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Abstract

We construct three quasi-supersymmetﬁé GUT models with S3 symmetry and gauge coupling unification from
intersecting D6-branes on Type I|IA orientifolds. The Standard Model fermions and Higgs doublets can be embedded into
the bifundamental representations in these models, and there is no any other unnecessary massless representation. Especial
in Model | with gauge groupU(4)3, we just have three-family SM fermions and three pairs of Higgs particlesG?Imuge
symmetry in these models can be broken down to the Standard Model gauge symmetry by introducing light open string states.
And 1 TeV scale supersymmetry breaking soft masses imply the reasonable intermediate string scale.
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1. Introduction Grand Unified Theory (GUT) through the elegaty
breaking chain:Eg D Eg D SOQ(10) > SU5). Even

Since 1984 there has been a lot of work and MOW: this is an interesting subject because of the model

. . . l
effort devoted to the string model building or string buildings in M-theorr)]/ ors™/Z3 [3_7]'f h q
phenomenology, whose goal is to obtain the Standard In recent years, the emergence of M-theory opene

Model (SM) or Minimal Supersymmetric Standard up many new avenues for the consistent string quel
Model (MSSM) as an effective theory of the string- buildings. Especially, we can construct the open string

based models. And these models are mainly built in models that are non-perturbative from the dual het-
the weakly coupled heterotic string theory witl x erotic string description due to the advent of D-branes

Es gauge group [1,2], because it naturally obtains the [8]. The technique of conformal field theory in de-
8 gauge group [1.2] y scribing D-branes and orientifold planes on orbifolds

has played a key role in the construction of consistent
E-mail addressesli@sns.ias.edu (T. Li), 4-dimensional supersymmetri¢ = 1 chiral models
liutao@sas.upenn.edu (T. Liu). on Type Il orientifolds. There are two kinds of the-
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ories which have chiral fermions from the D-brane
constructions: one from D-branes located at orbifold
singularities where the chiral fermions appear on the
worldvolume of D-branes [9-15] and the other one
from intersecting D-branes on Type Il orientifold
where the open string spectrum contains chiral fermi-
ons localized at the D-brane intersections [16].

For the second kind of scenarios, a lot of non-
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(3) The gauge symmetry at string scale can be broken
down to the Standard Model gauge symmetry via
Higgs mechanism or Wilson line;

(4) RR-tadpole cancellation. And the observable
D6-branes preserve the same 4-dimensidhal 1
supersymmetry as the orbifold background.

Adding S3 symmetry on the observable D6-branes

supersymmetric three-family Standard-like models and complex structure moduli, we obtain three models
and GUT models were explored in the beginning with above four properties frorfi®/(Z, x Z) orien-
[17-30]. However, there are uncancelled Neveu- tifolds with intersecting D6-branes. In these models,
Schwarz—Neveu—Schwarz (NSNS) tadpoles and may three stacks of physical D6-branes, which form the
exist the gauge hierarchy problem. On the other hand, observable sector, preserve the same 4-dimensional
since the first supersymmetric model with intersect- N = 1 supersymmetry as the orbifold background.
ing D6-branes onr'®/Z, x Z, was constructed in  To cancel the RR tadpole, we introduce one stack of
Refs. [31,32], the supersymmetric Standard-like mod- auxiliary D6-branes which wraps on th@ R orien-

els, SU(5) and Pati-Salam models have been dis- tifold and has no intersection with three observable
cussed in detail later [33,34], as well as the phenom- D6-branes. However, the auxiliary D6-brane breaks

enology [35—-37]. Moreover, the supersymmetric Pati—
Salam models based dfy and Z4 x Z; orientifolds

with intersecting D6-branes were also constructed [38,
39]. In these models, the left—right symmetric gauge

above 4-dimensionaV = 1 supersymmetry. So, our
model is quasi-supersymmetfi@nd there may exist
the uncancelled NSNS tadpoles. Concretely, Model |
described/ (4)® gauge theory with odd-family chiral

structure was obtained by brane recombinations, so thefermion spectrum, and Model I/ (4)3 gauge theory

final models do not have the explicit toroidal orien-
tifold construction, where the conformal field theory
can be applied for the calculation of the full spectrum
and couplings.

