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Abstract

We construct three quasi-supersymmetricG3 GUT models withS3 symmetry and gauge coupling unification fro
intersecting D6-branes on Type IIA orientifolds. The Standard Model fermions and Higgs doublets can be embed
the bifundamental representations in these models, and there is no any other unnecessary massless representation
in Model I with gauge groupU(4)3, we just have three-family SM fermions and three pairs of Higgs particles. TheG3 gauge
symmetry in these models can be broken down to the Standard Model gauge symmetry by introducing light open stri
And 1 TeV scale supersymmetry breaking soft masses imply the reasonable intermediate string scale.
 2003 Elsevier B.V.
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1. Introduction

Since 1984, there has been a lot of work a
effort devoted to the string model building or strin
phenomenology, whose goal is to obtain the Stand
Model (SM) or Minimal Supersymmetric Standa
Model (MSSM) as an effective theory of the strin
based models. And these models are mainly buil
the weakly coupled heterotic string theory withE8 ×
E8 gauge group [1,2], because it naturally obtains
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liutao@sas.upenn.edu (T. Liu).
0370-2693  2003 Elsevier B.V.
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Grand Unified Theory (GUT) through the elegantE8
breaking chain:E8 ⊃ E6 ⊃ SO(10)⊃ SU(5). Even
now, this is an interesting subject because of the m
buildings in M-theory onS1/Z2 [3–7].

In recent years, the emergence of M-theory ope
up many new avenues for the consistent string mo
buildings. Especially, we can construct the open str
models that are non-perturbative from the dual h
erotic string description due to the advent of D-bra
[8]. The technique of conformal field theory in d
scribing D-branes and orientifold planes on orbifo
has played a key role in the construction of consis
4-dimensional supersymmetricN = 1 chiral models
on Type II orientifolds. There are two kinds of th
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ories which have chiral fermions from the D-bra
constructions: one from D-branes located at orbif
singularities where the chiral fermions appear on
worldvolume of D-branes [9–15] and the other o
from intersecting D-branes on Type II orientifo
where the open string spectrum contains chiral fer
ons localized at the D-brane intersections [16].

For the second kind of scenarios, a lot of no
supersymmetric three-family Standard-like mod
and GUT models were explored in the beginn
[17–30]. However, there are uncancelled Neve
Schwarz–Neveu–Schwarz (NSNS) tadpoles and
exist the gauge hierarchy problem. On the other ha
since the first supersymmetric model with interse
ing D6-branes onT 6/Z2 × Z2 was constructed in
Refs. [31,32], the supersymmetric Standard-like m
els, SU(5) and Pati–Salam models have been d
cussed in detail later [33,34], as well as the pheno
enology [35–37]. Moreover, the supersymmetric Pa
Salam models based onZ4 andZ4 × Z2 orientifolds
with intersecting D6-branes were also constructed
39]. In these models, the left–right symmetric gau
structure was obtained by brane recombinations, so
final models do not have the explicit toroidal orie
tifold construction, where the conformal field theo
can be applied for the calculation of the full spectru
and couplings.

Looking back on these model buildings, we m
find that people took such philosophy: directly co
struct the familiar models, such as Standard-like m
els, SU(5) and Pati–Salam models, etc., from the
tersecting D-branes on type II orientifolds since th
models have been understood very well from the
ditional phenomenological analysis. Unfortunately,
GUT model with gauge coupling unification has be
built up due to the strong constraint of RR-tadpole c
cellation and supersymmetry (SUSY) preservation
this Letter, we take a completely different philosoph
constructing the “natural” 4-dimensionalN = 1 GUT
models from the intersecting D6-branes on Type
orientifolds where the “natural” means:

(1) Gauge coupling unification;
(2) The Standard Model gauge group is the subgr

of the gauge symmetry at string scale, and th
families of quarks and leptons and a pair of t
SM Higgs doublets are included in the massl
open string spectrum;
(3) The gauge symmetry at string scale can be bro
down to the Standard Model gauge symmetry
Higgs mechanism or Wilson line;

(4) RR-tadpole cancellation. And the observa
D6-branes preserve the same 4-dimensionalN = 1
supersymmetry as the orbifold background.

