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TeV scale superstring and extra dimensions
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Utilizing the idea of extra large dimensions, it has been suggested that the gauge and gravity couplings
unification can happen at a scale as low as 1 TeV. In this paper, we explore this phenomenological possibility
within string theory. In particular, we discuss how the proton decay bound can be satisfied in type I string
theory. The string picture also suggests different scenarios of gauge and gravitational couplings unification.
The various scenarios are explicitly illustrated with a specific 4-dimensionalN51 supersymmetric chiral type
I string model with Pati-Salam-like gauge symmetry and 3 fermion families. We point out certain features that
should be generic in other type I strings.@S0556-2821~98!00522-0#

PACS number~s!: 11.25.Mj
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I. INTRODUCTION

Probably the most important problem in elementary p
ticle theory today is to find out how superstring theory d
scribes our universe. In the standard scenario, the Pla
scale M P ~i.e., 1019 GeV! defines the string scale to b
around 1017 GeV, while the unification of the gauge cou
plings happens at the grand unified scaleMGUT ~around
1016 GeV! @1#. Although the string scale andMGUT are quite
close, the discrepancy between them may still be of so
concern. However, a more practical problem with this s
nario is the difficulty in calculating physical observable
Since the natural string scale of this scenario is betw
MGUT and M P , while most of the physical observables a
at the electroweak scaleMEW , a typical comparison betwee
theory and experiment requires a detailed analysis of a
cific string model. Unfortunately, our understanding of t
string dynamics is still quite primitive, making such preci
calculations essentially impossible. So the connection
tween string theory and our observable universe is ra
tenuous in this scenario at this moment. It is therefore ex
ing that an alternative scenario has recently emerged.

The idea of extra dimensions have been well studied
Kaluza-Klein theories and string theories. It was sugges
by Antoniadiset al. @2# that, beyond the usual 4 space-tim
dimensions that we live in, there are large extra dimensi
that may be probed by upcoming experiments. It is by n
well known that, in some string models, gravity lives in t
bulk, while the gauge and charged matter fields live on
branes~which may be understood as special types of solit
and can have lower dimensions than the bulk@3#!; our 4-
dimensional universe may actually be inside the branes@4#.
In particular, the extra dimensions that gravity feels can be
large as 1 mm, as recently pointed out by Arkani-Ham
Dimopoulos and Dvali@5#, while the extra dimensions tha
the gauge and other matter couplings feel can be as bi
MEW

21 , as recently pointed out by Dienes, Dudas a
Gherghetta@6#. In this scenario, the Planck scaleM P is
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traded for the size of the extra dimensions felt by grav
@5,7#. Likewise, gauge coupling unification can be preserv
and remain perturbative, but now occurs at scales as low
TeV @6#. One can therefore now have gravity and gau
coupling unification as low as a few hundred GeV to 1 Te
@5#. In string theory, this means that the string scalems can
be as low as a TeV@7#. Such a scenario has been sugges
previously by Lykken@8#. One advantage of this TeV sca
string scenario is obvious. Not only that near future expe
ments can probe the string scale and the large extra dim
sions, it may even help us unravel the string dynamics
pinpoint the string vacuum we live in.

In addition to the advantage of being experimentally te
able, this new scenario may offer a simple qualitative exp
nation to the fermion mass hierarchy problem, as pointed
in Ref. @6#. To be specific, let us suppose the string sc
ms51 TeV. Gravity, but not the standard model gauge a
matter fields, lives inn large compactified dimensions, wit
radii r i . The radiiRj of the remaining compactified dimen
sions in which both gravity and gauge fields live are som
where betweenms

21 and MEW
21 , so ms.Rj

21.MEW@r i
21 .

In this scenario, the effective couplings at thems scale are all
irrelevant operators and so the dimensionless gauge
plings a i and Yukawa couplingsyf run as powers of the
energy scale. If the different Yukawa couplings are com
rable at thems scale, they can easily differ by orders o
magnitude at the electroweak scale due to this power-
behavior. The gauge couplings differ by only one order
magnitude because they are unified at the string scale. Be
theRj

21 scales, the dimensionless gravitational coupling ru
a function of the energy scale likeE21n to the scalesr i

21 and
then runs likeE2, yielding a hugeM P @4#. So the presence o
the extra dimensions provide a qualitative explanation of
origin of the orders of magnitude differences among the c
plings. As pointed out in Ref.@6#, ms@1 TeV is perfectly
acceptable. However, we have to treatms and MEW as two
different scales in this situation.