Looking back on these model buildings, we may
find that people took such philosophy: directly con-
struct the familiar models, such as Standard-like mod-
els, SU(5) and Pati—-Salam models, etc., from the in-
tersecting D-branes on type Il orientifolds since these
models have been understood very well from the tra-
ditional phenomenological analysis. Unfortunately, no
GUT model with gauge coupling unification has been
built up due to the strong constraint of RR-tadpole can-
cellation and supersymmetry (SUSY) preservation. In
this Letter, we take a completely different philosophy:
constructing the “natural” 4-dimension&l = 1 GUT
models from the intersecting D6-branes on Type IIA
orientifolds where the “natural” means:

(1) Gauge coupling unification;

(2) The Standard Model gauge group is the subgroup
of the gauge symmetry at string scale, and three

families of quarks and leptons and a pair of the
SM Higgs doublets are included in the massless
open string spectrum;

with even-family chiral fermion spectrum, Model I

U (8)® gauge theory with even-family chiral fermion
spectrum. In all these models, the Standard Model
fermions and Higgs particles are embedded into the bi-
fundamental representations, and the symmetric, anti-
symmetric or any other unnecessary massless repre-
sentations are absent. In particular, we just have three
families of fermions and three pairs of Higgs particles
for Model I. We show that in Model | th& (4)° gauge
symmetry can indeed be broken down to the Standard
Model gauge symmetry by introducing the light open
string states, and similar mechanism works for the
Models Il and Ill. Furthermore, we discuss the super-
symmetry breaking due to the auxiliary D6-brane, and
find that the 1 TeV scale soft masses imply the inter-
mediate string scale around#010'2 GeV, which is a
reasonable unification scale for the Pati—Salam model
[42] and can be realized in large extra dimension sce-
nario [40,41]. However, the unification gauge coupling

1 In this Letter, the guasi-supersymmetry means that the observ-
able D6-branes preserve the same 4-dimensighal 1 supersym-
metry as the orbifold background, which is broken by the auxiliary
D6-brane.
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(aguT) is seriously suppressed to 18 which im-
plies the fine-tuning in the RGE runnings of the gauge-
couplings.

2. Supersymmetric model buildings from
T%/(Z> x Z5) orientifoldswith inter secting
D6-branes

In spite of non-supersymmetric essenc&siGUT
models, the 4-dimensional = 1 supersymmetry are

required to be locally preserved in the observable sec-
tor in order to solve the gauge hierarchy problem. So,
we first review the rules to construct the supersymmet-

ric models from Type IIA orientifolds orT'®/(Z, x
Z») with D6-branes at generic angles, and to obtain

the spectrum of massless open string states [32]. Here,

we follow the notation in Ref. [33].

The starting point is Type IIA string theory com-
pactified on a'®/(Z, x Z») orientifold. We consider
75 to be a six-torus factorized 88 = T2 x T2 x T?
whose complex coordinates aigi = 1, 2, 3 for each
of the 2-torus, respectively. Tleandw generators for
the orbifold groupZ, x Z2, which are associated with
their twist vectorg1/2, —1/2,0) and (0, 1/2, —1/2),
respectively, act on the complex coordinated 8fas

0:(z1, 22, 23) = (=21, —22, 23),
(1)

The orientifold projection is implemented by gauging
the symmetry2 R, wheres2 is worldsheet parity, and
R acts as

w:(z1,22,23) — (21, —22, —23).

@)

So, there are four kinds of orientifold 6-planes (O6-
planes) for the actions of2R, 2RO, 2 Rw, and

2 ROw, respectively. To cancel the RR charges of O6-
planes, we introduce some stacksMf D6-branes,

which wrap on the factorized three-cycles. Mean-
while, we have two kinds of complex structures
consistent with orientifold projection for a torus—
rectangular and tilted [18,32,33]. If we denote the ho-

R:(z1,72,23) — (1,22, 23).

mology classes of the three cycles wrapped by the

D6-brane stacks asi[a;] + mi[b;] and n![a]] +
ml,[bi] with [a/] = [a;] + 3[b;] for the rectangular
and tilted tori respectively, following the notation of
Ref. [33], we can label a generic two cycle by, 1)
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in either case, where in terms of the wrapping num-
bersl;, = m|, for a rectangular torus angj = 2/, =

2m!, +n foratllted torus. Note that for a tilted torus,

I — n!, must be even. For a stack of, D6-branes
along the cycle(nl ll) we also need to mclude their
2R imagesN, with wrapping numbers{n —l’)

For D6-branes on the top of O6-planes, we count the
D6-branes and their images independently. So, the ho-
mology three-cycles for stack of N, D6-branes and

its orientifold image:’ take the form

3
1] = [ [(rilail + 27 Pl 1)),
i=1
3 . .
(o] =] ](nilail = 27P11} [bi1),
i=1
whereg; =0 if the ith torus is rectangular angj = 1
if it is tilted. And the homology 3-cycles wrapped by
the four O6-planes are