AddingS3 symmetry on the observable D6-bran
and complex structure moduli, we obtain three mod
with above four properties fromT 6/(Z2 ×Z2) orien-
tifolds with intersecting D6-branes. In these mode
three stacks of physical D6-branes, which form
observable sector, preserve the same 4-dimens
N = 1 supersymmetry as the orbifold backgrou
To cancel the RR tadpole, we introduce one stack
auxiliary D6-branes which wraps on theΩR orien-
tifold and has no intersection with three observa
D6-branes. However, the auxiliary D6-brane bre
above 4-dimensionalN = 1 supersymmetry. So, ou
model is quasi-supersymmetric,1 and there may exis
the uncancelled NSNS tadpoles. Concretely, Mod
describesU(4)3 gauge theory with odd-family chira
fermion spectrum, and Model IIU(4)3 gauge theory
with even-family chiral fermion spectrum, Model I
U(8)3 gauge theory with even-family chiral fermio
spectrum. In all these models, the Standard Mo
fermions and Higgs particles are embedded into the
fundamental representations, and the symmetric, a
symmetric or any other unnecessary massless re
sentations are absent. In particular, we just have t
families of fermions and three pairs of Higgs partic
for Model I. We show that in Model I theU(4)3 gauge
symmetry can indeed be broken down to the Stand
Model gauge symmetry by introducing the light op
string states, and similar mechanism works for
Models II and III. Furthermore, we discuss the sup
symmetry breaking due to the auxiliary D6-brane, a
find that the 1 TeV scale soft masses imply the in
mediate string scale around 1011–1012 GeV, which is a
reasonable unification scale for the Pati–Salam mo
[42] and can be realized in large extra dimension s
nario [40,41]. However, the unification gauge coupl

1 In this Letter, the quasi-supersymmetry means that the obs
able D6-branes preserve the same 4-dimensionalN = 1 supersym-
metry as the orbifold background, which is broken by the auxili
D6-brane.
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(αGUT) is seriously suppressed to 10−8, which im-
plies the fine-tuning in the RGE runnings of the gau
couplings.

2. Supersymmetric model buildings from
T 6/(Z2 × Z2) orientifolds with intersecting
D6-branes

In spite of non-supersymmetric essence ofG3 GUT
models, the 4-dimensionalN = 1 supersymmetry ar
required to be locally preserved in the observable s
tor in order to solve the gauge hierarchy problem.
we first review the rules to construct the supersymm
ric models from Type IIA orientifolds onT 6/(Z2 ×
Z2) with D6-branes at generic angles, and to obt
the spectrum of massless open string states [32]. H
we follow the notation in Ref. [33].

The starting point is Type IIA string theory com
pactified on aT 6/(Z2 ×Z2) orientifold. We consider
T 6 to be a six-torus factorized asT 6 = T 2 × T 2 × T 2

whose complex coordinates arezi , i = 1,2,3 for each
of the 2-torus, respectively. Theθ andω generators for
the orbifold groupZ2 ×Z2, which are associated wit
their twist vectors(1/2,−1/2,0) and(0,1/2,−1/2),
respectively, act on the complex coordinates ofT 6 as

θ : (z1, z2, z3)→ (−z1,−z2, z3),

(1)ω : (z1, z2, z3)→ (z1,−z2,−z3).

The orientifold projection is implemented by gaugi
the symmetryΩR, whereΩ is worldsheet parity, and
R acts as

(2)R : (z1, z2, z3)→ (z̄1, z̄2, z̄3).

