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ABSTRACT

GUT and Standard-like Models in
Intersecting D-Brane Worlds. (August 2006)
Ching-Ming Chen, B.S., National Taiwan University

Chair of Advisory Committee: Dr. Dimitri V. Nanopoulos

The main goal of string phenomenology is to find a convincing connection be-
tween realistic particle physics and string theory. An extended object called D-brane
in string theory is shown as a very powerful tool to resolve phenomenology problems.
D-branes, D standing for Dirichlet boundary conditions, naturally appear in the T-
dual space along one of the toroidally compactified dimensions in non-perturbative
Type I theory. A D-brane forms an U(1) gauge group and the group structure can be
enriched by Chan-Paton indices with multiple coincided D-branes and orientifold ac-
tions. Oribfolds define fixed points of the compactified space and break the theory to
N =1 supersymmetry, and the extended orientifold from world-sheet parity projects
the brane image to help cancel the anomalies. Strings at the intersections of two
D-branes (Type IIA) form massless chiral fermions as bi-fundamental representations
of the gauge groups of the intersecting branes. With these properties, we construct
Grand Unification Theory (GUT) and standard-like models by intersecting D-brane
configuration on T®/(Zy x Z,) orientifold. Also, supergravity and geometrical fluxes
are introduced to stabilize the moduli. In this dissertation, first a brief review of the
D-brane theory is discussed, then the complete construction of D-brane configuration
on T®/(Zy x Zs) is presented, and finally some realistic Trinification, Pati-Salam,
SU(5) and flipped SU(5) models are constructed and discussed. We present the

models both in D-brane wrapping numbers and the corresponding particle spectra.
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CHAPTER I

INTRODUCTION*

The Standard Model (SM) of particle physics is a milestone of physics and it provides
a convincing way to explain the electromagnetic and nuclear interactions (strong and
weak) among elementary particles. Due to its great success in confronting the experi-
ments, all of the attempt to develop more fundamental theories must base on it. The
reason that people seek for more fundamental theories is the SM suffering some prob-
lems such as the absence of gravity, the gauge hierarchy problem, the disconnected
three gauge symmetries (interactions), many unconstraint parameters ranging over
nine orders of magnitude, as well as cosmological problems such as the explanation
of dark matter. The Grand Unification Theory (GUT) suggests a unification of these
three interactions to one gauge coupling, and the simplest unification gauge group
of color and flavor is SU(5). Because of the large differences between the coupling
strength of strong and weak interactions, this unification will not become apparent
until the scale 10 GeV is reached. However even at this energy scale the three
interactions do not exactly unified. Supersymmetry (SUSY) and its local symme-
try treatment supergravity (SUGRA) which incorporating the spacetime symmetry
is introduced to extend SM and they provides a natural mechanism to solve the hier-
archy problem, the unification of the gauge symmetries, and the dark matter origins
from the lightest supersymmetric particle (LSP). But SUSY (or SUGRA) does not

describe gravity as a quantum theory, and actually it introduces more undetermined

"The journal model is Nuclear Physics B.

“Portions of this chapter are reprinted from Physics Letters B, Vol 633, Ching-
Ming Chen et al., Flipped SU(5) From D-branes with Type IIB Fluxes, Pages 618-626,
Copyright 2006, with permission from Elsevier.



parameters in model building which do not make it an ultimate theory. In the past
twenty years string theory became very popular because it has a potential to resolve
all the questions and probably makes some predictions of phenomenology at high
energy scale.

String theory (for a review, see [1]) takes a particle as a particular vibration
mode of an elementary microscopic string, and allows gravity included as a quantum
theory. Supersymmetry is regarded as an ingredient of string theory (superstring
theory). String theory only allows certain gauge groups which can be the origin of
SUSY GUT gauge groups and may offer a possibility to calculate the Yukawa coupling
constants. String theory fixed the dimensionality of spacetime to ten (superstring)
rather than four so the extra dimensions may hide from plain view if they curl up into
a space that is too small to be detected at low energy scale. These extra dimensions
lead to additional fields known as moduli which need to be fixed in low energy physics.
An extended object called D-brane [2, 3] in string theory is introduced and shown as
a very powerful tool to resolve many phenomenology problems.

D-branes, D standing for Dirichlet boundary conditions, naturally appear in the
T-dual space along one of the toroidally compactified dimensions in non-perturbative
Type I theory. A Dp-brane is a p spatial dimensional BPS solitonic object with open
string ends confined on it by Dirichlet boundary conditions. A D-brane forms an
U(1) gauge group and the group structure can be enriched by Chan-Paton indices
with multiple coincided D-branes and orientifold actions. In the T-dual Type II theory
p is only allowed even in ITA theory and odd in Type IIB theory. Oribfolds define
fixed points of the compactified space and break the theory to N = 1 supersymmetry
[4, 5], and the extended orientifold from world-sheet parity projects the brane image
to help cancel the anomalies.

The fundamental goal of string phenomenology is to find a convincing connec-



tion between realistic particle physics and string theory. Previously it was thought
that only models based upon weakly coupled heterotic string compactifications could
achieve this. Indeed, the most realistic GUT models based on string theory may be
the heterotic string-derived flipped SU(5) [6] which has been studied in great detail.
However, in recent years Type I and Type II compactifications involving D-branes,
where chiral fermions can arise from strings stretching between D-branes intersecting
at angles (Type IIA picture) [7] and in its T-dual (Type IIB) picture with magnetized
D-branes [8], have provided an interesting and exciting approach to this problem.

Many consistent standard-like and grand unified theory (GUT) models were built
at an early stage [9, 10, 11, 12, 13, 14] using D-brane constructions. However, these
models encountered problems of supersymmetry. Furthermore, these models suffered
from instability in the internal space. The quasi-realistic supersymmetric models were
constructed first in Type ITA theory on a T¢/(Zy x Z) orientifold [15, 16, 17] and
other orientifolds [18]. Following this, models with standard-like, left-right symmetric
(Pati-Salam [19]), Georgi-Glashow (SU(5)) and flipped SU (5) gauge groups have been
constructed based upon this framework and systematically studied [20, 21, 22, 23, 24,
25].

Turn to the question of our preference of building flipped SU(5) models. Dif-
ferent types of particle models have been discussed using various constructions. The
minimal option is to embed just the Standard Model SU(3) x SU(2) x U(1) gauge
group, but almost every construction contains at least some extra U(1) factors. Con-
ventional GUT models such as SU(5) or SO(10) have been investigated, but none of
them has been completely satisfactory. This triggered the motivation to consider the
gauge group SU(5) x U(1)x [6, 26, 27] as a candidate for a model derived from string.
The raison d'étre of this ‘flipped’ SU(5) is that it requires only 10 and 10 Higgs rep-

resentations to break the GUT symmetry, in contrast to other unified models which



require large and unwieldy adjoint representations. This point was given further
weight when it was realized that models with adjoint Higgs representations cannot
be derived from string theory with a k = 1 Kac-Moody algebra [28]. There are many
attractive features of flipped SU(5). For example, the hierarchy problem between the
electroweak Higgs doublets and the color Higgs triplets is solved naturally through a
‘missing partner’ mechanism [6]. Furthermore, this dynamical doublet-triplet split-
ting does not require or involve any mixing between the Higgs triplets leading to a
natural suppression of dimension 5 operators that may mediate rapid proton decay
and for this reason it is probably the simplest GUT to survive the experimental limits
placed upon proton lifetime [29]. Recent investigation showed that the proton could
be even stable by rotating away the gauge dimension 6 contributions [30]. More
recently, the cosmic microwave anisotropy 07 /T has been successfully predicted by
flipped SU(5), as it has been determined to be proportional to (M/Mp)* where M
denotes the symmetry breaking scale and Mp = 2.4 x 10'® GeV is the reduced Planck
mass [31]. Finally, string-derived flipped SU(5) may provide a natural explanation
for the production of Ultra-High Energy Cosmic Rays (UHECRs), through the decay
of super-heavy particles dubbed ‘cryptons’ [32] that arise in the hidden sector of the
model, which are also candidates for cold-dark matter (CDM).

The heterotic string-derived flipped SU(5) model was created within the context
of the free-fermionic formulation, which easily yields string theories in four dimen-
sions. This model belongs to a class of models that correspond to compactification on
the Zg x Zs orbifold at the maximally symmetric point in the Narain moduli space [33].
Although formulated in the context of weakly coupled heterotic string theory, it is
believed that the vacuum may in fact be non-perturbative due to its proximity to spe-
cial points in the moduli space and may elevate to a consistent vacuum of M-theory.

For this reason, it is our hope that in searching for a realistic flipped SU(5) model



that we may arrive at or near the same vacuum using D-brane constructions.

However, in spite of these successes, a natural mechanism is still needed to stabi-
lize the moduli of the compactification, although in some cases the complex structure
parameters (in Type IIA picture) and dilaton fields may be stabilized due to the
gaugino condensation in the hidden sector [34]. Turning on non-trivial fluxes as
background of the compactification gives rise to a non-trivial low energy supergravity
potential which freezes some Calabi-Yau moduli [35]. Type IIB configurations with
non-trivial Ramond-Ramond (RR) and Neneu-Schwarz-Neveu-Schwarz (NSNS) fluxes
together with the presence of anti-D3 branes have been studied in [36, 37, 38|, and a
complete analysis of Type IIA configurations with RR and NSNS and metric fluxes
has been studied in [39]. These fluxes impose strong constraints on the RR tadpole
cancellation since their supergravity equation of motion and the Dirac quantization
conditions must be satisfied. The corresponding models are studied, for example, in
[40, 41, 42, 43, 44].

This thesis is organized as follows. In Chapter II a very brief review of the
required knowledge to build intersecting D-brane models is provided. By Kaluza-Klein
dimension reduction the concept of duality connecting different limits in different D-
brane theories is introduced as the main spirit in M-theory. This new extended object
of string theory is discussed and its properties are stated concisely. In chapter I1I we
list all the constraints such as RR-tadpole conditions, supersymmetry conditions, and
K-theory constraints including non-trivial supergravity fluxes specifically in one kind
of orientifold, Zy X Zs, for model building. In Chapter IV we take use of the constraints
from Chapter III to construct semi-realistic Standard-Like models, especially for Pati-
Salam models. And finally in Chapter V the grand unification models (GUT), are
discussed and especially the flipped SU(5) construction is focused on. We also show

an example for the Georgi-Glashow SU(5) GUT model. Chapter VI is for discussion



and conclusions. We list all other similar models that are not explicitly discussed in

the appendices.



CHAPTER II

D-BRANE THEORY

In this chapter we give a very brief review of D-brane theory, which basically fol-
lows [45]. D-branes are physical objects to which string endpoints are attached with
Dirichlet boundary conditions satisfied. We will consider Type I and II theories for

gauges from branes rather than from the anomaly cancellation in heterotic theories.

A.  T-Duality

T-duality explains the equivalence among different theories in string theory. The
mass spectra remain the same in the different limits of the radius of the compactfied

space by interchanging the parameters of the corresponding Kaluza-Klein modes.

1. T-duality and Closed Strings

Consider first the zero modes of closed strings with the expansion

/ /
XH(z,2) = ak + 7" — iy %(ag + ag)T 44/ %(ag‘ — aly)o + oscillators. (2.1)

We know non-compact spatial directions in X* is single-valued. However, the oscilla-

tors are periodic by o — o 4 27, so X* shifts by a value 27,/ %’(ag — af). Therefore

by the space-time momentum p* = \/%(ag + af) we have

=al =/ =p". (2.2)

Now if we compactify X% on a circle with radius R by Kaluza-Klein method, the
momentum of the 25th dimension will be discrete as p*> = n/R for n an integer.

Again, if we apply o — o + 27, this time X?° is not single-valued anymore because



of the compactification. The difference of X*: 2m4/% (af — af) will change by a

discrete value, say 2nrwR, where w € Z. Therefore we can write the zero modes of

n wR. |d
W = GEINT
~ n  wR. o
W = (G- (2:3)

Then the mass spectrum in terms of the zero modes with the left- and right-moving

this compact dimension as

excitations L and L is

25 4

)
2 o 2
M* = —p'p, = g(%) +5(L—1)
2 4 -
= J(a§5)2+J(L—1). (2.4)

As we just claimed, the mass spectrum is invariant and all the interactions are iden-
tical as well [46] if we do the following exchange [47]

O{/

n e w, RHR/EE. (2.5)

This exchange is called T-duality transformation, which is an exact symmetry of
perturbative closed string theory [2, 3, 45]. If we write the radius-R theory (the

effective coordinate of X?) in terms of
XP(z,2) = XP(2) - X5(3), (26)

the energy-momentum tensor and other basic properties of conformal field theory will
be invariant. This can be regarded as a space-time parity transformation acting only
on the right-moving modes. The only thing changes is the zero modes different by a
sign:

25 25 <25 ~25
Qy < Qy, Qy <~ (2.7)



This theory is very important because it provides a connection between two limits,
or in other words, two geometrical structures due to the transformation, R’ being
proportional to the inverse of R. Consider R — oo, intuitively it implies X% is not
compact. So the states with w # 0 are infinitely massive, and the states with w = 0
provides a continuous momentum for any n. On the other hand, for R — 0, states
with n # 0 become extremely massive, and X?° are fully compactified. The other
parts of the space are independent of the reduced dimension, which is the same as
normal Kluza-Klein theory. However, in string theory there are other modes for w
when n = 0 which can be regarded as an effective momentum. Thus accompanied

with this a fully uncompactified effective dimension appears.

2. T-duality, Open Strings, and D-branes

Now turn to apply T-duality on open strings. The mode expansion of X2° is

¥ [a at
X25 - C i 251 . - m
(2) 5 + ia'pPInz+i 5 Zmzm’
m#0
% o ot
X®(z) = - —C- i pPInz +i 5 > . (2.8)
m7#0

Again compactify X2 on a circle with radius R so p*> = n/R, then write the radius-R

theory in terms of

X®(2,2) = X®(2) = X®(z) = 2C —iap® In = + oscillators
z
O[/
= 2C+ QnEa + oscillators. (2.9)
At the endpoints ¢ = 0, 7 the oscillator terms vanish, and the remaining zero mode
is independent of 7. Therefore the endpoints of the string do not move on the effect
coordinate X’?° [2, 3]. In other words, in the dual theory the endpoints are fixed

on certain points on X?°, X?°(oc = 0) = 2C and X'*(0 = ) = 2C + 27nR/, but
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they are still able to move freely on other 24 spatial coordinates and wind n times
on space-time circle. This 24-dimensional hyperplane where the string endpoints lie
on is a dynamical object, and is called D(irichlet)-brane because in the T-dual space

the boundary condition is Dirichlet [2, 48, 49]:

0 = [0.X%(2,2) = 0.X%(2) + 0:X7(2)]

o=0,m

= [0X(2,5) = 0.X%(2) — (—0:X%(2))] (2.10)

o=0,m "

Note from (2.9) by the same analysis when R — 0 there is no w for new continuous
states. Therefore this is a dimension reduction case and it seems inconsistent that
open strings live in a D—1 dimensional space rather than a D dimensional space where
closed strings live. The answer is they both live in the space with same dimensions
because only the endpoints of open strings live on the D — 1 space, which is the
D-brane.

To summarize, T-duality interchanges Neumann and Dirichlet boundary con-
ditions and define D-branes in the dual space. And continue taking T-duality in
a direction tangent to a Dp-brane reduce this brane to a D,_;-brane, while taking

T-duality in a direction orthogonal to this brane makes it into a D, ;-brane.

B. Gauge Groups from D-branes

1. Chan-Paton Factor and Oriented Open Strings

Consider an oriented open string, it is still consistent with space-time Poincaré invari-
ance and world-sheet conformal invariance to add non-dynamical degrees of freedom
at the ends. The ends of the string will not change their status. If one labels the two
ends ¢ and j and each runs from 1 to N, the two variables can form an N x N matrix

Af; which is a basis for a string wave function |k,a) = 3, ; |k, ij)Aj;. These fields
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are Chan-Paton factors [50]. For the graviton must be real, the Chan-Paton factors
should be Hermitian. Each vertex carries such a factor, so if we consider an interac-
tion with four oriented open strings at tree level, under the conformal transform we
can see the right end of string 1 must have the same value as the left end of string
2 (If string 1 is at the left of string 2), for Chan-Paton factors are non-dynamical.

Therefore, the net effect of this scattering is [51]
D AN = Tr(AIZNAY), (2.11)

This trace factor appear in the amplitude, and is invariant under U(N) symmetry
on the world-sheet. It also takes into account the massless vertex operator by V% =
A0, X exp(ik X), so the vertex operator transforms as the adjoint under the U(N)
symmetry. In other words, the global symmetry of the world-sheet is promoted to a

gauge symmetry in space-time [51].

2. Unoriented Strings

If we apply the world-sheet parity €2 on the open string as z «<» —Z, we reflect rihgt-
moving modes into left-moving modes. The open string tachyon survives under this
discreet symmetry, but the photon does not. Chan-Paton factors on the string ends
provide an additional structure to the photon [52]. World-sheet reverses Chan-Paton

factors on the two ends of the string, and have some additional action [51]:
QNijlk, i7) — Njlk,ij), N = MATN. (2.12)

Here N = M~! because (2.11) should be satisfied. Acting  twice to the identity, the
states are invariant under

A — MM T MTM (2.13)
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If strings with A;; and Aj; are in the spectrum with any k& and [/, then so is the state
with A;;. Aj implies A;; by CPT, and a splitting-joining interaction in the middle
gives \ix @ A\;j — Aij @ A\ By Schur’s lemma MM~ is proportional to identity, so

M is either symmetric or antisymmetric, and there are two choice of basis [53]:

e M = M" = 1y. For the photon to be even under  and survive it is required

A = —AT then the gauge group is SO(N).

0 1n/2

o M = —MT = ) A = —MMTM in this case, and the gauge

—1n O

symmetry is USp(N).
Consider unoriented closed strings. The theory is invariant under a world-sheet
parity symmetry, which reverses the right- and left-moving oscillators. If we gauge
this global symmetry, states which are symmetric survive such as graviton and dilaton,

and the antisymmetric tensor is projected out.

3. Chan-Paton Factors and Wilson Lines

Consider space-time has the non-trivial topology of a circle on coordinate X?° with
radius R. Take the simplest case with gauge group U(1), then we choose a constant

background gauge potential

0 ., OA

Py — ——  —
Az (X7) 21 R oxE

(2.14)

where A(X%) = exp(igf}f). This is a pure local gauge. The Wilson Line preserve a

charge ¢ of this gauge:

W, = exp (iqde%A%) = e i, (2.15)

So if an object does a loop along X%, W, just get a phase factor. If we gauge away

A by A7!, it means this object with a charge ¢ will pick up a phase €’ when moving
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Fig. 1. N hyperplanes at different positions along X2

along the circle.

We can generate the case for an U(N) group. Now the gauge potential Ags is

A25 = diag{@l, 92, tee 9]\]} = —iA_1825A, (216)

2R

-y 25 -y 25 Sy 25 .
X0 2m R iXT02/2mR L oiXTON/27RY - The gauge generically breaks

where A = diag{e
U(N) to U(1)N if 6; are different. So similarly if we gauge A% away the fields have
a phase

diag{e ™, e 2 ...c7"N} (2.17)
under X% — X2 + 27 R. Therefore, for a string state |ij) charged under U(N) will

0;—0;
2TR

have a shift on the canonical momentum by p** = % + The endpoints are no

longer on the same hyperplane, but with a shift as
X (1) — X'™®(0) = (2mn + 0; — ;)R (2.18)

There will be N hyperplanes at different positions along X?°, as shown in Figure 1.
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C. D-brane Dynamics

It is interesting to see if several coordinates X™ = {X?, X2 ... XP*1} are periodic,
and then write X™ in terms of the dual coordinate. So there are N p+ 1-dimensional
hyperplanes on which open string endpoints attach. Then we apply T-duality, which
interchanges the Neumann conditions and Dirichlet conditions on the world-sheet.
The (p+1)-dimensional hypersurface is the world-volume of a p-dimensional extended
object called D-brane.

Take the mass spectrum with only one coordinate periodic, i.e., a D24-brane as

an example,
2mn + (6, — 0;)| R’

2ma’

M2 = { }2 + é(L —1) (2.19)

[2mn + (0; — 0;)|R' is the minimum length of the string. he massless states are from
non-winding (n = 0) open strings with two endpoints on the same D-brane. One of
the massless states is with the gauge field in the directions transverse to the D-brane,
and the other is with the gauge field in the compact direction of the original theory,
which is the position of the D-brane in the dual theory.

If there is no D-brane coincide, we know U(N) is breaking into U(1)". But
when m D-branes coincide, there are new massless states since the length of strings
stretching on these D-branes vanishes. So there will be m? vectors, forming the

2

adjoint of a U(m) gauge group. Furthermore, m* massless scales will appear, and the

m positions are promoted to a matrix.

D. Orbifolds

To explain the real world in the D = 4 space-time we need to compactify the extra
dimensions, for instance, Cg for superstring theory. However Cg cannot be any random

manifold for keeping N = 1 supersymmetry, breaking gauge symmetry down to the
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Fig. 2. Orbifold as a discrete symmetry.

Standard Model, and obtaining chiral fermions. From the early day Cj is taken as a
Calabi-Yau manifold for all the properties satisfied. But it is very difficult to construct
Calabi-Yau manifold and so far only very few examples are presented. Therefore to
investigate physics in our space-time we need to find a simple way to compactify Cg
with flat space solutions.

Toroidal compactification [54] is a good candidate for the analysis. The N = 1
D = 10 theory is broken down to N = 4 D = 4 theory, which is still far away
from our requirement N = 1 supersymmetry. A discrete symmetry acting on the
compactified space denoted as Cg/Gp with fixed points is introduced so then the
space is named “orbifold” [55] instead of a general “manifold”. This orbifold indeed
satisfy the requirements mentioned and most important is it is easy to construct.

Take one compact dimension X2° on a circle S; with radius R as an example.
Consider the discrete symmetry Z, with the action X% — —X?° by fixing the two
points 0 and 7R all other points are projected on a line, as shown in Figure 2. The
string modes are different by a sign under this discrete symmetry. So for a closed
string, we have known X2 — X% 4+ 27wR when ¢ — o + 27, so now under the
orbifold symmetry X2 = —X? we find there is neither zero modes nor winding
at the fixed points. This means there are two identical copies of these “twisted

sectors” corresponding to strings trapped at X2 = 0,7R in space-time with zero
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momentum. Therefore these trapped strings satisfy equations of motion and the

boundary conditions should be included in the spectrum.

E. Unoriented Strings and Orientifolds

The R — 0 limit of unoriented string compactification also leads to new objects. The
effect of T-duality can be regarded as a one-sided parity transformation [51]. The
action of world-sheet parity reversal (2 is to exchange X™(z) and X™(Zz), so the dual
coordinate is different by a sign under () acting on the original compact space for
closed strings:

X'"™(2,2) « —X"™(z, 2). (2.20)

In the effective coordinate it is a result of the product of a world-sheet and a space-
time parity. This implies that in the dual theory the transformation has to be this
product rather than 2 only to make strings invariant. The space-time parity is the
same transformation as the orbifold construction. With the additional world-sheet
parity this object an orbifold with orientation reversal. This generalization of the
usual unoriented theory is an orientifold [2, 56).

In the case of a single compact dimension, X’?® € [0, 7R], and at the two ends
are dimension 24 spatial planes. These orientifold planes are not dynamical and no
string modes tied on them. The local physics is unoriented on the O-planes, but
oriented away from these fixed planes. Unlike the theory with only orbifold where
the space-time parity projects away half of the states, the world-sheet orientifold
relate the strings to their images.

For open strings the situation is similar that the orientifold fixed at 0 and 7R’

in the dual space of X?°. From the orientifold action the Wilson-line has a negative
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Fig. 3. D-branes and their images projected by the orientifold plane.

projection of each 6; on X'
diag{@l,—el,QQ,—92,~~,0N/2,—9N/2}. (221)

So there are & D-branes in the segment [0, 7R'] and & of their image branes on the
negative side of the dual compact space, as shown in Figure 3. Strings can not only
stretch between the ordinary D-branes but also stretch between D-branes and their
images. The generic gauge group is then therefore U(1)™/2. And for the oriented
strings, before orientifold is introduced if m D-branes coincide they form a U(m)
group. Now if these m branes coincide at one of the fixed points, the strings between
these branes and their images are massless as well, so there are effectively 2m branes
coincide and thus form an SO(2m) group. Same analysis can apply on the USp(N)

groups.
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F. The D-brane Action

1. The D-brane Tension

D-brane is dynamical so it feels the gravity force, and the tension on it controls its
behavior responding to the outside influence. Denote the coordinates &* for a =
0,---,p on the D-brane. The fields imbedding on it could be a string X™(£%) =
21a/®™ and a gauge field A,(£*) as mentioned. We first write down the D-brane

action, and will discuss the gauge field later:

S, = T, / PHge® /(Ao Coy). (2.22)

Gap 1s the induced metric on the D-brane, 7, is the tension, and the dilaton depen-

dence e® = ¢! is from an open string tree level action. The mass of a Dp-brane

wrapping around a p-torus is T,e~® [[?_, 27 R; [57].

Taking T-duality on a direction of the Dp-brane and the transformation of the

dilaton, we then can find a recursing relation for the tension:

Tp-1
T, =2~
P 2wy o

Therefore we can see that a string stretching between two parallel separated D-branes

(2.23)

with non-zero tension is massive.

2. Tilted D-branes

Now we include the gauge field. Consider a D2-brane neglecting other components
on a surface extended by the X! and X? directions, and then introduce a constant
gauge field strength F15 = B3 regarded as a ‘magnetic’ field orthogonal to the surface

[58, 59]. The gauge field can be chosen as Ay = X' F}5. After taking T-duality along
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X?, its dual coordinate turns out
X"? =21/ X1 Fys. (2.24)

It is a D1-brane, just as we mentioned that if we take T-duality along one direction of
a D-brane it results in a dimension reduction, forming an angle § = tan=!(2wa/Fy5)
in the dual space, as shown in Figure 4. This D1-brane world-volume action can be

written as

SN/ ds:/
D1 D1

By boosting the D-brane to be along the coordinate axes and rotating F},, to a block-

1
— = /dX1\/1 +tan2f = /Xm\/1 + (2ra/Fp)? (2.25)

diagonal form, we can generalize the above analysis and write the action as

S ~ / dDX\/det(nW +270/F,,). (2.26)

This is so called Born-Infeld action [60].
Note the background space-time anti-symmetric tensor B,,, should be considered
in the action as well because the space-time gauge invariance should be preserved.

Consider the action on world-sheet for B and A:

1
B A. 2.27
2ma! /M * /am (2:27)

If this action is invariant under space-time gauge transformation 0B = d( it must

be cancelled by §A4 = —(/2ma’. So if the total gauge F is conserved, it should be a
combination of B, and A: F = B + 2na/F where F' = dA. Then the total action is

a Dirac-Born-Infeld action:

S~ / e\ JAet(Gro + By + 270'Fy). (2.28)

This tilting mechanism induced by gauge fields (magnetic) moves the D-branes
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Fig. 4. A D2-brane with a flux is tilted by an angle in its T-dual picture.

away from the original position and separates them due to different gauge field
strengthes. The magnetic fluxes can split the energies (masses) of different spinors
so then distinguish the chirality of the strings (in superstring), which is similar to
the phenomena of Zeeman effect. We may take this as ‘brane Zeeman effect’ [61]. In
superstring theory different tilted D-branes may intersect and the strings stretched
between two intersecting D-branes are massless at the intersection point, see Figure 5.
These chiral massless states are bi-fundamental representations and are the particles

we look for in model building from D-brane constructions.

