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Dynamical supersymmetry breaking in standardlike models with intersecting D6-branes
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Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855-0849, USA

and School of Natural Science, Institute for Advanced Study, Olden Lane, Princeton, New Jersey 08540, USA

Paul Langacker
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

Jing Wang
Fermilab, Theory Division, Batavia, Illinois 60510, USA

~Received 4 April 2003; published 6 August 2003!

We address dynamical supersymmetry breaking within anN51 supersymmetric standardlike model based
on a Z23Z2 type IIA orientifold with intersecting D6-branes. The model possesses an additional, confining
gauge sector with theUSp(2)A3USp(2)B3USp(4) gauge group, where the gaugino condensation mecha-
nism allows for the breaking of supersymmetry and stabilizes moduli. We derive the leading contribution to the
nonperturbative effective superpotential and determine numerically the minima of the supergravity potential.
These minima break supersymmetry and fix two undetermined moduli, which in turn completely specify the
gauge couplings at the string scale. For this specific construction the minima have a negative cosmological
constant. We expect that for other supersymmetric standardlike models with intersecting D6-branes, which also
possess confining gauge sectors, the supersymmetry breaking mechanism would have qualitatively similar
features.
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I. INTRODUCTION

The second string revolution and the advent of D-bra
opened the door for the construction of open string solutio
which correspond to the strongly coupled heterotic str
sector. The techniques of conformal field theory in desc
ing D-branes and orientifold planes on orbifolds allow f
the construction of consistent four-dimensionalN51 super-
symmetric models based on type II orientifolds. Particu
models, represented in Refs.@1–12#, are based on construc
tions with D-branes located at orbifold singularities, and c
ral fermions appear on the world volumes of the D-brane

An alternative construction with chiral fermions that h
been explored only recently is that of type II orientifo
models with intersecting branes. Chiral fermions appea
the open string spectrum, localized at the intersections@13#.
The model building with intersecting branes was develop
@14–18# ~and subsequently explored in@19–23#!, where con-
structions ofnonsupersymmetricbrane world models were
primarily addressed. Numerous examples of nonsupers
metric three-family standardlike models as well as grand u
fied theory~GUT! models were obtained. However, the s
bility of nonsupersymmetric models is not well understoo
especially when the string scale is close to the Planck sc
since nonsupersymmetric models are subject to large q
tum corrections. Typically, the models are unstable wh
D-branes are intersecting at angles, since supersymmet
generically broken.

On the other hand, examples ofN51 supersymmetric
orientifold models with branes at angles were constructe
@24–26#, resulting in quasirealistic models containing t

*On sabbatic leave from the University of Pennsylvania.
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three-family standard model. An example of a supersymm
ric SU(5) GUT model with four families of quarks and lep
tons~i.e., a net number of four10-plets and four5̄-plets! was
also presented in@25#. The original construction is based o
an Z23Z2 orientifold with D6-branes wrapping specific su
persymmetric three-cycles of the six-torus (T65T23T2

3T2).
Recently, a new example of the supersymmetric thr

family left-right symmetric model based on anT6/Z4 orien-
tifold was constructed@27#. Further developments@28# in-
volve the construction of a larger class of supersymme
three-family standardlike models, based onT6/(Z23Z2) ori-
entifolds, by exploring the wrapping of D6-branes alo
more general supersymmetric three-cycles@and implement-
ing Ramond-Ramond~RR! tadpole cancellation conditions#.
A systematic exploration of a general class of supersymm
ric three-family SU(5) GUT models arising fromT6/(Z2
3Z2) orientifolds with D6-branes wrapping general supe
symmetric three-cycles was most recently presented in@29#.

These quasirealistic constructions provide a test
ground to further address the phenomenology of s
constructions.1 A preliminary phenomenological study of th
first three-family standardlike model@24,25# was explored in
@35,36#.