So, there are four kinds of orientifold 6-planes (O
planes) for the actions ofΩR, ΩRθ , ΩRω, and
ΩRθω, respectively. To cancel the RR charges of O
planes, we introduce some stacks ofNa D6-branes,
which wrap on the factorized three-cycles. Mea
while, we have two kinds of complex structur
consistent with orientifold projection for a torus—
rectangular and tilted [18,32,33]. If we denote the
mology classes of the three cycles wrapped by
D6-brane stacks asnia[ai] + mia[bi] and nia[a′

i] +
mia[bi] with [a′

i] = [ai] + 1
2[bi] for the rectangula

and tilted tori respectively, following the notation
Ref. [33], we can label a generic two cycle by(nia, l

i
a)
,

in either case, where in terms of the wrapping nu
berslia ≡ mia for a rectangular torus andlia ≡ 2m̃ia =
2mia + nia for a tilted torus. Note that for a tilted toru
lia − nia must be even. For a stack ofNa D6-branes
along the cycle(nia, l

i
a), we also need to include the

ΩR imagesNa′ with wrapping numbers(nia,−lia).
For D6-branes on the top of O6-planes, we count
D6-branes and their images independently. So, the
mology three-cycles for stacka of Na D6-branes and
its orientifold imagea′ take the form

[Πa] =
3∏
i=1

(
nia[ai] + 2−βi lia[bi]

)
,

(3)[Πa′ ] =
3∏
i=1

(
nia[ai] − 2−βi lia[bi]

)
,

whereβi = 0 if the ith torus is rectangular andβi = 1
if it is tilted. And the homology 3-cycles wrapped b
the four O6-planes are

(4)ΩR : [ΠΩR] = 23[a1] × [a2] × [a3],
(5)ΩRω : [ΠΩRω] = −23−β2−β3[a1] × [b2] × [b3],

(6)
ΩRθω : [ΠΩRθω] = −23−β1−β3[b1] × [a2] × [b3],

(7)ΩRθ : [ΠΩR] = −23−β1−β2[b1] × [b2] × [a3].
Then, the intersection numbers are

(8)Iab = [Πa][Πb] = 2−k
3∏
i=1

(
nial

i
b − nibl

i
a

)
,

(9)Iab′ = [Πa][Πb′ ] = −2−k
3∏
i=1

(
nial

i
b + nibl

i
a

)
,

(10)Iaa′ = [Πa][Πa′ ] = −23−k
3∏
i=1

(
nial

i
a

)
,

IaO6 = [Πa][ΠO6]

(11)

= 23−k(−l1a l2a l3a + l1an
2
an

3
a + n1

al
2
an

3
a + n1

an
2
al

3
a

)
,

where

[ΠO6] = [ΠΩR] + [ΠΩRω] + [ΠΩRθω] + [ΠΩRθ ]
is the sum of O6-plane homology three-cycles wrap
by the four O6-planes, andk = β1 + β2 + β3 is the to-
tal number of tilted tori.
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Table 1
General spectrum on intersecting D6-branes at generic angles w
is valid for both rectangular and tilted tori. The representati
in the table make sense toU(Na/2) due to Z2 × Z2 orbifold
projection [32]. In supersymmetric situations, scalars combine w
the fermions to form the chiral supermultiplets

Sector Representation

aa U(Na/2) vector multiplet
3 Adj. chiral multiplets

ab+ ba Iab
(

a, b

)
fermions

ab′ + b′a Iab′
(

a, b

)
fermions

aa′ + a′a − 1
2(Iaa′ − 1

2Ia,O6) fermions

− 1
2(Iaa′ + 1

2Ia,O6) fermions

The general spectrum on intersecting D6-brane
generic angles, which is valid for both rectangular a
tilted tori, is given in Table 1. And the 4-dimension
chiral supersymmetric (N = 1) models from Type IIA
orientifolds with intersecting D6-branes are main
constrained in two aspects:

I. Tadpole cancellation conditions. As sources
RR fields, D6-branes and orientifold 6-planes
required to satisfy the Gauss law in a compact sp
i.e., the total RR charges of D6-branes and O6-pla
must vanish since the RR field flux lines cann
escape. The RR tadpole cancellation conditions ar

(12)
∑
a

Na[Πa] +
∑
a

Na[Πa′ ] − 4[ΠO6] = 0,

where the last contributions come from the O6-pla
which have−4 RR charges in the D6-brane char
unit by exchanging RR field while scattering.
Tadpole cancellation directly leads to theSU(N)3 cu-
bic non-abelian anomaly cancellation [20,21,32]. A
the cancellation ofU(1) mixed gauge and gravita
tional anomaly or[SU(N)]2U(1) gauge anomaly ca
be achieved by Green–Schwarz mechanism medi
by untwisted RR fields [20,21,32].