In this paper, we study a number of issues in the
dimensionalN51 chiral type I string theory, which is the
appropriate framework for the TeV scale string scenario.
put the above ideas in a coherent string picture with an
plicit realization. A typical model will have 9-branes, whic
©1998 The American Physical Society07-1
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fill the 10-dimensional spacetime, and 5-branes, which
6-dimensional spacetime. Both branes have a flat
dimensional uncompactified spacetime. The string pict
has been discussed previously in Refs.@8,7#. Here, we re-
view and extend the analysis. Among other observation
this paper, we note that:

~1! It is well-known that proton decay can be suppress
by symmetry. Here, we see that proton decay is suppre
by the presence of a custodial U~1! gauge symmetry. The
presence of such a U~1! gauge symmetry is generic in type
strings.

~2! As an alternative scenario, the standard model ga
symmetries can come from different types of branes, e
QCD SU~3! comes from one type of branes~say, 9-branes!
while the weak SU~2! comes from another type~say, 5-
branes!. Since the 9-brane couplings are in general differ
from the 5-brane couplings, the standard model gauge c
plings do not need to meet at the string scale. Rather
appropriate choice of the sizes of the compactified dim
sions is needed for the couplings to agree with experime

~3! Cavendish type experiments have tested Newto
Law to a scale of millimeters@9#, providing an upper bound
on the large radius. The strong and electroweak scatter
have tested the small extra dimensions to a radius ofMEW

21 ,
providing an upper bound on the size of the small ex
dimensions. TakingmsRj;1, the relation between the larg
radii r i andM P is given by

M P
2;32p2g24ms

2)
i 51

n

~msr i ! ~1!

wheren is the number of large compactified dimensions,g is
the gauge coupling@7#. The numerical factor follows from
string unitarity and duality. Clearlyms must be bigger than
MEW . Assume the gauge couplingg2;1. For n52, r is
about 1024 meter forms51 TeV. As pointed out in Ref.@5#,
both the 1 mm scale and the 1 TeV scale can be teste
experiments in the near future. We point out that then52
choice seems natural in a number of string scenarios.
example, in the specific model that we consider in this pa
only then52 choice gives rise to 3 chiral families.

~4! String theory has no global symmetry. Howeve
some gauge couplings are proportional tor 21. For very large
r, they become so weak that the respective gauge symme
may appear like global symmetries. In some situations,
corresponding matter fields with vanishingly small gau
couplings are suitable candidates for dark matter.

To make the discussion concrete, we construct an exp
model to illustrate the TeV scale string scenario. Our ana
sis of the model is quite sketchy and cavalier. Our purpos
to draw attention to the model’s features that are generi
other type I string models. The model is aD54, N51 su-
persymmetric, chiral type I string model, with 9-branes a
5-branes. Their gauge groupsG9 and G5 ~with gauge cou-
plings g9 and g5 respectively! are identical: G95G5
5U~4!^U~2!^U~2!8. The massless open string spectrum
given in Table I. The U~1!’s associated with the SU~2!s are
anomalous, not unusual in string theories. The U~1! associ-
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ated with the SU~4! provides the custodial symmetry to su
press proton decay. We shall use this model to discuss
following three scenarios:

~5! One may identify the SU~4!^SU~2!^SU~2!8 from the
9-brane sector as the Pati-Salam group. Spontaneous sym
try breaking reduces it to SU~3!^SU~2!L ^ U(1). At the
string scale, both the QCD couplingg3 and the weak cou-
pling g2 are equal to the 9-brane couplingg9 , and sin2 uW
53/8. There is a U(1)B gauge symmetry associated with th
baryon number, so the proton decay is suppressed. Howe
it seems that breaking this U(1)B symmetry will also break
QCD SU~3!. The model has only one chiral family, plus
vector ~i.e., a chiral and an anti-chiral! family.