G. Superstring Intersecting D-branes

To apply D-brane theory in phenomenology it is natural to consider the superstring

construction since we live in a world with fermions. We mainly consider Type II the-
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Fig. 5. A massless chiral string state is from the intersection after a flux is turned on

in the dual space.

ory, where ITA picture with D(3+n)-branes wrapping on n-cycles on a 2n-dimensional
torus T?" or IIB picture with D(3 + 2n)-branes wrapping on the same space. We
choose factorized T?" as a product of n rectangular T? tori. We will see why we only
consider the n = 3 case, i.e., D6-branes in ITA picture.

Type ITA theory provides a more a clear geometric picture. Chiral fermions can
only arise from the sector of open strings stretched between two D-branes. If D,-
brane set makes an angle 61 from one of the canonical basis of the torus T2, then we
define 0!, = 61 — 0] the angle difference between stack a and b. The mass operator
for a string in such sector is [62]

2

420/

o' M2 = + N, +v(> 0L, - 1), (2.29)
I

where Y is the length of the stretched string and N, and N% are the Ramond and
Neveu-Schwarz number operators of oscillations. These oscillators can be modified to

investigate the open string spectrum in a simple way. The mass operator then turns
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out [11]

Y? (r+wvg)*—1

"M} = —— 4+ Npps(0) + —————— + E, 2.30
Q Mgy Ar20/) + Vo, ( ) + 9 + b ( )
where N, stands for the bosonic oscillator contribution and E;, is the vacuum energy.

The twist vectors of the D6-brane case (n = 3) are bosonic states from the NS sector

TNs TV = (_1+9179256370)7
(01, —1+6%,6°,0),
(01,60%, -1 +6°,0),

(=140 —1+6% —-1+6°0), (2.31)

and a massless fermionic state from the Ramond sector

1 1 1 1
rrtvg = (=5 +0 =5 +0%—5 + 0% +35), (2.32)

in the four dimensional space. We focus on the D6-brane case because it does not
have vector-like fermions and tachyons in the spectrum.

Now we have all the background for the intersecting D-brane theory. The next
step is choosing a proper orientifold to analyze its properties. As we will see in the
next chapter a T%/(Zy x Zy) orientifold proposed in [17] is fully discussed. Based on

this scenario we will build Standard-like and GUT models as we claimed.
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CHAPTER III

D-BRANE CONSTRUCTIONS

There are many ways to compactify the internal space. We are especially interested
in Type II theory compactified on T¢/(Zy x Zy) orientifold. It provides not only a
solution to compensate the RR charges of D-branes but a minimum constraint on
model building. A supersymmetric Type ITA intersecting D6-brane construction is
T-dual to the open-string sector of a Type IIB theory with magnetized intersecting
D3-, D5-, D7-, D9-branes, thus they share similar properties in model building. The

configuration of D-brane construction is highlighted in the following subsections.

A. Type ITA Construction*

We have several choices of compactification at our disposal in attempting to build
a four-dimensional three-generation model, but we will focus on the supersymmetric
type ITA orientifold on T®/(Zy x Zs) with D6-branes intersecting at generic angles.
This choice has the feature that Zs actions do not constrain the ratio of the radii on
any 2-torus, i.e., fix the complex moduli, and the four orientifold planes provide op-
posite charges to the four Ramond-Ramond charges. Additionally, the T¢/(Zy x Zs)
orbifold has only bulk cycles, contrasting the cases of Z, and Zg orientifolds where
exceptional cycles also necessarily exist and generally increase the difficulty of satisfy-
ing the Ramond-Ramond tadpole conditions. However, as we shall see only a limited
range of ratio of the complex structure moduli is consistent with the supersymmetry
conditions.

*Reprinted from Physics Letters B, Vol 611, C.-M. Chen et al., A Supersymmet-

ric Flipped SU(5) Intersecting Brane World, Pages 156-166, Copyright 2005, with
permission from Elsevier.
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This T¢/(Zy x Zs) structure was first introduced in [17, 63] and further studied
in [21] *, and we will use the same notations here. Consider type IIA theory on the
T®/(Zy x Z) orientifold, where the orbifold group Zs x Z, generators 0, w act on the

complex coordinates (21, 22, z3) of T® = T? x T2 x T? as

0 : (2172272’3) - (_217 —Z2, 23)

w (21, 22, 23) — (21, —22, —23) (3.1)

We implement an orientifold projection 2R, where €2 is the world-sheet parity, and
R acts as

R : (21,22, 23) — (Z1, %2, 23) (3.2)

Although the complex structure of the tori is arbitrary under the action of Zg X Zs,
it must be assigned consistently with the orientifold projection. Crystallographic
action of the complex conjugation R restricts consideration to just two shapes. We
may take either a rectangular toroidal cell or a very specific tilted variation which
can be taken in another point of view, with an angle between the two vectors of the
basis. Define here the canonical basis of homology cycles ([a;], [b;]) lying respectively
along the (&;,1y;) coordinate directions, where i = 1,2, 3 labels each of the three 2-
tori. Next, consider K different stacks of N, D6-branes wrapping on ([a;], [b;]) with
integral coefficients (n’,m’), where a = 1,2, .... K. For the tilted complex structure
variants the toroidal cell is skewed such that an alternate homology basis is required
to close cycles spanning the displaced lattice points. Specifically, we must consider

the cycle [aj]=[a;]+3[bs], so that the tilted wrapping is described by nf[al]+m}[b;] =

ntla;]+(nt /2 + m!)[b;]. For convenience, define the effective wrapping number ! as

I} =m! for rectangular and [’ = 2m! + n! for tilted tori.

*See also [4, 15].
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Fig. 6. The four O6-planes in T®/(Zy x Zy) [17].

With these definitions the homology three-cycles for a stack a of D6-branes and

its orientifold image a’' are given by

3 3

M) = [[(ne[ai] +27% b)), o] = [[(nela] =277 b)) (3.3)

i=1 i=1

where 3; = 0 if the ith torus is not tilted and 5; = 1 if it is tilted.
There are four kinds of orientifold 6-planes associated with the actions of QR,
QRO, QRw, and QRAw, which are shown in Figure 6. The homology three-cycles

which they wrap are [21]

QR : [I] = 2°[a1][as][as], QRw : [My] = —23772755[q,][by][bs]

QROw : [TI3] = —23-51-5[b ] [as][bs], QRO : [T1,] = =252 (b ][by][as] (3.4)

This represents the fact that 180° rotation plus conjugate reflection produce
‘vertical’, i.e. [b;]-oriented, invariant cycles, while the operator R alone preserves
certain cycles along the ‘horizontal’, or [a;] axis. Each two-torus yields always a pair
of such cycles, with the exception of the [b;]-type tilted scenario where only a single
invariant wrapping exists. This explains then the normal counting of 8 = 23 distinct

combinations, halved for each application of tilting in the vertically aligned case.



26

Table I. Wrapping numbers of D-branes on the four O6-planes.

Orientifold Action | O6-Plane | (n', ') x (n?,1?) x (n3,13)
OR 1 (2%1,0) x (2%,0) x (2%,0)
QRw 2 (2%,0) x (0, —2%2) x (0, 2%)
QROw 3 (0, —251) x (2%2,0) x (0,2%)
QRO 4 (0, —251) x (0,2%2) x (2%,0)

The total effect of these four planes should be combined, so we define [I1pg] =
> ;[IL] [21]. In addition, a set of new parameters which are convenient in the following

discussion are introduced [21]:

— _plp2.3 — 17273 _ 71,273 — J172,,3
A, = —n nin,, B, =n,l;l, Cy =1nil>, D, =1,l;n,
A — _J172713 B — 12,3 (7 _— 172,83 1) _— 1,273
A, =112, B, =1l n;n,, Co=nglin, D, =n,n;l; (3.5)

With the basic definitions in hand, we can continue working on the global con-
straints of this model.
1. RR-tadpole Consistency Conditions

The Ramond-Ramond tadpole cancellation requires the total homology cycle charge

of D6-branes and O6-planes to vanish [64]. The resulting equation

Z Na[Ha] + ZNa[Ha’] - 4[HO6] =0 (36)



27

can be expressed in terms of the parameters defined in (3.5) as

> NoAy =) N,B,=> N,Co=)» N,D,=-16 (3.7)

It should be stressed that the tadpole condition is independent of the selected
tilting. However, these coupled constraints are generally quite difficult to satisfy. The
introduction of so called ‘filler branes’ [21] which wrap along the O6-planes can help
somewhat. Such branes automatically preserve supersymmetry, so that they can be
selected with only an eye for independent saturation of each RR-tadpole condition. If
N® branes wrap along the ith O6-plane, they generate USp(N®) groups and (3.7)

is updated to
_ok N 4 Z N,A, = —2FN® 4 Z N,B, =
—2*N® 43N, C, = —2*NW + Y "N, D, = 16 (3.8)

Here k = (31 + (2 + (3 is the total number of tilted tori. The wrapping numbers of
these filler branes on T¢/(Zy x Z,) are listed in Table I.

2. Conditions for Supersymmetric Brane Configurations

The condition to preserve N = 1 supersymmetry in four dimensions is that the rota-
tion angle of any D-brane with respect to the orientifold plane is an element of SU(3)
[7, 17, 63]. Consider the angles between each brane and the R-invariant axis of i
torus 6!, we require 6! + 62 4+ 63 = 0 mod 27. This means sin(6! + 02 + 63) = 0 and

cos(0) + 602+ 60%) =1 > 0. We define

(3.9)
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where R and R! are the radii of the i*® torus. Then the above supersymmetry

conditions can be recast in terms of the parameters defined in (3.5) as follows [21]:

$Afia + nga + xcé’a + xpﬁa =0

AyJxa+ ByJxp+ Co/xc + Dy/xp <0 (3.10)

where x4, Tp, Tc, xp are complex structure parameters, all of which share the same

sign. These parameters are given in terms of the complex structure moduli y; =

(Ry/Ri) by
=N\ x5 =" \oxs, w0 = X205 ) x xs, ap =220 /e (3.11)

The positive parameter A was introduced in [21] to put all the variables A, B,C, D

on an equal footing. However, among the x; only three are independent.

B. Type IIB Construction*

In Type IIB theory the orbifold group of Zy x Zs are the same as the one defined in
(3.1). This construction contains a D = 4, N = 2 supergravity multiplet, the dilaton
hypermultiplet, h;; hypermultiplets, and hs; vector multiplets which are all massless.
For the orbifold with discrete torsion the Hodge numbers from both twisted and
untwisted sectors are (hi1, ho1) = (3,51). In order to include the open string sector,
orientifold planes are introduced by an orientifold projection QQR, where €2 is the

world-sheet parity and R acts as
R: (21, 22, 2’3) — (—21, —Z9, —23) (312)

*Reprinted from Physics Letters B, Vol 633, Ching-Ming Chen et al., Flipped
SU(5) From D-branes with Type IIB Fluxes, Pages 618-626, Copyright 2006, with

permission from Elsevier.
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There will then be 64 O3-planes and 4 O7;-planes, which are transverse to the
T?. Thus QR projects the N = 2 spectrum to an N = 1 supergravity multiplet, the
dilaton chiral multiplet, and 6 untwisted and 48 twisted geometrical chiral multiplets.
[40, 41, 42]

We need D(3 + 2n)-branes to fill up the D = 4 Minkowski space-time and wrap-
ping the 2n-cycles on a compact manifold in type IIB theory. The introduction of
magnetic fluxes provides the T-dual consistency to Type ITA theory. For a stack of

2
79

N, D-branes wrapping m! times on T?, n! denotes the units of magnetic fluxes F"

on T?, thus

m;—/ F, =n, (3.13)

To write down an explicit description of D-brane topology we introduce the even
homology classes [0;] and [T;] for the point and the two-torus. Then the vectors of
RR charges (corresponding to Type IIA homology cycles) of a'* stack D-brane and

its image are (for simplicity, regardless the tilted cases) [65]

1) = [Toslo] + mi[T), ) = [[ifod —mifrd) (319

The O3- and O7;-planes of T¢/(Zy X Zs) resulting from the orientifold action
QR, QRw, QRAw and Q2RO can be written as

QR: [Hos] = [04][0:][0s], QRw: [lo7,] = —[0:][T3][T%]

QRO : [Mlon,] = ~[T3)[0,][T3), QRO [lor,) = —[THTI[0)]  (3.15)

1. RR-tadpole Consistency Conditions

It is the same in Type IIB theory that the total (associated) homology cycle RR
charge of D-branes and orientifold planes must vanish since the RR field flux lines

are conserved. This implies cancellation of all D = 4 non-Abelian gauge anomalies
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from triangular diagrams, such as SU(N)? and U(1) anomalies. That is, [17, 20]

ZNa[Ha] + ZNa[Ha’] - 42[1_[01)] =0 (316)

Additional objects called filler branes on top of the O-planes can be introduced again

to reduce the difficulty of satisfying this condition.

2. Conditions for Supersymmetric Brane Configurations

We have known that the condition in Type IIA theory to preserve N = 1 supersym-
metry in four dimensions is that each rotation angle #° between each D6-brane and
the R-invariant axis of ith torus is an element of SU(3) [7, 17, 63]. On the other hand,
in Type IIB theory to satisfy NV = 1 supersymmetry in the open-string sector these
“angles” of each torus determined by the world-volume magnetic fields are defined as

tanf; = (F)~! = where y"* = R} R} is the area of the T? in o units, then we

nz Y

can write it in a form that is similar to the constraints in Type IIA picture as [17]

—xamimim? + xpminZnd + xenimind + xpninimd =0

—nlnZnd Jr 4+ nlm2m? Jap 4+ min2md jec +mim2nd jxp <0 (3.17)
where x4 = A, 15 = A/X*X>, zc = A/X'X3, zp = A/x'x?, and ) is a normalization

constant used to keep the variables on an equal footing. It is not a surprise since they

are T-dual to each other.
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C. The K-theory Conditions*

In the previous sections, the consistency conditions for having a model free of RR
tadpoles were stated. These conditions essentially translate into constraints on the
allowed homology cycles. However, it has been argued that it is K-theory which
fully classifies the RR-charges of D-branes and not the ordinary homology theory
[24, 41, 66, 67, 68]. In addition to the RR-tadpole condition the discrete D-brane
RR charges classified by Zs K-theory groups in the presence of orientifolds, which
are invisible by the ordinary homology [40, 41, 66, 67, 68|, should be also taken into
account [40, 41, 65].

In type I superstring theory there exist non-BPS D-branes carrying non-trivial
K-theory Zs charges. To avoid this anomaly it is required that in compact spaces
these non-BPS branes must exist in an even number [67]. If we consider a type I non-
BPS D7-brane (]/)\7—brane), we may regard it as a pair of D7-brane and its world-sheet
parity image D7-brane in type IIB theory, i.e. D7 = D7 + D7/Q . There are three
different kinds of non-BPS (]5\7)—branes, denoted as 67\2-, where ¢ = 1,2, 3 labels the
two-torus where the D7 does not wrap. By construction there are three pairs D7;,
D7; in type IIB theory [41]. These D7-brane pairs, as well as other D-brane pairs
in type IIB theory, can be explicitly expressed by the homology 3-cycles in type ITA
theory as listed in Table II.T.

It is reasonable to take the branes in Table II as a basis of a magnetized model
(obviously they are in terms of the homology one-cycles). We can see that a general
D6-brane three-cycle in type IIA theory is composed of these brane pairs, i.e., a

*Reprinted from Physics Letters B, Vol 625, C.-M. Chen et al., A K-theory

Anomaly Free Supersymmetric Flipped SU(5) Model from Intersecting Branes, Pages
96-105, Copyright 2005, with permission from Elsevier.

"In type IIB picture D5; stands for a D5-brane wrapping the i two torus.
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Table II. Brane pairs of Type IIB theory without B-field and their corresponding ho-

mology classes of 3-cycles in Type ITA picture.

D3-brane

Mps = ([b1])([b2])([b3])

Mpg = (=[ba]) (= [b2])(—[bs])

Db5-brane

ps,= ([a1])([ba])([bs])
Ips,= ([b1])([az])([bs])
I ps,= ([b1])([b2])([as])

l55,= ([a1])(=[ba])(—[bs])
lz5,= (—=[b1])([az])(—[bs])
lzs,= (—=[b1])(=[b2]) ([as])

D7-brane

7, = ([ba])(laz])([as])
p7,= ([aa])([b2])([as])
p7,= ([an])([a2])([bs])

57, = (=[ba])([az])(las])
p7,= ([a])(=[ba])([as])
g7, = (lan])([a2]) (= [bs])

D9-brane

55 = ([a])([a2])(las])

general D6-brane is a linear combination of these brane pairs, which is why we should

take the K-theory constraints into account since the numbers of the pairs given by

wrapping numbers are not trivially even.

We do not have to worry about the K-theory charge contributed by D5 and

DO9-branes since the RR-tadpole conditions guarantee the even numbers if we choose

the number of the filler branes to be even, which is not difficult to achieve. The

real problem comes from D3 and D7-branes, though they do not contribute to the

standard RR charges. The K-theory conditions for a Zs X Zs orientifold were derived

in [41] and are given by [40, 41, 65]

a a a

Z 27 NLIMAB = Z 27*N,A, = 0 mod 4

2.

a

2N, I n2nd = Z 2PN, B, = 0 mod 4

a “a’"a

a
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a"a "a

22 PN pli2n3 = ZT"?NGC’Q — 0 mod 4

> 2 BNl = 22 % N,D, = 0 mod 4 (3.18)

a “a-a

These constraints turn out to be more clear if the additional three D5-branes
or D9-brane are introduced as “probes” [67]. These branes wrap cycles along the
O6-planes so they satisfy supersymmetry automatically and form USp groups. The
sum of intersection numbers between these probe branes and the general D6-branes
should be even (mod 4 in our case) in order to cancel the global gauge anomaly [69].

For example,

Z N, [ ps, | [IT Z N,I'n?n = 0 mod 4 (3.19)

which is exactly the same as the second equation in (3.18). Though we add these extra
branes to detect the K-theory charges, they are still exterior to our original model

and do not contribute to the determined RR-tadpole cancellation configuration.

D. Intersection Numbers and the Spectra*

The initial U(N,) gauge group supported by a stack of N, identical D6-branes is
broken down by the Zy X Z; symmetry to a subgroup U(N,/2) [17, 63]. Chiral
matter particles are formed from open strings with two ends attaching on different
stacks. In Type ITA point of view the bi-fundamental fields are from the strings near
the intersection of two D-branes, so the number of the generation is the intersection
number. In Type IIA picture, by using the algebra [a;][b;] = —[b;][a;] = d¢;; and
[a;][a;] = —[bj][bi] = 0 we can calculate the intersection numbers between stacks a
and b and provide the multiplicity (M) of the corresponding bi-fundamental repre-

*Reprinted from Physics Letters B, Vol 611, C.-M. Chen et al., A Supersymmet-

ric Flipped SU(5) Intersecting Brane World, Pages 156-166, Copyright 2005, with
permission from Elsevier.
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sentation:
— 3
N, N, _ i i
5 7) = Iy = [ )[IL,] = 27 [ [ (niti — njli) (3.20)

=1

M(

Likewise, stack a paired with the orientifold image b" of b yields

) = Ly = [][Iy] = 27" [ [(nglf + nill) (3.21)

=1

N, N,
M(—, =
272
Strings stretching between a brane in stack a and its mirror image a’ yield chiral

matter in the antisymmetric and symmetric representations of the group U(N,/2)

with multiplicities

M((Aa)L) = %‘LLOG) M((Aa + Sa)L) = %(Iaa’ — %Ia06> (322)

so that the net total of antisymmetric and symmetric representations are given by

M(Anti,) = %(zm, + %faoﬁ) — 9 k[(24, — 1) A, — B, A
1

1 - - - -
M(Sym,) = §(Iaa/ - 5Jaoﬁ) = 224, + DA, + B, + Cy + D, (3.23)

o}
S

where
3
Lo = ][] = =25 F [ | nil (3.24)
=1
IaOﬁ - [Ha] [HOG] - 23_k(14~a + Ba —+ éa + D~a) (325)

This distinction is critical, as we require independent use of the paired multiplets
such as (10,10) in Flipped SU(5) models which are masked in expression (3.23).

A zero intersection number between two branes implies that the branes are
parallel on at least one torus. At such kind of intersection additional non-chiral
(vector-like) multiplet pairs from ab + ba, ab’ + b'a, and aad’ + @’a can arise [63]*.
The multiplicity of these non-chiral multiplet pairs is given by the remainder of the

*Representations (Anti, + Anti,) occur at intersection of a with o’ if they are
parallel on at least one torus.
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Table III. Spectra of bi-fundamental representations.

Sector Representation
aa U(N,/2) vector multiplet and 3 adjoint chiral multiplets
ab + ba M, Br) = Ly =TT (il — mill)
abt/ +b'a M(Be, By = Iy = — [T, (il 4 milt)
ad + da M (Anti,) = %([aa/ + %fao)
M(Sym,) = 5(law — 31a0)

intersection product, neglecting the null sector. For example, if (nll} —nill) =0 in
Loy = [ILJ[IL)] = 27" H?:l(n;lll; - néli)v
N, N, N, N, an i
“Ya Vb tYa Vb _ iyl it 9
MR T —

The spectra from Type IIB orientifold are identical to that from Type IIB. A

summary of the representations of both picture is listed in Table III.

E. Generalized Green-Schwarz Mechanism*

Although the total non-Abelian anomaly in intersecting brane world models cancels
automatically when the RR-tadpole conditions are satisfied, there may be additional
mixed anomalies present. For instance, the mixed gravitational anomalies which
generate massive fields are not trivially zero [17, 63]. These anomalies are cancelled

*Reprinted from Physics Letters B, Vol 611, C.-M. Chen et al., A Supersymmet-

ric Flipped SU(5) Intersecting Brane World, Pages 156-166, Copyright 2005, with
permission from Elsevier.



36

by a generalized Green-Schwarz (G-S) mechanism which involves untwisted Ramond-
Ramond forms. The couplings of the four untwisted Ramond-Ramond forms B} to

the U(1) field strength F, of each stack a are [11]

Nal1n2n3/ BQI/\trFa, Nan112n3/ Bg/\trFa
M4 M4

Nonin2l? / B3 NtrE,, —N,IL2E / B3 AtrF, (3.27)
M4 M4

These couplings determine the linear combinations of U(1) gauge bosons that
acquire string scale masses via the G-S mechanism. If in some models a combined
gauge group U(1)y is required to remain a gauge symmetry so that for example it
may remix to help generate the standard model hypercharge, we must ensure that
the gauge boson of the U(1)y group does not receive such a mass. The U(1)x is a

linear combination of the U(1)s from each stack :

Ul)x = cU(1), (3.28)
The corresponding field strength must be orthogonal to those that acquire G-S mass.
Thus we demand :

Z caNaBa =0, Z caNaC'a =0,

a

> aNaDy =0, > coN,A, = 0. (3.29)

F. Turning on Fluxes

Although intersecting D-brane construction is successful in building low energy physics,
the moduli are left to be stabilized, which is a main problem of string theory. Turn-
ing on supergravity RR and NS three-form fluxes provides a possible way of moduli

stabilization, and it has been fully studied in Type IIB orientifolds where the Kéahler
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moduli are fixed at string scale via non-perturbative effects and the dilaton is of order
one [37, 38, 39, 40, 41, 42, 65, 70]. The Type IIB fluxes contribute only to one of the
tadpoles and the contribution is typically large due to the quantization condition. In
Type IIA theory the fluxes can be both even and odd ranks, so both complex and
Kahler moduli can be fixed by the fluxes perturbatively at the same time. The metric
fluxes which are from the T-duality of NS fluxes can be included to couple with the
moduli. The Type ITA fluxes contribute to all of the tadpoles and the solutions are
vacua dependent. Both naturally break space-time supersymmetry in the bulk, thus,
specific solutions are needed in order to preserve supersymmetry. We provide brief

description of Type IIB and Type ITA fluxes below.

1. Type IIB Fluxes*

The Type IIB non-trivial RR 3-form F3 and NSNS 3-form Hj fluxes compactified on

Calabi-Yau threefold X need to obey the Bianchi identities and be quantized [36]:

dFs; =0, dH; =0 (3.30)
! / F;eZ ! Hy €Z (3.31)
(2m)%a’ Jxe ’ L2122 Jxe ’ .

When the two fluxes are turned on, they induce a covariant field G3 = F3 — 7H3

and contribute to the D3-brane RR charges

1 1 7 _
Niwo = ————— | HyAFy= Gs NG 3.32
fi (4m2a/)2 /X U U4r2a))? 20Im(7) /X 33 (3.32)

where 7 = a + i/gs being the Type IIB axion-dilaton coupling.

A complex cohomology basis can be utilized to describe the 3-form flux G5 on

*Reprinted from Physics Letters B, Vol 633, Ching-Ming Chen et al., Flipped
SU(5) From D-branes with Type IIB Fluxes, Pages 618-626, Copyright 2006, with
permission from Elsevier.
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TS /(Zsy X Ls):

wp, = dz' NdZP NdZ?, wa, = dzt Nd2P A d2P,
wp, =dz' NdZ> NdZ*, wa, = dzt NdZ* A d2P,
wp, =dz' Nd2> NdZ*, wa, = dzt Nd2® NdZP,

wp, = dz' NdZ* NdZ?, wa, = dzt AdZ? A dZ (3.33)

where dz' = dx' + U;dy’, U; are complex structure moduli. Here wpg, corresponds to
the (3,0) of the flux, wp, with i =1, 2, 3 correspond to (1,2) of the flux, wa, with ¢ =1,
2, 3 correspond to (2,1), and wy, is (0,3) component of the flux. Then the untwisted
3-form (3 takes the form:

3

! Gs = Z(AiwAi + B'wp,) (3.34)

273
(27)%cx P
Therefore the contribution of the fluxes to the RR tadpole condition Ny, can be

calculated in terms of the basis defined above:

3

_ 1 Z 41_[ Z 712 z
Nfpe = (i) () /X 6 G A Gy = Z (A2 = |B)?)  (3.35)

=0

The choice of fluxes may be positive (ISD-fluxes*) or negative (IASD-fluxes). How-
ever, in order to satisfy the supergravity equation of motion, the BPS-like self-dual
condition ¢G5 = 1G53 demands Ny, to be positive [37, 42, 76]. The quantization
conditions of Fj and Hj fluxes require that Ny, be a multiple of 64.

*Imaginary self dual fluxes, lead to zero or negative cosmological constant(to lowest
order).
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2. Supersymmetry Conditions for Type IIB Fluxes*

D =4 N = 1 supersymmetric vacua from flux compactification require 1/4 super-
charges of the ten-dimensional Type I theory be preserved both in the open and closed
string sectors [42]. The supersymmetry constraints in the open string sector are from
the world-volume magnetic field which has been discussed in the general case without
flux above, and those in the closed string sector induced by the fluxes.