II. Conditions for 4-dimensionalN = 1 super-
symmetric D6-brane. The 4-dimensionalN = 1 su-
persymmetric models require that 1/4 supercharge
from 10-dimensional Type I T-dual be preserve
i.e., they should survive two supersymmetry break
mechanisms: orientation projection of the intersect
D6-branes, and orbifold projection on the backgrou
manifold. Concrete analysis shows that theN = 1 su-
persymmetry can be preserved only if the rotation
gle of any D6-brane with respect to theΩR-plane is an
element ofSU(3), or in other words,θ1 + θ2 + θ3 = 0,
whereθi is the angle between the D6-brane and
ΩR-plane in theith torus. In Ref. [33], this condition
is rewritten as

−xAl1a l2a l3a + xBl
1
an

2
an

3
a + xCn

1
al

2
an

3
a

(13)+ xDn
1
an

2
al

3
a = 0,

−n1
an

2
an

3
a/xA + n1

al
2
a l

3
a/xB + l1an

2
al

3
a/xC

(14)+ l1a l
2
an

3
a/xD < 0,

wherexA = λ, xB = λ2β2+β3/χ2χ3, xC = λ2β1+β3/

χ1χ3, xD = λ2β1+β2/χ1χ2, andχi = Ri2/R
i
1 are the

complex structure moduli whereRi1 andRi2 are radii
for the ith torus due toT 2 ≡ S1 × S1. λ is a positive
parameter without physical significance.

3. Quasi-supersymmetric G3 unification

Generally speaking, the RR-tadpole cancellat
conditions and the 4-dimensional supersymmetry p
servation conditions are too stringent to find t
realistic GUT models, and the existing GUT mod
always tend to produce extra gauge interactions
extra fermions beyond the SM or MSSM. Howev
by relaxing the supersymmetry preserving condit
for the auxiliary D6-brane which is introduced
cancel the RR tadpole, we can construct the nat
GUT models with the four properties emphasized
introduction.

Let us look at the tadpole cancellation conditio
first. If we considerN(i) auxiliary D6-branes wrappe
along theith orientifold plane whose wrapping num
bers are given in Table 2, the tadpole cancellation c
ditions are modified to

(15)−2kN(1) −
∑
σ

Nσn
1
σ n

2
σ n

3
σ = −16,

(16)−2kN(2) +
∑
σ

Nσn
1
σ l

2
σ l

3
σ = −16,

(17)−2kN(3) +
∑
σ

Nσ l
1
σ n

2
σ l

3
σ = −16,

(18)−2kN(4) +
∑
σ

Nσ l
1
σ l

2
σ n

3
σ = −16.
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Table 2
Wrapping numbers of the four O6-planes

Orientifold action O6-plane
(
n1, l1

) × (
n2, l2

) × (
n3, l3

)
ΩR 1

(
2β1,0

) × (
2β2,0

) × (
2β3,0

)
ΩRω 2

(
2β1,0

) × (
0,−2β2

) × (
0,2β3

)
ΩRθω 3

(
0,−2β1

) × (
2β2,0

) × (
0,2β3

)
ΩRθ 4

(
0,−2β1

) × (
0,2β2

) × (
2β3,0

)

Suppose there are three stacks of observable
branes,a, b, and c. Adding S3 symmetry onto D6-
branes configuration andT2 × T2 × T2 geometry, i.e.,
N(2) = N(3) = N(4), Na = Nb = Nc = 2N andχ1 =
χ2 = χ3, we notice that among Eqs. (16)–(18), on
one is independent. Similarly for theN = 1 super-
symmetry preserving conditions. If one stack of t
observable D6-brane preservesN = 1 supersymme
try, all three stacks of D6-branes will preserve t
N = 1 supersymmetry automatically. The simple
case is thatN(2) = N(3) = N(4) = 0, and one stack
of auxiliary D6-brane wrapped along theΩR orien-
tifold plane are needed for RR-tadpole cancellation
these models. Then the gauge group of our mode
G3 whereG=U(N).