~6! One may identify SU~4!9^SU~2!5^SU~2!58 ~the sub-
scripts indicate which sectors each comes from! as the Pati-
Salam gauge group. The QCD SU~3! comes from the spon
taneous symmetry breaking of the SU~4!9^SU~2!58 by a bi-
fundamental matter field, while the remaining SU~2!5 is
identified with the weak SU(2)L . The SU~4!5 may get strong
and induce both dynamical supersymmetry breaking
electroweak symmetry breaking. The gauge gro
SU~2!9^SU~2!98 is also broken. At the string scale,g35g9

while g25g5 . Now there are two families of quarks an
leptons, coming from the 95 sector, while the Higgs fie
come from the 55 sector. Again, the perturbative couplin
obey the baryon quantum number conservation becaus
U(1)B .

~7! The first scenario has one chiral family in the 99 se
tor while the second scenario has two chiral families in
59 sector. It turns out that there is another scenario wh
there are three chiral families. Under diagonal spontane
symmetry breaking, SU~2!9^SU~2!5 becomes SU~2!. This
Higgs mechanism is permitted by the presence of the ap
priate bi-fundamental fields, resulting in a model which co
tains SU~4!^SU~2!L ^ SU(2)R with 3 chiral families: one
from the 99 sector and two from the 59 sector. Weak int
action universality automatically follows, independent of t
relative values ofg9 andg5 . The standard model coupling
are all different. In the caseg5g95g5 , we have at the string
scale,

g25g3
252g2

25
8

3
gY

2 . ~2!

Hence the electroweak Weinberg mixing angle satis
sin2 uW53/7 at the string scale. This scenario has one pr
tical advantage. Sinceg3.g2.gY at the string scale, the
running couplings need power-like behavior for only a re
tively short range of energies; that is, they do not have
grow much. As a consequence, the string coupling will s
weak, and perturbative type I string theory should be va
for analysis.

It is clear that, among other properties, the presence
U~1!’s ~associated with the centers of mass of the bran!,
the presence of bi-fundamental matter fields, and the ide
cal nature of 9-brane gauge group and 5-brane gauge gr
~if present! are generic features of manyD54,N51 super-
symmetric, chiral Type I string models. These properties
7-2



d

closed

TeV SCALE SUPERSTRING AND EXTRA DIMENSIONS PHYSICAL REVIEW D58 106007
TABLE I. The massless open string spectrum of the 4-dimensional type IZ6 orbifold model withN51 space-time supersymmetry an
gauge group@SU~2!8^SU~2!^SU~4!^U~1!3#2. The U~1!’s come from the traces of U(2)8, U~2! and U~4! respectively. TheH-charges in
both the21 picture and the21/2 picture for states in the open string sector are also given. The vector multiplets are not shown. The
string sectors give rise to the gauge singlets and the gravity supermultiplet. TheH-charges are explained in Appendix B.

Sector Field @SU~2!8^SU~2!^SU~4!^U~1!3#2 (H1 ,H2 ,H3)21 (H1 ,H2 ,H3)21/2

S1 (3,1,1;1,1,1)(12,0,0;0,0,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

S2 (3,1,1;1,1,1)(12,0,0;0,0,0)L (0,11,0) (2
1
2 ,1 1

2 ,2 1
2 )

S3 (1,3,1;1,1,1)(0,22,0;0,0,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

S4 (1,3,1;1,1,1)(0,22,0;0,0,0)L (0,11,0) (2
1
2 ,1 1

2 ,2 1
2 )

U1 (2,1,4̄;1,1,1)(21,0,21;0,0,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

Open 99 U2 (2,1,4̄;1,1,1)(21,0,21;0,0,0)L (0,11,0) (2
1
2 ,1 1

2 ,2 1
2 )

U3 (2,1,4;1,1,1)(21,0,11;0,0,0)L (0,0,11) (2
1
2 ,2 1

2 ,1 1
2 )

Q1 (1,2,4;1,1,1)(0,11,11;0,0,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

Q2 (1,2,4;1,1,1)(0,11,11;0,0,0)L (0,11,0) (2
1
2 ,1 1

2 ,2 1
2 )

Q3 (1,2,4̄;1,1,1)(0,11,21;0,0,0)L (0,0,11) (2
1
2 ,2 1

2 ,1 1
2 )

