundle E formally as a

product

—=

cB)y=1+ca(E)+c(E)+ - +c(E)=| | (1+ ) (A.1.20)

k=1

we can define the Chern character by [16]
ch(F) ="t 4 ---+e™ (A.1.21)
It has the following behaviour for direct sums and tensor products of vector bundles:

ch(E & E') = ch(F) + ch(E")
ch(E ® E') = ch(E)ch(E") (A.1.22)



Appendix B

Clifford algebra, t’Hooft tensors
and spin field correlators

In this appendix the main conventions used in chapter 4 will be explained briefly
and the calculational tools will be stated. We begin with the conventions for the
Euclidean d = 4 Clifford algebra and the t’Hooft symbols. A representation of
the Euclidean Lorentz group SO(4) is given in terms of the identity and the Pauli
matrices

ot =(1,7)  G,=o0) =(1,i7) (B.0.1)

which fulfil the Clifford algebra
0,0, — 0,0, = 20,1 (B.0.2)

and act on two component spinors ) = (Zﬁ“) The Lorentz generators are given by

O = i(azﬁv —0,0,) O = 5(5‘MO‘V —0,0,) (B.0.3)
In ten dimensions the spinor representation of the Lorentz group has dimension 32

and the corresponding gamma-matrices can be decomposed into dimension four and
six gamma matrices in the following way :

F§2:V4®18 M€{1774}
M, =+7orY ac{5...,10} (B.0.4)

where the subscripts denote the dimensionality of the representation, which is 2¢/2
if spacetime is d-dimensional.

The dimension six gamma matrices ['§ are given by

. [0 xe
r8:<ia 0) (B.0.5)
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where the Y-matrices obey the six-dimensional Clifford algebra. They act on SO(6)-
AA)

spinors ( As

The t’Hooft symbols are defined by

(O-MV)OF = “7,CW (Tc)aﬁ
(@) = i, (T°) (B.0.6)

they can be explicitly written down in terms of antisymmetric and symmetric sym-
bols:

nfw = ﬁfw = €y MV E {1, 2, 3}
7721/ = _nz(_iy = 55

Mow = ~Mops Mo = — M (B.0.7)

Now let us finally write down the technical tools given by correlation functions
which were used in chapter 4 to calculate the tree level amplitudes. Let us denote
the fermionic part of the superstring by 1, (which is needed also for vertex operators
in the Neveu-Schwarz sector) and the spin field (needed for vertex operators in the
Ramond sector by S¢, 5S4 (we already performed the splitting into four and six
dimensional fields), we used the following correlators (a systematic survey of these
results can be found in [48]):

In addition to that, we used boundary changing operators for the open strings in the
D(—1) — D3 system because of the mixed Dirichlet-Neumann boundary conditions.
Their correlators can be calculated by using the operator product expansions:

A(z)A(z) = (21— 22)7 A2)A(z) 2 (21 — 2)? (B.0.9)

where the minus sign is the rule to get the right spacetime statistics in the compu-
tation of correlators.



Appendix C

Systematic analysis of the 5-stack
model

In the following tables we will systematically write down all holomorphic chain
products of matter superfields that are allowed by the global U(1)-symmetries if we
combine them with the zero modes given in the headline of the tables. The zero
modes come from the intersection of an instantonic E2-brane with the matter stacks
of the 5-stack quiver given in table 6.1. These instantons are needed to generate
non-perturbatively the quark and lepton Yukawa couplings which are also listed. In
some exceptional cases we also listed non-holomorphic products (labelled by “anti”).

Quark Yukawa couplings

QLU H,

charge: 0 —2000
zero modes : A\, Ay and Ay A\p Ao Ao
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Table C.1: )\b )\b

b|ba|ac|ca|ab|QLDrUZQL
eb | x | QiDrHy
ac | ca | ab | QLURDrQY
& | x| QULRH,
cd | db | QLURELL'Y?
ce | eb No
ae|ec|éeb| QLUSERH,
be | ea | ab | x H,U}q}
ab No
éd | ba | ab anti
be | eb anti
éh | x | x H,H,
BE ca CLB X HdDRQi
ab No
ch | b | ab anti
ch | x | x H,H,
ed | db| x | HyELL'Y
ce | ea | ab | HEBEURQL
eb | x No
bd | de | ca | ab | L2ELURQL
eb | x | L2ELH,

b Ab Aee

Table C.2: A\ A,

b|ba| ac| cc No
ac | x | QLU
ae | ec No
bc | ca | ac | anti
éb | bé | anti
bé | ca | a | anti
chb | bé | anti