For simplicity, we consider three stacks of obse
able D6-branes (a, b andc) with one zero wrapping
number. Without loss of generality, we have two p
sibilities

n1
a = n2

b = n3
c = 0 (i)

(19)l1a = l2b = l3c = 0 (ii).

For the first case (i), the models without symm
ric and antisymmetric representations cannot be c
structed. So, we focus on the second case (ii).

In addition, we only consider the models with b
fundamental representations which the Standard M
el fermions and Higgs particles can be embedded i
To avoid the symmetric and anti-symmetric repres
tations, we require that

l2an
3
a = −n2

al
3
a,

l3bn
1
b = −n3

bl
1
b,

(20)l1c n
2
c = −n1

cl
2
c ,

which are equivalent to the supersymmetry preserv
conditions. Because of theS3 symmetry among the
three stacks of D6-branes or three 2-tori, Eq. (
implies

l3bn
3
a = −n3

bl
3
a,

l1c n
1
b = −n1

c l
1
b,

(21)l2an
2
c = −n2

al
2
c ,

and vice versa. This means that at massless le
the representations(Na/2,Nb/2,1), (1,Nb/2,Nc/2),
(Na/2,1,Nc/2) (or their complex conjugations) wi
appear or disappear together with the symmetric
anti-symmetric representations in the models withG3

unification. As for the determination ofN in U(N)3

gauge group, we only have two choices: 4 or
which can be figured out from the tadpole cancellat
conditions in our setup:

Nan
1
al

2
a l

3
a = −16,

Nbl
1
bn

2
bl

3
b = −16,

(22)Ncl
1
c l

2
c n

3
c = −16,

−(
Nan

1
an

2
an

3
a +Nbn

1
bn

2
bn

3
b +Ncn

1
cn

2
cn

3
c

)
(23)−Ngn

1
gn

2
gn

3
g = −16,

whereNa = Nb =Nc = 2N . Obviously,N cannot be
larger than 8 since the four O6-planes in our setup
only provide−16 RR charges in the D6-brane char
unit, whileN = 2 is ruled out from the phenomen
logical concern. We emphasize that forU(4)3 model,
the three tori can be tilted, but, forU(8)3 model, the
three tori cannot be tilted sincen1

a − l1a is odd.
There are three typical solutions corresponding

threeG3 models. The D6-brane configurations f
Model I, Model II, and Model III are given in Tables 3
4, and 5, respectively. We also present the ch
open string spectrum for those models in Table
In short, we have 2p + 1, 8p and 2p generations

Table 3
Model I. D6-brane configuration in(2p + 1)-generation quasi
supersymmetricU(4)3 model. This model is built on three tilte
2-tori with Z2 × Z2 orbifold symmetry andp is a non-negative
integer

Ni
(
n1
i , l

1
i

) (
n2
i , l

2
i

) (
n3
i , l

3
i

)
Na = 8 (2,0) (2p+ 1,1) (2p+ 1,−1)
Nb = 8 (2p+ 1,−1) (2,0) (2p+ 1,1)
Nc = 8 (2p+ 1,1) (2p+ 1,−1) (2,0)

Ng Ngn
1
gn

2
gn

3
g = −48(2p+ 1)2 + 16



198 T. Li, T. Liu / Physics Letters B 573 (2003) 193–201

-
n-

-
n-

ns
an

of

the

ns
en,
s
fold
es.
and

in
oci-
ey

ion,
ring

late
ow
ni-

ec-
e

e.
ge
by

he
-

Table 4
Model II. D6-brane configuration in (8p)-generation quasi
supersymmetricU(4)3 model. This model is built on three recta
gular 2-tori withZ2 × Z2 orbifold symmetry andp is a positive
integer