In the closed string sector, to ensure that the RR and NSNS fluxes are super-
symmetric, the primitivity condition G3 A J = 0 should be satisfied [37]. Here J is
the general Kahler form of T®/(Zy x Zs) [65]:

J = Jidz' Ndzt + Jod2? A dZ? A+ Jzd2P A dZ (3.36)

We list a few solutions below. We also require that the turned on fluxes are as small

as possible to avoid too large RR charge and satisfy the above requirements.

a. (2, 1)-Flux

(1) A specific supersymmetric solution for G is (2, 1)-form given in [76] as

1

WGB = _4(.L)A2 — 4WA3 (337)

where the complex structure U’ and the dilaton coupling 7 stabilize at U = U? =

U3 = 7 = i. This solution gives the flux RR tadpole contribution:
Ny = 128 (3.38)

*Reprinted from Physics Letters B, Vol 633, Ching-Ming Chen et al., Flipped
SU(5) From D-branes with Type IIB Fluxes, Pages 618-626, Copyright 2006, with
permission from Elsevier.
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(2) Another specific supersymmetric solution for (2, 1)-form is given in [65] as

1 8
arra T

The fluxes stabilize the complex structure toroidal moduli at values U! = U? = U? =

eim'/G(wAl + wa, —|—wA3) (3.39)

T = e*™/3_ Thus, the flux contributes to the RR tadpole contribution an amount:

N = 192 (3.40)

b. Non-SUSY

This solution has the smallest contribution to the D3 RR charge. Although it is not
supersymmetric due to the existence of (0, 3) component, it is still worthy of study

since we do not observe supersymmetry at low energies. The 3-form flux is

1

WG;; = 2((,(},40 +w,41 +WA2 + WAB) (341)

with U! = U? = U® = 7 = i. The flux induced RR charge is then

Ny = 64 (3.42)

3. Type ITA Fluxes*

Recently the techniques for consistent flux compactifications on Type ITA orientifolds
were developed [39, 71]. RR and NSNS fluxes and metric fluxes can be turned on on to
stabilize the moduli. By using the effective flux-induced superpotential, there are four
classes of (non-singular) vacua which correspond to N = 1 supersymmetric Minkowski
vacua, Minkowski no-scale vacua, AdS vacua as well as non-supersymmetric AdS
vacua. We are especially interested in the AdS vacua with metric fluxes because the

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.
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fluxes contribute negative charges to all RR tadpole cancellation conditions, which
means that not only the RR tadpole constraints are relaxed but the fluxes play the
role of the O6-planes. Therefore in some cases simpler orientifold like T¢ instead of
T®/Zy x Zy could be used to construct models to avoid too large fluxes confined by
the quantization conditions. Then supersymmetric models with fluxes on Type ITA
orientifolds are mainly constrained only by D =4 N = 1 supersymmetry conditions.

Unlike the complex cohomology basis for the 3-form fluxes in Type IIB theory
defined in (3.33), we will use even and odd 3-forms as basis in Type IIA theory defined

as follows:
ao = dzt Ada? ANdx®, By = dyt A dy* A dy?,
oy =dat Nyt Ndy?, By = dyt A da? A da?,
ay = dy* Ndz? Ndy?, By = dat A dy* A da?,
ag = dy* ANdy? Ndx®, By = dat Ada® A dy?, (3.43)

where fTG ar A By = d7y. The NSNS flux Hs which is odd under orientifold action

and the RR fluxes F' can be written as [39]

Hy =Y hif. (3.44)

L=0

F[) = —m, F6 = eodVG,

hfl hfl
Fy=) qals, Fi=) eaa, (3.45)
A=0 A=0
where ¢ and € are
& =—d' Ndy', & =dad Ndy NdZF AdyF, i A£G £ kA (3.46)

The same, the fluxes should be quantized.
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Superpotential terms mixing moduli can be generated by metric fluxes, which

appear naturally in the context of Scherk-Schwarz reductions [72]. We define

1

dn” = —§WﬁN77M AN, (3.47)

where 7" is tangent 1-form and the metric fluxes wj;y should satisfy wly, ywpp =
0. Further constraint applied on metric fluxes is the Zs X Zy symmetry and after

introducing new variables the metric fluxes can be written as

a Wie bii bia bz —wys Wi Wi
a | =| Wi | bor bag bos | = wh  —wi wy . (3.48)
a3 Wis bs1 D32 bss wh Wl —wi
The Jacobi identities imply constraints
bijaj + bjjai = O, 1 7é j; bzkbk] + bkkai]’ = O, ) 7éj 7é k 7é 7. (349)

Some obvious solutions can be given like [39] (1) b;; = 0, (2) a; = 0, b;; = b;d;j,
(3)ai=a, bjj =0, b =—b, i #j.

The total RR charges from the D6-branes and O6-planes and from the metric,
NSNS, and RR fluxes must vanish since the RR field flux lines are conserved. With the
filler branes on the top of the four O6-planes, we obtain the RR tadpole cancellation

conditions [39, 71]:
1
2k N — Z N A, + §(hom + a1q1 + axqe + asqs) = 16, (3.50)
1
—2AN@) 4 ZQiﬁTﬁgNaBa + §(mh1 — 1bi1 — @by — @3bs1) = —24 s (3.51)

1
—22 NG 4 22*’81753]\/@0(1 + i(th — qibig — qobay — gsbs) = =247 (3.52)
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1
=25 NW 1y "2~ N, D, + 5 (Mhs = qubis — gabas — gabss) = —ot=fi=B2 - (353)

where 2N® are the number of filler branes wrapping along the i-th O6-plane which
is defined in Table I. In addition, a; and b;; arise from the metric fluxes, h; arise from
the NSNS fluxes, and m and ¢; arise from the RR fluxes. We consider these fluxes
(@, bij, hi;, m and ¢;) quantized in units of 8 so that we can avoid the problems with
flux Dirac quantization conditions.

We will concentrate on the supersymmetric AdS vacua with metric, NSNS and
RR fluxes [39]. For simplicity, we assume that the Ké&hler moduli 7; satisfy 17 = T, =
T3, then we obtain ¢; = g2 = g3 = ¢ from superpotential in [39]. To satisfy the Jacobi
identities for metric fluxes, we consider the solution a; = a, b;; = —b;, and b;; = b; in
which 7 # ¢ [39].

To have supersymmetric minima [39], we obtain that
3aReS = b;ReU;, for i=1, 2, 3, (3.54)

where

e ? I X5 Xk
ReS = ——— , Rel; = 7%, /220 3.55
vV X1X2X3 Xi ( )

where S and U; are respectively dilaton and complex structure moduli, ¢ is the four-

dimensional T-duality invariant dilaton, and ¢ # j # k. And then we have

3 3 3
b= 0 =20 = 2 (3.56)
X2X3 X1X3 X1X2
Moreover, there are consistency conditions
3hia+ hob; =0, for 1 =1, 2, 3, (3.57)
So we have
h h h
LR S N P (3.5%)
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Thus, the RR tadpole cancellation conditions can be rewritten as following

1
NG — 3 "N, A, + 5(hom + 3aq) = 16, (3.59)

—2nN@ 4y oSN, B, — h 3aq) = —24 s 3.60
+ - 2X2X3< om + G’Q) ) ( )

—2RNE 4y 9N, C, — h 3aq) = —2+ 1P 3.61
—2BNW 4y "9 =N, D, — h 3aq) = =242, 3.62
' a 2X1X2( o + 3aq) (3.62)

Therefore, if (hgm + 3aq) < 0, the supergravity fluxes contribute negative D6-brane
charges to all the RR tadpole cancellation conditions, and then, the RR tadpole
cancellation conditions give no constraints on the consistent model building because
we can always introduce suitable supergravity fluxes and some stacks of D6-branes
in the hidden sector to cancel the RR tadpoles. Also, if (hgm + 3aq) = 0, the
supergravity fluxes do not contribute to any D6-brane charges, and then do not affect
the RR tadpole cancellation conditions.

In addition, the Freed-Witten anomaly cancellation condition is
—27*hgA, + 27y By + 27%hyCy 4+ 2% 3D, = 0. (3.63)

We can show that if Eqs. (3.17), (3.54) and (3.57) are satisfied, the Freed-Witten
anomaly is automatically cancelled. So, in our model building, we will not consider

the Freed-Witten anomaly.
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Table IV. The general spectrum for the intersecting D6-brane model building in Type

ITA theory on T® orientifold with flux compactifications.

Sector Representation
aa U(N,) vector multiplet and 3 adjoint chiral multiplets
ab + ba Iy (N4, Ny) chiral multiplets
abl +ba Ly (Ng, Np) chiral multiplets
ad +da %(Lm/ + I,.06) anti-symmetric chiral multiplets
+(Loar — Io,06) symmetric chiral multiplets

4. Type ITA Theory on T¢ Orientifold*

The intersecting D6-brane model building in Type IIA theory on T® orientifold with
flux compactifications is similar to that on T6/(Zy X Zg) orientifold. For model
building rules in above subsection, we only need to make the following changes: (1)
For a stack of N, D6-branes and its Q2R image, we have U(N,) gauge symmetry,
while for a stack of N, D6-branes and its 2R image on the top of O6-plane, we
obtain USp(2N,) gauge symmetry. Also, we present the general spectrum of D6-
branes’ intersecting at generic angles in Type IIA theory on T® orientifold in Table
IV; (2) We only have the QR O6-planes, so, [[Ipg] = [[Igr| in (3.16), and the right-
hand sides of (3.51), (3.52) and (3.53) are zero; (3) The metric, NSNS and RR fluxes

(@i, bij, hi; m and ¢;) are quantized in units of 2.

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.
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CHAPTER IV

STANDARD-LIKE MODELS
A. A Trinification Model*

The SU(3)cx SU(3)r x SU(3) g trinification model, as a candidate for a grand unified
theory, was proposed by de Rijula, Georgi, and Glashow [73] (see also [74]). Although
no one has considered such models, the trinification model is quite interesting for the
intersecting D-brane model building because all the left-handed quarks Q% , the right-
handed quarks Q%, the leptons L¢, and the Higgs fields H*, which are listed in Table
V, belong to the bi-fundamental representations.

Let us briefly review the trinification model. The electric charge generator Qgas
is given by

Y YL Yr

QEMEISL+§:ISL_7+[3R_77 (4.1)

where the generators for U(1),,, and U(1)y,,, and U(1)y, and U(1)y, in SU(3). and

SU(3)r gauge symmetries are

Lo 0

Toayy, , =1 0 =3 0 | (4.2)
0O 0 O
Lo o

Tuay, , = 0 5 0 (4.3)
00 —2

*Reprinted from Nuclear Physics B, Vol 732, Ching-Ming Chen et al., Standard-
Like Model Building on Type II Orientifolds, Pages 224-242, Copyright 2006, with
permission from Elsevier.
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Table V. The particle contents in the SU(3)¢c x SU(3)r x SU(3)r model.

Particles | Representation

QL (3,3,1)
o (3,1,3)
Lt or H* (1,3,3)

And the explicit particle components in the (3,3,1), (3,1,3), and (1,3, 3) rep-

resentations are

d¢ d° d°
(37173): Q%: u® u¢ uc ) (45)

h¢ h¢ h°

N FE¢ v
(1,3,3): L'orH*=| E Nc¢ ¢ | . (4.6)
v e S

The SU(3)c x SU(3),, x SU(3) g gauge symmetry can be broken down to the SM

gauge symmetry by giving the vacuum expectation values (VEVs) to v© and 9, i. e.,

) #0, (5)#0. (4.7)

The electric charges for h and h¢ are respectively —% and %, for £ and E° are

respectively —1 and 1; and for N, N¢ and S are zero.
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Table VI. Wrapping and intersection numbers in the SU(3)c x SU(3)p x SU(3)r

model.
stackl Ny || (n1, 1)(ng, ) (n3, I3) | A [ S o6 | c || d[d] e | [fUf0)
a ] 6 (0,0 (1-1) (2, 2T2[3[1]-3]-1]-3[]-3[-37-3[-2]0
b | 6 (1, 1) (2, 1) (1, 0 2 [=2]-T-1T40b@)] 6 o) 6 b(s) 2 -1
c| 6 (L) (o,)CLD | ofolfl-]-1-1-pE)o2o-2o2)o0]1
dl 2| L)L) (L [-6fof-[-1-1-1-7-]1o0)16/-1]-2
e | 2 (L)L) (L [[-6lo-[-1-1-1-1-1]-7]-/]-1]=2
i@ 2 | (1,0 (0,1 (o-1) || - | --[-1-"1-[]-1-1]-71]-1-1-
G 6 || (0,1) (1,0 (o-1) || - |- -[-1-"1-[-1-1]-1]-1-1-

With above background, we can construct an intersecting D6-brane trinifica-
tion model. The bi-fundamental representation with one fundamental and one anti-
fundamental indices is different from the bi-fundamental representation with two
fundamental (or anti-fundamental) indices, for example, (3,3,1) and (3,3,1) (or
(3,3,1)). So, we can contruct the trinification models with three families of the SM
fermions and without tilted two-torus.

There are three SU(3) groups in the trinification model, so three stacks of six
D6-branes are required. Additional stacks with U(1) group and filler branes are also
used to satisfy the RR tadpole cancellation conditions. In our model building, we

require the intersection numbers to satisfy
Iab = 3; Iac = —3; Ibc Z 4 R (48)

where I, = 3 and I,. = —3 give us three families of the left-handed quarks and three
families of the right-handed quarks, respectively, and I, > 4 gives us three families
of the leptons and (1. — 3) Higgs field(s).

We have large RR charges from three SU(3) groups, so it is not easy to construct

a trinification model without RR tadpoles. After careful searches, we find a super-
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Table VII. The spectrum in the SU(3)c x SU(3), x SU(3)g x U(1)®> x USp(2) x USp(6)
model with four global U(1)s from the G-S mechanism.

\ Rep. [IMulti[[U (1)U (1)U (1)U (1)U (1) U (1)4JU (19U (1)gU (1) 4

(34,3p) || 3 1 |-11]0 0 0 || -241 6 0 6
(3a,3¢) || 3 110 1 0 0 12| 6 0 |-12
(3p,3c) | 3 0 1 [-1]0 |0 | 12]-12|/ 0] 6
(3p,3c) || 1 0| 1 |-1|,0 1] 0| 12|-12f/01]6
(34,3p) || 1 1 1 0 0 0 0| -61]0 6
(3a,3¢) || 1 10100 |12]-6|01]0
(3as1q) || 3 -1 0 0 1 0 10 | 4| 2 |-10
(3a,1a) || 3 100 |[-1]0 | 14| 4]|-2]-2
(3a,1e) || 3 1|0 0|0 |1 |10|-4]|2]-10
(3a,1e) | 3 -1 0] o0 0 [ -1 14| 4| -2]-2
(3p, 14) 6 0 1 0-11]0 14 | -2 | -2 | 4
(3p,1c) | 6 0 1 0 0 | -1 -21]-21]4]4
(14,1c) || 16 0 0| 0] -11]-1 4 8 | -4 | 8

A, 2 21010 0 0 24| 0 0 |-12

Ay 2 0 2 10 0 0 || 24 |-12| 0 0

Sa 2 2 0|0 0 0 | -24| 0 0 | 12

Sy, 2 0] -2]0 0 0 | -2412| 0 0

Additional non-chiral and USp(2) & USp(6) Matter

symmetric intersecting D6-brane trinification model which satisfies the RR tadpole
cancellation conditions and K-theory conditions. This model is originally discussed
in the case without turning on any flux, however one can still turn on the Type ITA
fluxes in AdS vacua and choose appropriate fluxes to contribute zero to the RR tad-
pole conditions and then fix the moduli. We present its complete wrapping numbers
and intersection numbers in Table VI and its spectrum in Table VII. In this model,
we have three families of the SM fermions including the right-handed neutrinos, one

pair of Higgs doublets, H, and Hy, one field v and one field S.



50

1. Gauge Symmetry Breaking

The U(3)cxU(3) xU(3)r gauge symmetry is broken down to the SU(3)c x SU(3), x
SU(3)r gauge symmetry due to the G-S mechanism. And the SU(3)¢ x SU(3), x
SU(3)r gauge symmetry can be broken down to the SU(3)c x SU(2)r x U(1)y, %
U(l),, x U(1)y, gauge symmetry by the splittings of the U(3), and U(3)g stacks
of the D6-branes. Giving VEVs to the singlet Higgs fields v and S, we can break
the U(1)y, x U(1)r,, x U(1)y, gauge symmetry down to the U(1l)y hypercharge

interaction. The complete gauge symmetry breaking chains are

SU(3)e x SU(3);, x SU(3)r

SIS SU(3)e x SU(2), x U(L)y, x U(1)p, x U(1)y,
BV SU@3)e x SU(2), x U(1)y . (4.9)

We assume the low scale supersymmetry in this paper. Then the VEVs for v¢ and
S should be around the TeV scale because their Higgs mechanism can not preserve the

D-flatness and F-flatness and then breaks four-dimensional N = 1 supersymmetry.

2.  Fermion Masses and Mixings

The quark Yukawa couplings yiijiQ%H * are allowed by the anomalous U(1) gauge
symmetries in the intersecting D6-brane trinification model, while the lepton and neu-
trino Yukawa couplings y;;, L; L; H" are forbidden by the anomalous U(1), x U(1)r C
U(3), x U(3)r gauge symmetry.

In our model, only one family of the SM quarks can obtain masses because
Q' arise from the intersections on the second two-torus, while Q% arise from the
intersections on the third two-torus, or because we only have one pair of Higgs doublet

fields.
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B. Pati-Salam-Like Models

1. A P-S Model from Type ITA D-branes*

In the previous model building with or without fluxes, it is very difficult to gener-
ate suitable three-family SM fermion masses and mixings. In the SU(5) models and
flipped SU(5) models, the up-type quark Yukawa couplings and the down-type quark
Yukawa couplings are forbidden by anomalous U(1) gauge symmetries. And for the
Pati-Salam like models, although all the Yukawa couplings could be allowed in princi-
ple, it is very difficult to construct three-family models which can give suitable masses
and mixings to three families of the SM fermions because the left-handed fermions,
the right-handed fermions and the Higgs fields in general arise from the intersections
on different two-tori. Moreover, if supersymmetry is broken by supergravity fluxes,
it seems that the masses for the massless SM fermions may not be generated from
radiative corrections because the supersymmetry breaking trilinear soft terms are uni-
versal and the supersymmetry breaking soft masses for the left /right-chiral squarks
and sleptons are also universal [75, 76, 77]. Thus, how to construct the Standard-like
models, which can give suitable fermion masses and mixings for three families, is an
interesting problem.

To solve this problem, we construct another class of supersymmetric Pati-Salam
models without RR tadpoles and K-theory anomaly. In particular, under the U(4)¢ X
U(2), x U(2)r gauge symmetry, we consider the particles with quantum numbers
(4,2,1) and (4,1, 2) as the SM fermions while we consider the particles with quan-
tum numbers (4,2,1) and (4, 1,2) as exotic particles because these particles are dis-

*Reprinted from Nuclear Physics B, Vol 732, Ching-Ming Chen et al., Standard-

Like Model Building on Type II Orientifolds, Pages 224-242, Copyright 2006, with
permission from Elsevier.
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Table VIII. Wrapping and intersection numbers in the U(4)c x U(2), X U(2)g x U(1)*

Model.

‘stack‘NHnl,ll)(ng,lg)(ng,lg)H A‘ S H b ‘ b" c ‘c’ ‘ d ‘d" e ‘ e" f ‘ f ‘ g ‘g"
a S(LO) (L) (LLJO]O3|L|3|-L]3]-1]-3|-L1] 1[3]1]3
b A0 (LY (Lo 2 2] - -6 0@ 8 0@ s 0@ 2 o) 2 b
c [4(1,1) (2,1) (0-1) -2 2| -]-1-1-p@ 201) 21[0(-4)-80(-4) -8
d 211 ((1,0) (1222 -1 -1-1-1-1-00pb0oE)]-6005)-6
e 12l (Lo (L2 22 -[-[-[-[-[--1-105)6005)-6
Flelcn o 22 - -1 -1-1-1-1-1-1-71-00)b0)
g 2L (o) (222 - -[-[-1-1-1-T-[-1-1-71-

tinguished by anomalous U(1) gauge symmetries (In the trinification models, these
kinds of particles are obviously different.). With this convention, we can construct
the three-family Pati-Salam models without tilted two-torus where the left-handed
and right-handed SM fermions and the Higgs fields arise from the intersections on
the same two-torus, and then, we may explain three-family SM fermion masses and

mixings.
In this kind of Pati-Salam model building, we require the intersection numbers

to satisfy
Top =37 Toe=—3; Lpe =21, (4.10)

where I, = 3 and [,. = —3 give us three families of the left-handed fermions and
three families of the right-handed fermions, respectively, and I, > 1 gives us bidoublet
Higgs field(s) with allowed Yukawa couplings.

We present one concrete model whose wrapping numbers and intersection num-
bers are given in Table VIII. In this model, the absolute values of the intersection
numbers on the seond two-torus between the U(4)s and U(2)y stacks of D6-branes,
between the U(4)c and U(2)g stacks of D6-branes, and between the U(2);, and U(2)g

stacks of D6-branes are all three, and all the Yukawa couplings are allowed by anoma-
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lous U(1) gauge symmetries. Therefore, we may explain the masses and mixings for
three families of the SM fermions. Note that we have four additional D6-brane stacks
d, e, f and ¢ in this model, for which one can arbitrarily substitute them into filler
brane stacks (USp groups).

In general, the U(4)c xU(2) xU(2) g gauge symmetry can be broken down to the
SU(3)exSU(2),xU(1)

Lp XU (1) 1, gauge symmetry due to the G-S mechanism and

the splittings of the U(4)¢ and U(2) g stacks of D6-branes. In our model, the U(1)y,,, X

I3r
U(1)p_1 gauge symmetry can only be broken down to the U(1)y gauge symmetry
by giving VEVs to the scalar components of the right-handed neutrino superfields
or the neutral component in the multiplet (4,1,2) from I, intersection. However,
this Higgs mechanism can not preserve the D-flatness and F-flatness, and then breaks

four-dimensional N = 1 supersymmetry. Therefore, the U(1),,, x U(1)p_1 gauge

symmetry breaking scale should be around the TeV scale.

2. AnU4)e xU((2), x U(1) x U(1)” Model from Type IIA D-branes*

In all the previous Pati-Salam like model building, the U(1),,, arises from the non-

I3r

Abelian gauge symmetry, for example, U(2)g or USp(2f)r. However, U(1),,, may

I3r
come from a linear combination of U(1) gauge symmetries.

In our model building, we require
Iab =3 ; ]ac = lad — -3 ; Ibc >1 ; Ibd > 1 ) (411)

where I, = 3 and I,. = I,4 = —3 give us three families of the left-handed fermions
and three families of the right-handed fermions, respectively, and I, > 1 gives us
*Reprinted from Nuclear Physics B, Vol 732, Ching-Ming Chen et al., Standard-

Like Model Building on Type II Orientifolds, Pages 224-242, Copyright 2006, with
permission from Elsevier.
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Table IX. Wrapping and intersection numbers in the U(4)c x U(2)r x U(1)" x U(1)"
xU(1)e x U(1); x USp(4)? model.

stacklN[[(n1, 1) (na, o) (na, )| A | S [ o[V | c || a|d|e|e] f ] f [faYfad
oJof3[1[-3]-1]3[-1][3][1]1[3[-1]1

a [8](-1,0) (-1,1) (1,1)

b [4f(1-D) (1,2 (Lol 2 [2]-1-18b@ 9|[-5]8p@)-3|-1]210

c [2(, D) (1,0 (12)-2]2(-1-1-1-11]3pop0)]5]-9]0]-2

d [2](2,) (2,n)(o-D|[-6[6|-]-]-1-1-1-]-1]3pC4)-16] 0| -4

e [2C1-1) (1,0 (12|22 [ -[--[-]-1-1-1]-]5]-9]0]-2

fl2l2, ) (o-n) (2,066 -1-1-[-1-1-1-1-1-1-1-41]0
fil®lalco, 1) (L0 (o0 -] --[-1-1-[-[-1[-1-1-1]-1¢-1-
fallalco, ) (o) (Lo - - -[-1-[-[-1-[-1-1-1]-1¢-1-

bidoublet Higgs fields with allowed Yukawa couplings.

Let us give a concrete supersymmetric model without the RR tadpoles and K-
theory anomaly. We present the wrapping numbers and intersecting numbers in Table
IX, and the spectrum in Tables XXVIII and XXIX in Appendix A. In particular, the ¢
and d stacks of D6-branes are not T-dual to each other (If ¢ and d stacks of D6-branes
are T-dual to each other, the gauge symmetry in fact is U (4)cxU(2), xU(2)g.). There
are totally six U(1) gauge symmetries where four combinations of them are global and
their gauge fields obtain masses by the G-S mechanism. The rest two combinations,

which are the massless anomaly-free U(1),,,, and U(1)x gauge symmetries, are given

by
U()y, — %(U(l)a+U(1)b+2U(1)c), (4.12)
UW)x = S0~ UMy +20(1) —20(), ~20(1)) . (413)

In addition, the U(4)c x U(2), x U(1)' x U(1)” x U(1). x U(1); gauge symmetry
can be broken down to the SU(3)c x SU(2), x U(1)f,, x U(1)p—r x U(1)x gauge

symmetry by the G-S mechanism and the splitting of the U(4)¢ stack of D6-branes.
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Furthermore, the U(1)x gauge symmetry can be broken by giving VEVs to the SM
singlets 14 and 1. (or 1;) which are charged under U(1)x (see the spectrum in Table

XXIX in Appendix A). And the U(1),, x U(1)p_, gauge symmetry can be broken

I3r
down to the U(1)y gauge symmetry by giving VEVs to (4,,1.) (or (44,1.)) and
(44, 17) (or (44,1f)). Because these Higgs mechanism can keep the D-flatness and
F-flatness and then preserve four-dimensional N = 1 supersymmetry, these gauge

symmetry breaking scales can be close to the string scale. However, only one family

of the SM fermions can obtain masses.

3. A P-S Model with Type IIB Fluxes*

In this Section, we shall consider the Pati-Salam like models on Type IIB orientifold
with flux compactifications, which are very interesting because the supergravity fluxes
can stabilize the dilaton and the complex structure parameters.

For the trinification models, we already have quite large RR charges due to the
three SU(3) groups. With Type IIB supergravity fluxes, the RR tadpole cancellation
conditions are much more difficult to be satisfied. And in our detail calculations, we
find that it may be impossible to find such a model.

For the Pati-Salam like models, the three-family and four-family Standard-like
models with one unit of quantized flux and with the electroweak sector from USp
groups were obtained [40, 41, 70] by introducing magnetized D9-branes with large
negative D3-brane charges in the hidden sector, and many supersymmtric and non-
supersymmetric U(4)c x U(2) x U(2)g models were constructed by considering the
magnetized D9-branes with large negative D3-brane charges in the SM observable

*Reprinted from Nuclear Physics B, Vol 732, Ching-Ming Chen et al., Standard-

Like Model Building on Type II Orientifolds, Pages 224-242, Copyright 2006, with
permission from Elsevier.
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sector [42]. Here, we consider a new flux model with U(4)c x U(2) x U(2)r gauge
symmetry where the magnetized D9-branes with large negative D3-brane charges are
introduced in the hidden sector. This kind of models has not been studied previously
because it is very difficult to have supersymmetric D-brane configurations with more
than three stacks of U(n) branes.