1These models@24–29# correspond in the strong coupling limit t
compactifications of M theory on certain singularG2 manifolds. As
discussed in@26#, the D-brane picture provides a description of ho
chiral fermions arise from singularities ofG2 compactifications
@30–32,24,25#. Recently, there has been an exploration of pheno
enological features~e.g., the problem of doublet-triplet splitting
threshold corrections, and proton decay! of GUT models derived
from G2 compactifications@33,34#. It would be interesting to ex-
plore related features in this class of orientifold models.
©2003 The American Physical Society02-1
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In @35# a detailed study of the gauge couplings and th
renormalization group~RG! flow was made. At the string
scale these couplings depend on an additional modulus
rameterx[R2

1/R1
1, whereR1,2

i are the respective radii of th
i th two-torus. The standard-model gauge sector does not
dict realistic low-energy values of gauge couplings~prima-
rily due to the additional Higgs and exotic fields in the ma
less spectrum!. On the other hand, the additional no
Abelian gauge sector with the gauge groupUSp(2)A
3USp(2)B3Sp(4) has negative values of theb functions
and thus allows for a confining phase in the infrared regim
Gaugino condensation can in turn take place and trigger
namical supersymmetry breaking there. Charge confinem
also implies the interesting feature that the left-handed m
bers of an exotic@SU(2)-singlet# family can become com
posite while their right-handed partners are elementary.

The main purpose of this paper is to address dynam
supersymmetry breaking in the supersymmetric standard
model with intersecting D6-branes@24,25#. The approach is
based on the study ofN51 super Yang-Mills~SYM! theory
with a confining phase in the infrared regime. There
gaugino condensation generates a non-perturbative effe
superpotential@37#. A subsequent minimization of the supe
gravity potential in turn determines the ground state, wh
in certain cases breaks supersymmetry.~For recent exciting
developments involving the exact nonperturbative super
tential, which includes all higher order instanton correctio
for large classesN51 super Yang-Mills theories, see@38,39#
and references therein.!

We shall show that the additional gauge sectors of
supersymmetric standardlike model allow for dynamical
persymmetry breaking via gaugino condensation. For
specific example we calculated the explicit dependence
the nonperturbative superpotential on the moduli fieldsS ~di-
laton! andU ~complex structure modulus! of one of the three
internal two-tori; the other two are fixed due to the sup
symmetry constraint of the string construction. The minim
zation of the explicit supergravity potential in turn produc
isolated, supersymmetry breaking minima, with both mod
SandU fixed. These moduli completely determine the valu
of the gauge couplings in the theory at the string scale.
fortunately, the specific example has the property that
value of the potential at the minimum is negative and of
order of the string scale.

While we address a specific model, we expect that
qualitative features would be generic in other models, w
intersecting branes and confining gauge sectors, such as
structed in@28#. All of these examples typically have a num
ber of non-Abelian confining gauge group factors, typica
associated withUSp groups. The nonperturbative superp
tential, which is a sum of exponential factors that typica
depend on the dilatonS and complex structure moduliUi ,
will allow for minima in which such moduli are stabilized.

The paper is organized as follows. We summarize in S
II the results for the gauge group couplings and the exp
dependence of the gauge coupling on moduliS andUi , first
in a general case of models with intersecting branes and
for the specific model considered. In Sec. III we determ
the explicit form of the nonperturbative superpotential, d
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to the leading instanton contribution, as a function of mod
and then focus on the concrete example. We further m
mize the supergravity potential numerically and analyze
features of the minima, including implications for the valu
of gauge couplings and gaugino masses. Conclusions
given in Sec. IV, where we contrast our results with those
the perturbative heterotic string constructions.

II. MODEL

A. Essential features of the model

In this section we shall provide the key features of t
construction. We refer the reader to the original pap
@24,25# for more detailed discussions.

For concreteness, we consider an orientifold of type
on T6/(Z23Z2). The orbifold actions have generatorsu, v
acting asu:(z1 ,z2 ,z3)→(2z1 ,2z2 ,z3) and v:(z1 ,z2 ,z3)
→(z1 ,2z2 ,2z3) on the complex coordinateszi of T6,
which is assumed to be factorizable. The orientifold action
VR, where V is world-sheet parity, andR acts by
R: (z1 ,z2 ,z3)→( z̄1 ,z̄2 ,z̄3). The model contains four kinds
of O6 planes, associated with the actions ofVR, VRu,
VRv, VRuv. The cancellation of the RR cross-cap ta
poles requires the introduction ofK stacks ofNa D6-branes
(a51, . . . ,K) wrapped on three-cycles@taken to be the
product of 1-cycles (na

i ,ma
i ) in the i th two-torus# and their

images underVR wrapped on cycles (na
i ,2ma

i ).
The cancellation of untwisted tadpoles imposes c

straints on the number of D6-branes and the types of th
cycles that they wrap around. The cancellation of twis
tadpoles determines the orbifold actions on the Chan-Pa
indices of the branes~which are explicitly given in@24,25#!.