Ni
(
n1
i
, l1
i

) (
n2
i
, l2
i

) (
n3
i
, l3
i

)
Na = 8 (2,0) (p,1) (p,−1)
Nb = 8 (p,−1) (2,0) (p,1)
Nc = 8 (p,1) (p,−1) (2,0)

Ng Ngn
1
gn

2
gn

3
g = −48p2 + 16

Table 5
Model III. D6-brane configuration in (2p)-generation quasi
supersymmetricU(8)3 model. This model is built on three recta
gular 2-tori withZ2 × Z2 orbifold symmetry andp is a positive
integer

Ni
(
n1
i
, l1
i

) (
n2
i
, l2
i

) (
n3
i
, l3
i

)
Na = 16 (1,0) (p,1) (p,−1)
Nb = 16 (p,−1) (1,0) (p,1)
Nc = 16 (p,1) (p,−1) (1,0)

Ng Ngn
1
gn

2
gn

3
g = −48p2 + 16

Table 6
Chiral open string spectrum for theU(N)3 GUT models.N = 4
for Model I and Model II, andN = 8 for Model III. Nf = 2p + 1,
8p,2p for Model I, Model II, and Model III, respectively

Sector U(N)×U(N)×U(N) Qa Qb Qc

ab+ ba Nf × (N, 
N,1) 1 −1 0

bc+ cb Nf × (1,N, 
N) 0 1 −1

ca + ac Nf × (
N,1,N) −1 0 1

of bifundamental representations underU(N)3 gauge
symmetry which include the Standard Model fermio
and Higgs particles. In particular, in Model I, we c
only have three families of fermions and three pairs
Higgs particles.

One may notice that in Tables 3, 4, and 5,
number of the auxiliary branes (Ng) is negative if
we have at least three family fermions. This mea
that the auxiliary branes are anti-D6-branes. And th
the 4-dimensionalN = 1 supersymmetry, which i
preserved by the observable D6-branes and orbi
background, is broken by the auxiliary D6-bran
Therefore, the models are quasi-supersymmetric,
the NSNS tadpoles do not vanish.
4. Comments on phenomenology of G3 models

4.1. Gauge coupling unification

The gauge couplings have been discussed
Refs. [35,37]. Since the gauge couplings are ass
ated with different stacks of D6-branes, usually th
do not have a conventional gauge coupling unificat
although the value of each gauge coupling at the st
scale is predicted in terms of the moduliχi and the ra-
tio of the Planck scale to string scale. Let us calcu
the 4-dimensional gauge coupling in detail, and sh
that in our models, we do have the gauge coupling u
fication.

Dp-branes provide us a world where the gauge s
tors are localized on(p + 1)-dimensional spacetim
while gravity propagates in 10-dimensional spacetim
Before compactification, the gravitational and gau
interaction on Dp-brane can be generally described
an effective action [43]

S10 ⊃
∫
d10x

M8
s

(2π)7g2
s

R10d

(24)+
∫
dp+1x

M
p−3
s

(2π)p−2gs
F 2
p+1,

whereMs = 1/
√
α′ is the string scale, andgs is

the string coupling. Upon the compactification, t
4-dimensional Planck scaleMPl and the gauge cou
pling gσYM on the D6-brane stackσ are

M2
Pl =

M8
s V6

(2π)7g2
s

,

(25)
(
gσYM

)2 = (2π)4gs
M3
s V

σ
3
,

where

(26)V6 = (2π)6

4

3∏
i=1

Ri1R
i
2,

is the physical volume ofT 6 and

(27)V σ3 = 1

4
(2π)3

3∏
i=1

√(
niσR

i
1

)2 + (
2−βi liσRi2

)2
,
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is the physical volume of three-cycle wrapped by
D6-brane stackσ . So, we obtain

(28)

(
gσYM

)2 =
√

8π Ms

MPl

1∏3
i=1

√
(niσ )

2χ−1
i + (2−βi liσ )2χi

.