H (2,2,1;1,1,1)(11,21,0;0,0,0)L (0,0,11) (2
1
2 ,2 1

2 ,1 1
2 )

s1 (1,1,1;3,1,1)(0,0,0;12,0,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

s2 (1,1,1;3,1,1)(0,0,0;12,0,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

s3 (1,1,1;1,3,1)(0,0,0;0,22,0)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

s4 (1,1,1;1,3,1)(0,0,0;0,22,0)L (0,11,0) (2
1
2 ,1 1

2 ,2 1
2 )

u1 (1,1,1;2,1,4̄)(0,0,0;21,0,21)L
(11,0,0) (1

1
2 ,2 1

2 ,2 1
2 )

Open 55 u2 (1,1,1;2,1,4̄)(0,0,0;21,0,21)L
(0,11,0) (2

1
2 ,1 1

2 ,2 1
2 )

u3 (1,1,1;2,1,4)(0,0,0;21,0,11)L (0,0,11) (2
1
2 ,2 1

2 ,1 1
2 )

q1 (1,1,1;1,2,4)(0,0,0;0,11,11)L (11,0,0) (1
1
2 ,2 1

2 ,2 1
2 )

q2 (1,1,1;1,2,4)(0,0,0;0,11,11)L (0,11,0) (2
1
2 ,1 1

2 ,2 1
2 )

q3 (1,1,1;1,2,4̄)(0,0,0;0,11,21)L
(0,0,11) (2

1
2 ,2 1

2 ,1 1
2 )

h (1,1,1;2,2,1)(0,0,0;11,21,0)L (0,0,11) (2
1
2 ,2 1

2 ,1 1
2 )

f18 , f28 2(2,1,1;2,1,1)(11,0,0;11,0,0)L (1
1
2 ,1 1

2 ,0) (0,0,2 1
2 )

f1 , f2 2(1,2,1;1,2,1)(0,21,0;0,21,0)L (1
1
2 ,1 1

2 ,0) (0,0,2 1
2 )

Open 59 Q1 , Q2 2(1,1,4;1,2,1)(0,0,11;0,11,0)L (1
1
2 ,1 1

2 ,0) (0,0,2 1
2 )

U1 , U2 2(1,1,4̄;2,1,1)(0,0,21;21,0,0)L (1
1
2 ,1 1

2 ,0) (0,0,2 1
2 )

x1 , x2 2(1,2,1;1,1,4)(0,11,0;0,0,11)L (1
1
2 ,1 1

2 ,0) (0,0,2 1
2 )

x3 , x4 2(2,1,1;1,1,4̄)(21,0,0;0,0,21)L (1
1
2 ,1 1

2 ,0) (0,0,2 1
2 )
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quite compatible with experiments and the extra large
mension scenario. Further investigation along this direct
will certainly be worthwhile.

This paper is organized as follows. In Sec. II, the ba
idea of the TeV scale string scenario is reviewed. The typ
string picture with extra large dimensions is discussed. As
illustration, the Pati-Salam like type I string model is pr
sented in Sec. III. Among other issues, we see how the
ton decay bound can be resolved. Section IV contains s
discussions on the various issues in the scenario. Sectio
contains the comments. The details of the construction of
type I string model is contained in Appendix A. It is re
egated to an appendix because of its technical nature
Appendix B, we review how to calculate amplitudes to d
termine the terms in the superpotential of the model.
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II. BRANE PICTURE

The idea of extra large dimensions is most convenien
realized in terms of type I string theory and D-branes@10#.
The graviton~coming from the closed string sector! lives in
the bulk, while the gauge and charged matter fields~coming
from the open string sector! live on the branes~which is p
11-dimensional for aDp-brane!. Since gravity and gauge
fields see different numbers of dimensions, it is possible
have extra large dimensions without making the gauge c
plings extremely small at low energies. In the worldshe
construction of heterotic string model, both gravity a
gauge fields live in the same space, and so the idea of e
dimensions is difficult to implement. It is possible to reali
the extra dimensions with the solitonic 5-branes in hetero
string theory. However, the techniques in constructing h
7-3
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GARY SHIU AND S.-H. HENRY TYE PHYSICAL REVIEW D58 106007
erotic string model with these solitonic 5-branes are not v
well developed. As a result, type I string theory and D-bra
provide the most natural setting to understand the gen
features of extra dimensions. Here, we review and expan
the earlier discussions@8,7#.