In the model building, we require the intersection numbers to satisfy the condi-
tions in Eq. (4.10). We find a model with one unit of flux, and its wrapping numbers
and intersection numbers are given in Table X. Interestingly, no filler branes are
needed so we do not have any USp groups. The two extra U(1) gauge symmetries are
utilized to compensate the large positive D3-brane charges due to the supergravity
fluxes. The U(4)c x U(2)r x U(2)g gauge symmetry can be broken down to the
SU3)e x SU(2), x U(1),, x U(1)p—r, gauge symmetry by the G-S mechanism and
the splittings of the U(4)c and U(2)g stacks of D6-branes.

However, the U(1),,, x U(1)p_1 gauge symmetry can only be broken down to the

I3r
U(1)y gauge symmetry at the TeV scale by giving VEVs to the scalar components
of the right-handed neutrino superfields or the neutral component in the multiplet
(4,1,2) from I, intersection because this Higgs mechanism can not preserve the

D-flatness and F-flatness, and then breaks four-dimensional N = 1 supersymmetry.

Also, we can only give masses to one family of the SM fermions.

4. P-S Models with Type ITA Fluxes*

In this section, with the help of Type IIA fluxes, we would like to construct the

Pati-Salam models in AdS vacua with the following properties:
e Three families of the SM fermions.

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.



o7

Table X. Wrapping and intersection numbers in the U(4)c x U(2) x U(2)g x U(1)?

model with one unit of flux.

stackiNG(n1, 11)(n2, l)(n3, 3)] A | S b |V | c | |d]|d]|e]d]
a S[(LO) (L) (LUJ 0] o0 3[1][-3]-1]3|-3]3]3
b [A[(LD) (L2 (Lo 2 | 2 |- -[8 0@ 95095
c AL (Lo (L2 22 [ -|-[-[-/5/9]5]9
d | 2[(21) (21 (2, 1) 54 10| -|-|--]-- o(0)64
e [2](2 1) (2 ) (2, D[54 |10 | = |- | - |- [-]-]-]-

e The Pati-Salam gauge symmetry can be broken down to SU(3)¢c x SU(2) x
U(l)p_r x U(1), via D6-brane splittings, and further down to the SM gauge
symmetry around the string scale via supersymmetry preserving Higgs mecha-

nism.

e The SM fermion Yukawa couplings must be allowed. We consider two kinds of
Pati-Salam models: in the first kind of models, we can give the suitable masses
to three families of the SM fermions at stringy tree level; and in the second kind
of models, we can only give masses to the third family of the SM fermions at
tree level while we assume that the masses for the first two families of the SM

fermions may be generated due to quantum corrections.

To break the Pati-Salam gauge symmetry down to the SM gauge symmetry via
D6-brane splittings and supersymmetry preserving Higgs mechanism, the SU(4)¢ and
SU(2)g gauge symmetries must come from U(4)c and U(2)g gauge symmetries (see
the following discussions). Thus, we introduce three stacks of D6-branes, a, b, and
¢ with number of D6-branes 8, 4 (or 2), and 4 in Type ITA theory on T®/(Zy x Zs)
orientifold, or with number of D6-branes 4, 2 (or 1), and 2 in Type ITA theory on T®
orientifold. So, a, b, and ¢ stacks of D6-branes give us the gauge symmetries U(4)c,

U(2)r (or USp(2)r) and U(2)g, respectively. The anomalies from global U(1)s are
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cancelled by the generalized Green-Schwarz mechanism, and the gauge fields of these
U(1)s obtain masses via the linear B A F' couplings. So, the effective gauge symmetry

is SU(4)c x SU(2) x SU(2)g. In addition, we require that the intersection numbers

satisfy
Iy = 3, Iy = 0if SU(2)p, from U(2)y, (4.14)
lye = =3, 1,0 = 0. (4.15)
The conditions I, = 3 and [, = —3 give us three families of the SM fermions

with quantum numbers (4, 2, 1) and (4, 1, 2) under SU(4)c x SU(2)1 x SU(2) g gauge
symmetry. I, = 0 implies that a stack of D6-branes is parallel to the QR image ¢’
of the ¢ stack of D6-branes along at least one two-torus, for example, the third two-
torus. So, if a and ¢ stacks of D6-branes are on the top of each other on the third
two-torus, we obtain the [ 2(1:;2) pairs of the vector-like chiral multiplets with quantum
numbers (4,1,2) and (4,1,2) where I'5” is the product of intersection numbers
for a and ¢ stacks of D6-branes on the first two two-tori. These particles are the
Higgs fields which can break the Pati-Salam gauge symmetry down to the SM gauge
symmetry, and preserve the D- and F-flatness, i. e., preserve supersymmetry. Also,
the conditions in Eq. (4.15) imply that the SU(4)¢ and SU(2)r gauge symmetries

must come from U(4)c and U(2)g gauge symmetries, respectively.

In addition, for the first kind of Pati-Salam models, we require that

L. > 2, (4.16)

and all the SM fermions and at least two bidoublet Higgs fields arise from the intersec-
tions on the same two-torus so that the suitable three-family SM fermion masses and

mixings can be generated at stringy tree level. And for the second kind of Pati-Salam
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models, we require that

I > 1, (4.17)

and the SM fermions and Higgs fields do not arise from the intersections on the same
two-torus. Then we can only give masses to the third family of the SM fermions at
tree level, and we assume that the first two families of the SM fermions can have
masses from quantum corrections.

In order to break the Pati-Salam gauge symmetry, we split the a stack of D6-
branes into a; and as stacks with respectively 6 (3) and 2 (1) D6-branes, split the
¢ stack of D6-branes into ¢; and ¢y stacks with 2 (1) D6-branes for each one on
Type ITA T®/(Zy x Z3) orientifold (Type ITA T® orientifold). And then, the Pati-
Salam gauge symmetry is broken down to SU(3)c x SU(2)p, x U(1)g—r X U(1)15p-
To break this gauge symmetry down to the SM gauge symmetry, we assume that

the ay and ¢ (2R image of ¢1) stacks of D6-branes are parallel and on the top of

each other on the third two-torus as an example, and then we obtain Iéif,l) pairs of

vector-like chiral multiplets with quantum numbers (1,1, —1,1/2) and (1,1,1,—-1/2)

under SU(3)¢ x SU(2)r x U(1)g_r x U(1),, gauge symmetry where [C(Lif,l) is the

product of intersection numbers for as and ¢} stacks on the first two two-tori. These

particles can break the SU(3)¢ x SU(2), x U(1)p_ x U(1)y,, gauge symmetry down

Isr
to the SM gauge symmetry and preserve supersymmetry in the mean time because
their quantum numbers are the same as those of the right-handed neutrino and its

Hermitian conjugate. In summary, the complete gauge symmetry breaking chains are

SU(4)C X SU(Q)L X SU(2)R m SU(S)C X SU(Q)L X SU(Q)R X U(l)B_L

c— C1+ Co SU(3)CXSU(2)LXU(1) XU(l)B_L

Isg

Higgs Mechanism SU(3)c x SU(2)p x U(1)y .(4.18)
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Table XI. The particle spectrum in the observable sector in Model TI-U-4 with gauge
symmetry [U(4)C X U(2)L X U(2)R]observable X [U(2) X USP(Q) X USp(lo)]hidden-

| Representation [Multiplicity[U (1)U (1)yU (1)U (1)4

(4a, 20) 3 1 [-1]0] 0
(4a,2.) 3 11010
(26, 2¢) 6 0] 1 |-1]0
(40, 20) 3 1 0] 1]o0
(4q,2.) 3 1010
64 1 2 0] 0] 0
10, 1 2101010
1, 2 000|210
3 2 0olo0of|2]o0

In this Section, we present the first and second kinds of Pati-Salam models. Be-
cause the supergravity fluxes on Type ITA T¢/(Zy x Zs) orientifold contribute large
negative D6-brane charges due to the Dirac quantization conditions if we want to use
them to relax the RR tadpole cancellation conditions, many D6-branes in the hidden
sector need to be introduced so that the RR tadpoles can be completely cancelled.
Then there may exist a lot of exotic particles. Therefore, we mainly consider the
Pati-Salam models on Type ITA T¢ orientifold with flux compactifications. Also,
we emphasize that the Pati-Salam models on Type ITA T® orientifold can be con-
structed similarly on Type ITA T®/(Zy x Z3) orientifold by introducing more stacks
of D6-branes in the hidden sector. In addition, we determine the complex struc-
ture parameters via supersymmetric D6-brane configurations in our model building.

Similar to [39], all the moduli may be stabilized in our models.

a. The First Kind of Pati-Salam Models

We present the D6-brane configurations and intersection numbers for the first kind

of Pati-Salam models, . e., the Models TI-U-i with i=1, ..., 7, and the Models TI-
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Table XII. The exotic particle spectrum in Model TI-U-4 with gauge symmetry
[U(4)C X U(Q)L X U(2)R]observable X [U(Q) X USp(Q) X Usp(lo)]hiddew

| Representation [Multiplicity[U (1)U (1)yU (1)U (1)4

(4q,24) 2 1 o] o] -1
(4q,2¢) 3 1o 0| o0
(44, 1006) 1 1 0|01 0
(25, 24) 1 0O [-1]0]1
(25, 24) 5 0 |-1]0|-1
(25, 2¢) 6 0o 1]01]0
(2¢,24) 2 o0 |1 1
(2¢,1006) 2 0] 0]|-11]0
(24,2¢) 6 0| 0] o011

Sp-j with j=1, ..., 4, in Tables XXX-XL in Appendix B and C. In these models, the
suitable three-family SM fermion masses and mixings can be generated at stringy
tree level, and then the rank one problem for the SM fermion Yukawa matrices can
be solved.

The observable gauge symmetry in Models TI-U-iis U(4)cxU(2) L, xU(2)g. Also,
the Models TI-U-i with i=1, ..., 5 are on Type IIA T¢ orientifold while the Models
TI-U-6 and TI-U-7 are on Type ITA T®/(Zy x Zs) orientifold. And only Model TI-U-
4 has U(4)c symmetric representation. Moreover, there are six bidoublet Higgs fields
in Models TI-U-1, TI-U-2, TI-U-3 and TI-U-4. There are twelve pairs of vector-like
bidoublet Higgs fields from the massless open string states in a N = 2 subsector
in Model TI-U-5, and six pairs of vector-like bidoublet Higgs fields in Models TI-
U-6 and TI-U-7. Especially, the D6-brane configurations in Model TI-U-6 are the
same as those in Model I-Z-10 in Ref. [22], and Model TI-U-6 is the only model that
the supergravity fluxes do not contribute to the D6-brane RR tadpoles. Also, the
D6-brane configurations in the observable sector in Model TI-U-7 are the same as

those in Model I-Z-10 in Ref. [22], and there are a lot of exotic particles from extra
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Table XIII. The particle spectrum in the observable sector in Model TI-Sp-1
with gauge Symmetry [U (4) C X USp(2)L X U(2)R] observable
x[U(2) x U(1)* x USp(2)]nidden-

‘ Representation HMultiplicityHU(l)a‘U (l)b‘U (1)0‘

(44,25) 3 1 [-1]o0
(44,20) 3 110 |1
(25, 2¢) 3 0] 1] -1
(44,2 1 1 [0 |1
(4q,2¢) 1 100 | -1

‘ Exotic Particles and Hidden Sector Matter ’

gauge groups due to the large supergravity fluxes and the RR tadpole cancellation
conditions.

The observable gauge symmetry in Models TI-Sp-j is U(4)c X USp(2) X U(2)rg,
and all these models are on Type ITA T® orientifold. There are U(4)c symmetric
representations in Models TI-Sp-3 and TI-Sp-4. Also, there are three bidoublet Higgs
fields in Models TI-Sp-1, TI-Sp-2 and TI-Sp-3, and three pairs of vector-like bidoublet
Higgs fields in Model TI-Sp-4.

We present the complete particle spectrum in Model TI-U-4 with six bidoublet
Higgs fields in Tables XI and XII, and the particle spectrum in the observable sector
in Model TI-Sp-1 with three bidoublet Higgs fields in Table XIII. The vector-like par-
ticles with quantum numbers (4,4, 2.) and (4,, 2.) are the Higgs fields which can break
the Pati-Salam gauge symmetry down to the SM gauge symmetry. After suitable D6-
brane splittings, only the vector-like particles with quantum numbers (1,1,—1,1/2)
and (1,1,1,—1/2) under SU(3)c x SU(2), x U(1)p_r x U(1)

L gauge symmetry

from (4,,2.) and (4,,2.) are massless, and they can break the U(1)p_; x U(1)

Isr

gauge symmetry down to the U(1)y gauge symmetry by supersymmetry preserving

Higgs mechanism.
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b. The Second Kind of Pati-Salam Models

We present the D6-brane configurations and intersection numbers for the second kind
of Pati-Salam models, i. e., the Models TII-U-i with i=1, ..., 6, and the Models TII-
Sp-j with j=1, ..., 5, in Tables XLI-L in Appendix D and E. In these models, only the
SM fermion masses for the third family can be generated at stringy tree level, and
we assume that the first two families of the SM fermions may obtain masses from
quantum corrections.

Similar to above subsection, the observable gauge symmetry in Models TII-U-i
is U(4)c x U(2)r, x U(2)g. And all these models are on Type ITA T orientifold.
Moreover, there are two bidoublet Higgs fields in Model TII-U-1, three in Model
TII-U-2, and four in Models TII-U-3 and TII-U-4. There are two and four pairs of
vector-like bidoublet Higgs fields in Models TII-U-5 and TTI-U-6, respectively.

The observable gauge symmetry in Models TII-Sp-j is U(4)c x USp(2) x U(2) .
And the Models TII-Sp-i with i=1, ..., 4 are on Type IIA T® orientifold while the
Model TII-Sp-5 is on Type ITA T®/(Zy x Zs) orientifold. Also, there are U(4)c
symmetric representations in Models TII-Sp-1, TII-Sp-3 and TII-Sp-4. Moreover,
there are one bidoublet Higgs fields in Model TII-Sp-1, three in Models TII-Sp-2,
TII-Sp-3 and TII-Sp-5, and four pairs of vector-like bidoublet Higgs fields in Model
TII-Sp-4.
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CHAPTER V

FLIPPED SU(5) AND UN-FLIPPED SU(5) GUT MODELS
A. Basic Flipped SU(5) Phenomenology*

In a flipped SU(5) x U(1)x [6, 26, 27] unified model, the electric charge generator
@ is only partially embedded in SU(5), i.e., Q = T3 — %Y’ + %f/, where Y’ is the
U(1) internal SU(5) and Y is the external U(1)x factor. Essentially, this means that
the photon is ‘shared’” between SU(5) and U(1)x. The Standard Model (SM) plus
right handed neutrino states reside within the representations 5, 10, and 1 of SU(5),
which are collectively equivalent to a spinor 16 of SO(10). The quark and lepton
assignments are flipped by uf < df and v{ < ef relative to a conventional SU(5)

GUT embedding:

uy
Uy
u
fg—g: usg ; FlO%: dy vi|; l1gzei (5.1)
e ! L
VG

In particular this results in the 10 containing a neutral component with the quantum
numbers of vf. We can break spontaneously the GUT symmetry by using a 10
and 10 of superheavy Higgs where the neutral components provide a large vacuum

*Reprinted from Physics Letters B, Vol 611, C.-M. Chen et al., A Supersymmet-

ric Flipped SU(5) Intersecting Brane World, Pages 156-166, Copyright 2005, with
permission from Elsevier.
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expectation value, (V)= (),

HlO,% = {QH7 d;—b V;—I} ; Hﬁ,fé = {QH7 d%{? V}%’} : (52)
The electroweak spontaneous breaking is generated by the Higgs doublets H, and Hs
hs—1 ={Ha Hs}; hgy={Hs Hs} (5.3)

Flipped SU(5) model building has two very nice features which are generally not
found in typical unified models: (i) a natural solution to the doublet (Hs)-triplet(Hs)
splitting problem of the electroweak Higgs pentaplets h, h through the trilinear cou-
pling of the Higgs fields: Hyg - Hio - hs — (v§;) d5;Hs, and (ii) an automatic see-saw
mechanism that provide heavy right-handed neutrino mass through the coupling to
singlet fields ¢, Fig - Hig - ¢ — <1/§—I> veop.

The generic superpotential W for a flipped SU(5) model will be of the form :
MFEh 4+ XNoFfh+ X flh + MFH)+  \sHHh +  NeHHh +--- € W (5.4)

the first three terms provide masses for the quarks and leptons, the fourth is respon-
sible for the heavy right-handed neutrino mass and the last two terms are responsible

for the doublet-triplet splitting mechanism [6].

B. Flipped SU(5) from Type IIA D-branes

Our goal now is to realize a supersymmetric SU(5) x U(1)x gauge theory with three
generations and a complete GUT and electroweak Higgs sector in the four-dimensional

spacetime. We also try to avoid as much extra matter as possible.
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1. A First Trial*

We first consider a stack with ten D6-branes to form the desired U(5) group, and
then determine additional stacks of two branes which provide U(1) group factors and
are compatible with the supersymmetry conditions of the 10-brane stack. To have
enough but not too many copies of the antisymmetric and symmetric representation
in the first stack a to satisfy the tadpole conditions, it is reasonable to consider the
case of no tilted tori (k = 0) and we choose a set of proper wrapping numbers to
make M((A,)r) = 4 and M((A, + S,)r) = —2. Under this setting, one wrapping
number is zero and it makes two of the RR-tadpole parameters A, B, C', D zero with
the remaining two negative, which forces the structure parameters x4, g, r¢, Tp
to be all positive by the SUSY conditions. Then the rest of the 2-brane stacks are
chosen in accordance with our requirements.
Because of the combined constraints from RR-tadpole and SUSY conditions, it
is harder to get negative values than to get positive values or zero for I, and I,y
to generate the required bi-fundamental representations. Generally when a negative
number is needed, the absolute value cannot be large enough to alone provide three
generations of chiral matter. This suggests the consideration of multiple two-brane
stacks to share the burden of this task.
Next we turn to the question of the number of stacks we need. Generally speaking
a case with three stacks is enough to provide all the required matter to construct a
normal SU(5) GUT model. However, as we mentioned we have to ensure that the
U(1)x remains a gauge symmetry after the application of the G-S mechanism. It is
clear that at least two more stacks are needed if all the couplings to the four RR
*Reprinted from Physics Letters B, Vol 611, C.-M. Chen et al., A Supersymmet-

ric Flipped SU(5) Intersecting Brane World, Pages 156-166, Copyright 2005, with
permission from Elsevier.
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forms are present.

The pentaplet f which contains Standard Model fermions is different from the
Higgs pentaplet h resulting from the ‘flipped’ nature of the model as we saw in section
3.1. For example, if we take U(1)x for (10,1) in both SM and Higgs spectrum as
1/2, then it is —3/2 for (5,1) in SM, 5/2 for (1,1) in SM, —1/2 for (10,1) in Higgs,
1 or -1 for (5,1) and (5,1) in Higgs, and 0 for (1,1) in Higgs. These constrain some
coefficients of U(1)s from the stacks involving the SM and Higgs spectra, and may
require more stacks in addition to the five mentioned above for obtaining the correct
U(1)x charge for all the matter and Higgs representations. Here we first present an
example with seven stacks.

However, with seven stacks it was still difficult to find chiral bi-fundamental
representations to be identified with the electroweak Higgs pentaplets, h, h and at
the same time for the U(1)x group to remain a gauge symmetry. This directed us
towards the most natural choice of identifying our Higgs pentaplets as well as some
matter representations from intersections which provide non-chiral matter. After all,
the Higgs 5 and the 5 construct the vector-like 10 representation of SO(10). A zero
intersection number between two branes implies additional non-chiral (vector-like)
multiplet pairs from ab + ba, ab/ + V'a, and aa’ + a’a [63]. This is useful since we can
fill the spectrum with this matter without affecting the required global conditions
because the total effect of the pairs is zero. For instance in our model, besides the
(ae’) intersection which provides a vector-like pair of Higgs pentaplets, the intersection
(ef’) delivers the fermion (singlet under the SU(5) group) l 5 particles.

In Table XIV we present a consistent model compatible with the constraints we
described. Note that this is a (7+1)-stack model, with one stack of two filler branes
wrapped along the first orientifold plane and two sets of parallel branes; the latter

provide several non-chiral pairs. The gauge symmetry associated with the two filler
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Table XIV. Wrapping numbers and the consistent parameters of the model with gauge
group U(5) x U(1)% x Usp(2).

‘ stack ‘ Na H (nl, ll)(nz, lg)(ng, l3) H A ‘ B ‘ C ‘ D H A ‘ B ‘ C ‘ D ‘
a N=10 [ (0-1) (-1,-1) (-1;2) [oJo[-2]-t2]-1]0]0O
b N=2 || (-1-1) (-1,1) (1,3) ||-1[-3[3[-1[3]1]-1]3
c N=2 || (-1-1) (-1,1) (1,3) -1 [-3[3[-1[3]1]-1]3
d N=2 || (-1,1) (1,0) (-1,-2) [-1[o[-2]0ofol-1]0]2
e N=2 || -1,1) (1-1) (0-1) o [-1[-1]of-1]o]0]1
f N=2 || -1,1) (1-1) (0-1) o [-1[-1]of-1]o]0]1
g N=2 || (1-1) (-4-1) (-1,0) 4]0 [o[-1o|-4]1]0
o6 | NO =2 (1,0) (1,0) (L,0) [[-1|o]o]offo]o][o0o]oO

Table XV. List of intersection numbers of the model in Table XIV. The number in

parenthesis indicates the multiplicity of non-chiral pairs.

s N[ A[S]b[V[c|c[d][d]e[][f]f]g]d [0

al10 ] 2 [2]-2pG)-2p60a) 4 [2p@)]-2p) 6 [10] 2
bl 2 [24]0 | - |- 00 24] 2 p(5)0(2)0(2)0(2)0(2) 30 p(9)| 3
cl2 240 - 1-1-1-12pG0EebR0R)0e)3000) 3
dl 2 2 =2 -1-1-T-1T-1-pm-=2pb@[-20b2) 4] o
el 2o o[- -[--]-]-1-1-0b0ob@oG)]-6] -1
fl2lolo --T-1-T-1T-1T-1-17T-17-hbe)-6] -1
gl 266 -[-1-1-1-1T-1-1-17T-T-T-1-10

branes is Usp(2) = SU(2).

The Result The gauge symmetry of the (741)-stack model in table XIV is U(5) x

U(1)% x Usp(2), and the structure parameters of the wrapping space are

xa=1 25=2, 2¢=8, zp=1 (5.5)
which means
R} 1 R? R 1
Bl 8., 2.1 56)
R, 2° Rj Ry 4

The intersection numbers are listed in Table XV, and the resulting spectrum in
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Table XVI. We have a complete Standard Model sector plus right handed neutrinos

in three copies, a complete Higgs spectrum, and in addition extra exotic matter which

includes two (15,1).

The U(1)x is

U(l)y = 1—12 (38U (1), — 20U (1), + 45U (1)g — 15U (1), — 15U(1); — 20U(1),)  (5.7)

while the other two anomaly-free and massless combinations U(1)y and U(1)z are

Uy = U(L)y+U(1)e —6U(1)y+3U(L). + 3U(1); + 2U(1),

Ul), = UQ)y—UQ1).+U(1)e—U(1)s (5.8)

These two gauge symmetries can be spontaneously broken by assigning vacuum expec-
tation values to singlets from the intersection (bg). Thus, the final gauge symmetry
is SU(5) x U(1)x x Usp(2).

The remaining four global U(1)s from the Green-Schwarz mechanism are given

respectively by

U(l), = —10U(1)q +2U(1), 4 2U(1). — 2U(1)4 — 8U(1),
U(l)y, = —20(1), —2U(1)e +2U(1),
U(l)s = 6U(1)p+6U(1)e+4U(1)g +2U(1)e +2U(1);

Ul)y = 20U(1), 4 6U(1), + 6U (1), — 20U (1), — 2U(1);. (5.9)
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Table XVI. The spectrum of U(5)x U (1)8x Usp(2), with the four global U(1)s from the

G-S mechanism. The +'d representations stem from vector-like non-chiral

pairs.

[ Rep. [Multi[[U(1)dJU(1)U(1)JU D) U (1) JU (L) AU (1) g[12U (1) x[[U (1) 1]U (1)U (1)3lU () 4]lU (1) y]U (1) g

(1o, 1) [[ 3 2 0 0 0 0 0 0 6 20 0 0 [ 40 0 0
(Ba,1e)|| 2 -1 |0 0 0 1 0 0 -18 0| 0 2 | -22 3 1
(5a,15)|| 1 1] 0 0 0 0 1 0 -18 10| 0 2 | -22 3 -1
(Te,1p) 3 0 0 0 0 | -1] -1 0 30 0 0| 4] 4 -6 0

(10,1) 1 2 0 0 0 0 0 0 6 20 0 0 [ 40 0 0

(10,1) 1 2|0 0 0 0 0 0 -6 20 | 0 0 |-40 0 0
(5a, Le) 1 1 0 0 0 1 0 0 -12 10| © 2 | 18 3 1
(5, 1e) 1 -1 0 0 0 | -1 0 0 12 10| 0 | -2 |-18] -3 -1
(1, ) || 4 0 1 0 0 0 0 [ -1 0 0] 4] 6 6 -1 1

(15, 1) | 2 210 0 0 0 0 0 -6 20 0 0 [-40 0 0

(10,1) 1 2|0 0 0 0 0 0 -6 20 | 0 0 |-40 0 0
(Ba,10)|| 2 1] o0 1 0 0 0 0 -3 12 2] 6 |-14 1 -1
(5a4,1q)|| 4 1 0 0 1 0 0 0 48 121 0 4 | 20 -6 0
(Ba,1p)|| 2 -1 1 0 0 0 0 0 -23 12 -2 | 6 |-14 1 1
(5a,1p)|| 1 -1l o 0 0 0 1 0 -18 0| 0 2 | -22 3 -1
(5a,1g)|| 6 1 0 0 0 0 0 | -1 23 21 -2] 020 -2 0
(5a,14)|| 10 1 0 0 0 0 0 1 -17 -18 | 2 0 | 20 2 0
(1p, 1) || 24 0 1 1 0 0 0 0 -20 4 | 4121 12 2 0
(15, 19) || 2 0 1 0 |-1]0 0 0 -65 4 | 2| 2 6 7 1
(1p,1g) || 26 0 1 0 0 0 0 | -1 0 0| -4 6 6 -1 1
(1e, 1) || 2 0 0 1 ]-11]0 0 0 -45 4 | 2| 2 6 7 -1
(1c,1g) || 30 0 0 1 0 0 0 | -1 20 10| -4 6 6 -1 -1
(1g,1e)] 2 0 0 0 | -1 | -1 0 0 -30 2 0| 6| 2 3 -1
(Iq,1p)|| 2 0 0 0| -1] 0] -1 0 -30 2 0| 6| 2 3 1
(1g,14)|| 4 0 0 0 1 0 0 1 25 -10 | 2 4 0 -4 0
(Te,1g)|| 6 0 0 0 0 | -1 0 | -1 35 8 | 2| -2 2 -5 -1
(If,1g)]| 6 0 0 0 0 0| -1 ] -1 35 8 | 2| -2 2 -5 1

(1,1) 2 0 0 0| 210 0 0 -90 4 0| 8|0 12 0

(1,1) 6 0 0 0 0 0 0 2 -40 -16 | 4 0 0 4 0
(le, 1p)"| 4 0 0 0 0 1 1 0 -30 0 0 4 | -4 6 0
(Te,Ip)¥| 1 0 0 0 0 | -1| -1 0 30 0 0| 4| 4 -6 0

Additional non-chiral Matter
USp(2) Matter
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Table XVII. Wrapping numbers and the consistent parameters of the model with
gauge group U(5) x U(1)® x USp(8).