The condition that the system of branes preserveN51
supersymmetry requires@13# that each stack of D6-branes b
related to the O6 planes by a rotation inSU(3): denoting by
u i the angles the D6-brane forms with the horizontal dire
tion in the i th two-torus, supersymmetry preserving config
rations must satisfyu11u21u350. This in turn imposes a
constraint on the wrapping numbers and the complex st
ture modulix i5R2

i /R1
i .

The rules to compute the spectrum are analogous to th
in @16#. We summarize the resulting chiral spectrum in Tab
I, found in @24,25#, where

I ab5~na
1mb

12ma
1nb

1!~na
2mb

22ma
2nb

2!~na
3mb

32ma
3nb

3!. ~1!

The D6-brane configuration for the first example leadi
to a three-family standardlike model is provided in Table
and satisfies the tadpole cancellation conditions. The c
figuration is supersymmetric for

x1 :x2 :x351:3:2. ~2!

The weak hypercharge is given by
2-2
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DYNAMICAL SUPERSYMMETRY BREAKING IN . . . PHYSICAL REVIEW D68, 046002 ~2003!
Y5~B2L !/21~Q81Q88!/2, ~3!

whereB2L5Q3/32Q1 andQ3 is the charge correspondin
to theU(1) in U(3)C .

The resulting spectrum is given in the original pap
@24,25# and the subsequent papers@35,36#.

B. Gauge couplings

We shall summarize the results of the gauge coupling
culations for the model. Since the gauge couplings are a
ciated with different stacks of branes, they do not exhib
conventional gauge unification. Nevertheless, the value
each gauge coupling at the string scale is predicted in te
of a modulusx and the ratio of the Planck to string scale
The running is strongly affected by the exotic matter a
multiple Higgs fields, leading to low values of the MSS
sector couplings at low energy. However, the hidden se
groups are asymptotically free.

The gauge coupling of the gauge field from a stack
D6-branes wrapping a three-cycle is given by

1

gY M
2

5
Ms

3V3

~2p!4gs

, ~4!

where Ms51/Aa8 is the string scale,gs is the string cou-
pling andV3 is the volume of the three-cycle wrapped by
particular D6-brane. For our specific casesV3 is given by2

2The definition ofV3 in Eq. ~5! differs from one in@35# by a factor
of 1

4 . This factor has to be included, due to the orbifolding ofT6 by
Z23Z2, which is an Abelian group of order 4. This implies that t
expressions in@35# for gY M

2 andaG should be increased by a facto
of 4. The numerical results in@35#, which were given forMs

;M P
(4d) , are still approximately valid for the caseMs;M P

(4d)/4.

TABLE I. General spectrum on D6-branes at generic ang
~namely, not parallel to any O6 plane in all three tori!. The spectrum
is valid for tilted tori. The models may contain additional non-chi
pieces in theaa8 sector and inab, ab8 sectors with zero intersec
tion, if the relevant branes overlap.

Sector Representation

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

ab1ba I ab chiral multiplets in (Na/2,Nb/2) rep.

ab81b8a Iab8 chiral multiplets in (Na/2,Nb/2) rep.

aa81a8a
2

1

2 SIaa82
4

2k
Ia,O6D

chiral multiplets in sym. rep. ofU(Na/2)

2
1

2 SIaa81
4

2k
Ia,O6D

chiral multiplets in antisym. rep. ofU(Na/2)
04600
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V35
1

4
~2p!3)

i 51

3

Ani2~R1
i !21m̂i2~R2

i !2, ~5!

where R1,2
i are the radii of the two dimensions of thei th

two-torus,m̂i5mi for i 51,2, m̂35m̃35m32 1
2 n3 ~the third

T2 is tilted!, and the wrapping numbers (ni ,m̂i) are given in
Table II. One can tradegs in Eq. ~4! for the four-dimensional
Planck scaleM P

(4d) which is defined as the coefficient of th
Einstein term in the low energy effective action:

S4d5~M P
(4d)!2E dx4AgR1•••5

1

16pGN
E dx4AgR1•••.

~6!

Since GN
21/251.2231019 GeV, we haveM P

(4d)5(1/4Ap)
3GN

21/251.731018 GeV. The Planck scale is related to th
string couplinggs and string scaleMs by

~M P
(4d)!25

Ms
8V6

~2p!7gs
2

, ~7!

whereV6 is the total internal volume given by

V65
~2p!6

4 )
i 51

3

R1
i R2

i . ~8!