®)

QR:[Mor) = 2%[a1] x [az] x [a3), 4
QRw: [Moryl = —237P27P3[a1] x [by] x [b3], (5)
QROw: [Morew] = —22P17P3[b1] x [a] x [b3),
(6)
QRO :[Mgrl = —22PP2[b] x [b2] x [az].  (7)
Then, the intersection numbers are
Loy = T[] = 27 [ [(nl 1}, — nj 1), ®)
i=1
3 . . . .
Loy = T[Ty ] = =27 F [ [(ni 4}, + nj 1), )
i=1
3
Lng = UT )M = =22 [ [(ni 1] (10)
i=1
1,06 =[11,][ITo6]
= 227K (13213 + 120203 + n}12n3 + nln2l3),
(11)

where

[[Toe] = [ITor] + T2 Rro] + T2 R0w] + [TT02R6]

is the sum of O6-plane homology three-cycles wrapped
by the four O6-planes, arid= 81 + B2 + B3 is the to-
tal number of tilted tori.
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Table 1 persymmetry can be preserved only if the rotation an-
General spectrum on intersecting D6-branes at generic angles which gle of any D6-brane with respect to tkeR-plane is an

!s valid for both rectangular and tilted tori. The represgntatlons element ofSU(3), or in other wordsgy + 6, + 63 = 0,

in the table make sense t@(N,/2) due to Z, x Z» orbifold .

projection [32]. In supersymmetric situations, scalars combine with whereo; Islthe angle between the D6'b_rane a,n_d the
the fermions to form the chiral supermultiplets 22 R-plane in the'th torus. In Ref. [33], this condition

is rewritten as

Sector Representation
aa U (N, /2) vector multiplet 1;2;3 1.2 3 1,2 3
—xAl IS + xglonin xcn,lon
3 Adj. chiral multiplets Alalala + XBlahghg + Xchglay
ab + ba Loy (s, ) fermions + an;nglg =0, (13)
'+ b I fermion 1.2 1;2 1.2
ab,+b/a l(lab/ (Dla;Db))Eljlfo s —n2n2n3 /x4 4+ nXi213)xp + 120213 /xc
aa +aa —5U4a' — 514,06 ermions 1,2 3
+1;15n; /xp <0, (14)

7%(laa’ + %Ia,OG) errmions

wherex, = A, xp = 2282183 /5 xa, xc = )32/51'*'/33/
x1x3, xp = x2814P2/x1 55, and x; = R,/R] are the

The general spectrum on intersecting D6-branes at COmplex structure moduli wherk; and R; are radii
generic angles, which is valid for both rectangular and for theith torus due tar'2 = $* x 1. A is a positive
tilted tori, is given in Table 1. And the 4-dimensional parameter without physical significance.
chiral supersymmetric = 1) models from Type II1A
orientifolds with intersecting D6-branes are mainly
constrained in two aspects: 3. Quasi-supersymmetric G2 unification

I. Tadpole cancellation conditions. As sources of Generally speaking, the RR-tadpole cancellation
RR fields, D6-branes and orientifold 6-planes are conditions and the 4-dimensional supersymmetry pre-
required to satisfy the Gauss law in a compact space, servation conditions are too stringent to find the
i.e., the total RR charges of D6-branes and O6-planesrealistic GUT models, and the existing GUT models
must vanish since the RR field flux lines cannot always tend to produce extra gauge interactions and
escape. The RR tadpole cancellation conditions are  extra fermions beyond the SM or MSSM. However,

by relaxing the supersymmetry preserving condition

Y Nalllal+ ) Nally] — 406l =0, (12)  for the auxiliary D6-brane which is introduced to

“ ¢ cancel the RR tadpole, we can construct the natural
where the last contributions come from the O6-planes GUT models with the four properties emphasized in
which have—4 RR charges in the D6-brane charge introduction.
unit by exchanging RR field while scattering. Let us look at the tadpole cancellation conditions
Tadpole cancellation directly leads to t8&)(N)2 cu- first. If we considetV ) auxiliary D6-branes wrapped
bic non-abelian anomaly cancellation [20,21,32]. And along theith orientifold plane whose wrapping num-
the cancellation ofU (1) mixed gauge and gravita-  bers are given in Table 2, the tadpole cancellation con-
tional anomaly ofSU(N)]2U (1) gauge anomaly can  ditions are modified to
be achieved by Green—Schwarz mechanism mediated

by untwisted RR fields [20,21,32]. —2*ND — 3" N,ninZnd = -16, (15)
Il. Conditions for 4-dimensionalvV = 1 super- o

symmetric E?6-brane. The 4—dimensionﬁl= 1 su- _okn@ 4 ZNo”}Jflg — _16, (16)

persymmetric models require thaf4l supercharges .