‘ stack ‘ Na H (nl,ll)(ng,lg)(ng,,lg) H A ‘ B C ‘ D H A ‘ B ‘ C ‘ D ‘
a N=10 [(0-1)-1-D)(-1,2)Jofo[-2][-1]2]-1]07]0
b N=2 CL-D)CL D) (1L, 4) [[-1 ][44 [-1]]4]1]-1]4
c N=2 CIL-DCLD)(1L,4) |[-1 ][44 [-1]]4]1]-1]4
d N=2 (L, D(LO0)L2) [[-1]o]-2]ofo|-1]0]2
e N=2 (L, D(L0)1,-2) [[-1]o|-2]ofo|-1]0]2
f N=2 (o,)(L, )12 [[ofo|-2]-12]-1]0]0O
o6 | NOE) —g || (1,0)(1,0)(1,00|-t]o[o[offo]o]o]oO

2. A Model without K-theory Anomaly*

Now we present a second model. This model is similar to the previous one, however the
K-theory constraints are satisfied. we present an example with 641 stacks of branes.
The first stack has the same set of wrapping numbers as in our previous model. We
also have a stack with N©® = 8 filler branes which give rise to a U Sp(8) gauge
group. The gauge symmetry of the (6+1)-stack model, whose wrapping numbers are
presented in Table XVII, is U(5) x U(1)% x USp(8), and the structure parameters of

the wrapping space are

xa=1, x23=2, =10, zp=1 (5.10)

The intersection numbers are listed in Table XVIII, and the resulting spectrum in
Table XIX.
The singlet (under the SU(5) symmetry) representation e§, now comes from the
bi-fundamentals, namely from the intersection (cf) and we choose the 5 and 5 Higgs
*Reprinted from Physics Letters B, Vol 625, C.-M. Chen et al., A K-theory

Anomaly Free Supersymmetric Flipped SU(5) Model from Intersecting Branes, Pages
96-105, Copyright 2005, with permission from Elsevier.
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Table XVIII. List of intersection numbers of the model in Table XVII. The number

in parenthesis indicates the multiplicity of non-chiral pairs.

stk [ NJA[S[b[¥[c|c[d][d]e[e]f]S]06Y]

a [10] 2 [-2]-40(6) -4 6@ 4 p(1) 4 o)) 2
b | 2 320 - |- p(0)32] 4 0(6) 4 0(6) 4 p(6)] 4
c | 232]0-[-1-]-[4)4©) 4 p06) 4
d 222 -1-1-1-1-1-0bO@b®b@) 4] o
e |22 2 -1-T-1-1-1-1-1-bam4]o
Fle e l2-1-1T-T-1-1T-1T-1-T-1T-T2

pentaplets from a non-chiral intersection (ab’). There is less exotic matter in this
model, though we still have two copies of 15 which is unavoidable since we need 10
in the Higgs sector. Matter charged under both the SU(5) x U(1) x and USp(8) gauge
symmetries is also present, as is evident from Table XVIII.

The U(1)x is

U(L)x = 5 (U)o = 5U(1)y + 5U(1)e +5U(L)g = 5U(L). = 5U(1))  (5.11)

while the other anomaly-free and massless combinations U(1)y is
Uy =U)y =U(1)e +U(1)a — U(1). (5.12)

The remaining four global U(1)s from the Green-Schwarz mechanism are given

respectively by

Ul)y = —10U(1),+2U(1)p +2U(1). —2U(1)q —2U(1). — 2U(1)s
U(l): = —20(1), —20(1).
U(l)s; = 8U(1)y+8U(1).+4U(1)q+4U(1).

U(l)y = 20U(1), 4+ 8U(1), + 8U(1), +4U(1); (5.13)
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G-S mechanism. The +'d representations stem from vector-like non-chiral

pairs.
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Table XIX. The spectrum of U (5)xU(1)>xUSp(8), with the four global U(1)s from the

Additional non-chiral Matter
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Table XX. List of wrapping and intersection numbers for Ny, = 192. Here 4 = 62,
rg=1,2c =1,and xp = 2. It is obvious that the first K-theory constraint

is not satisfied. The gauge symmetry is U(5) x U(1)® x USp(6).

[stl[ N [[(na,0)(na,lo) (s L)[A[S [ b [V [e[d [d]d [ele][][[[D7
a | 10][(1,0)-1-1)(-2, D 2 [-2]-12[24[1][-3] 1] -310(1)-2/0(1)-2]2
b | 2 [[(3-1)(-5, 1)(4,-1)332148] - | - | 7|15 7| 15 |12]16]12]16]|12
c| 2 -2, (2, -, 0)f o]0 - [ -1-1] - 1000)0(16)0(0)0(9)0(0)0(9) 2
d ]2 (-2, )02, DELOJ0JO] - |- ]-]-]-] - p(0)0(9)o(0)o(9) 2
€ 2 (_17 1)( 17 1)(_17 O) 0]0 - - - - - - - - (O) ( ) 1
T2 (L O(L OO0 0] -~ - -~ - - [-]-1-[1

O79 6 [(0,D)(L,0)0(0-1) -[-1 - |-1[-1-1-1-1-71-71- -

C. Flipped SU(5) with Type IIB Fluxes*

1. Nz =192

The most ideal situation is to preserve supersymmetry both in the closed string and
open string sectors in the spirit of this flux construction. However we found that it
is difficult to achieve. An example is shown in Table XX. Although this example is
supersymmetric both in the open and closed string sectors, satisfies the conditions for
cancellation of RR charges, and yields a three generation flipped SU(5) model with

a complete but extended Higgs sector, it does not satisfy the K-theory constraints.

2. Nppe = 128

We present an example for Ny, = 128 with four stacks of magnetized D-branes as
well as two filler branes presented in Table XXI. Although this particular model does
not contain flipped SU(5) symmetry, it is a consistent solution of the RR tadpole
conditions and the K-theory constraints, and is supersymmetric both in the open and

*Reprinted from Physics Letters B, Vol 633, Ching-Ming Chen et al., Flipped

SU(5) From D-branes with Type IIB Fluxes, Pages 618-626, Copyright 2006, with
permission from Elsevier.
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Table XXI. Ny, = 128. The number stacks is only two plus two filler branes, though

it has very few exotic particles, we have too few stacks to complete the

cancellation of U(1)x mass. Here 24 =27, xp =1, z¢ = 1, and xp = 2.

Istk| N [(ny,! | Al S]| b |V | D3 | D7, |
a | 10 2] -2-16 24 ]0(1)] 2
b | 2 374 202 - -] -2 12
03| 4 -0 - - - - -
O7, 4 - - - - - -
closed string sectors. The gauge symmetry is
U() x U(1) x USp(4) x USp(4). (5.14)

3. Npwe =1 x64

In this example, we use two sets of parallel D-branes and all conditions are satisfied.
No filler brane is needed, and x4 = 22, xg = 1, r¢ = 1, and xp = 2. The complete
(ni mi) and SU(5) x U(1) x spectrum are listed in Table XXII and XXIII, and U(1)x

is
1
Ul)x = §(U(1)a —5U(1)y +5U(1), — 5U(1)q + 5U (1) — 5U(1) ). (5.15)
The four global U(1)s from the Green-Schwarz mechanism are given respectively:

Ul), = 24U(1), +24U(1).+4U(1). +4U(1)y,
U(l)y = 20U(1),+8U(1), +8U(1). + 4U(1)a,
Ul); = —10U(1),+6U(1), +6U(1). —2U(1)g —2U(1). —2U(1)y,

U(l)y = —20(1), —2U(1).. (5.16)

From Table XXIII we found that none of the global U(1)s from the G-S anomaly



Table XXII. List of intersection numbers for Ny,

U(5) x U(1).

non-chiral pairs.

64 with gauge group

The number in parenthesis indicates the multiplicity of

stk N [[(na,l)(ng,lo)(nsls)| A [ S [0 [V [c [ [d][d]e e ] [f]f]
a] 10 (L, O)(1-1)(2, )] 2 | -2 [-8]12]-8] 12 0(0Jo(8)o(1) 4 p(1) 4
b 2 (103, D(4-1)[ 84|12 - | - [0(0) 96 | 8 [12] 4 [0(6) 4 0(6
cl 2 (T3, D484 |12 - | - |- | - | 8[12] 4 0(6) 4 0(6
d 2 (Lo(L DD 2 [ 2 - - -[--1-p@4pa)4
el 2 (LO(LO)(2-0) 2 |2 - -1-1-1-]-1-]-0)3
e oo 22 - - - - [-[-[-[-] [

cancellation mechanism provides Yukawa

couplings required for generation of mass

terms in superpotential (5.4). However, U(1)y admits these Yukawa couplings, and if
we require the other anomaly-free and massless combination U(1)y does as well, two
conditions can be considered. The first one is to demand all the Yukawa couplings
from the assigned intersections, and an example of the U(1)y and the corresponding

combinations of representations are listed as follows:

U(1)L =5U(1), — 25U(1), + 25U (1), — 25U (1)q — 38U (1), + 38U (1);.  (5.17)

FFh (10,1)(10,1)(5,, 14)*

Ff}_l (107 1)(3(17 1b)(gaaid)*

(5117 1b) (167 Tcl)('Eiay 1d)*

(107 1)(107 1)(167 10)

fl°h
FH¢

HHh — (10,1)(10,1)(5,, 1o)*

HHK

—  (10,1)(10,1)(5,,1a)* (5.18)

If we do not require the Higgs pentaplet i’ coupled with the chiral fermions in

the term F fh' to be the same as the Higgs pentaplet h coupled to H, then we expect
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a mixture state h, = ch’ + sh of these two different Higgs pentaplets in the Higgs

sector, therefore

(5.19)

(5.20)

We should also notice that the superfluous 5,5, and 10 representations may be

ostracized from the low energy spectrum through trilinear couplings of the generic

form 5-5-1 and 10-10- 1 satisfying the gauged U(1) symmetries, where the singlets

are assumed to acquire string scale vevs.
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Table XXIII. The spectrum of U(5) x U(1)%, or SU(5) x U(1)x x U(1)y, with the four
global U(1)s from the Green-Schwarz mechanism. The «'d representa-

tions indicate vector-like matter. We list the two cases for the U(1)y.

[ Rep. MO LOLOLOLOLOATOXP OO0 OJUOIT DT
(10, 1) 3 2 oo oo 0 1 0 [40]-20] 0 0] 0
(5a,1p) 3 1| 1] 0|00 0 3|24 |-12] 16| 2| 30| 1
(1c,14) 3 0o |o | 1]-1]0 0 5 24 | 4 | 8 | 2 || 50 | -1
(10, 1) 1 2 oJoJo]oO 0 1 0 [40]-20] 0 0] 0
(10, 1) 1 2|00 | 0] o0 0 -1 0 |-40| 20| 0 | -10]| 0
(5a,1q)* 1 1 0] o0 1 0 0 -2 0 [24-12] 0 [[-20] ©

L (50, 14)* /2ha|| 1 1| | |[%™1] ]| ' 2 o |1-24| M12| o || 20 >-1/0
(1p,1c) 4 0 1 1 0] o 0 0 48 | 16 | 12 | -4 0 0
(15,1) 2 2] o0o]JofJo]o 0 -1 0 [-40[20] 0 ]-10] 0O
(10, 1) 1 2] 0] 0| 0] 0 0 -1 0 |-40[ 20| 0 | -10]| 0
(Ba, 1p) 5 1| 1] ol o] o 0 3 2a]-12]16 ] 2] 3] 1
(5a,1p) 12 1 1] 0/] 0] o0 0 2 || 24| 28| 4| -2 -20] 1
(Ba, 1e) 8 1o |1 0] o0 0 2 24 | -12 ] 16 | -2 || 20 | -1
(5a,1c) 12 1 0|1 0] 0 0 3 24 | 28 | -4 | -2 | 30 | -1
(50, Le) 4 1 o] o] o 1 0 3 4 |20 |-12]| 0 | -33| 1
(5a,1y) 4 1 0] 0] 01O 1 -2 4 | 20|-12| 0 43 | -1
(15, 1c) 92 0 1 1 0[O0 0 0 48 |16 | 12 | 4 0 0
(13, 1q) 8 0 110 ]-1]0 0 0 24 | 4 | 8 | -2 0 1
(1p,14) 12 0 1|0 1 0 0 5|l 24|12 4| 2| 50| 1
(1p,1e) 4 0 110 o0|-1]0 52| 8| 8|21 13| o0
(1p,1y) 4 0 1100/ 0] -1 0 8 | 8| -2 01 -63]| 2
(1e,1q) 5 00| 1 |-1]o0 0 5 24| 4 | 8 | -2 | 50 | -1
(1c,14) 12 0] 0|1 1 0 0 0 24 | 12 | 4 | -2 0 -1
(1c,Te) 4 0] o0 |1 0 |-11]0 0 20| 8 | 8 | -2 | 63| -2
(Le,1y) 4 0] 0|1 0| o0 |- 5 20 8| 8 | -2 -13| 0
(1d,1¢) 4 0] 01| o0 1 1 0 0 4 | 4| 4| 0| 63| 1
(1d,1y) 4 0| 0|0 1 0 1 -5 4 | 4|40 13 | -1
(1,1) 12 0| 20100 0 5 || 48 | 16 | 12 | -4 || -50 | 2
(1,1) 12 o|lo | 21]o0/|o0 0 5 48 | 16 | 12 | -4 || 50 | -2
(1,1) 2 o|lo o] -21]0 0 5 0| -81] 4]0 50 | O
(1,1) 2 ojlo|lo|o]|-2]0 -5 810|410 76 | -2
(1,1) 2 oo | o | o o0]-2 5 8] 0| 4| 0| -16] 2
(5a,14)* 7 1 0] o0 1 0 0 -2 0 [24-12] 0 [[-20] 0
(Ba,1g)* 7 1o o | -1 o0 0 2 0 |-24]12] 0 20 | 0

Additional non-chiral Matter
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Table XXIV. D6-brane wrapping and intersection numbers for the Flipped SU(5)
model on Type ITA TS orientifold. The complete gauge symmetry is
U(5) x U(1)" x USp(16).

St N [[(nh) (n2,lo) (nsls)| A[S]| b [V | e [ [ d [d [e|e[f]f'[g]g'| h][h]OG
al 5 [[(0, 1)(-1-1)( 3, D 2]-2] -3 b3)o6)o0) -3 -6 [5[4[1][2[0[0o]0]0]1
b 1 [(13)(1-1)(0,1)[-6[6] - | - 0(3) 3|00 F240[12-1212[-9/-9[12]-3
cl 1 (0, (L322 - -]-]-16]3]-45-2-1[0]0[0[0]-1
dl 1 (L, 1D)(1,3)(0-0[6]6] - -|-1-1-]- F285240-4030}33-3330| 3
el 1 (L3 (o-D)(Lofolo][--1-1-1-1-1]-]-lo]oF567|7E560
flrl(o3n(Loolof - -1-1--1-1-[-1--{143535/14] 0
gl L0, D)(7, D)3 akd] - [ - - -[-1-1-1-1-[-[-[-[o[o]7
R 1 (0, D)(7-D)(3-nFdaa] - [ - [ -1 - -1-1-1-[--[-[-[-[-]-7
06 8 [(Loy(z,0(Lo-[-1-1-1T-1-T-1T-1-1-1--T-1T-T-T-T-

D. Flipped SU(5) with Type ITA Fluxes*

We present the D6-brane configurations and intersection numbers for a Flipped SU(5)
model in Table XXIV, and its particle spectrum in the observable sector in Table
XXV. The complex structure parameters are y; = 1/9, x2 = 6, and x3 = 1. To
satisfy the RR tadpole cancellation conditions, we choose hg = —6(3¢ + 2), a = 12,
and m = 2.

The U(1)x gauge symmetry is

Ul)x = %(U(l)a—5U<1)b+5U(1)C—5U(1)d+5U(1)e+5U(1)f+5U(1)g+5U(1)h) .
(5.21)
The four global U(1)’s are

U(l), = —15U(1)q +3U(1), + 27U(1). — 27U(1); — 21U(1), + 21U(1),, |,

*Reprinted from Nuclear Physics B, Accepted, Ching-Ming Chen et al., Flipped
and Unflipped SU(5) as Type IIA Flux Vacua, Copyright 2006, with permission from
Elsevier.
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Table XXV. The particle spectrum in the observable sector with the four global U(1)s

vector-like matter.

from the Green-Schwarz mechanism. The «'d representations indicate

[ Rep. [Multi]JU(1)JUM)JUQL)JU 1)U 1)U Q) AU L) U (1) 20U (1) x[[U (1) U (1)U (W) 3lU (1) 4JU (1) U (L) v [U (1) ]
1o, [ 3 2 0]0]0]O0O[]O0]oO0T]oO 1 30 0 ] 0 |10 0 [ -20 ] 70
(5a,1p)|| 3 11 |lo|lo|lo]o|o0o]oO -3 B0 | 1] -8 0 | -20| 70
(1.,19)|| 3 olo|1|-1]0]o0] 0] o0 5 30| 1] -4 0 | -50 | -7
o, [ 1 2 0] O0]O0O]O]O0O]]OT]oO 1 30 0 ] 0 ] 10 0 | -20 ] 70
(10,1) || 1 2l o0flo|o]o|o0o|o0]|o0 -1 30| 0| 0 |-10 0 | 20 | -70

(a, 1)%| 1 1|0 |-1]0|0]|0]o0]oO 2 [[-18] 0 | 0 | 6 0 | 40 | 42

(5a,1c)*|| 1 1ol 1]o]o| 0| 0| o0 2 18| 0| 0 | -6 0 | -40 | -42
(., 1c)|| 4 0 |0 |10 1T[0] 0O 0 24 | -1 | 0 | 1 1 | 63 7
@, 2 2]0JoJoJoJoJoTJo -1 30 0 ] o [-10]] o [ 20 [-70
(10,1) || 1 2l 0flo|o]o|o0o|o0]|o0 -1 30| 0| 0 |-10 0 | 20 | -70

Additional chiral and non-chiral Matter

U(1), -U(1).+U(1)s,

U(1)s Ul)y,—U(1)g,

U(1)4 5U(1)a — 3U(1)b — U(l)c + 3U(1)d + 7U(1)g —TU1) . (5.22)

And the other massless U(1)’s are:

Uy Ul)e+ UML)y =UM)g =U(L)n ,
U(l)v —10U(1)a — 5()U(1)C + 13U(1)e + 13U(1)f + 13U(1)g + 13U(1),Z ,
U)w 35U(1)a — 7U(1)C — 13U(1)g + 13U(1)h . (5.23)
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Table XXVI. D6-brane configurations and intersection numbers for the SU(5) Model

on Type ITA T¢ orientifold.

The complete gauge symmetry is

U(5) x U(1)* x USp(12) x USp(8) x USp(4).

St N () (nala)(nsls)| A [S [ b [ [ e [ [ d][d]|e[e]f]f]glg]O6]
al 5 (L D(EL-D)(L3)[ 3]0 [02) -3 [-3 0(6)] 3 o0 1 [-]-3]-] 3
b 1][(0,2)(1,3)(13)] -9 9 - - -9p®3)-302) 3 M 2]-0@3)-|-18
cl 11D (L3 (2,000 -[-1-1-]o®) 33063 -2-01)-003)
d 1L DL D)E3)3]o -] - -1-1-1-pbmo@)|-1]-]3[]-3
el 1,00, 2)(L3) 3 3 -[-1-1-1-1-1-1-Db@-0b@)l6
flelfl(2z,002(0.2fo0 o[ --1-1-1-1-1-1-1-1-"1-1"-
gl A (02 (0, 2(20[ 00 -1-1-1-1-1-1-1-1-11-1-
06 2 [(2,00(2,0(20 - | -IT-1-1-1-1T-1-1-1-1-1]-1]-

E. SU(5) with Type ITIA Fluxes*

In the previous SU(5) model building in Type ITA theory on T®/(Zy x Z3) orientifold
without fluxes, one can easily show that one can not construct the models with three
anti-symmetric representations and without symmetric representations [21, 78]. And
then, for the models with three anti-symmetric representations and some symmetric
representations, the net number of 5 and 5 can not be three due to the non-abelian
anomaly free conditions, 7. e., one does not have exact three families of the SM
fermions [21, 78].

In this Section, we will present SU(5) models with three anti-symmetric 10
representations and without symmetric 15 representations. Although the net number
of 5 and 5 is three due to the non-Abelian anomaly free condition, the initial 5
number is not three. For a concrete model, we will show that after the additional
gauge symmetry breaking via supersymmetry preserving Higgs mechanism, the 5 and

*Reprinted from Nuclear Physics B, Accepted, Ching-Ming Chen et al., Flipped

and Unflipped SU(5) as Type IIA Flux Vacua, Copyright 2006, with permission from
Elsevier.
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5 pairs can form the massive vector-like particles with masses around the GUT /string
scale. Then we will have exact three 5 and no 5. Moreover, we can break the SU(5)
gauge symmetry down to the SM gauge symmetry via D6-brane splitting, and solve
the doublet-triplet splitting problem. If the extra one pair of Higgs doublets and
adjoint particles can obtain GUT /string-scale masses via high-dimensional operators,
we only have the MSSM in the observable sector below the GUT scale. And then we
can explain the observed low energy gauge couplings. We also briefly comment on
two more models where the phenomenological discussions are similar.

We present the D6-brane configurations and intersection numbers for the Model
SU(5)-I in Table XXVI, and its particle spectrum in the observable and Higgs sectors
in Table XXVII. The complex structure parameters are y; = 2\/%, X2 = 24/1/15,
and y3 = 2v/15/9. To satisfy the RR tadpole cancellation conditions, we choose the
fluxes hg = —4(3¢ + 2), a = 8, and m = 2.

The four global U(1)’s from the additional U(1) gauge symmetry breaking due

to the Green-Schwarz mechanism are

U(l)y, = b5U1),+2U(1),—2U(1).—U(1)4,
U(l)y = 5U(1),+6U(1).—U(1l)g —2U(1). ,
U(l); = —=15U(1), +3U(1)4 ,

U)s = 15U(1)s — 18U(1), — 3U(1)g + 6U(1), . (5.24)
And the anomaly-free U(1) is
U)free =U1)a +U(1)y + U(1)c +5U(1)q +3U(1)c . (5.25)

In this model, we have three 10 representations, thirty 5 representations, and

twenty-seven 5 representations for SU(5). Then, the net number of 5 and 5 is three.
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Table XXVII. The particle spectrum in the observable and Higgs sectors with the four

global U(1)s from the Green-Schwarz mechanism. The *'d representa-

tions indicate vector-like matter.

| Rep. [Multi]U(1)JU1)JU(1)JU(1)JU (1)U (1)U (1)U (1)U (1)U (1) free)
(10,1) [ 3 2 ool o]of1w]1]-3T7S30 2
(5, 1) | 3 111|000 | -7]|-5]|1|-15| -2
(Ip,1.) || 3 0O|-1] 10|07 -4]|61]0]18 0
(54, ib)* 2 1170 o0o7]o 3] 5 [-15] 33 0
(5ay 1p)* || 2 1] 10|00 -3|]-51]15]-33 0
(5as1c) | 3 1l o[ 1JToJof-7]1]1]-15 0
(5a,1q) || 3 1 0] 0]-1]0 6 | 6 |-18| 18 4
(5a,12p)[ 1 1 lolo]olo 5 | 5 [-15] 15 1
(54,8¢) || 3 110|000 -5]-5]15]|-15] -1
(54,406)|| 3 1 0] 0] 01O 5 | 5 |-15] 15 1
(1e,406)|| 6 o]l oo o] 1 0] -2]01]6 3
(Ip,1.) | 6 0 |-1] 10|07 -4]61]0]18 0
(Ty,1a) | 3 0O |-1]0 /| 1|07 -3]-1]31]15 4
(1,1.) || 3 ol 1] o000 -1 21]21]0]-=24] -2
(le,1a) || 3 oo 1| 1]o01|-3]51]3]-3 6
(1.,1.) || 3 0] o0/|-1]01]1 2 1 81 0| 6 2
(12,8)[4+4]f o o J o] 0] o0 o[ o] o] o 0
(84,406)%| 4+4| 0 | 0 | 0O | O | O 0] 0| 0] 0 0
(1.,19)*|| 6 ol o] 1-1]o-1]771]-3]313 4
(I.,19)*|| 6 0|0 ]-1]110 1 |-7] 3 1]-3 4
(L, 12p)% 1 o]l oo o] 1 0] -2]01]6 3
(Te,120)% 1 ol ool o]|-1]0]21]0]-6 -3
(1e,8,)% | 1 o]l oo o] 1 021016 3
(1e,8) || 1 ol ool o]|-1]0]21]0]-6 -3

Additional chiral and non-chiral Matter




84

So, the key question is whether we can give the GUT /string-scale vector-like masses
to twenty-seven pairs of 5 and 5.

Let us discuss how to decouple the vector-like particles via supersymmetry pre-
serving Higgs mechanism. We have the following superpotential from three-point

functions:

Ws = yék(’g)aa 1.)i(5a, id)j(ica La)i + yﬁ;(gm 89)1’(5aa 12f)<12f7 Sg)k

+55(Ba, 89)i(Bas 406) (84, 406k - (5.26)

After the Higgs fields (1., 14)x obtain vacuum expectation values (VEVs), we can give
the vector-like masses to three pairs of (5,,1.); and (5,,1,); because the (5,,1.);,
(54, 14); and three of six (1., 1,)x arises from the intersections on the third two-torus.
In addition, after the Higgs fields (12, 8,), and (8, 406)r obtain VEVs, we can give
vector-like masses to eight pairs of 5 and 5 in (5,,8,); and (5,,12;), and to four
pairs of 5 and 5 in (5,,8,); and (5,,40¢);, respectively.

To further give vector-like masses to additional twelve pairs of 5 and 5, we

introduce the following superpotential from four-point functions:

Ws = (50, 84)i(50,127) (16, 127)(Te, 8y)r + yix' (54, 8)i(5a, 127) (1, 12¢) (1, 8 )i

4511 (Bas 89)i(5a,406) (1e, 84 )k (1e, 406): - (5.27)

We point out that (5,,8,)i, (54,406);, (1e,8;)k, and three of six (1.,40¢); arise from
the intersections on the third two-torus. If we give VEVs to the Higgs fields (1., 12y),
(1c,8,)k, (1c,124), (1,8,)k, and (1.,406);, we can generate the vector-like masses
for the rest twelve pairs of 5 and 5 in (5,,8,); and (5,,12¢)/(54,406);. Therefore, we
only have three 5 and do not have 5 after the Higgs mechanism at the GUT/string

scale. Note that there are three (U(1). symmetric) singlets with charge —2 and six
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(1c,406); with charge +1 under the U(1). gauge symmetry, we obtain that the D-
flatness for U(1), gauge symmetry can be preserved if we give VEVSs to these singlets.
And the D-flatness for other broken gauge symmetries can be preserved because all
the other relevant Higgs particles are vector-like. Also, it is obvious that we have
the F-flatness for above superpotential. Thus, the Higgs mechanism can preserve
supersymmetry.