Again, the factor of14 is due to the orbifolding ofT6 by Z2
3Z2. This factor was included in@35#. Employing Eq.~7!
allows us to write the gauge couplings in terms ofMs ,
M P

(4d) , V3 andV6:

gY M
2 5A2pMsA V6

M P
(4d)V3 , ~9!

which in terms of the complex structure modulix i5R2
i /R1

i

becomes

gY M
2 5

A8pMs

M P
(4d)

Ax1x2x3

)
i 51

3

Ani21m̂i2x i
2

. ~10!

The supersymmetric condition~2! implies

s

l

2-3



CVETIČ, LANGACKER, AND WANG PHYSICAL REVIEW D 68, 046002 ~2003!
gY M
2 5

4A3pMs

M P
(4d)

x3/2

A@~n1!21~m1!2x2#@~n2!219~m2!2x2#@~n3!214~m̃3!2x2#
, ~11!

TABLE II. D6-brane configuration for the three-family model.

Type Gauge group Na (na
1 ,ma

1)3(na
2 ,ma

2)3(na
3 ,m̃a

3)

A1 USp(8)→U(1)83U(1)88 8 (0,1)3(0,21)3(2,0̃)
A2 USp(2)A 2 (1,0)3(1,0)3(2,0̃)

B1 U(2)L 4 (1,0)3(1,21)3(1,3/2̃)
B2 USp(2)B 2 (1,0)3(0,1)3(0,21̃)

C1 U(4)→U(3)C3U(1)1 612 (1,21)3(1,0)3(1,1/2̃)
C2 USp(4) 4 (0,1)3(1,0)3(0,21̃)
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At a scaleM below the string scale, the couplingaa

5ga
2/4p of the ath gauge factor is given~at one loop! by

1

aa~M !
5

ca~x!

aG~x!
1bat, ~12!

where

aG~x!5A3

p

Ms

M P
(4d)

x3/2 ~13!

and

TABLE III. Coefficientsca of 1/aG andb functionsba for the
USp(2)B andUSp(2)A associated with theB2 andA2 brane con-
figuration, respectively, andUSp(4) group associated with theC2

brane configuration. The beta function of22 (25) for USp(4)
includes~does not include! the contributions of three chiral 5-plet
that are not localized at intersections.@It turns out thatb522 for
USp~4! corresponds to the case where in addition to the chiral m

ter there are three massless vector pairs, i.e., three pairs of4 and4̄.
In turn, b525 corresponds to the case with chiral matter and
additional massless vector pairs. In the subsequent section we f
that b522 corresponds to the optimal example that stabiliz
moduli and breaks supersymmetry at a scale!M string, while the
case withb525 has an instability for Re(U)→0 with V→2`.
We also checked the case withb523 ~four massless vector pairs!
where there are stable minima for: Re(S)50.76, Re(U)50.20,
Im(S)50.4813Mp, Im(U)55.70136Np, with V525.02 L2

~negative cosmological constant of orderM string
4) as well as the

case with b521 that has only a run-away solution: Re(S),
Re(U)→` asV→0.]

Groupa ca ba(int)

USp(2)B 6x2 24
USp(2)A 2 26
USp(4) 2x2 22(25)
04600
t5
1

2p
ln

Ms

M
. ~14!

The low energy predictions for the model are given in@35#.
@There, after correcting for the factor 1/4 in Eq.~5!, Ms

;M P
(4d)/4 was assumed, and the low energy result depe

on one modulus parameterx.# Since we focus on the addi
tional confining gauge sector, we state the values ofca and
ba for these gauge couplings in Table III. In@35# the renor-
malization group equations were studied without the inc
sion of the chiral supermultiplets associated with the op
string sector of the brane. There are three copies of s
states in the adjoint representation; they are due to the
that the supersymmetric cycles wrapped by D6-branes
not rigid. In the standard-model sector they affect in a ne
tive way the low energy predictions for the standard mo
gauge couplings. However, in the quasihidden sector
only such states are associated with theUSp(4) gauge
group, where they change the beta function there from25 to
22. For the sake of completeness we include them in
study of gaugino condensation.

In the following subsection we shall derive the explic
complex moduli dependence of the gauge couplings, wh
are suitable for the determination of the effective nonpert
bative superpotential.