from 10-dimensional Type | T-dual be preserved,
i.e., they should survive two supersymmetry breaking
mechanisms: orientation projection of the intersecting
D6-branes, and orbifold projection on the background —2N® +% " N, I112n3 = —16. (18)
manifold. Concrete analysis shows that fiie= 1 su- o

—2N® + > N, iinZ13 =16, (17)
o



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

Table 2

Wrapping numbers of the four O6-planes
Orientifold action  O6-plane  (nl,11) x (n2,12) x (n%,13)
2R 1 (281,0) x (2P2,0) x (273, 0)
2Rw 2 (2%1,0) x (0, —2P2) x (0,2%3)
2RIw 3 (0, —281) x (2f2,0) x (0, 23)
2RO 4 (0, —2P1) x (0,2P2) x (2%3,0)

197
implies
233
I3n bla,
12 2_ —nng, (21)

and vice versa. This means that at massless level,
the representation®V, /2, Ny/2,1), (1, Np/2, N:/2),
(N,/2,1, N./2) (or their complex conjugations) will
appear or disappear together with the symmetric and

Suppose there are three stacks of observable D6-anti-symmetric representations in the models with

branesa, b, andc. Adding S3 symmetry onto D6-
branes configuration anty x T» x T> geometry, i.e.,
NO=NO® =N# N,=N,=N.=2N andy1 =

X2 = x3, we notice that among Egs. (16)—(18), only
one is independent. Similarly for th®% = 1 super-
symmetry preserving conditions. If one stack of the
observable D6-brane preservds= 1 supersymme-
try, all three stacks of D6-branes will preserve the
N = 1 supersymmetry automatically. The simplest
case is thaiv® = N® = N® =0, and one stack
of auxiliary D6-brane wrapped along thgR orien-

tifold plane are needed for RR-tadpole cancellation in
these models. Then the gauge group of our models is

G3 whereG = U(N).
For simplicity, we consider three stacks of observ-
able D6-branesd, » andc) with one zero wrapping

number. Without loss of generality, we have two pos-

sibilities
né:ni:nfzo (i)
E=12=r3=0 qi. (19)

For the first case (i), the models without symmet-

unification. As for the determination d@¥ in U (N)3
gauge group, we only have two choices: 4 or 8,
which can be figured out from the tadpole cancellation
conditions in our setup:

Nnki?3 = 16,

a‘a“a
Nplin2l3 = —16,
NeIM2n2 = —18, (22)
—(NangnZng + Npnypngni + NeninZn?)
— Ngngn2n = —16, (23)

whereN, = N, = N, = 2N. Obviously,N cannot be
larger than 8 since the four O6-planes in our setup can
only provide—16 RR charges in the D6-brane charge
unit, while N = 2 is ruled out from the phenomeno-
logical concern. We emphasize that 16¢4)% model,
the three tori can be tilted, but, far(8)3 model, the
three tori cannot be tilted sineg — 1% is odd.

There are three typical solutions corresponding to
three G3 models. The D6-brane configurations for
Model I, Model I, and Model lll are given in Tables 3,

ric and antisymmetric representations cannot be con-4, and 5, respectively. We also present the chiral

structed. So, we focus on the second case (ii).
In addition, we only consider the models with bi-

fundamental representations which the Standard Mod-
el fermions and Higgs particles can be embedded into.
To avoid the symmetric and anti-symmetric represen-

tations, we require that
1203 = 23

a‘a’
lbnb = _nblb,
ll 2 — _nllZ

crec?

(20)

which are equivalent to the supersymmetry preserving

conditions. Because of th& symmetry among the

three stacks of D6-branes or three 2-tori, Eq. (20)

open string spectrum for those models in Table 6.
In short, we have 2 + 1, 8p and 2» generations

Table 3
Model |I. D6-brane configuration if2p + 1)-generation quasi-
supersymmetrid](4)3 model. This model is built on three tilted
2-tori with Z> x Z» orbifold symmetry andp is a non-negative
integer

N; (nf-11) (nf.17) (3. )
Ny=8 2.0 @p+11)  @2p+1.-1)
Np=8  (2p+1-1) 2,0 @p+11
N.=8 @p+1.1) @p+1,-1 (2.0
Ng Ngnin2n3 = —48@2p+1)?+ 16
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Table 4

Model II. D6-brane configuration in (8-generation quasi-
supersymmetria:/(4)3 model. This model is built on three rectan-
gular 2-tori with Zo x Z» orbifold symmetry andp is a positive
integer