Because in our models,χ1 = χ2 = χ3 = χ , we do
have the gauge coupling unification. In general,
can expect thatniσ , liσ and χi are the order one
integer or real number. Then the 4-dimensional ga
coupling(gσYM )

2 is aboutMs/MPl. Therefore, for the
intersecting D6-brane models with low string scale
the spacetimeM4 ×T 6 orM4×T 6/(Z2×Z2), where
the D6-branes wrap on the factorized three cycle
three 2-tori, the gauge couplings are generically v
small and may lead to the fine-tuning in the RG
runnings of gauge couplings. However, in the gene
Calabi–Yau threefolds, one can make the phys
volume of the 6-dimensional compact manifold lar
without affecting the physical volume of the compa
three cycles wrapped by the D6-branes [44,45], so,
low string scale in D6-brane models does not im
the very small gauge couplings in general.

4.2. Gauge symmetry breaking

In our models, theU(N)3 gauge symmetry can b
broken down to the Standard Model gauge symm
by introducing the light open string states. As
example, we only consider the Model I, and similar
one can discuss the gauge symmetry breaking
Model II and Model III.

In Model I, we have 3 families by choosingp = 1.
The gauge group isU(4) × U(4) × U(4), which
has subgroupSU(4)× SU(2)× SU(2), i.e., the Pati–
Salam model. The left-handed fermions come fr
the (4,4,1) representations, the right-handed ferm
ons come from the(4,1,4) representations, and th
pair of Higgs doublets come from the(1,4,4) rep-
resentations. Then, we will have three pairs of Hig
doublets. However, in order to have the D-flat and
flat directions, we find that there are no Higgs p
ticles at massless state level which can break
U(4) × U(4) × U(4) gauge symmetry down to th
SU(4) × SU(2) × SU(2) or Standard Model gaug
symmetry. Thus, the GUT breaking Higgs fields m
arise from the light open string spectrum.

Indeed, we do have such kind of Higgs fields. T
“a” stack of D6-branesa is parallel to the orientifold
(ΩR) imageb′ of the “b” stack of D6-branes along th
third torus, i.e., the “b” stack of D6-branesb is parallel
to the orientifold (ΩR) image a′ of the “a” stack
of D6-branes along the third torus. Then, there
open strings which stretch between the branesa and
b′ (or saya′ andb). If the minimal distance square
Z2
(ab′) (in α′ units) between these two branes on

third torus is small, i.e., the minimal length squared
the stretched string is small, we have the light sca
with massesZ2

(ab′)/(4π
2α′) from the NS sector, an

the light fermions with the same masses from the
sector [20,21]. These scalars and fermions form
4-dimensionalN = 2 hypermultiplets. Similarly, the
“b” stack of D6-branesb is parallel to the orientifold
(ΩR) imagec′ of the “c” stack of D6-branes alon
the first torus, and the “c” stack of D6-branesc is
parallel to the orientifold (ΩR) imagea′ of the “a”
stack of D6-branes along the second torus. Thus
can also have the light hypermultiplets from the op
strings which stretch between the branesb andc′, and
between the branesc anda′.

The light open string spectrum is given in Table
These light Higgs fields can break theU(4)3 down
Table 7
Light open string spectrum in the Model I which can break theU(4)3 gauge symmetry down to the Standard Model gauge symmetry

Sector U(N)×U(N)×U(N) Qa Qb Qc Mass square

ab′ + ba′ 4× (4,4,1) 1 1 0 Z2
(ab′)/

(
4π2α′)

ab′ + ba′ 4× (4,4,1) −1 −1 0 Z2
(ab′)/

(
4π2α′)

bc′ + cb′ 4× (1,4,4) 0 1 1 Z2
(bc′)/

(
(4π2α′)

bc′ + cb′ 4× (1,4,4) 0 −1 −1 Z2
(bc′)/

(
4π2α′)

ca′ + ac′ 4× (4,1,4) 1 0 1 Z2
(ca′)/

(
4π2α′)