A. Supersymmetric type I string

VariousN51, D54 type I string models have been stu
ied in the past two years@11–18#. They are especially suit
able for realizing the idea of extra large dimensions. Grav
lives in the bulk while the gauge fields live on the bran
There are 9-branes, which overlap completely with the bu
If a model has bothp-branes andq-branes, then supersym
metry imposes the restrictionp2q50 ~mod 4!. To keep the
Lorentz property of 4-dimensional spacetime, only 5-bra
and 9-branes are permissible. So, for some models, there
be 5-branes as well.

The 4-dimensional string has the usual 4 spacetime
mensions (x0 , . . . ,x3), and 6 compactified dimensions. W
shall treat this 6 dimensionsT6 as composed of 3 two-tori
T1 ~with coordinatesx8 ,x9!, T2 ~with coordinatesx6 ,x7! and
T3 ~with coordinatesx4 ,x5!, the volumes of which arev1 ,
v2 andv3 respectively. So the volume of the 6 compactifi
dimensions isv1v2v3 . Crudely speaking, the volumev i can
be expressed in terms of the compactified radiusr i , v i
5(2pr i)

2.1 So the low energy effective action is given b

S5E d4xAgS ms
8v1v2v3

~2p!7l2 R1
1

4

ms
6v1v2v3

~2p!7l
F2

1
1

4 (
i 51

3 ms
2v i

~2p!3l
F̃ i

21¯ D ~3!

wherems is the string scale.F is the field strength of the
gauge fields in the 9-branes while theF̃ i is the gauge field
strength on different types of 5-branes~the worldvolumes of
which areM 43T1 , M 43T2 andM 43T3 respectively;
M 4 being the 4 dimensional Minkowski space-time!. Herel
is the string coupling, i.e.,l;ef, where f is the dilaton
field. The relative normalization of the Newton’s consta
and the gauge coupling~which is related to the D-brane ten
sion! is obtained by factorizing scattering amplitudes in
open and closed string channels@10,19#. ~In type I string, the
N-point open-string one-loop amplitude is equivalent to
closed string scattering toN open strings at the tree leve
This relation follows from unitarity.! This should be com-
pared to heterotic string theory where all states are clo
string states. The precise numerical factors are determ
once we define the string couplingl to be the ratio of the
fundamental string and D-string tensions in type IIB stri
theory @10#.

1The radiusr i here does not necessarily have to be the radiusRi of
the torus. It is simply a characteristic length scale of the compa
fied dimension. In the case of aZN orbifold, the volume is given by
P iv i5(1/N)P i(2pRi)

2[P i(2pr i)
2.
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For simplicity, we will consider only one type of 5-brane
in what follows. Let G9 (G5) be the gauge group of th
9-brane ~5-brane!. The 5-branes are compactified onT3 ,
while the 9-branes are compactified onT6. The branes and
the bulk have a common 4-dimensional uncompactifi
spacetime. The 4-dimensional Planck massM P and the New-
ton’s constantGN are given by

GN
215M P

2 5
8ms

8v1v2v3

~2p!6l2 ~4!

and the gauge couplings ofG9 andG5 are

g9
225

ms
6v1v2v3

~2p!7l
, g5

225
ms

2v3

~2p!3l
. ~5!

These relations are subject to quantum corrections, which
shall ignore for the moment. Recall that the gauge coupli
of the standard model are of order 1. In string theory, ther
a T-duality symmetry, i.e., physics is invariant under a
duality transformation. If any of the volumev i is much
smaller than the string scale, i.e.,v i less thanms

22 , the T-
dual description is more convenient:

l→~2p!2
l

v ims
2

v i→~2p!4
1

v ims
4 . ~6!