C. Gauge kinetic function and Kähler potential in terms
of complex structure moduli

To determine the moduli dependence of the gauge c
plings in type IIA theory with D6-branes in terms of comple
structure moduli, we shall employ the fact that type I
theory with D6-branes isT dual to type I theory with D9-
branes and backgroundB fluxes. Hence, to arrive at th
proper definition of the moduli fields we shall start by wr
ing down the moduli fields in the type I theory with D9
branes, which are well known~see for example@40#!. We
then apply the duality transformations to arrive at the mod
fields for D6-branes.

t-

o
nd
s
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DYNAMICAL SUPERSYMMETRY BREAKING IN . . . PHYSICAL REVIEW D68, 046002 ~2003!
In the type I string with D9-branes, the real part of t
dilaton S has the familiar expression

Re~S!5
Ms

6P i 51
3 R1

i R2
i

2pgs
. ~15!

The real part of the Ka¨hler moduliTi is defined as

Re~Ti !5
Ms

2R1
i R2

i

2pgs
. ~16!

Again, R1,2
i are the radii of the of thei th torus,Ms51/a8 is

the string scale (a8 is the string tension! andgs is the string
coupling.

The T-duality transformations between D9-branes withB
fluxes and D6-branes wrapped on three-cycles are the
lowing ~see, e.g.,@40#!:

R2
i → 1

Ms
2R2

i
, ~17!

R1
i →R1

i , ~18!

gs→
gs

Ms
3P i 51

3 R2
i

. ~19!

Under these transformations, the real part of the dilatoS
and the complex structure moduliUi take the following
form:

Re~S!5
Ms

3P i 51
3 R1

i

2pgs
, ~20!

Re~Ui !5
Ms

3R1
i R2

j R2
k

2pgs
, ~21!

whereiÞ j Þk.
The expression forgY M

2 , Eq. ~4!, is determined in terms
of V3, Eq. ~5!. The supersymmetry constraint for the partic
lar model requires the condition~2! on the x i5R2

i /R1
i . It

turns out@40# that these relations ensure that the volume
the three-cycleV3 in Eq. ~5! can be written

V35
1

4
~2p!3~n1n2n3R1

(1)R1
(2)R1

(3)2n1m̂2m̂3R1
(1)R2

(2)R2
(3)

2m̂1n2m̂3R2
(1)R1

(2)R2
(3)2m̂1m̂2n3R2

(1)R2
(2)R1

(3)!, ~22!

where for the specific modelm̂i5mi ( i 51,2), m̂35m̃3

5m32 1
2 n3. @It can be verified explicitly for each set o

(ni ,m̂i) in the model that Eqs.~5! and ~22! are indeed
equivalent.#

As a result of supersymmetry,gY M
22 [Re(f ), where the

gauge kinetic functionf is a holomorphic function of the
moduli S andUi . Given the above definition of the real pa
of the dilatonSand theUi moduli and the form ofgY M

22 , Eq.
~4!, with theV3 derived in Eq.~22! one obtains
04600
l-

-

f

f 5
1

4
@n1n2n3S2n1m̂2m̂3U12m̂1n2m̂3U22m̂1m̂2n3U3#.

~23!

It is indeed a holomorphic~and linear! function of the fields,
as required by supersymmetry.

For the specific case of the additional~quasihidden! gauge
sector,

f USp(4)5
1

4
U25

1

12
U, ~24!

f USp(2)B
5

1

4
U15

1

4
U, ~25!

f USp(2)A
5

1

2
S, ~26!

where the second equality in the above equations follo
from Eq. ~2!, which implies

U1:U2:U351:
1

3
:
1

2
~27!

andU[U1.
For the sake of completeness we also quote the ga

kinetic functions for the standard model sector:

f [U(3)C ,U(1)1]5
1

4 S S1
1

2
U2D5

1

4 S S1
1

6
U D , ~28!

f U(2)L
5

1

4 S S1
3

2
U1D5

1

4 S S1
3

2
U D , ~29!

f [U(1)8 ,U(1)88]5
1

2
U35

1

4
U. ~30!

From Eqs.~28!, ~30!, and~3!, one finds

f Y5
5

72S S1
59

30
U D ~31!

for weak hypercharge.
The Kähler potential for the fields is the so-called no

scale potential. It takes the following canonical form:

K52 log~S1S̄!2(
I 51

3

log~UI1ŪI !

52 log~S1S̄!23 log~U1Ū !1 log~6!. ~32!