ca′ + ac′ 4× (4,1,4) −1 0 −1 Z2
(ca′)/

(
4π2α′)
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ne-
to the Standard Model gauge symmetry. Roug
speaking, the Higgs fields in the(1,4,4) and(1,4,4)
representations can break theU(4) × U(4) × U(4)
gauge symmetry down to theU(4)× SU(2)× SU(2)
gauge symmetry, and the Higgs fields in the(4,1,4)
and (4,1,4) representations can break theU(4) ×
SU(2)×SU(2) gauge symmetry down to the Standa
Model gauge symmetry. The detail symmetry break
pattern and phenomenology are under investigat
By the way, we do not need the particles in the(4,4,1)
and(4,4,1) representations to be light because we
not need them to break the gauge symmetry.

4.3. Supersymmetry breaking and possible proble

In our models, the observable D6-branes prese
the same 4-dimensionalN = 1 supersymmetry a
the orbifold background does. But, this supersy
metry is broken by the auxiliary D6-brane, whic
has no intersections with the observable D6-bra
So, the supersymmetry breaking effects can be
diated by the heavy bifundamental messenger fi
with string scale masses which are the open str
stretching between the observable D6-brane and
iliary D6-brane, and by the gravity supermultiplets
the bulk. Of course, the dominant contributions to
scalar masses and gaugino masses are from the g
mediated supersymmetry breaking.

Similar to the discussions in [26,27], the quadra
divergences for scalars (for example, Higgs fields)
absent up to one-loop. The supersymmetry brea
soft masses for scalars generated from two-loop
grams are the same order as the gaugino masses g
ated from one-loop diagrams. The soft masses-squ
for scalarsφa typically are

(29)m̃2
a ∝

[
αi

4π

]2

M2
s .

In our models,χ1 = χ2 = χ3 = χ . Using Eq. (28), we
obtain

(30)

M2
s ∼ 4π2

√
8π
m̃aMPl

3∏
i=1

√(
niσ

)2
χ−1 + (

2−βi liσ
)2
χ.

Considering the Model I with three families an
χ = 1, we obtain that the string scaleMs is about
5.6 × 1011 GeV if m̃a ∼ 1 TeV. This is a reasonab
unification scale for the Pati–Salam model [42] a
e

r-

can be generated by introducing relatively large ex
dimension [40,41] or small string couplinggs . How-
ever, the gauge coupling (αGUT) at string scale is se
riously suppressed to 10−8, which implies the fine-
tuning in the RGE runnings of gauge couplings. F
the RGE runnings of gauge couplings, we should
clude the additional contributions from the extra a
joint fields and their KK modes, and the KK modes
gauge fields. Whether we can have such small ga
coupling at string scale is a question deserving furt
detail study. By the way, ifχ , which is a positive rea
number, is larger or smaller than 1, we can increase
string scale. However, the unification gauge coupl
at string scale is the same.

5. Discussions and conclusions

AddingS3 symmetry onto the observable D6-bra
configuration and complex structure moduli, we obt
three natural quasi-supersymmetric GUT models w
four interesting properties. In Model I and Model
the gauge group isU(4)3, while in Model III the gauge
group isU(8)3. The three tori ofT 6 are all tilted for
Model I, and they are all rectangular for Model
and Model III. The D6-brane configurations and c
ral open string spectrum at massless level are g
in Tables 3–6. In all our three models, the Stand
Model fermions and Higgs particles can be emb
ded into the bifundamental representations, and t
is no any other unnecessary massless representa
In particular, we only have three families of fermio
and three pairs of Higgs particles for Model I. Mor
over, we show that there exists the gauge coupling
fication in our models. We consider the gauge sym
try breaking, too. Explicitly, we show that in Model
theU(4)×U(4)×U(4) gauge symmetry can indee
be broken down to the Standard Model gauge s
metry by introducing the light open string states, a
similar mechanism works for the Models II and I
Furthermore, we find that the 1 TeV scale soft mas
imply the intermediate string scale (1011–1012 GeV),
which is a reasonable unification scale for the Pa
Salam model. However, the unification gauge coup
at string scale is very small and may lead to the fi
tuning in the RGE runnings of gauge couplings.
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