To break the SU(5) gauge symmetry down to the SM gauge symmetry, we split
the a stack of D6-branes into ag and asy stacks with respectively 3 and 2 D6-branes.
To have the vector-like MSSM Higgs doublets, we assume that the ay and b stacks
of D6-branes are parallel and on the top of each other on the third two-torus. Then
we obtain two pairs of vector-like Higgs doublets (2,,,15); and (24,,13); (j = 1,2)
with quantum numbers (1,2,1/2) and (1,2, —1/2) under SU(3)c x SU(2)r, x U(1)y
gauge symmetry. We also assume that the az and b stacks of D6-branes are not on the
top of each other on the third two-torus. So, the vector-like triplets will obtain the
masses around the string scale, and the doublet-triplet splitting problem is solved.
Therefore, below the GUT scale, we have SM gauge symmetry, three families of the
SM fermions, two pairs of Higgs doublets, and three adjoint particles for each gauge
symmetry in the observable sector.

Suppose that one pair of the Higgs doublets and adjoint particles obtain the
GUT /string-scale vector-like masses via high-dimensional operators, we only have the
MSSM below the GUT scale. And then, if we choose the suitable grand unified gauge
coupling by adjusting the string scale Mg, the observed low energy gauge couplings

can be generated via RGE running. Let us discuss the gauge coupling and the string
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scale. For a generic stack o of D6-branes, its gauge coupling at the string scale is [14]

(97u)° = venM, ! . (5.28)

MPZ 3 9 1 9
[T/ it + (25 x
=1

So, the SU(5) gauge coupling g, at the string scale is

(375m2) /4 Mg 2Mg

a 2
(9var) 4 Mp, Mp, ( )

Thus, we can have the suitable grand unified gauge coupling ¢5.,, by adjusting the
string scale. As an example, to have the MSSM unified gauge coupling garssas which
is about 1/v/2, we choose Mg ~ Mp;/4 which is close to the string scale in the

heterotic string theory. We present another SU(5) model in the appendix.
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CHAPTER VI

CONCLUSIONS

A physics theory needs to have the ability to explain and even predict the phenomena
in the real world, or it is just a mathematical game. String theory though has had
great success in unification with its elegant structure, however we still have to face
the imperfectness of our universe, at least at the low energy scale. With a structure of
extra dimensions and large symmetry groups string theory includes more than what
we need in our world, so we have to percolate and identify the substructure of the
theory that we can observe and touch, for example, the Standard Model in a four
dimensional world. Several methods had been developed to solve this problem, and
we found D-branes compactified on T® with orientifold has the potential to achieve
it by constructing open string models non-perturbatively from the dual of heterotic
string [79]. In this theory particles are chiral fermions from D-branes intersecting at
angles [7] in a D =4 N =1 world. We will use this property as well as the required
constraints to build Standard and GUT models. This method is the basic idea of this
dissertation.

In this dissertation, we present in the second chapter some basic knowledge of
D-brane theory and the idea to construct a chiral spectrum. By using Kaluza-Klein
dimension reduction we introduce D-branes in the dual space, and we realize the
concept of duality is the spirit of M-theory and the D-brane construction. Gauge
groups arise from the D-branes, and Chan-Paton indices and Wilson lines fertilize
their properties. Oribifold and orientifold actions are discussed, and the branes in-
tersect in Type IIA theory is due to the magnetic fluxes introduced in Type IIB

picture. We show D6-branes in Type ITA picture can have massless chiral fermions
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only. In the third chapter, one special orientifold structure T®/(Zy x Zy) is chosen to
construct the realistic models and the details are carefully given. This orientifold can
have non-rigid-3-cycles so no exceptional/fractional cycles needed to be considered
to satisfy the RR-tadpole conditions and the orbifold actions do not fixed the com-
plex moduli too early to satisfy the supersymmetry conditions. Of course we know
it is important to fix all the moduli to stabilize the theory, however we leave this
task to the non-trivial Type ITA or IIB supergravity fluxes as a string background.
We also include the K-theory constraints [40, 66, 67, 68] which are from the discrete
anomaly of the orientifold and the Green-Schwarz mechanism for some models which
need global gauge groups. Finally, a complete spectrum of the representations of
the gauge groups in this intersecting D-brane scenario is given so we can set up the
requirements from the realistic models to construct the consistent D-brane models
with all conditions satisfied.

In the fourth and fifth chapter we started to discuss examples of the Standard-
like Models and GUT models, including Trinification, Pati-Salam, SU(5) and flipped
SU(5) models. Our studies start from using D-brane constructions on Type IIA or
Type IIB T /(Zy x Z) orientifold (some Type ITA models with fluxes are on T® ori-
entifold), since they are T-dual to each other. Then we introduce Type IIB and Type
ITA supergravity fluxes respectively to construct models with the moduli fixed. For
Type IIB fluxes, We consider both supersymmetric and non-supersymmetric fluxes
in the closed string sector, and we claim that the non-supersymmetric (soft-breaking)
models of Pati-Salam and flipped SU(5) we have found are more realistic and consis-
tent with all the constraints of string theory including K-theory and supersymmetry
in the open string sector. The non-supersymmetric flux (Ny,,, = 64) in this particular
flipped SU(5) model breaks supersymmetry in the closed string sector. This leads to

: : M2, .
a mechanism of soft supersymmetry breaking at a mass scale M,p ~ % which
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implies an intermediate string scale or an inhomogeneous warp factor in the internal
space to stabilize the electroweak scale [42, 76, 81]. With this non-supersymmetric
flux present, soft supersymmetry breaking terms may be manifested in the effective
action of open string fields. Detailed studies in soft-breaking mechanism and some
trial investigations into the effective low energy scenario were studied in [76, 80].
Combined with a Yukawa coupling analysis [82], this may provide a clear picture of
the low energy physics which we defer for future work.

The four global U(1) symmetries from the G-S anomaly cancellation forbid all the
Yukawa couplings necessary for the generation of quark and lepton masses, although
if we ignore these global U(1) factors and focus only on the U(1)x and U(1)y symme-
tries, then we find that all of the required Yukawa couplings in (5.4) are present, as
well as those needed for making the extra matter in the model obtain mass O(Mgying)-
We need to keep in mind that global U(1) symmetries are valid to all orders in per-
turbation theory, and can be broken by non-perturbative instanton effects [83]. To
solve this problem without these instanton effects, one possibility one may entertain
is to use singlets, suitably charged, to trigger spontaneous breaking of global U(1)s
as well as of the local U(1)y at the string scale, while leaving U(1)x intact. In
the case of global U(1)s one may hope that we will end up with invisible axion-like
bosons. The interested reader may check from Table XIX that such singlets with
appropriate charges do exist. Another possibility is that we may need a new D-brane
configuration, like Type ITA orientifold with flux compactifications.

On Type IIA orientifolds with flux compactifications in supersymmetric AdS
vacua some semi-realistic Pati-salam and GUT models are built, and we for the first
time construct the exact three-family SU(5) models. In these models, we have three
10 representations, and obtain three 5 representations after the additional gauge

symmetry breaking via supersymmetry preserving Higgs mechanism. So, there are
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exact three families of the SM fermions, and no chiral exotic particles that are charged
under SU(5). In addition, we can break the SU(5) gauge symmetry down to the
SM gauge symmetry via D6-brane splitting, and solve the doublet-triplet splitting
problem. If the extra one (or several) pair(s) of Higgs doublets and adjoint particles
obtain GUT/string scale masses via high-dimensional operators, we only have the
MSSM in the observable sector below the GUT scale. Choosing suitable grand unified
gauge coupling by adjusting the string scale, we can explain the observed low energy
gauge couplings via RGE running. However, how to generate the up-type quark
Yukawa couplings, which are forbidden by the global U(1) symmetry, deserves further
study.

For the flipped SU(5) models, in order to have at least one pair of Higgs fields
10 and 10, we must have the symmetric representations, and then the net number
of 5 and 5 can not be three if the net number of 10 and 10 is three due to the
non-abelian anomaly free condition. We constructed the first model with three 10
representations, and the first model where all the Yukawa couplings are allowed by
the global U(1) symmetries but with a extremely large exotic spectrum.

Despite of these fruitful successes in this D-brane model building we are still in
the midway. First so far our best models are built upon AdS vacua with all the moduli
fixed, which is still far from our real world on a Minkowski space. But recently a new
discussion of D-brane construction [84, 85] including additional non-geometric fluxes
[86] provides a way to define (D-brane-)solvable Minkowski vacua. Definitely it is the
next topic to search. Secondly we can only construct the gauge group structure of
the known models in particle physics but the most important quantities able to be
identified from the experiments, particle masses and the gauge coupling constants are
still untouched although some trial investigations are taken, for instance in [80]. There

are also plenty phenomenology worthy to discuss, such as supersymmetry breaking,
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Higgs structure and Yukawa couplings. We are getting to an age that both theoretical
and experimental physics have exciting development and somehow can communicate
and improve with each other. LHC at CERN will start running in 2007 and ILC and
other programs are coming in the near future to search physics at a higher energy
scale. And WMAP and other observatories are collecting data from the universe for
cosmology. Although we do not expect that we should be able to see some direct
evidence of string theory soon from the laboratories, we still hope the new found
particles can testify the predictions made by some extended theories of strings, like
the D-brane configuration discussed in this dissertation, to prove that string theory

is correct and all our efforts paid are worthy.
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APPENDIX A

P-S MODELS WITHOUT FLUX*

In this Appendix, we present the spectrum in the U(4)c x U(2), x U(1) x
U(1)" xU(1)e x U(1); x USp(4)* model with anomaly free U(1),, and U(1)x gauge
symmetries in Tables XXVIII and XXIX.

Table XXVIII. The SM fermions and Higgs fields in the U(4)c x U(2), x U (1) x U(1)"
xU(1).xU(1);xUSp(4)? model, with anomaly free U(1),, and U(1)x

gauge symmetries.

\ Rep. [IMulti[JU (1)U (1)U (1)dU (1)U (1) JU (1) 42U (1) 1, ,2U (1) ]

.2 3 1 [-1]Jo]o 0] o0 0 2
(A1) 3 | -1 o 10|00 1 -1
(A1) | 3 | -1 ol o] 1[0/ o0 -1 1
1) || 8 J O T [ 1] 0] 070 -1 1
2,1) | 9 |0 | 1] 0 |-1]0]o0 1 -3

*Reprinted from Nuclear Physics B, Vol 732, Ching-Ming Chen et al., Standard-
Like Model Building on Type II Orientifolds, Pages 224-242, Copyright 2006, with
permission from Elsevier.
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Table XXIX. The extra particles in the U(4)c x U(2)r, x U(1) x U(1)" x U(1),

xU(1); x USp(4)? model, with anomaly free U(1),, and U(1)y gauge

symmetries.

NIt 0 (10 (D40 (D0 W0 0 (1) 20 (11,20 (1) ]

HH M A A MM A MDD A MG o

‘ Rep.

e N R R N i R W W i e e N i i N N i R i
T L R e e e < B VR SN N B~ T SR SR e S N
O I L B e e I L B e I L A I I D I R e B B e I D T RPN
I T T I R I S O S O O S R R N N
4,4_4,4_444,22_2, 111,1_11_11_1

N e e e e N N S N N N e

o
lap]

Q
i

=
—

[}
—

S
bl

Additional non-chiral and USp(4) & USp(4) Matter
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APPENDIX B

FIRST KIND OF U(4)¢ x U(2);, x U(2)z P-S MODELS WITH IIA FLUXES*

We present the D6-brane configurations and intersection numbers for the first
kind of Pati-Salam models. Let us explain the convention. Suppose b and ¢ stacks of
D6-branes are parallel on a two-torus and the product of intersection numbers on the

other two two-tori is ¢, we denote their intersection number as 0(7).

1. Model TI-U-1

D6-brane configurations and intersection numbers on Type ITA T¢ orientifold.
The gauge symmetry is [U(4)o XU (2) L XU (2) rlobservavie X [U(2)? X U Sp(2)?] hidden
the SM fermions and Higgs fields arise from the intersections on the first two-
torus, and the complex structure parameters are 3xy; = x2 = x3 = V2. To

satisfy the RR tadpole conditions, hg = —2(3¢ +4), a = 4, and m = 2.

Table XXX. D6-brane configurations and intersection numbers for Model TI-U-1
on Type IIA T¢ orientifold.  The complete gauge symmetry is

[U(4)C X U(2)L X U(2>R]observable X [U<2)2 X USp(Q)Q]hidden.

‘stack‘ N H(m,ll)(ng,lg)(ng,lg)H A ‘ S H b ‘ v ‘ c ‘ d H d ‘ d ‘ e ‘ e ‘ f ‘ 1! ‘06‘
a |2 (LOC,DLD] 01030330303 -3 0B 3 () - b
b |2 [(1,-3)(L-1)(0,2)] 6|61 -]-]60D)|-601-9|-303)- -6
c [ 2 (130, 2(L[6 6] -]-1-1-19]3]60baspd)| -6
d ]2 (23(LU(20 00 -]-1-1-1-1-]12/00]-6]- 03
el 2 (23 (oL, D)fo0 ol - -[-1-1I-1-1-1-16]-0b@)
I T L0(02(0, 2 00 -1-1-1-1-1-1-1-1-1-0b@
061 1 [(LO)(20(20 - -l - -1 -1 -1-[-1-1T-1-

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.
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Model TI-U-2

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c X U(2) X U(2)g]observaie X [U(1)* x
USp(2)?|hidden, the SM fermions and Higgs fields arise from the intersections on
the first two-torus, and the complex structure parameters are 6x; = x2 = x3 =
2. To satisfy the RR tadpole cancellation conditions, we choose hy = —4(3¢+2),

m = 2, and a = 8.

Table XXXI. D6-brane configurations and intersection numbers for Model TI-U-2

on Type ITA T orientifold.
[U<4)C X U(Q)L X U(2)R]observable X [U(1)4 X Usp(2>2]hidden-

The complete gauge symmetry is

stackl N [[(n1,l1)(na,lo)(ng,ls)| A | S o[V ] ¢ | ]
a | 4 |I(1,0)(-1-1)(-1, 1) 0 | 0 | 3 0(3) -3 [0(3)
b | 2 ||(-1,3)(-2,0)( 1, 1) 0|0 -]-1]6 p()
c |2 (1L,3)-1, 12,000 01-1]-1]-1-
d | L(LD(20(3D]0]0]-]-1-]-
e | 1 [(1,-1)(3,1)(2,0( 0|01 -]-1|-]-
Fl 1T (1-3)(1,-)(0,2)) 66| -1]-1-1-
g | 1 (1,3)(02)(1,1)| 6 |-6|-]-|-]-
hl1(0-1)(20(0,2000-]-]-]-
i 11 (0-1)(0,2(20 00 -1-]-]-

stackl N [[(ny,l1)(na,lo)(nsds)| d | d' [ e || fF 1 f ] g |gd|h|N]il
a | 4(LO(L DL D1]211]-2] 3 p@ 3 pE)[1L]| -1
b | 2 |1, 3)(2, 0)( L, Do)o2) -2 | 4 [0(1)] -6 P20 - | 2
c | 2 I(L,3)(L, D)2, 0 2 [ -4 b®)o@pb2o)o@)] 6 [2] - b@)
d ] L(L1D(20(3-D -] -1-2p1)12]-6]-8]8p3) - |2
e | L (L )(310(2,0) - -1-]-]8=8[-12[6]|2]- 03
FI T3 (L0020 - - -1-1-1-16 p@b@l -2
g T L3 (0Ll - - -1~ -1~ -1-[2-pO
Rt 1(0-1)(2,00(0,2) -|-1|-1|-1]-1|-1 - - | - 0(4)
i L0 (0,2 (20 - -|-[-[-1-1-1-1-1-T-
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Model TI-U-3

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.

The complete gauge symmetry is [U(4)c X U(2)r X U(2)Robservasie X [U(2)?

X
U(1)? x USp(2)?|hidden, the SM fermions and Higgs fields arise from the inter-
sections on the second two-torus, and the complex structure parameters are

X1 = 3x2 = 2x3 = 2. To satisfy the RR tadpole cancellation conditions, we

choose hg = —4(3¢ +2), m =2, and a = 8.

Table XXXII. D6-brane configurations and intersection numbers for Model TI-U-3

on Type ITA T¢ orientifold. The complete gauge symmetry is
[U<4)C X U(2)L X U(Q)R]observable X [U(2)2 X U(l)z X USp(2)2]hidden‘

stackl N [[(n1,l)(na,lo)(ns,ls)| A | S o[V ] ¢ | ]
a |4 (LD(L-3)(LoJo]o0]300-303)
b 2 (2,0(L3 (L0 [0]-]-]60@)
c 2 [(Ln(zo(Lno]o|-[--]-
d ]2 (L3003 3]-]-1-]-
e |2 I3 )(LI(Lo o ol -]-]-]-
Fl1000,2)(-1,3)-1,1)-6|6|-]-1]-]-
g |1 (2,00(1-D)(3, 1) 00| -1]-1]-]-
h 1 (20(02(0n[0]0]-]-]-]-
i L 1(02)(0,2)(Lof o]0 -|-]-]-

‘stack‘ N H(m,ll)(ng,lg)(ng,lg)H d ‘ d" e ‘ e ‘ f ‘ f" g ‘g" h ‘ n ‘ 1 ‘ 7 ‘
a | 4 (1, D(1-3)(Lodbao@b@bm3[-1] 2] 1] - b -
b | 2 (20 (L3 (100 3] 1][-206)0@oEb@bm - -2 -
c |2 [(-0)(20(L0-30@ 12603 2]|-42]-2]-
d ]2 (L3 (0, -1-12]2][3pm[6]3pa)-|-1]-
e | 2 I3 ) (LU(LO) - - |-]-[6]-3[-10@)-1]- @) -
FII 0L L - - - - -[-1=s[=82]-ba)-
g T3 - - -1 - -T-1-[-06-2]-
R 12000200 -1 -]-1-]-1-1--1-]-0@-
T 02(0.2(LO) - |- - |- |- 1-[-[-1-1-[-[-




106

4. Model TI-U-4

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c X U(2)r X U(2)g|observabie X [U(2) X
USp(2) x USp(10)|nidden, the SM fermions and Higgs fields arise from the in-
tersections on the third two-torus, and the complex structure parameters are
6x1 = 2x2 = x3 = 2v6. To satisfy the RR tadpole cancellation conditions, we
choose hg = —12(q +2), m =2, and a = 8.

Table XXXIII. D6-brane configurations and intersection numbers for Model TI-U-4
on Type IIA T® orientifold. The complete gauge symmetry is

[U<4)C X U(2)L X U(Q)R]observable X [U(2) X USp(Z) X USp(lo)]hidden-

stackk N [[(ny,l1)(na,lo)(nsls)| A S [o [V ]| c || d [d]e]e|O6]
a | 4 (0 )(L (3D L]-1]3p0)-3p3) 2 b@]-3]-]1
b [ 2 (L D(Z0B 000l -]-160@)| -1-5]6]-0Q
c 2 (L)L D02 2] 2 [ -1-1-1]- o) 2 b - [-2
d ]2 (2302000 ]-]-1-]-1-1-16]-0@
e [T IL0(02(0,] 00 - -1-1-1-1-1-[-0@
065 (LO(200(2 00 - | - -1-1-1-1-1-]-1-7]-
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Model TI-U-5

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c X U(2)r X U(2)g|observabie X [U(2) X
U(1)? x USp(8)|nidden, the SM fermions and Higgs fields arise from the in-
tersections on the first two-torus, and the complex structure parameters are
6x1 = x2 = x3 = 2. To satisfy the RR tadpole cancellation conditions, we
—4(3q + 2),

choose hy = m =2, and a = 8.

Table XXXIV. D6-brane configurations and intersection numbers for Model TI-U-5

on Type IIA T¢ orientifold. The complete gauge symmetry is
[U(4)C’ X U(Q)L X U(z)R]observable X [U(z) X U(1)2 X USp(S)]hidden-

‘stack‘ N H(nl,ll)(ng,lg)(ng,lg)H A ‘ S H b ‘ b ‘ c ‘ d H d ‘ d ‘ e ‘ e ‘ f ‘ 1! ‘06‘
a4 (Lo, DCLD[0]0]3p@) -3 p@pmba)z2]2]-2] 2 b
b | 2 [(13)(1-1)(0,2) 6] 6 | -|-bazp@o) 1216 3 |6
c 2 (L)L ofolol[-[-] - -ba-1[6[3]-2]10@)
d ]2 (0L ( L) 2L -]-]-1-1-1-p@p@o@]lo)]-1
c 10 (3 (L33 13 -1-1-1-1-1-1-]-p@6p2) 3
F I T (L3303 3 -1-1--1-1-1-1-1-1-13
06 2 (LO(20(200 - | -~ -1 - 1-1-1-1-[-1-1-1-
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6. Model TI-U-6

D6-brane configurations and intersection numbers on Type ITA T®/Zy x Z,
orientifold. The complete gauge symmetry is [U(4)c X U(2), X U(2) robservabie X
[USp(2)nidgden, the SM fermions and Higgs fields arise from the intersections
on the first two-torus, and the complex structure parameters are 2x; = 6y =
3x3 = 6. To satisfy the RR tadpole cancellation conditions, we choose hy =
+3a, and m = Fq so that the supergravity fluxes do not contribute to the

D6-brane RR tadpoles.

Table XXXV. D6-brane configurations and intersection numbers for Model TI-U-6 on
Type ITA TY/Zy x Zy orientifold. The complete gauge symmetry is
[U(4)C X U(2>L X U<2)R]observable X [USp<2)4]hidden-

‘stack‘ N H(nl,ll)(ng,lg)(ng,lg)H A ‘ S H b ‘ 4 ‘ c ‘ d “061‘062‘063‘064‘
a | 8 (o-n)(L,D)(1, o]0l 3p@B)-3pB))1[-1]0]0
b | 4[(31D)(1,0(1-D-2]2]-]-b®Go01)o[1]0]-3
c |l 4(3-)(o, (-2 ]-2]-[-]-|-1]-1]0]3]o0

o6 2 [[(1,0)(1,0)0(2,0) - | - |[-[-|-|-1-|-1-]1-

062 2 [[(L,o)(o-1)(0,2) - | -[[-[-|-|-1/-|-1-]1-

o063 2 [(0,-1)(1,0)0(0,2)| - | -1-[--1-1-1-1-]1-

o6*| 2 [(0,-1)(0, 1)(2,0) - | - [[-[-|-|-1-|-1-]-
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Model TI-U-7

D6-brane configurations and intersection numbers on Type ITA T®/Zy x Zy ori-
entifold. The complete gauge symmetry is [U(4)c X U(2)r X U(2)r|observabie X
[U(1)8 x USp(4)*nidden, the SM fermions and Higgs fields arise from the in-
tersections on the first two-torus, and the complex structure parameters are
2x1 = 6x2 = 3x3 = 6. To satisfy the RR tadpole cancellation conditions, we
—6(q +8),

choose hy = m = 8, and a = 16.

Table XXXVI. D6-brane configurations and intersection numbers for Model TI-U-7

on Type ITA T%/Zy x Z orientifold. The complete gauge symmetry is
U( )C’ X U( )L X U( ) ]observable X [U(1>6 X USp(4)2]hidden-

[

stackl N [[(n1,l1)(na,lo)(ns,s)] A | S [b [V [ c]| ]

a | 8J(o-D)(1L,)(L, D] o] o [[3]@3)-30(3)

b [ 43, D(LOo(L-1 2] 2 [-]- o®Glo@)

c |4 (3-D(o,)(1-D 2 [ 2]-]-1-1-

d | 2(9-1)3-1)(-2,0] 12 [-12]-T-T-T7-

e | 2](3,4)(1-4)(2,0)]-16]16 |-]-]-1-

f 12109 1)1-3)(0,2)-12]12-]-1]-]1-

g | 2 (3-4)(4,1)(0-2) 16 [-16]-|-1-]-
hl2(1,0(53)(5-3)] 0] o0]-]-1]-]-

i | 2 [(1,0(3-5)(35)] 00 [-]-]-1-

o6 4 [(1,0)(1,0)0(2,0(] - | - [[-]-1-1-

062 4 [(1,0)(0-1)(0,2) - | - [[-]-1-1-
stackl N [[(n1,l1)(nolo) (ns,ls)| d [d'[ e[| f|f g g [ h|W][i]i 067067
a | 8 [(0-1)(1,1)(1,1)[18][36[15]-9[-18}36-15] 9 [ 8 [ 8 [-8|-8] 1 ]-1
b | 4 [(3,1)(1,0)(1,-1)F12 636160 18 36| 15| -9 [-3|12|20] 5[0 | 1
c | 4 [/(3,-1)(0,1)(1,-1)[F18-36-15 9 [ 12 [-6] 36 | 60 | -5 [-20]-12] 3 [-1] O
d |2 [(9-1)(-3,-1)(-2,0)] - |- [0]0}288 0]462] 78 [-12[-42[-90]-60] 0 | -6
e | 2 [/(3,4)(1-4)(2,0)-[-]-]- (462787200 0 [276}204F140340] 0 | 8
Frl2009 0)E-3) (0,2 -1-1-1-1-]-10o]o0o]60[9]42]12]6 |0
g | 2 (3494 1D(0-2)--]-1-1-1-]-1- F340140[204}276/ -8 | 0
Rl2(1,0(53)(5-3)-|-1-1-1-1-1-1-1-1-]0o]lo]o]o
i |2 (Lo)y(3-5)(3,5)-1-[-1-1T-1-1-1T-T1T-1]-1-1-]0]o0
o6l 4 (1,0, 0(20)-[-[-]-1-1-1-1-1-1-1-1-1-71-
062 4 [(1,00(0-1)(0, 2 -[-[-]-1-1-[-1-1-1-1-1-1-71-
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APPENDIX C

FIRST KIND OF U(4)c x USp(2), x U(2)x P-S MODELS WITH IIA FLUXES"

We present the D6-brane configurations and intersection numbers for the first
kind of Pati-Salam models. Let us explain the convention. Suppose b and ¢ stacks of
D6-branes are parallel on a two-torus and the product of intersection numbers on the

other two two-tori is ¢, we denote their intersection number as 0(7).

1. Model TI-Sp-1

D6-brane configurations and intersection numbers on Type ITA T¢ orientifold.
The gauge symmetry is [U(4)c X USp(2)r, X U(2)rlobservapie X [U(2) x U(1)? x
USp(2)|hidden, the SM fermions and Higgs fields arise from the intersections on
the second torus, and the complex structure parameters are 14x; = 7x2 = x3 =

2/7. To satisfy the RR tadpole conditions, ho = —4(3¢+2), m = 2, and a = 8.