In Eq. ~32! and elsewhere we have set the Planck scaleM P
(4d)

to unity; i.e., all dimensional quantities are scaled by app
priate powers ofM P

(4d) .
2-5
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III. GAUGINO CONDENSATE AND EFFECTIVE MODULI
POTENTIAL

In local supersymmetric theory the gaugino condens
^lala& is contained in the definition of a chiral superfield

U[W aWa , ~33!

whereWa is the vector superfield whose fermionic comp
nent isla. The confinement scalem of the strongly coupled
theory is defined as the scale at which the effective ga
coupling becomes strong and perturbation theory bre
down. Consequently, the gaugino condensateu^lala&u
}m3. This can be generated by an exact effective supe
tential for the chiral fieldU @37#,

W~U,F!5
1

4
Uf W~F!2

U
32p2 S b log

U
L3

1constD ,

~34!

whereF is the modulus field in the theory which determin
the strength of the gauge coupling constants through
gauge kinetic functionsf W ; b is the b-function coefficient
of the strongly coupled group, andL is the cutoff scale of
the theory.

The effective potential generates a vacuum expecta
value ~VEV! for U,

U5L3expS 8p2

b
f W~F! D3const. ~35!

Integrating out the fieldU, an effective potential of the
moduli fields can be generated,

We f f~F!5
b

32p2

L3

e
expS 8p2

b
f W~F! D[dL3exp@b fW~F!#,

~36!

where we have defined the constantsd[b/32ep2 and b
[8p2/b.

The three groupsUSp(4), USp(2)A , andUSp(2)B that
become strongly coupled have the beta function coefficie
b1522, b2524, andb3526, respectively. With the pre
viously defined gauge kinetic functions, the effective pote
tial for the moduli fieldsU andS is

W~U,S!5d1L3expS b1

12
U D1d2L3expS b2

4
U D

1d3L3expS b3

2
SD , ~37!

wheredi5b i /32ep2 andbi58p2/b i . This is of course only
the leading instanton contribution to the non-perturbative
perpotential. It can be justifiedpost-factumif the negative
exponents are large at the minimum of the potential. T
indeed turns out to be the case for the specific solution
cussed in the next subsection.
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A. Scalar potential and its ground states

Given the Kähler potential and the effective superpote
tial of the moduli fieldsU and S, one can derive the scala
potential for the moduli fields,

V5
1

~S1S̄!~U1Ū !3 H U~S1S̄!
]W

]S
2WU2

13U~U1Ū !

3

]W

]U
2WU2

23uWu2J . ~38!

In the above potential we have absorbed the coefficientA6
from the log 6 term in the Ka¨hler potential~32! in the defi-
nition of L3→A6L3.

It is expected that the gauge coupling threshold corr
tions would introduce corrections that depend on toroi
Kähler moduliTi ~see@41#! of a form that would modify the
superpotential in a multiplicative way, i.e.,Wtotal
5W0(Ti)W(S,U), whereW0 typically depends on a produc
of Dedekind modular functions h(Ti), i.e., W0

;) i 51
3 h(Ti)

22. A superpotential contribution of that type

along with the Ka¨hler potentialK52) i 51
3 log(Ti1T̄i), could

in turn also contribute to supersymmetry breaking and sta
lization of Kähler moduli. In this paper we are not includin
these effects; i.e., we assume that the dominant effects a
ciated with the supersymmetry breaking come from the t
level gauge coupling contribution and are thus associa
with the S andU sector contributions. We hope to return
the threshold correction contributions to the effective sup
potential in the future.

It is difficult to derive analytical expressions for the min
mum of the potential, so we proceed with a numerical ana
sis.

The potential is periodic in Im(U) and Im(S), with peri-
ods 12N/p and 3M /p, respectively, whereM and N are
integers. Thus, one can focus on finding the values of Im(U)
and Im(S) in the ‘‘fundamental domain’’$0,12/p% and
$0,3/p%, respectively. The numerical minimization yields th
minimum at

Re~S!51.10, Re~U !50.575,

Im~S!50.4813M /p, Im~U !51.91112N/p. ~39!

Figure 1 depicts the potential near the minimum as a fu
tion of moduli S andU.

The value of the potential is negative at the minimum a
is approximately 23.5631023L2, where L
[A6L3/(32p2e). In the potential~38! we have set the
Planck scale to 1. The string scale is typically chosen to b
the same order as the Planck scale and thusL5O(1) ~in
Planck units!. In our specific case~see the following subsec
tion! Ms;1.85M P

(4d) and thusL3;6.33@M P
(4d)#3. As a con-

sequenceL;1.8131022@M P
(4d)#2 and the cosmological con

stant ;21.1631026@M P
(4d)#4. Since all the other

parameters of the potential at the minima are fixed, the la
negative cosmological constant is inevitable.
2-6
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The terms that dynamically break supersymmetry are
nificantly smaller than the contribution from the23uWu2
term. In particular,

FSKSS̄F̄S̄5U~S1S̄!
]W

]S
2WU2Y @~S1S̄!~U1Ū !3#

;4.9531027L2, ~40!