Ni (ni 1) (n2.17) (n.27)
Ny=8 (2,0 (r, 1 (p. =1
Np=28 (p. -1 (2,0 (p, 1
N.=8 (p. D (p, =D (2,0
N NgninZn?=—48p% +16

Table 5
Model Ill. D6-brane configuration in (2pgeneration quasi-

supersymmetricz'](S)3 model. This model is built on three rectan-
gular 2-tori with Zo x Z» orbifold symmetry andp is a positive
integer

Ni (ni 1) (n?.17) (nf.1?)
Ng =16 1,0 (.1 (p.—1
Np=16 (r.—1) 1,0 (».D
Ne=16 (». D (p.—1 1,0
N NgninZn3=—48p% + 16
Table 6

Chiral open string spectrum for thg(~N)3 GUT models.N = 4
for Model I and Model II, andV = 8 for Model lll. Ny =2p +1,
8p, 2p for Model |, Model II, and Model Ill, respectively

Sector U(N) x U(N) x U(N) Qa Op Oc
ab+ba Nfx(N,N,1) 1 -1 0
bc+cb N x(1L,N,N) 0 1 -1
ca+ac NfX(IV,l,N) -1 0 1

of bifundamental representations und&gV )3 gauge
symmetry which include the Standard Model fermions
and Higgs particles. In particular, in Model I, we can
only have three families of fermions and three pairs of
Higgs particles.

One may notice that in Tables 3, 4, and 5, the
number of the auxiliary branesV() is negative if
we have at least three family fermions. This means
that the auxiliary branes are anti-D6-branes. And then,
the 4-dimensionalV = 1 supersymmetry, which is

preserved by the observable D6-branes and orbifold

background, is broken by the auxiliary D6-branes.

Therefore, the models are quasi-supersymmetric, and Vs

the NSNS tadpoles do not vanish.
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4. Comments on phenomenology of G2 models
4.1. Gauge coupling unification

The gauge couplings have been discussed in
Refs. [35,37]. Since the gauge couplings are associ-
ated with different stacks of D6-branes, usually they
do not have a conventional gauge coupling unification,
although the value of each gauge coupling at the string
scale is predicted in terms of the modyliand the ra-
tio of the Planck scale to string scale. Let us calculate
the 4-dimensional gauge coupling in detail, and show
that in our models, we do have the gauge coupling uni-
fication.

D p-branes provide us a world where the gauge sec-
tors are localized orip + 1)-dimensional spacetime
while gravity propagatesin 10-dimensional spacetime.
Before compactification, the gravitational and gauge
interaction on Dyr-brane can be generally described by
an effective action [43]

8

M
$10D | d¥% —%—
10 / H g2

+fdp+1x

where M, = 1/+/o’ is the string scale, ang; is
the string coupling. Upon the compactification, the
4-dimensional Planck scal®p; and the gauge cou-
pling g9, on the D6-brane stack are

Rioad
My,

S a— 24
(2m)p=2g, " P @4

2 MEVs
PI™ @2n)7g2
2 (2m)%g
(8m)” = "zave (25)
S
where
)82
Vg Z) RLRS, (26)

i=1

is the physical volume of ® and

1 3 3 . iN2 s i 2
720 ]_[\/(ng,R’l) +(27FILRY),  (27)
i=1
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is the physical volume of three-cycle wrapped by the the (4,4, 1) representations, the right-handed fermi-
D6-brane stack. So, we obtain ons come from th&4, 1, 4) representations, and the

87 M 1 pair of I-_|iggs doublets come from thg, 4,.21) rep-
(gg;M)z = 8 M . resentations. Then, we will have three pairs of Higgs
Mpi l—[?=1 \/(nf,)zxfl + (27Pili)2y; doublets. However, in order to have the D-flat and F-

flat directions, we find that there are no Higgs par-
ticles at massless state level which can break the
have the gauge coupling unification. In general, we U(4) x U(4) x U(4) gauge symmetry down to the
can expect thau!, I/ and y; are the order one SU4) x SU(2) x SU2) or Standard Model gauge
integer or real number. Then the 4-dimensional gauge Symmetry. Thus, the GUT breaking Higgs fields must
coupling (ggy)? is aboutM, / Mp). Therefore, for the  arise from the light open string spectrum.