Table XXXVII. D6-brane configurations and intersection numbers for Model TI-Sp-1
on Type ITA T¢ orientifold. The complete gauge symmetry is
[U(4)C’ X USP(2)L X U(Q)R]observable X [U(Q) X U(]-)2 X USp(Q)]hidden-

stackl N [[(n1,h) (na.do)(nads)| A [ S [[b [V [ c [ [d][d e[ f[f]g]g]
a | 4](0-D(L3)(3 D3 [33]-[3b@J2[1[15]6]-3@oa) -
bos| L (L, 0)(2,00(20] - - -[-13]-o@ -b@-]6]-0)-
c | 2 (L D)CL3) LD 60 -1-1-1-1-2p@|2400) 4 4]1]-
d]2 (LD, D00 0] -T-1-1-1-1-pbay-2]4]-2p) -
e |1 |(LD(20(7-Dfoo--1-1-1-1-1-1-116[=20-=2]-
Fl1T (30, 23066 [-|--]-1-1-1-1-1-1-b@ -
g | Lo (o, 2(200o0 o -[-1-1-1-1-1-1-1-1-1-7-

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.
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2. Model TI-Sp-2

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c x USp(2)r X U(2) rlobservasie X [U(2) X
U(1)* x USp(2)|nidden, the SM fermions and Higgs fields arise from the in-
tersections on the third two-torus, and the complex structure parameters are
2x1 = 6x2 = x3 = 2v/3. To satisfy the RR tadpole cancellation conditions, we

choose hg = —6(q + 2), m = 2, and a = 4.

Table XXXVIII. D6-brane configurations and intersection numbers for Model TI-Sp-2
on Type ITA T orientifold. The complete gauge symmetry is
[U(4)C’ X USP(Q)L X U(z)R]observable X [U(Q) X U<1>4 X USp(2>]hidden-

stackl N [[(n1,l1)(na,lo)(ns,ls)| A | S o[V ] ¢ | ]
a | 4(LOL, D3, D[0]03]-1-3p@1)
b | 1 (0-1)(L0)(0,2]0]0]-]-]3]-
c |2 (Lo, (302 2-[-1-]-
d]2 B0 o]ol-]-1-]-
e |1 |(3-0(0 (122 ]|-]-|-]-
FlTlo(L DLy 22 -1-]-]-
g | 1 |(1-D)(LOo)(L,DIO0|O0|-]-1]-]-
h|1|(1L,0o)-1,-3)-1, )00 |-]-1]-1-

06| 1 [(LO(LO(2,0 -1 -1--1-]-

‘stack‘ N H(m,ll)(ng,lg)(ng,lg)H d ‘d" e ‘ e ‘ f ‘ f" g ‘g" h ‘ n ‘06‘
a | 4 (1,013 D20 1]-2]20@) 2] 1b@bE)ha)
b |1 [(0-D)(L0)(0,2)] 6] -13]-00) -p0)-]-3]-D0@
c |2 [()(0. (3 1) 2| 40602120211
d |2 [B-DLD(Z0[ -] -160aP3|-6]-4]-2]4]2p@1)
e | 1 (3-0)(0, (L - -]-1-0b@)3]20b@b@)-1]-1
FI LoD - | - - -]--]1Tpmo@ 2|1
g | T L A(LO(L - -~ --T-1-1--30b@bo
R I (LO3) (L -~~~ -T-1--1-]-0@
06 1 [(LO(LO(200 - |- -]-1-1-1-1-1-1-]-
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3. Model TI-Sp-3

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c x USp(2) 1 X U(2) g]observapie X [U(1)* x
USp(4)?|hidden, the SM fermions and Higgs fields arise from the intersections on
the third two-torus, and the complex structure parameters are 4y; = 2y, =
3xs = 2v2. To satisfy the RR tadpole cancellation conditions, we choose

ho =—4(3¢+4), m =2, and a = 8.

Table XXXIX. D6-brane configurations and intersection numbers for Model TI-Sp-3
on Type IIA T¢ orientifold. The complete gauge symmetry is
[U(4)C’ X USP(Q)L X U(Q)R]observable X [U(1)4 X USp(4>2]hidden-

stackl N [[(n1,l)(na,lo)(ns,ls)| A | S [b ]V [ c ||
a | 4 (1L, 1D)E1,-1)(-1,3)12] 0 |3 |- |-30(9)
bos| 1 |(1,0)(2,0)(1,0) - - -l -3 -
c 2 [(0-1)(1,-1)(-2,3)]| -6 | 6 -l - -1 -
d L2002 12]-12]-]-1-]-
e [T (Lo)(L5(Lo 0] 0 | -]-]-1-
FlT (L (LD(Lofol o |-|-]-1-
g [ 1 (3-1)(2,00(4 1) 0] 0 ||-]-1|-]-
b2 [(0-D(2,0(0D[00 |-|-]-]-
i 2 [(0-(0, 2 (Lo 0] 0 || -]-]-]-
‘stack‘ N H(nl,ll)(’l’bg,lg)(ng,lg)‘ d ‘d" e ‘ e ‘ f ‘f" g ‘ g ‘ h | W ‘ i ‘ i ‘
a | 4(L 1)L 3) 6 03)-36] -36 [0@2)o3)[52] 22 | 1 | - |-3] -
bos| L (L, 0)(2,0)(L0) 6| - 0@ - [0()] - b - (o] - p) -
c |2 [(0-)(1-1)(-2,3) 1816 6 | -9 | -3 0(3)-42] 30 [0(2)| - 03 -
d | 1(21)(02 13 -] -]-27]33] 9 |-3[110] 26 | -4 | - 0(6) -
e | T I(L5) (L5 (L0 -] -] -] - bas@)-so] 70 |5 |- ba) -
FlI L (LD(LO) - | -] - | - [ -|-[2/4/1]-pa)-
g 13 ) (200( 40 - |- - -1 -[-[-1-Dba-l6]-
R 2 (0 (20(00 - -] -1 -1 -1-1-1-1-]-pe-
T2 0D(0,2( Lo - [ -] - | - [ - [-|-| -1 -1-1-1-
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4. TI-Sp-4

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c x USp(2)1 X U(2) g]observavie X [U(1)? X
USp(4)|hidden, the SM fermions and Higgs fields arise from the intersections
on the second two-torus, and the complex structure parameters are 12y; =
3x2 = x3 = 2v/3. To satisfy the RR tadpole cancellation conditions, we choose
ho = —4(3¢+2), m =2, and a = 8.

Table XL. D6-brane configurations and intersection numbers for Model TI-Sp-4
on Type ITA T¢ orientifold. The complete gauge symmetry is

[U(4)e x USp(2)r, X U(2)R)observable X [U(1)2 x USp(4)]hidden-

stackk N [[(ny,l1)(no,lo)(ns )| A | S o[V [ c|dd]d] e || f]f]
a ]2 (0-D(L3)(3 0] 3] 3][3]-1302)12]15] 3 |60y -
bos | L [(LO)(20(2 0] - | - |[-]-0@) -0 - [12] - @) -
c 2 [(LO(L3) (LD 0] 0 |-[-|-]-]w0]=8]12[6]1]-
d | L](3-2)(31)(2 0 0 [ -1-]-1-1]-1]-]-40]64p(9) -
e [T (L6 (L0212 12 - - 1-]-|-1-1-1-[=2]|-
7 12 (0-1)(0,2)(20) 0 - -1 -1-1-1-1-1-1-1-
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APPENDIX D

SECOND KIND OF U(4)¢ x U(2), x U(2)g P-S MODELS WITH IIA FLUXES*

We present the D6-brane configurations and intersection numbers for the second

kind of U(4)¢c x U(2) x U(2)g Pati-Salam models with IIA fluxes.

1. Model TII-U-1

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The gauge symmetry is [U(4)c < U (2) L X U(2) rlopservavie X [U(1)* X USP(2) ] nidden,

the SM fermions and Higgs fields arise from the intersections on different tori,

and the complex structure parameters are y; = 3x2 = 3x3 = V2. To satisfy

the RR tadpole conditions, we choose hy = —2(3¢ + 2), m = 2, and a = 4.

Table XLI. D6-brane configurations and intersection numbers for Model TII-U-1
on Type IIA TS orientifold.
[U(4)C’ X U(Q)L X U(Q)R]observable X [U(1)4 X USp(Q)]hidden~

The complete gauge symmetry is

stackl N [[(n1,l)(na,da)(nads) A [ S [ [V [ c [ [d][d e[ |f[f] g |g[h][l]
a |4 (L,0)(1,3)-L3)J o]0 [30a)-3p@oa)3[6]3pB-9]-6]3001)
b | 2 [(1-1)(13)(0,2)] 6|6 | -] -2 pb)o6)o(0)o(2)o(8) -6 0(6) -14 |-20(0(1)
c | 2 [(1,1)(0,2)(1,3) 6 | -6 - - 2429 15 | 21 p(1)
d | 1[(1,1)(1,3)(0-2) 6 |-6 ST T -T-Db®bEo®)] 6] 20[14p(1)
e | 1 [(1,3)(-1,1)(0,2) 6 6 - - - - -1 [20[14](19)-340p(3)
F 11 (2-1)(1,3)(20]0]0 - - - -T-1T-1-paep@)-2
g | 16 1)(1-1)(20]0]0 EN I I I D
h|1](1,00(0-2(0,2]0]0 BN I I I I I I D

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.
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D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.

The complete gauge symmetry is [U(4)c X U(2)r X U(2)g|observabie X [U(3) X

U(1)3 x USp(2)|nidden, the SM fermions and Higgs fields arise from the in-

tersections on different two-tori, and the complex structure parameters are

X1 = x2 = x3 = 6. To satisfy the RR tadpole cancellation conditions, we

choose hg = —36(q +4), m = 2, and a = 24.

Table XLII. D6-brane configurations and intersection numbers for Model TII-U-2
on Type ITA T¢ orientifold.
[U(4>C X U(Z)L X U(z)R]observable X [U<3) X U(1)3 X Usp(2)]hidden'

The complete gauge symmetry is

stack N [[(n1,l)(na,lo)(nads)] A [S [0 [V | c [ d|d [e[e[f[f]g]g [0
a | 4](2,0(3D3-DJofo3b@-3b@m]2]1bM®b@b(6)(6)-903)(1)
b | 2 [(3.1)(20)(3 D[ 0]0]-]-]3b@omo@-2/-1]9 b3)06)06)0(1)
c |2 (3 D(3-D(20l0]0 ] -]-1-T-l1=2/-1]2]10@[-90B)]9 b
d 3L, D(20(L0Jo[o-]-]-1-1T-1-]-1b@2]1]4]-4pbQ)
e |1 (zo(LO(L,D[olo-]--[-[-]-1-1-14 2 -1 (1)
Flrlo, 233011 |- [--1-1-1[-1-1-1-1-127p) -2
g |13 (02 (3D 1t [ -[-1-1-1-1-1T-1-1-1-7-T-12
06 1 (200(2,0(20 - --1-1-1-1-T-T-1-1-1-T-1T-T-
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3. Model TII-U-3
D6-brane configurations and intersection numbers on Type ITA T¢ orientifold.
The complete gauge symmetry is [U(4)c X U(2)r x U(2)Rr]observaie X [U(1)* x
USp(2) x USp(4) x USp(6)]hidden, the SM fermions and Higgs fields arise from
the intersections on different two-tori, and the complex structure parameters are
X1 = 22 = 2x3 = 2v/6/3. To satisfy the RR tadpole cancellation conditions,
we choose hg = —4(3¢+4), m =2, and a = 8.
Table XLIII. D6-brane configurations and intersection numbers for Model TII-U-3
on Type ITA T¢ orientifold. The complete gauge symmetry is
[U(4>C X U(Q)L X U(Q)R]Obsewablex [U(1)4X USp(2) X USp(4) XUSp(6)]hidden~
stackiV|[(n,l1) (na,lo)(ns,l3)| A | S [ o[V ] ¢ | ]
a |4](1,0)(-13)(-L 3 0 | 0 [ 3 0@ -3 o(1)
b [2](2 1) (1,3)(0,2)] 6] 6 | -|-14 b
c 2l D(0, 2 (L3661 -]-]-]-
d (23 (L0D02[6]6-1-1-]-
e |11(2-3)(1-1)(0,2) 6|6 -1]-1]-1-
f 1(473)(153)(2’0) 0 0 - - - -
g |14 D(L-D(2,0)] 0 )0 |-]-]-]-
(L, 0)(02) (0,200 -[-1-1-
i 12llo (2 0(0,2) 0o [-[-1-1-
06 13(1,0)(2,0(2,0) -|-1-1-1-1-
stackiN|[(n1,l1)(no,l2)(ns,ls)| d |d' | e [ € [ f] /] g | g | h]|W]i]id]|O6]
a [4(L,0(L3)(L3)] 3 16] 6 3 pO]27] 6] 3 b)) - |3]- 009
b [2][(2,-1)(1,-3)( 0, 2)[0(16)0(4)]0(4)[0(16)[ 12 0(20) -12 | -8 0(1)] - P(6) - | -6
c 2[(2,0)(0,2)(L,3)| 4 |-8] 8| 4[30] 6] 6 | 18(1) - |4]-]6
d [1](2,3)(1, 1)(0-2)] - | - b(12)]o(0)[-36] 24 | 20 [0(28)0(3) - [0(2) - | 6
e [1(23)(1-1)(0,2) - | - - | - [24] 36 0(28) -20 p(3)| - o(2) - | -6
Fl(43) (L3 0 - [ - -1 - -1 - bG2o@®)]-6] - [24] - b(9)
g 1 ( 47 1)( 17_1)( 2) 0) - - - - - - - - 2 - 8 - 0(1)
h |1 ( 17 O)( 05_2)( O’ 2) - - - - - - B - - B 0(2) - 0(4)
i 2o (200,22 - | -1 -1 -1-[-1-1-1-1-1-1T-0@®
o6 13l(L,o)(20(20 - [ - - - [-1-T-T-T-T-T-1T-T-
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Model TII-U-4

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c X U(2)r X U(2)rlobservapie X [U(2)? X
U(1)? x USp(8)|nidden, the SM fermions and Higgs fields arise from the in-
tersections on different two-tori, and the complex structure parameters are
X1 = X2 = 3x3 = 2/ V3. To satisfy the RR tadpole cancellation conditions,

we choose hy = —4(3¢ +2), m =2, and a = 8.

Table XLIV. D6-brane configurations and intersection numbers for Model TII-U-4

on Type ITA T¢ orientifold. = The complete gauge symmetry is
[U<4)C X U(2)L X U(Q)R]observable X [U(2)2 X U(l)z X USp(8>]hidden-

stackl N [[(n1,l1)(ng,lo)(ns,ls)] A [ S o[V ] c | ]
e [4(LO-DCL3) 00303 3002
b | 2 ||(2-3)(1,-1)(0,2) 6|6 ||[-]-]4]2
c |2 |(0-)(L,3)(L3) 9 |-9-1]-1|-]-
d ]2 (Z0(L3)(02] 6 |6]-]-]-]-
e |2 (2 )(20L3) 0 |0 |-|-|-]-
F T (23)(02)(L3) 18 18] -|-]-]-
g | 1](6-1)(2,0)(L, 1) 00 |-|-1]-]-+
K4 (L0)(02(0,2)] 00 -|-]-]-

stackl N [[(ny,l1)(no,lo)(ns,ls)| d |d' [ el | f[f | g |d][n]|N]
a |4 (10053 -1 ]2 p@)30B)-9] 2 |-10b@)
b | 2 [[(2-3)(1-1)( 0, 2)[0(16Y0(4) -8 [ -4 [0(1)] 12 | -16 |-20(0(3)
c 12 [(0-1)(1,3)(1,3)[02)]-6 |18 0(6) -6 0(2) 18 |36 -1
d ]2 [(20(L3)(02)] - |- p@[12] 8 [-4] 24 [12 (1)
e | 2 [(2D)(2 0L 3) - | - |- |- 0(16)-240(16)0(4) 2
FI1 23023 - |- -1-] - [--64]-400(3)
g L6 (2 0(LD - [ -|-1-[-1-[-1-[=
R4 (L0202 - [~ 1-1-1-1-]-1-]-
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D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.

The complete gauge symmetry is [U(4)c X U(2)r X U(2)rlobservapie X [U(1)? X

USp(4)?|hidden, the SM fermions and Higgs fields arise from the intersections on

different two-tori, and the complex structure parameters are 2x; = 3xs = 2x3 =

2. To satisfy the RR tadpole cancellation conditions, we choose hy = —2(3¢+4),

m =2, and a = 4.

Table XLV. D6-brane configurations and intersection numbers for Model TII-U-5
on Type ITA T® orientifold.
[U(4)C X U(2>L X U(Q)R]observable X [U(1)2 X Usp(4>2]hidden'

The complete gauge symmetry is

stack N [[(n,l)(na.do)(nads)| A [ S [[b [V [c[d [ d [d][ e[ |f[f][g]d]
a |4 (LOES3) LD o] 0 [[3b@-30ba)-12]-6] 6 |12 b)) - | 3 | -
b | 2 [(1-0)(1-3)(0, 1) 6] 6 || -|- 003 126 |-36|-180(1) - 03) -
c 2 (L)LY Lo oo |[-[--]-1214]6 [12]t]--3]-
d |1 (L3023 1212 -]-[-1-1 - 1-7109 poo©O) - [-6] -
e |1 (3 D(203D[0 o0 |[-[-[-1-1-1T-1-1-716[-Dp0O)-
Flz2 o200 oo [ -|-[-[-1-1-1-1-71T-1-p@) -
g |2 (o200 o]0 [ -|-[-[-1-1-1-1-71T-1-71-1-
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6. Model TII-U-6

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c X U(2)r X U(2)g|observabie X [U(2) X
USp(2) x USp(4)]nidden, the SM fermions and Higgs fields arise from the in-
tersections on different two-tori, and the complex structure parameters are
dx1 = x2 = x3 = 2V/3. To satisfy the RR tadpole cancellation conditions,

we choose hy = —12(¢ +2), m =2, and a = 8.

Table XLVI. D6-brane configurations and intersection numbers for Model TII-U-6
on Type IIA T orientifold. = The complete gauge symmetry is

[U(4)C’ X U(Q)L X U(z)R]observable X [U(z) X US])<2) X Usp<4)]hidden'

stackl N [[(ny,l1)(na,lo)(ns ls)| A S [o [V | c | [[d][d|ele]f]f]
a |4 (LO)(3 0(3-1]0]0]302[-30]-2]-4po) -3
b | 2 (0, D) (3-) (1D 1] 1] -]-b@o@)-=2|1]3]-p)-
c |2 (0D (L (3D T |1 -]-|--]o@ t]=3]-p@)-
d ]2 [(L2(LO(Z00 0] -]-]-1-0-1-14]-]2]-
e | 1T [(L0)(02(0, 20 0 -[-1-1-1-1-1-]-Db@ -
712 002,000,200 - 1-1-1-]-1-1-1-1-]-
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APPENDIX E

SECOND KIND OF U(4)¢ x USp(2);, x U(2)z P-S MODELS WITH FLUXES"

We present the D6-brane configurations and intersection numbers for the second

kind of U(4)c x USp(2);, x U(2)r Pati-Salam models with ITA fluxes.

1. Model TII-Sp-1

D6-brane configurations and intersection numbers on Type ITA T¢ orientifold.
The complete gauge symmetry is [U(4)c X USp(2)r X U(2)r]observasie X [U(2) X
U(1)? x USp(4) x USp(8)]nidden, the SM fermions and Higgs fields arise from
the intersections on different two-tori, and the complex structure parameters
are 2y; = x2 = 2x3 = 2v/6. To satisfy the RR tadpole cancellation conditions,

we choose hg = —12(3¢ + 4), m = 2, and a = 24.

Table XLVII. D6-brane configurations and intersection numbers for Model TII-Sp-1
on Type IIA TS orientifold. The complete gauge symmetry is
[U(4)C X USp(Z)L X U(2)R]observable X [U(Q) X U(1)2 X USp<4) X USp(8)]hidden-

‘stack‘ N H(m,ll)(ng,lg)(ng,lg)H A ‘ S H b ‘ b ‘ c ‘ c H d ‘ d" e ‘ e ‘ f ‘f" g ‘ g ‘06‘
a |4 (L0(30(3-D]010][3]-1-30000E03EY]9]306)-3] - ba)
b 11 (0D)(200(0 100 -]-131-]-1|-02 -p@) -0e -00
c 2 (3 (3 (Lo 00 --1-1-121-306BP3)-900O) - 00
d 12 (LO(LUO(LO[O]O][-]-]-]-]-]-11l2[-=2[3][-1]- P
e T[22 | 2~ - - 1-1-1-1-1-[1200)6] -1
Flilo, DDz 22 - -[-[-I-[-1-1-[-[-0@3) -1
g 12 0 D(0, (Lo 00~ |- -1-1-1-[-1-1-1-1-[-b@
06 4 [(LO(20( Lo = | =~ -1-1-1-[-1-[-1-[-1-1-T-

*Reprinted from Nuclear Physics B, Vol 740, Ching-Ming Chen et al., Type ITA
Pati-Salam Flux Vacua, Pages 79-104, Copyright 2006, with permission from Elsevier.
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D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.

The complete gauge symmetry is [U(4)c x USp(2) 1 X U(2) g]observavie X [U(2)3 X

U(1)? x USp(6) x USp(2)]nidden, the SM fermions and Higgs fields arise from

the intersections on different two-tori, and the complex structure parameters are

X1 = 3x2 = x3/4 = /3/2. To satisfy the RR tadpole cancellation conditions,

we choose hg = —6(q¢ +4), m = 2, and a = 4.

Table XLVIII. D6-brane configurations and intersection numbers for Model TII-Sp-2
on Type ITA T¢ orientifold.
[U(4)C X USp(2)L X U(Q)R]observable X [U(2)3 X U(1)2 X USp(6) X USp(Q)]hidden-

The complete gauge symmetry is

‘Stack‘ N H(nl,ll)(TLQ,ZQ)(TLg,lg)H A ‘ S H b ‘ b ‘ C ‘ d ‘
a | 4](0-D(L,3)(3D[6[-6[3]-[-3pb1)
bos| 1 |[(1,0)(L,00(20)] - -[-1-117-
c |2 (1 (o030 -2 2-1-1-1-
dlz(Lo(Le(LDJolo]-]-]-]-
e |2 [(Loy(L23-Dfolo-1-1-71-
Fl2fo-n(L, (L2 [2-1-1-1-
g [T (6,D(zD(2z0folo]|-[-]-]-
R 1 (3 0)(1,D(20[0]0--]-7-
i |3 [(Lo(o-n(o, 200 ]-[-]-1-
i 1o, (1,000,200 -]-]-]-
stackl N [[(n1,ly) (np o) (na o)l d [ d' [ e [ & [F [/ ]g| g [R[W [i[i]j]J]
a | 4 ||[(0,-1)(1,3)(3,1)-6[-9|31]0(5)0(2)0(8)42| 30 |12| 6 |-3 0(9) -
bos| 1 |(1,0)(1,0)(2,0)0(6) - [0(2) - |-1] - 0(1)] - (1) - 0(2) 0(2) -
c |2 [(1-0) (0, )31 [-2o@) -3 ] 21 [-14]-10[-4] -2 p(3) 30 -
d 2150 (L6 (L1 -]- b@bae)] 5 o7)-13] 11 [-7] 5 (1) - |6 | -
e |2 (Lo (L2)(3 D) - -1-1-123[-5]3]3]1 p®d) 6| -
Fl2Co-D(1, (L, -1- - T-T118] 6 [6]03)[-1]- o) -
g |16, D)(2-0)(2,0)-1-1-1-1-1-1-1- @b 4 12] -
13, D100 --1-[-1-1-1T-1-1-1-12 6| -
i |3 (Loy(o (o0, -[-[-1-1-1-1-1T-1-71-71- .
il o, n(Loo - - [-1-1-1-1-1-1-1-71- N
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D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.

The complete gauge symmetry is [U(4)c X USp(2) 1 X U(2) g]observapie X [U(1)8 x

USp(4)|hidden, the SM fermions and Higgs fields arise from the intersections on

different two-tori, and the complex structure parameters are 12y; = 12y, =

xs = 2v/6. To satisfy the RR tadpole cancellation conditions, we choose hy =

—6(q+2), m=2, and a = 4.

Table XLIX. D6-brane configurations and intersection numbers for Model TII-Sp-3
on Type ITA T¢ orientifold.
[U(4)C’ X USP(Q)L X U(Q)R]observable X [U(1)6 X USp(4)]hidden-

The complete gauge symmetry is

‘Stack‘ N H(nl,ll)(ng,lg)(n:g,lg)H A ‘ S H b ‘ v ‘ C ‘ d ‘
a | 4](0-D(L,3)(3 D6 [-6[3]--30b1)
bos | 1 (1,0 (L0 (20| - - [-[-137-
c [ 2 [(13)(0, (366 -]-]-]-
d 11 (o, n(-0f-272-1-T7-7T-
e | 1 (3, 1)(0,1)(13)6|6]-]-]-1]-
FI103 2322000 ][-]-]-1-
g [1 (L, 212200 o]-]-1-71-
R 1 (12 (L0300 o -[-]-1-
i |1 (L2 (Loy(3-nfool|[-]-]-1-
i 2 o-D(L, 00,200 -]-]-1-
stackl N [[(ni,l)(nalo)(nsls)| d [d' | e [ & [J '] g [ [h[W] i |i]j][J]
a | 4 (|(0-1)(1,3)(3,1)]-2|-1]-12|-15|33|21| 5 1 p3) 9 9 0(3)09) -
bos| 1 (1,0)(1,0)(2,0) 1| -1]-3| - 0p4)-04)]| - p2) - (02)] - 02| -
c | 2 |(1,-3)(0,1)(3,-1)[[0(2)0(8)0(50)0(32)[-33F21] -5 | -1 | -3 0(5)0(5)|-3| 3| -
d [ 1[(1-D(0, O)(L-D] - [ - [o®)Jo@)]-15[-3] 31 [2]-3]-3[2[1]-
e | 1(3, (0, 1)-13) - | - - [ - [-27[81]-15 | 21 |28]-25]-25 |28 -3 -
F 3203220 -1-1-1-1-1-b@aeo(ea)-16] -8 -8 |-16]-12] -
g |1 (L2220 -1-1-1-1-1-1T-1-1=8p@o@]-8]-4]-
i1 (2L - [ -1 - - 1-1-1-1-1-71-bapb0pb@3) -
i (L2 (Loy(3-0 - - - -1-1-1-1T-1T-T-T-1-h3)-
i 2o (Lo, - - -[-1-1-T-1-1-1-1T-1-1-71-
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Model TTI-Sp-4

D6-brane configurations and intersection numbers on Type IIA T¢ orientifold.
The complete gauge symmetry is [U(4)c x USp(2)r X U(2) rlobservasie X [U(2) X
U(1)3 x USp(2)|nidden, the SM fermions and Higgs fields arise from the in-
tersections on different two-tori, and the complex structure parameters are
12x1 = 24x2 = x3 = 4v/3. To satisfy the RR tadpole cancellation conditions,

we choose hg = —8(3¢ + 2), m = 2, and a = 16.