FIG. 1. Plots of potential V „in units of L2

[@A6L3/(32p2e)#2
… as a function of Re(S) and Re(U) @ Im(U)

51.91 and Im(S)50.48], Re(S) and Im(S) @Re(U)50.575 and
Im(U)51.91], and Re(U) and Im(U) @Re(S)51.10 and Im(S)
50.48], respectively. Here Re(S), Im(S), Re(U), and Im(U) are
denotedsr, si, ur, andui, respectively.
04600
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FUKUŪF̄Ū53U~U1Ū !

3

]W

]U
2WU2Y @~S1S̄!~U1Ū !3#

;1.0331027L2, ~41!

23uWu2/@~S1S̄!~U1Ū !#3;23.5631023L2. ~42!

HereFf[eK/2(]fW1KfW) andKf[]fK.
In the case in which one does not include the matter c

tribution that is associated with the open string sector of
USp(4) brane, its beta function changes from22 to 25. In
the latter case we found unstable points whereV→2` as
Re(U)→0. One such point corresponds to Im(U)
54.242, Re(S)50.606, Im(S)50.388. This phenomenon i
due to the fact that in this case the negative contribution
the potential~arising from the23uWu2 term! turns out to be
dominant for small values of Re(U). We do not encounter
this instability in the caseb522, for which the relative
strengths of the exponents in the effective superpotential
ance in a way that the negative contributions to the poten
do not dominate for small values of Re(U) and/or Re(S).

B. Phenomenology

We first comment on features of the gauge couplings. T
quantitiesx and 1/aG defined in Eqs.~12! and ~13! are re-
lated to the moduli by

x5A Re~U !

6 Re~S!
,

1

aG
5p Re~S!. ~43!

At the minimum of the potential they take the valuesx
50.295 and 1/aG53.46, corresponding toM P

(4d)/Ms

50.542, which satisfies the perturbative consistency con
tion M P

(4d)/Ms.1/A8p @35#. From these values and the e
pressions for the MSSM gauge parametersca andba given
in Table VI of @35#, we can calculate the predicted values
the standard model gauge couplings at the electrow
scale.3 The inverse strong and electromagnetic couplings
predicted to be

1

a3
552.2,

1

a
5525, ~44!

which are much larger than the respective experimental
ues;8.5 and 128. The unrealistically small values predic
for the gauge couplings are due to the extra chiral matte
the construction.4 The weak angle sin2uW, which is a ratio of

3A fully realistic construction would predict the electroweak sca
from the soft supersymmetry breaking. In our case, we simply
the experimental electroweak scale, which corresponds tot56.06
in Eq. ~14!.

4Unlike in @35#, we are also including the chiral states that are n
localized at the brane intersections for consistency with our tr
ment of the strongly coupled confining sector. With these states
strongSU(3) group is not asymptotically free.
2-7
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gauge couplings, fares somewhat better: it is predicted to
0.29, not too far from the experimental 0.23.

Unfortunately, since the minima have negative cosmolo
cal constants, these vacua do not provide realistic ba
grounds for a detailed study of the soft supersymme
breaking parameters of the charged matter sector of
model. We defer this investigation for the future.

We can however determine gaugino masses in term
theFS andFU . The general expression for the gaugino ma
~i.e., terms of the typelala in the Lagrangian! is

mla
5~]f i

f a!Kf i f̄ j F̄ f̄ j
. ~45!

HereKf i f̄ j is the inverse of the Ka¨hler metric,f a is a gauge
kinetic function, andFf was defined after Eq.~42!. In the
standard model sector the gauge functions, determined
~28!–~30!, yield the following expressions for gaugin
masses at the string scale:

m[U(3)C ,U(1)1]5
1

4
KSS̄F̄S̄1

1

24
KUŪF̄Ū

5~1.8923.48I !31024L;~3.4226.30I !