intersecting D6-brane models with low string scale on ~ Indeed, we do have such kind of Higgs fields. The
the spacetima/4 x T or M* x T®/(Z» x Z»), where “a" stack of D6-braneg is parallel to the orientifold
the D6-branes wrap on the factorized three cycles of (9 R)imageb’ of the “b" stack of D6-branes along the
three 2-tori, the gauge Coup”ngs are generica"y very third torus, i.e., thed” stack of D6-branes is paraIIeI
small and may lead to the fine-tuning in the RGE to the orientifold 2R) imagea’ of the “a” stack
runnings of gauge couplings. However, in the general of D6-branes along the third torus. Then there are
Calabi-Yau threefolds, one can make the physical Open strings which stretch between the bramesd
volume of the 6-dimensional compact manifold large &’ (or saya andb). If the minimal distance squared
without affecting the physical volume of the compact Z(,,b/ (in o« units) between these two branes on the
three Cyc|es Wrapped by the D6-branes [44 45] so, the third torus is small, i.e., the minimal Iength squared of
low string scale in D6-brane models does not imply the stretched string is small, we have the light scalars

the very small gauge couplings in general. with massesz2 . /(42a’) from the NS sector, and
the light fermions with the same masses from the R

sector [20,21]. These scalars and fermions form the
4-dimensionalN = 2 hypermultiplets. Similarly, the

In our models, thé/ (N)2 gauge symmetry can be  “b” stack of D6-branes is parallel to the orientifold
broken down to the Standard Model gauge symmetry (£2R) imagec’ of the “c” stack of D6-branes along
by introducing the light open string states. As an the first torus, and thec* stack of D6-branes: is

(28)
Because in our modelsg; = x2 = x3 = x, we do

4.2. Gauge symmetry breaking

example, we only consider the Model |, and similarly,

parallel to the orientifold £ R) imagea’ of the “a”

one can discuss the gauge symmetry breaking in stack of D6-branes along the second torus. Thus, we

Model Il and Model 1.

In Model I, we have 3 families by choosing= 1.
The gauge group i€/ (4) x U4) x U(4), which
has subgroupU(4) x SU(2) x SU(2), i.e., the Pati—
Salam model. The left-handed fermions come from

Table 7

can also have the light hypermultiplets from the open
strings which stretch between the brahemndc’, and
between the branesanda’.

The light open string spectrum is given in Table 7.
These light Higgs fields can break tfi&4)3 down

Light open string spectrum in the Model | which can breakh@)3 gauge symmetry down to the Standard Model gauge symmetry

Sector U(N)xU(N) x U(N) Qu Op Q¢ Mass square

/ /
ab’ +ba 4x (4_1, 4_1, 1) 1 1 0 22,/ (4%
ab’ + ba’ 4x (4,41 -1 -1 0 z2,/(4n%a)
b’ + cb’ 4% (1,4,4) 0 1 1 28,0/ (4%
be' +cb’ 4x (1,4, -1 -1 24/ (4n%d)
) 7 2 2.7
ca’ +ac 4x(4,1,4) 1 0 1 (Ca,)/(471 o )
ca’ +ac' 4x(4,1,8 -1 0 -1 2 /(4n%d)
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to the Standard Model gauge symmetry. Roughly can be generated by introducing relatively large extra
speaking, the Higgs fields in th@&, 4, 4) and (1, 4, 4) dimension [40,41] or small string coupling. How-
representations can break thg4) x U(4) x U(4) ever, the gauge coupling§uT) at string scale is se-
gauge symmetry down to the (4) x SU(2) x SU(2) riously suppressed to 18, which implies the fine-
gauge symmetry, and the Higgs fields in idel, 4) tuning in the RGE runnings of gauge couplings. For
and (4,1, 4) representations can break tiig4) x the RGE runnings of gauge couplings, we should in-
SU(2) x SU(2) gauge symmetry down to the Standard clude the additional contributions from the extra ad-
Model gauge symmetry. The detail symmetry breaking joint fields and their KK modes, and the KK modes of
pattern and phenomenology are under investigation. gauge fields. Whether we can have such small gauge

By the way, we do not need the particles in thed, 1) coupling at string scale is a question deserving further
and(4, 4, 1) representations to be light because we do detail study. By the way, i, which is a positive real
not need them to break the gauge symmetry. number, is larger or smaller than 1, we can increase the

string scale. However, the unification gauge coupling
4.3. Supersymmetry breaking and possible problems at string scale is the same.