Table L. D6-brane configurations and intersection numbers for Model TII-Sp-4

on Type IIA T orientifold. The complete gauge symmetry is
[U(4>C X USP(Q)L X U(z)R]observable X [U(2> X U(l)S X USp(2>]hidden-

stackl N [[(n1,l1)(na,lo)(ns,s)] A [ S [b ][0 ]c]| ]
a | 4]0, D13 (31D 6 16]3]- 300
bos | L ||(L,0)(1,0)(20) - @) -
c [ 2 [(LO(LOEB O 0 0| -]-]-]-
d 2 [(LD(L2(20] 0 0]-1-1-]-
e |1 |(L2)(13)(0,2)| 2424 -]-]-]-
F T (25) L5000 -1-1-]-
g | 1 [(4D(2-1)(2,0) 0 [ 0| -|-1]-]-
R T |(L0)(00(0,2)] 00 -|-]-]-
stackl N [[(ny,l1)(no,lo)(ns,ls)| d [d' [ e [ F 1 f | g | ¢ [n]N]
a | 40, D13 (305 L]-1803) 16] 4] 28 | 20 [-3] -
bos| 1 |(1,0)(L0)(2 0@ - [ 12| - 0@ - [o@) | - pe) -
c 12 [(LO)(L4)(31)-6]2]42 6 45| 5] -9 | 7 b3 -
d] 2 (L1220 -]-] 6 |-10]0(9) 09 0(9) [025)] 2 | -
e |1 L2)(L3)(0,2) - -] - |-136]16]|-9 | -98 0(2) -
Fl1l2 5@ - -1 - [~ -] - be2jod2)10] -
g 1L D200 -] -1 - [ -1 - [ -1 -1 - [4]-
R I (LO(oD(0,0-]-1 - -1 -1-1-1-1-]-
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Model TTI-Sp-5

[U(4)C X USp(Q)L X U(2)R]observable X [U(l)s X USp(6) X USp(4)]hidden on Type
ITA T®/Zy x Zy orientifold. The SM fermions and Higgs fields arise from the

intersections on different two-tori, and y; = x2/2 = x3 = V2. To satisfy the

RR tadpole conditions, we choose hy = —4(3¢ + 8), m = 8, and a = 32.

Table LI. D6-brane configurations and intersection numbers for Model TII-Sp-5 on

Type ITA T®/Z, x Z, orientifold. The complete gauge symmetry is

[U(4)C X USP( )L X U(2)R]observable X [U(l)g X USP(G) X U’Sp(4)]hidden-
‘stack‘ N H(nl,ll)( na,l)(ns,ls H A ‘ S H b ‘ 4 ‘ c ‘ d ‘
a | 8 (1,0)(3,1)(3-1)J0|0|3|-1]-3]0
bogs| 2 (0-1)(2,0)(0, 1) - | -1 -|-13]-
c |4 (3,D)(3-)(L0)o|0|-]|-1|-]-
d |2 [|(1-D)-1,-)L0)0 [0 -|-1|-1-
e 2 (1L,3)(1,-3)(L,0) 0|0 -1]-1]-]-
Fl2002-3)(-2,00(-2-3)]| 00| -1]-1]-1-+-
g | 2 (1,-3)(-2,0)(-1,-3)]| O | O || - | -] - | -
ho| 2 [(4-1)(0,2) (12| 4 |4 -]-1-]-
1 2 [(3-1)(0,2)(2-3)] 6 |6 -1]-1]-1]-
J 2 [(2-D)(1-1)(0, 1) L (-1 -1]-1]-1]-
E |20, )-1,-3)(6, D -3[3(-|-1|-1-
o6t 6 [[(1,0)(2,00(L,O) -|-1-1-1]-]1-
o6 4 [(0-1)(0,2)(L,O) - |-1-|-1]-]1-
stackl N [[(n1,l)(no,l2)(ns ls)| d| dlele | ff |glg'| b [W] i |i'] j[5'|k[K 06106
a | 8 ||(1,0)(3,1)(3-1)| -1 -2-15-12[33|21|30(24| 15 21| 21 |33 6|-2+36-15| 0 | -3
bos3| 2 ||(0,-1)(2,0)(0,1)-1 -|3[-]0]|-|0]|-]-8|-]-12|-|0/-]0]-]0]0
c | 4(3 1)(3-1)(1,0) 0/ 000 F33-21-30-24 42 |6 |54 | 0| 5/-2(-1512| 0 | 0
d | 2 ||(1-1)(-1-1)(-1,0)]| -] -|0|0|3|15]6 (12| -6 10/ -6 12/ -1 0 [-1| 2| O | O
e 2 (1,3)(1,-3)(1,0)|] -| -|-|-+8127-54 0 | 26 |22| 30 |24| -7-16-3/ 0| 0 | O
fl2(2:-3)(-2,0)(-2,-3)| -| -|-|-]-|-1]0]0F140-28168 0 | -8-1696/120 0 | 12
g | 2 |(1,-3)(-2,0)(-1,-3)|| -| -|-|-]-|-1|-]-Fl1026+-14460| -5-7|51|57| 0 | 6
ho| 2 |(4-1)(0,2)(1-2)| -| -|-|-]-|-|-1-|-1-1010]| 2/61(52-44|-4| 0
1 2 (1(3-1)(0,2)(2-3)] -| =|-|-1|-1]-]-]-|-1-|-1-1| 2/10/60]-48 -6 | O
J 2 (102-D)(1,-0)(0, 1) = | -|-=1|=1|-]-|-|-1|-1-1-|-|-/[24/12]|-1]| 2
E |2 (10, 1)(-1-3)(6, 1) -| -|-|-|-|-|-|-|-|-|-|-|-1-]-/-13]60
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APPENDIX F
FLIPPED SU(5) MODELS WITH TYPE ITA FLUXES*

We present the D6-brane configurations and intersection numbers for flipped

SU(5) models with ITA fluxes.

1. Model FSU(5)F-1

Flipped U(5) x U(1)" x USp(6) x USp(2) x USp(4) on Type ITA T® orientifold.
The complex structure parameters are x; = 1/v/3, x2 = 2/v/3, and y3 = 2/v/3.

To satisfy the RR tadpole conditions, hg = —12(3¢ + 2), a = 16, and m = 2.
The U(1)x in flipped SU(5) x U(1)x gauge symmetry is

Ul)y = %(U(l)a _5U(1)y + 5U(1)e 45U (1)a — 5U(1),

+5U(1) 5 + 5U(1), + 5U(1)y) . (F.1)
The other massless U(1)’s are:

Uy = 5U(1)e — 25U (1), + 25U (1), + 25U(1)g + 107U (1),
+25U(1) — 19U (1), + 25U(1)5 |
ULy = UL)e—20U1)g+U0)e+U(L);+ U1,

Ul = 4U(1)y — 6U(1)g — 10U (1) — U(1); + 2U(1), — U(1)s . (F.2)
And the four global U(1)’s are
Ul = —=5U1),+2U(1).+U(1)q —2U(1).+2U(1); —6U(1), ,

*Reprinted from Nuclear Physics B, Accepted, Ching-Ming Chen et al., Flipped
and Unflipped SU(5) as Type ITA Flux Vacua, Copyright 2006, with permission from
Elsevier.
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Table LII. D6-brane configurations and intersection numbers for the Model FSU(5)F-1

on Type ITA T¢ orientifold.
StRN[(n1h) (nala) (s ds) A [S [[ b [V [ e [ [d[d[e[e[f][]

IO | D ||| I | AT A K RN R R T
a|Fiolo@| i ]| lello|lo|lo|lo|lo|N| o |~
3R_UO1_A_______ ./j________
S|O|D | v | ] Sllo|la |V o |a|o|v o
029_~________ e | R T T T A I B
0‘|_.1________ Z‘|_.021n/_,_2nh_uo
[N
~s || <t

OO_________h _203_0.?_0_
3R_U_________hn/_~04003m_
— - Ne) N
/_”_\__________ gwn,OOlOl__
)= I 1

[e9) o)
Q_u__________ 9940402__
Rlolomolc|lo|vlo|o|o| m||PR|o|lo|xn|o|o|o|e
M |RoRo|lc|leRieo|o|e| |dn|Qlo|R|io|lo|o|@
— |~~~ |~ |~ =]
NS EN SN ETNEN NN (SN S N P N S = [ e
~ | | o] | | ] ] | ] - 1 1
Sl NN H NS lo ||| | 2= =T = a7 | S
D g I B g B Dl g g b g g M\((((((((
||| | /| /| /"™|/]|/—|—/|—
AR SRR R AR EEEED
PR IR P (R A IR R R O A e ./_77_7_77777
| O ||| N[O N[O Q=[S [ [ |||
|~~~ | =] [~~~ ]|~
RN NN N NN 2 ol e ]
Ol ||| || |D JIo|~|H[D|HA |~ ||~
O [ [ | [ | | = [ | — [ N.blllllll
SO0 I Q|| L | " Ht B[O QI Q|| O

175}

Ul = 2U0(1),—2U(1).+2U(1). +6U(1), ,

Ul = —20(1)+2U(1),

(F.3)

U(l)y = 15U(1)s — 6U (1), — 3U(1)g — 6U (1) -
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Table LIII. The particle spectrum in the observable sector of Model FSU(5)F-1 with

the four global U(1)s from the Green-Schwarz mechanism. The +'d repre-

sentations indicate vector-like matter.

[ Rep. M) vyfvdvdvdom v dvmlpraJeadvmraduafuadua ool
@, )3 2]0]0]0]0J0]O0JO] L [-10]0]O0[30]10] 0] 0
Ga,1)I3 -1/ 1]0]0oflololo]lo| 3 |5|2|o0]21|-30]0] 4
Qe 1)3l olofofl1]o]lolo|1] 5 ||t]|o]2]|95]-1]|-=7
@, )t 2]0oJo]oJoJo]JoJo] 1 [-10]0]o0[30]10] 0] 0
M, 1)1)2]o0lojojolo]olol -1]10]0]0/|30]-10]0]0
Gl it 1] 1]0]0]l0]l0]0]0] 2 5]2]0]9]=2]0]4
Ga, ) 1] -1|-1]0]0oloflo|o]o| 2 |5]|2/0|9]20]0]-4
Aoipffaf ololtlofolofo|-1] o [ 2|=20ol6]o0]o0]1
.03 2]0]0]0]0]0]0JO] -1]10[0]0/[30]-10] 0] 0
10,1)2) 2]0o]oflo|o|o]o|o]| 1 ||-tojo]o|30|10]0]o0
0,12 2|o0lojojolo]olol -1]10]0]0]|30]-10]0]0
Additional chiral and non-chiral Matter

2. Model FSU(5)F-II

We construct the Model FSU(5)F-II on Type ITA T orientifold in which unlike

the previous flipped SU(5) model building [25, 43, 44], all the Yukawa couplings

are allowed by the global U(1) symmetries. The D6-brane configurations and

intersection numbers for the Model FSU(5)-II are given in Tables LIV and

LV, and its particle spectrum in the observable sector is given in Table LVI.

The complete gauge symmetry is U(5) x U(1)* x USp(16), and the complex

structure parameters are y; = \/5/27, X2 = 23, and y3 = /3. To satisfy

the RR tadpole cancellation conditions, we choose hy = —6(q + 2), a = 24, and

m = 12.

The U(1)x gauge symmetry is

U)x = 5(UW)a =501 +5U(1)e +50(L)a+ 50 (L)e +50(1); + 5U(1),

+5U (1), + 5U(1); — 5U(1); — 5U (1), — 5U(1),) .

(F.4)
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Table LIV. D6-brane configurations and intersection numbers (Part 1) for the Model

FSU(5)-IT on Type ITA T® orientifold. The complete gauge symmetry is
U(5) x U(1)" x USp(16).

V() () Goad[ATS [ 00 © [ @ [ d | @ [ [ 717
@[50, 1) (L-1) (3, D[ 2[2] -3 -60(1014)0(864) 0(242) | 0(392) | 0(6) | 0(0) | -3 0(3)
b 1Tl(L,3) (1,3) (0-1)|1SLI8| - - -114 | 111 | -200 | -425 | -6 | 3 [0{24)0(6)
c[1](0, 1) (25,-1) ( 3,-25)50050] -| -| - ~ [0(197192)0(193442)0(364)(1014)[ 36 | 39
d[1(0, 1)(-3,-25) (25, 1)|[5050] -| -| - - ; ~ 0(392)0(242)-250 275
e [1][(0, ) (1,-1) (3, D[22 -[ -] - - - - — 1 - [0 3
FILl(1,-9) (1) (0, D8] -| -| - - - _ N I N
g|1[[(L,0) (3.1 (3, Dlfo]o| -[ -] - - - - N R
RI1[(1,0)(3,1) (3-)olo] -| -] - - - - N R N
i |1(1, 1) (1, 9) (o n)[[skes -[ - - - - - N R
Il D) (1,-9) (o, D[ags]l - - - - - _ N I R
KAL) LD (Lojo[o] -] - - | - - - N I R
(L, D@D (Lololo] - -] - - - - H I I
o68[(1,0) (20 (Lo -[-| -] -| - - - - N I I

The four global U(1)’s are:

Ul = —=15U(1), + 75U(1), — 75U (1)q +3U(1). — 27U (1) + 27U(1); ,

Ul)y = =3U(1)y+3U(L)n+U1L)x —U(L), ,

Ul); = =UQ)y+U(1)s+3U(1), —3U(1),—U(1); +U(1); ,

U(l)y = 5U(1), +9U(1), —25U(1). +25U(1)g — U(1)e

—9U(1); +9U(1); —9U(1), . (F.5)

There are seven other massless U(1)’s. As an example, we present two of them:

Ul —-U)+20(1), +2U(1), —2U(1); ,

—36U(1), — 27U (1), + 36U (1) + 4U (1),

+29U (1), — 3U(1); + 75U (1), .

(F.6)
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Table LV. D6-brane configurations and intersection numbers (Part 2) for the Model
FSU(5)-IT on Type ITA T¢ orientifold.

StN[(n1,l) (nalo) (sds)| g [ | A [ W] i ] 5[4 kK[ ¥] 1] I'[Of
al5][(0,1) (-1-1) (3, D] 0] 6 0 | -12] -15] -15]-12 13] 14| 14] 13] 1
b[1(1,3)(1,3) (0-1)] 45| 36 451 0] 0| 0] 0] 160] 82| 82| 160 9
¢ [1](0, 1) (25,-1) ( 3,-25)| 858F-10081008 858|339 336] 0 | 0| 160] 82| 82| 160| -25
d|1]|(0, 1)(-3,-25) (25, 1)|| -8581008|1008| -858 -25| -650 -650/ -25] 336| 339] 339| 336| 25
e [1](0, ) (1-1) (3, )] 6] 0 6| 15| 12| 12| 15| -14| -13] -13] -14] -1
FI[(1-9) (1,-1) (0, 1) 27| -54 27 0] 0| 0 0f-112-130 -130 -112 -9
g1[(1,0(3-D) (3, 1) - - 0|42 39| 39[-42 15| -12| -12| 15| 0
h1][(1,0)(3,1) (3-D)] - - - -39 42| 427 -39 12| -15| -15] 12 0
1L, D (1,9 (o) - - - -7 o[ o242 0] 0] 242 0
F(1,-D) (19 (0, D] - - - - - - 0242242 09
(1) @27, 1) (Lo - | - ST - - - o oo
(1, D) @7 (Lo - | - N e e e e
068][(1,0) (2,00 (1,0)] - [ - N I e e e

This is the first trial flipped SU(5) model where all the Yukawa couplings in

superpotential in (5.4) are allowed by the global U(1)’s from the Green-Schwarz

mechanism. To make the terms like F'F'h or H Hh to be neutral under the global

U(1) symmetries, we need to set the Higgs pentaplet h from the intersection

between the N = 5 stack and a stack with large wrapping numbers (by a

factor of 25 due to the flipped SU(5) structure) and therefore we can not avoid

extremely large exotic matter in the spectrum. In this model the Yukawa terms

are:

FFh
Ffh
flch

FH¢

(10,1)(10, 1)(5,, id) ,
(10,1)(54,15) (54, 1)
(54, 16) (16, 14) (5, La)

(10,1)(10,1)(1p, 1) ,

Y

)
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Table LVI. The particle spectrum in the observable sector in the Model FSU(5)-II,
with the four global U(1)s from the Green-Schwarz mechanism. The +'d

representations indicate vector-like matter.

\ Rep. [IMultiJU (1) x| U (1)1[U (1)U (1)a]U (1) 4[U W)U (D] - |
(10,1) 3 1 -30 0 0 10 0 0 .
(54, 1p) 3 -3 15 0 -1 4 1 -36
(1p, 1) 3 5 -75 0 1 16 -1 36
(10,1) 1 1 -30 0 0 10 0 0
(10,1) 1 -1 30 0 0 -10 0 0
(5a, 1a)* 1 -2 60 0 0 -20 0 0

s ((5a,1d)*/(5a,1f)*) 1 2 |[-60/15 0 |0/1 [20/-14] 0/-1 | 0/36
(1p,1y) 4 0 0 0 0 0 0 0
(15,1) 2 -1 30 0 0 -10 0 0
(10,1) 1 -1 30 0 0 -10 0 0

Additional chiral and non-chiral Matter

HHh —  (10,1)(10,1)(54, 14) |

HHh —  (10,1)(10,1)(5,, 14) . (F.7)
Because of the structure of Green-Schwarz mechanism in D-brane construction,
to cancel the global U(1)’s charges for all the Yukawa couplings we expect a
mixture state of Higgs pentaplet h, = ch/ + sh where b/ is from F fh' and h is

from H Hh. However, we may reintroduce the doublet-triplet splitting problem.
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3. Model FSU(5)-I11

We present the D6-brane configurations and intersection numbers for the Model
FSU(5)-IIT on Type ITA T®/(Zy x Zs) orientifold in Tables LVII and LVIII, and
its particle spectrum in the observable sector in Table LIX. The complete gauge
symmetry is U(5) x U(1)1° x USp(10) x USp(8) x USp(2), and the complex
structure parameters are x; = 2/3, x2 = 1, and x3 = 1. To satisfy the RR

tadpole cancellation conditions, we choose hg = —12(3¢+2), a = 16, and m = 2.

Table LVII. D6-brane configurations and intersection numbers (Part 1) for the Model
FSU(5)-I1T on Type ITA T¢/(Zy x Zs3) orientifold. The complete gauge
symmetry is U(5) x U(1)¥ x USp(10) x USp(8) x USp(2).

[tk N [(n1,0) (nala) (s de)[A[S[ b [V [ e [ [d][d [ e [ [f]/]g]d ]
al10(1,3)(1, 1)(0-D]2}2]-3 p)o)o@B)| o] 0|24 24 12]-6[6]-3
bl 2 [[(1,-3)(0-1)(-1, 1)|[-2[2] - | - [-3b(1)] 2]|-1]-15]-60 [-12] 6 [12]12
cl 2 (1,31, D022 -]-1-1-14]4] 0] 0 [18]36]-18-9
dl 2 (L, D)E3) (o, D22 - [-1-1-1-]-181[-36]6]0][15]-12
el 2 -5,9)(-5-3)(1,0)3080 - [ -]-1-1]-]-1 -1 - 486324162243
fl2120CL3)c3)ofof -1-1-1-1-1-1-1-1-1-1]0F162
gl 2 (191,00 ¢-1-3)-6[6] - | -|-[-1-[-1-1-1-1-1-]-
2 (Lo, n(r-3)olol - [ -1 -1-1-1-1-1-1-1-1-1-
i 2 0(0,2)(4-3)(3-4)ofo] -1-[-]-1-1-1-1-1-1-1-]-
gl 2 l(1-3)C1,0)0C-1-nf-22] -V -[--1-]-1-1-1-1-1-]-
El 2 (o, 2)-3-1)(L3)olof -|-[-[-1-[-1-1-1-1-1-]-
o6l 10((2,0(1,0(L,0)-[-][-1-]--1-1-1-1-71-1-1-]-
063 8 [(0-2)(1L,0)(0, D[ - |- --[-[-|-]-1-1-1-1-1/-/]-
o064 2 [(0-2)(0, )(L,0)[-|-[ -[-[-|-|-]-1-1-1-1-/]-/]-

The U(1)x gauge symmetry is

U(l)y = ;Uu%—5Uu%+5Uu%+5UuM+5Uu%+5Uuy—5UQM

—5U(1), +5U(1); —5U(1); —5U (1)) - (F.8)
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Table LVIII. D6-brane configurations and intersection numbers (Part 2) for the Model
FSU(5)-I1T on Type ITA T®/(Zy x Z2) orientifold.

stk| N [[(n1,l1)(n2,la)(nals)| R | B | i [ i ] 4 ]4'] k| K 067067067
al10]/(1,3)(1,1)(0,-1)]35-14]-21[ 3[3]0]2][-4] 3]0 ]-1
bl 2 [[(1,-3)(0-1)(-1, 1)J0o] 0] 4 [28/0[0[12]6]-3]1]-3
c| 2 |(1,3)(-1,1)(-1,0)15] -6 | -4 [-28]-3| 0 [12-6| 0 [-1] 0
d] 2 [(1,1)(-1,-3)(0, 1)[-28]-21[-45[27]| 6 [-3] 8 [-10] 3 | 3 [ -1
e | 2 [(-5, 9)(-5,-3) ( 1, 0)[[195-330/540|-60] 9 }36/60210[ 0 [ 15| 0
£ 22 0)(1,3)(-1,-3)[168 1262341501836 0 |-96| 0 | -6 | 6
g | 2 [[(1,-9)(-1, 0)(-1,-3)[-24/144| 39 [15] 0|0 |06 0 | 0 | 3
hl2[(1-7)(0,1)(7-3) - - |76]0}2020[72[54]-21] 7 | 0
i | 2 [(0,2)(4-3)(3-4)-]-1]-1]-F1-3[0]0]24[0]0
Jl 2 I(1-3)CL 00 -| -] -1-]-]-]2/4[0]0]1
El2(0,2)3-0)(L3)-|-1-1-]-]-[-]-][6]0]0O
064 10 (2,0)(1,0)(,0) - | - | -[-[-]-|-]-1-1-]-
067 8 [(0-2)(L,0)(0, -] - |- ]-]-[-]-]-]- -
069 2 (0-2)(0, H(LOf-[-[-[-T-[-[-[-[-[-]-
And the four global U(1)’s are
U(l), = 6U(1).—90U(1), — 18U(1), + 48U(1); — 6U(1); — 12U (1), ,
U(l)s = 2U(1), —2U(1). +30U(1), — 12U (1) + 14U (1),
Ul); = —10U(1), —2U(1)g+ 12U(1); +6U(1), +2U(1); ,
Ul)y = 30U(1), —6U(1)y + 6U(1)g — 42U(1)y — 48U (1); + 12U (1) -(F.9)

There are six other massless U(1)’s. As an example, we present two of them:

—10U (1) + U(1)e — U(L)e — 2U(1); + 4U(1), + 2U (1), + 2U (1)

125U (1), — 80U (1) + 26U (1), — 85U (1), + 47U (1); — 47U (1)4F.10)



133

Table LIX. The particle spectrum in the observable sector in the Model FSU(5)-III,
with the four global U(1)s from the Green-Schwarz mechanism. The +'d

representations indicate vector-like matter.

| Rep. [MultiU(1)x|[U (1)U (1)U 1)U (1)UL U1)y] ---

(10,1)| 3 1 0 0 | -20| 60 0 0
(5a,15)| 3 -3 0 2 10 | -36 | -10 | 125
(1p,10) || 3 5 6 -4 0 6 11 | -205
(10,1) | 1 1 0 0 | -20| 60 0 0
(10,1) || 1 -1 0 0 | 20 | -60 0 0
(5a, 1p)%| 1 -2 0 2 | -10 | 24 | -10 | 125
5as 1p 1 2 0 -2 | 10 | -24 || 10 |-125
(1,14)|| 4 0 6 -2 2 -6 1 -80
(15,1) || 2 -1 0 0 | 20 | -60 0 0
(10,1) | 1 -1 0 0 | 20 | -60 0 0
Additional chiral and non-chiral Matter
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APPENDIX G
SU(5) MODELS WITH TYPE ITA FLUXES*

We present the D6-brane configurations and intersection numbers for the Model
SU(5)-IT on Type ITA T* orientifold and the Model SU(5)-I1T on Type ITA T¢/(Z2 x Z2)
orientifold in Tables LX and LXI, respectively. Similar to the Model SU(5)-1, we have
three 10 representations, and three 5 representations after the additional gauge sym-
metry breaking by the supersymmetry preserving Higgs mechanism. With suitable
fine-tuning, we can have the MSSM below the GUT scale, and generate the correct

low energy gauge couplings via renormalization group equation running.

1. Model SU(5)-1I

We present the D6-brane configurations and intersection numbers on Type ITA
T® orientifold. The complete gauge symmetry is U(5) x U(1)% x USp(8) x
USp(8) x USp(4), and the complex structure parameters are x; = 6/v/7, x2 =
2/ V7, and y3 = 27 /3. To satisfy the RR tadpole cancellation conditions, we

choose hy = —12(3¢ + 2), a = 24, and m = 2.

*Reprinted from Nuclear Physics B, Accepted, Ching-Ming Chen et al., Flipped
and Unflipped SU(5) as Type IIA Flux Vacua, Copyright 2006, with permission from
Elsevier.
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Table LX. D6-brane configurations and intersection numbers for the Model SU(5)-11
on Type IIA T¢ orientifold. The complete gauge symmetry is
U(5) x U(1)% x USp(8) x USp(8) x USp(4).

‘Stk‘ N H(nl,ll)(TLQ,lQ)(ny),lg)H A ‘ S H b ‘ b ‘ C ‘ c ‘
al 5 (1, DE-DEL3)] 30 [-3p6)-2]-2
bl 1 |(1-)(L,3) (20000 -]-]3p@
cl 1 (0,213 (1033 --]-1-
dl 1|3, (D21 -[-17-1-
el 1 (L) (3 (02771 --[-]-
iz 0cLnE3) ool -1 -1T-1-
g 1T (1=3)(0,2)(3, 0 3 [-3] -1-1-1-
4 ((2,0000-2) (0,200 --1-7-
il 4 (o2 (0, 2)(200 0] -]-]-1-
o6 2 [(2,0)(2,0(2,0) - N I I
st N [[(n1,l)(nado)(nsls)| d [d' | e [ f]f g ]d |h]|N]il]i]|O6
al b5 (1, 1)(-1,-1)(-1,3)][ 4 0(1) 5 P(2)12009) -5 | -8 |1 |- |-3|-]3
bl 1 |[(1,-1)(1,3)(2,0)-2]210(16) 2|-6|3|-2 -2 - 0(1) - 0(3)
el 1](0,2)(1,-3)(1,-1) -3 0(6)] -1 | 8 |-10|-8| 2 | - 2| - p)-1|-6
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2. Model SU(5)-III

D6-brane configurations and intersection numbers on Type ITA T®/(Zy x Zs)
orientifold. The complete gauge symmetry is U(5) x U(1)!° x USp(8), and the
complex structure parameters are x; = 2/v7, x2 = 2/V7, and x3 = 2V/7.
To satisfy the RR tadpole cancellation conditions, we choose hg = —4(3q + 8),

a =32, and m = 8.
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Table LXI. D6-brane configurations and intersection numbers for the Model SU(5)-I11

on Type ITA T®/(Zy x Zs) orientifold. The complete gauge symmetry is

U(5) x U(1)1 x USp(8).
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