31026M P
(4d) , ~46!

mU(2)L
5

1

4
KSS̄F̄S̄1

3

8
KUŪF̄Ū

5~2.4123.95I !31024L

;~4.3627.15I !31026M P
(4d) , ~47!

m[U(1)8 ,U(1)88]5
1

4
KUŪF̄Ū

5~3.9323.56I !31025L

;~7.1126.44I !31027M P
(4d) , ~48!

where we have restored the appropriate factor ofM P
(4d) in the

final expressions. When a set ofU(1)’s with chargesQa is
broken to a singleU(1)8 with chargeQ85(adaQa , then the
U(1)8 coupling and gaugino masses are related to thos
the original factors by

1

a8
5(

a

da
2

aa
, m85

(
a

da
2

aa
ma

(
a

da
2

aa

. ~49!

From Eq.~3! one then obtains5

5In the present case, the additionalU(1) factors are not broken a
a high scale.mY therefore refers to the diagonalYY element of the
gaugino mass matrix.
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mY5~1.2022.03I !31024L;~2.1723.67I !31026M P
(4d) .

~50!

These masses are nonuniversal, complex~indicating sig-
nificantCP-violating phases!, and the values for the specifi
solution are too large. As in all such constructions, t
gaugino masses below the string scale satisfy the same
equations at one loop as the corresponding gauge coupl
so that ma(t)/ma(0)5aa(t)/aa(0). However, unlike het-
erotic constructions and simple grand unified theories,
gaugino masses and gauge couplings at the string scale
pend on two moduliS and U. These dependences are no
universal and are different for the gaugino masses and ga
couplings. Thus the gaugino unification predictio
mb(t)/ma(t)5ab(t)/aa(t) of those models is lost. Rathe
one has

mb~ t !aa~ t !

ma~ t !ab~ t !
5

mb~0! f b

ma~0! f a
. ~51!

For example, for the minimum of the potential in this mod
the right-hand side of Eq.~51! is 0.5220.026I for (b,a)
5„SU(3),SU(2)… and 10.610.16I for (b,a)

5„SU(2),A 5
3 U(1)Y…, whereA 5

3 U(1)Y corresponds to the
coupling 5aY/3 that unifies witha2 and a3 in the conven-
tional minimal supersymmetric SM~MSSM!.

IV. CONCLUSIONS

We conclude with a few remarks contrasting the resu
obtained with those of the perturbative heterotic quasirea
tic models. The supersymmetry breaking in heterotic mod
has been extensively studied~see, e.g.,@42,43# and refer-
ences therein and, for recent studies,@44#!. One specific fea-
ture of heterotic models is that the tree level gauge coupli
are universal and depend only on one modulusS. Therefore,
the gaugino condensation typically generates an effective
perpotential that involves only one field, thus making t
minimization of the supergravity potential a more intrica
process. In addition, for a number of quasirealistic mode
while possessing an additional gauge sector, such sector
ten were not confining~the beta functions were positive du
to the additional matter!. Further exploration involved the
string threshold corrections that depend on toroidal mod
and allow for additional features of the supersymme
breaking vacuum. In these examples the cosmological c
stant was in general large and negative and would have t
fixed by hand.

In contrast the supersymmetric models with intersect
D6 branes provide a framework with a confining gauge s
tor, where gaugino condensation can be addressed expli
We have demonstrated in an explicit example that the ef
tive nonperturbative superpotential allows for the minimu
of the supergravity potential in which supersymmetry is b
ken and the moduli~which determine the tree level gaug
couplings at the string scale! are completely determined
2-8
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Since the gauge couplings typically depend on more than
modulus, the minimization of the potential involves an int
play among all these moduli. The specific example has
property that the part of the potential that spontaneou
breaks supersymmetry is much smaller than the23uWu2
term, resulting in a large and negative cosmological const
We hope that other quasirealistic models@28# with intersect-
ing D6-branes may remedy this feature and possibly y
more realistic predictions, and we plan to investigate
namical supersymmetry breaking there.
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B616, 3 ~2001!.
.

.

.

.

@21# D. Cremades, L.E. Ibanez, and F. Marchesano, Nucl. Ph
B643, 93 ~2002!.

@22# D. Bailin, G.V. Kraniotis, and A. Love, Phys. Lett. B530, 202
~2002!; 547, 43 ~2002!; 553, 79 ~2003!; J. High Energy Phys.
02, 052 ~2003!.

@23# C. Kokorelis, J. High Energy Phys.09, 029 ~2002!; 08, 036
~2002!; hep-th/0207234; J. High Energy Phys.11, 027 ~2002!;
hep-th/0210200.
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