In our models, the observable D6-branes preserve
the same 4-dimensionaV = 1 supersymmetry as
the orbifold background does. But, this supersym- 5. Discussionsand conclusions
metry is broken by the auxiliary D6-brane, which
has no intersections with the observable D6-branes.
So, the supersymmetry breaking effects can be me-  Adding S3 symmetry onto the observable D6-brane
diated by the heavy bifundamental messenger fields configuration and complex structure moduli, we obtain
with string scale masses which are the open strings three natural quasi-supersymmetric GUT models with
stretching between the observable D6-brane and aux-four interesting properties. In Model | and Model I,
iliary D6-brane, and by the gravity supermultiplets in  the gauge group i& (4)3, while in Model IIl the gauge
the bulk. Of course, the dominant contributions to the group istU(8)3. The three tori ofr’® are all tilted for
scalar masses and gaugino masses are from the gaug®odel I, and they are all rectangular for Model I
mediated supersymmetry breaking. and Model Ill. The D6-brane configurations and chi-
Similar to the discussions in [26,27], the quadratic ral open string spectrum at massless level are given
divergences for scalars (for example, Higgs fields) are in Tables 3—6. In all our three models, the Standard
absent up to one-loop. The supersymmetry breaking Model fermions and Higgs particles can be embed-
soft masses for scalars generated from two-loop dia- ded into the bifundamental representations, and there
grams are the same order as the gaugino masses genefs no any other unnecessary massless representations.
ated from one-loop diagrams. The soft masses-squaredn particular, we only have three families of fermions

for scalarsp, typically are and three pairs of Higgs particles for Model I. More-
92 over, we show that there exists the gauge coupling uni-
m2 o [ﬂ] M2, (29) fication in our models. We consider the gauge symme-
4 try breaking, too. Explicitly, we show that in Model I,

In our modelsy1 = x2 = x3 = x. Using Eq. (28), we theU(4) x U(4) x U(4) gauge symmetry can indeed

obtain be broken down to the Standard Model gauge sym-
g2 3 \/ metry by introducing the light open string states, and
- L S\2 N2 P .
M2~ —— i, Mp ni ) x4 (2-8ili ) x. similar mechanism works for the Models Il and III.
C Ve ,E (rs) ( ) Furthermore, we find that the 1 TeV scale soft masses

(30) imply the intermediate string scale #010'2 GeV),
Considering the Model | with three families and which is a reasonable unification scale for the Pati—
x = 1, we obtain that the string scald, is about Salam model. However, the unification gauge coupling
5.6 x 10! GeV if /i, ~ 1 TeV. This is a reasonable  at string scale is very small and may lead to the fine-
unification scale for the Pati-Salam model [42] and tuning in the RGE runnings of gauge couplings.



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

Acknowledgements

We would like to thank Fernando Marchesano and
loannis Papadimitriou for helpful discussions, and
thank Huiyu Albert Li for inspirational conversations.
The research of T. Li was supported by the National

Science Foundation under Grant No. PHY-0070928.

And the research of T. Liu was supported in part by
the US Department of Energy under Grant No. DOE-
EY-76-02-3071.

References

[1] M.B. Green, J.H. Schwarz, E. Witten, in: Superstring Theory,
Vols. 1 and 2, Cambridge Univ. Press, Cambridge, 1987, and
references therein.

[2] J. Polchinski, in: String Theory, Vols. 1 and 2, Cambridge Univ.
Press, Cambridge, 1998, and references therein.

[3] P. Horava, E. Witten, Nucl. Phys. B 460 (1996) 506;

P. Horava, E. Witten, Nucl. Phys. B 475 (1996) 94.

[4] T. Li, J.L. Lopez, D.V. Nanopoulos, Phys. Rev. D 56 (1997)
2602.

[5] R. Donagi, B.A. Ovrut, T. Pantev, D. Waldram, JHEP 0108
(2001) 053, hep-th/0008008.

[6] A.E. Faraggi, R. Garavuso, J.M. Isidro, Nucl. Phys. B 641
(2002) 111.

[7] B.A. Ovrut, T. Pantev, R. Reinbacher, hep-th/0212221;

B.A. Ovrut, T. Pantev, R. Reinbacher, hep-th/0303020.

[8] J. Polchinski, E. Witten, Nucl. Phys. B 460 (1996) 525.

[9] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti, Y.S.
Stanev, Phys. Lett. B 385 (1996) 96.

[10] M. Berkooz, R.G. Leigh, Nucl. Phys. B 483 (1997) 187.

[11] G. Shiu, S.H. Tye, Phys. Rev. D 58 (1998) 106007.

[12] J. Lykken, E. Poppitz, S.P. Trivedi, Nucl. Phys. B 543 (1999)
105.

[13] M. Cveti€, M. Plumacher, J. Wang, JHEP 0004 (2000) 004;
M. Cveti€, A.M. Uranga, J. Wang, Nucl. Phys. B 595 (2001)
63.