cd | de No
ce | ec No
X | x H,

bd | dec | x No




Table C.3: A\,

b|ba|ac| x | QiDg
ac | x No
ae | ec | QLUSE%
be | x | x H,
ca | ac anti
éb | be anti
bé | ca | ac anti
cb | be anti
cd | de No
ce | ec No
bd | dc | x L2?E}
QLURH,

charge: 0 —210 —1
zero modes: ApApA A

Table C.4: Ao

Al

cd

ce

ab

ab

ba

be
b
db

ea

ba | ae
be | x
ba | aé
be | ce
be | ce
bd | de
ac | ce
ac | ce
ae | X
ec | ce
X | x
ba | ae
be | x
ba | aé
be | ce
be | ce
bd | de
ab | be
ab | be

No
DrQ} L3
No
anti
No
No
anti
No
H,Q2US
anti
H,L?
EALEQPUY
E}% L12 L3
No
anti
No
No
No
EBUSQLLY

Q:DrH,
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Table C.5: A\pAe

b|ba|ac|ca| ae No
e | be | QLDrH,L?
ac | ca | ae No
ch | be | QLU PH,L?
cd | de No
ce | X No
ae | x | x QLU
be |ca | ae | x | HURU}
éb | be | x H,H,
bé | ca | ae No
ch | be | x | HyH,L?
cd | de No
ce | x No
bd | dc | ce No

charge: 0 —2000

phenomenology already discussed

QP DrH,

charge: 00000

perturbatively allowed.

QFUR,

charge: 00000

therefore perturbatively allowed.

QP URH.,

charge: 0010 —1
zero modes: .\,
this sector was already checked.

other realization: ApApAcAe if possible.
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Table C.6: Ap)e

b|ba|ac|ca| ae No
cb | be | Q¥ DrH,L?
ac | ca | ae No
cb | be | QPURZH,L?
cd | de No
ce | x No
ae | x | x QBU}
be | x | x| x L?
ec | ca | ae No
eb | be | LPERH,L?

Lepton Yukawa couplings

LH,E},

charge: 0 —2000

phenomenology already discussed.

L H.ER

charge: 0 —20 —11

zero modes: Ay, Ap, Ag, Ae

Table C.7: AgXe

d|db|ba|ae | L2QBU}
be | x L3

L3H,E®

charge: 00000

therefore perturbatively allowed.

L*H,EY

charge: 0001 —1
zero modes: A\g, A\

second realization: Ag, A, A¢, Ae
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Table C.8: )\b, )\d

b|ba|ac|ed | No
ac | cd | No
ae | ed | No

be | éa | ad | No
éb | bd | No

bé | ca | ad | No
¢b | bd | No

cd | x | No

ce | ed | No
bd | x | x | L'?
de | ed | No

Table C.9: Ao

blba|ac|cal ae No
éb | be No
ac | ca | ae No
cb | be No
cd | ae No

ce | x | QLURE
ae | ec | ce No
be | éa | ab | be No
ab | be No
éb | ba | ae No
be | x No

bc | ca | ab | be No
cb | ba | ae No

be | x No
cd | db | be No
ce | X | x H dE%%3
bd | de | ca | ae No
éb | be No

Table C.10: Mg, Xe

de | ea | ab| be | ERURQL L'
ab | be No

cb | ba | ae | ERH,QPUR
be | x | ELH.L?

S




Table C.11: Mg, A,

d|dc|calac| x No
ab | be | EXURQLH,

ab | be No

éb | ba | ac anti

be | ec No

Table C.12: \g),

dlde| x| x| x Ej
ca | ab | be | ERURQLH,

ab | be No

Table C.13: A\ )\,

el éeb|bal|ac| x No
ac | x | L*QLUR

ae | ec No

be | éa | ac anti

b | be anti

be | x | x L*H,

ca | ac anti

ch | be anti

bd | cd | dé No

ce | ec No

de | x No
ea | ab | ba | ac | UpQLQBUL

bée | ec No
ab | ba | ac | U3QBQLUR
be | x | UOPH,

bd | dé No

be | x No
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Table C.14: A\ .\,

clea|ab|ba|ac| URQLQ¥ Dy
be | ec | URQLL3E®
ab | ba | ac | URQ%Q} Dg
@c X URQ¥H,
bc | x No

bd | de | URQPL2E}Y
cb | ba | ac | x H,Q*# Dy
ac | x No

ae | ec | HiQPUIER
be | ec | x HdL?’Eff’
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