[14] G. Aldazabal, A. Font, L.E. Ibanez, G. Violero, Nucl. Phys.
B 536 (1998) 29;
G. Aldazabal, L.E. Ibanez, F. Quevedo, A.M. Uranga,
JHEP 0008 (2000) 002.

[15] M. Klein, R. Rabadan, JHEP 0010 (2000) 049.

[16] M. Berkooz, M.R. Douglas, R.G. Leigh, Nucl. Phys. B 480
(1996) 265.

[17] R. Blumenhagen, L. Gorlich, B. Kors, D. Lust, JHEP 0010
(2000) 006.

[18] R. Blumenhagen, B. Kors, D. Lust, JHEP 0102 (2001) 030.

201

[19] G. Aldazabal, S. Franco, L.E. Ibafiez, R. Rabadan, A.M.
Uranga, JHEP 0102 (2001) 047.

[20] G. Aldazabal, S. Franco, L.E. Ibanez, R. Rabadan, A.M.
Uranga, J. Math. Phys. 42 (2001) 3103.

[21] L.E. Ibafiez, F. Marchesano, R. Rabadan, JHEP 0111 (2001)
002.

[22] C. Angelantonj, |. Antoniadis, E. Dudas, A. Sagnotti, Phys.
Lett. B 489 (2000) 223.

[23] S. Forste, G. Honecker, R. Schreyer, Nucl. Phys. B 593 (2001)
127,
S. Forste, G. Honecker, R. Schreyer, JHEP 0106 (2001) 004.

[24] R. Blumenhagen, B. Kérs, D. Lust, T. Ott, Nucl. Phys. B 616
(2001) 3.

[25] D. Cremades, L.E. Ibanez, F. Marchesano, Nucl. Phys. B 643
(2002) 93.

[26] D. Cremades, L.E. Ibanez, F. Marchesano, JHEP 0207 (2002)
009.

[27] D. Cremades, L.E. Ibanez, F. Marchesano, JHEP 0207 (2002)
022.

[28] D. Bailin, G.V. Kraniotis, A. Love, Phys. Lett. B 530 (2002)
202;
D. Bailin, G.V. Kraniotis, A. Love, Phys. Lett. B 547 (2002)
43;
D. Bailin, G.V. Kraniotis, A. Love, Phys. Lett. B 553 (2003)
79;
D. Bailin, G.V. Kraniotis, A. Love, JHEP 0302 (2003) 052.

[29] J.R. Ellis, P. Kanti, D.V. Nanopoulos, Nucl. Phys. B 647 (2002)
235.

[30] C. Kokorelis, JHEP 0209 (2002) 029;
C. Kokorelis, JHEP 0208 (2002) 036, hep-th/0207234;
C. Kokorelis, JHEP 0211 (2002) 027, hep-th/0210200.

[31] M. Cveti€, G. Shiu, A.M. Uranga, Phys. Rev. Lett. 87 (2001)
201801.

[32] M. Cvetic, G. Shiu, A.M. Uranga, Nucl. Phys. B 615 (2001) 3.

[33] M. Cveti¢, |. Papadimitriou, G. Shiu, hep-th/0212177.

[34] M. Cvetic, |. Papadimitriou, hep-th/0303197.

[35] M. Cveti¢, P. Langacker, G. Shiu, Phys. Rev. D 66 (2002)
066004.

[36] M. Cveti¢, P. Langacker, G. Shiu, Nucl. Phys. B 642 (2002)
139.

[37] M. Cvetic, P. Langacker, J. Wang, hep-th/0303208.

[38] R. Blumenhagen, L. Gorlich, T. Ott, hep-th/0211059.

[39] G. Honecker, hep-th/0303015.

[40] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys. Lett.
B 429 (1998) 263.

[41] 1.I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali,
Phys. Lett. B 436 (1998) 257.

[42] A. Melfo, G. Senjanovic, hep-ph/0302216.

[43] C.V. Johnson, hep-th/0007170.

[44] R. Blumenhagen, V. Braun, B. Kors, D. List, JHEP 0207
(2002) 026.

[45] A.M. Uranga, JHEP 0212 (2002) 058.



	Quasi-supersymmetric G3 unification from intersecting D6-branes on Type IIA orientifolds
	Introduction
	Supersymmetric model buildings from T6 /(Z2 xZ2) orientifolds with intersecting D6-branes
	Quasi-supersymmetric G3 unification
	Comments on phenomenology of G3 models
	Gauge coupling unification
	Gauge symmetry breaking
	Supersymmetry breaking and possible problems

	Discussions and conclusions
	Acknowledgements
	References