In this dual picture, the new volume (2p)4/(v ims
4) of the

dual Ti torus is large. Under this duality transformation, t
Dirichlet and Neumann boundary conditions of the op
strings are interchanged, and so the branes are also ma
to other types of branes. For example, fori 51, i.e., we T-
dual the T1 torus; the 9-branes become 7-bran
(x0 , . . . ,x7), while the 5-branes become 7-bran
(x0 , . . . ,x5 ,x8 ,x9). Therefore, they are orthogonal in th
compactified space. The effective action becomes

S5E d4xAgS ms
8v1v2v3

~2p!7l2 R1
1

4

ms
4v2v3

~2p!5l
F2

1
1

4

ms
4v1v3

~2p!5l
F̃21¯ D . ~7!

If the standard model gauge group is inG9 , then, in this
7-brane picture,

g9
225

ms
4v2v3

~2p!5l
;1. ~8!

Now, supposems is 1 TeV. To satisfy Eq.~4!, i.e., to
obtain theM P51019 GeV, at least one of the 2-volume
must be large. Since theG9 gauge coupling must be of orde
1, the only choice is to takev1 large. This means theG5
gauge coupling becomes extremely small, i.e., the ga
fields decouple. The conserved currents that couple toG5
will appear like those of global symmetries.

i-
7-4
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TeV SCALE SUPERSTRING AND EXTRA DIMENSIONS PHYSICAL REVIEW D58 106007
We can also keep bothG9 and G5 gauge couplings of
order 1. This can be achieved if we T-dual both theT1 and
T3 tori to end up with orthogonal~in the compactified space!
5-branes with the following effective action:

S5E d4xAgS m8v1v2v3

~2p!7l2 R1
1

4

ms
2v2

~2p!3l
F2

1
1

4

ms
2v1

~2p!3l
F̃21¯ D . ~9!

In this case, we can takev3 large to satisfy Eq.~4!. We shall
use this 558-brane picture later, but we shall still refer to th
5-branes coming from T-dualizing the 9-branes as the
branes. To summarize, there are 8 inequivalent scenarios
can entertain: 95-, 77-, 55- and 73-brane configuration,
their T6-duals~i.e., T-dual along all 6 dimensions!: 59-, 77-,
55- and 37-brane configurations. The 95-, 77- and 55-br
effective actions are given above.

~1! We have kept the two radii in each torus to be t
same. To build anN51 supersymmetric model, we need
orbifold the compactified dimensions in the complexified b
sis. Equal radii in each torus yield discrete symmetries t
can be gauged in orbifolds.

~2! If G9 is identical toG5 , and the matter fields an
couplings are symmetric under the interchange of 9- and
sectors, then the above 8 cases reduce to 4 inequiva
cases. This seems to be the generic situation in simple ty
model-building.

~3! To keep at least one sector of gauge fields visi
~i.e., gauge coupling of order 1!, we can take at most two
T2’s, sayT1 and T3 , with large radii. Equation~9! implies
that the product of the two radii is

M P
2 5

8ms
8v1v2v3

~2p!6l2 ;32p2ms
6r 2

2r 3
2. ~10!

If they are equal, then the radius is around 10212 m for ms
51 TeV.

~4! If we want bothG9 andG5 to be observable, we ca
take only oneT2 to have large radius. In the effective actio
~9!, we can takev3 large. This scenario is necessary in a
one of the following situations:

~i! the standard model is contained in one sector, sayG9 ,
while a large gauge coupling fromG5 may be needed for a
strong interaction to generate dynamical supersymm
breaking.

~ii ! the standard model is contained in bothG9 and G5
@for example QCD SU~3! in G9 while weak SU(2)L in G5#.
In this case, theG9 and G5 gauge couplings are in gener
different even at the string scale:

g3
225g9

225
ms

2v2

~2p!3l
, g2

225g5
225

ms
2v1

~2p!3l
. ~11!

~iii ! QCD SU~3! is inside the 9-branes while the wea
SU(2)L comes from the diagonal spontaneous symme
breaking of a SU~2! inside the 9-branes and a SU~2! inside
10600
-
ne
d

e

-
at

5-
nt

e I

e

ry

y

the 5-branes. In this case, the standard model gauge
plings g3 , g2 and g1 are in general different at the strin
scale, even ifg95g5 .

We shall illustrate each of these possibilities in the n
section. From Eq.~4!,

r 3;1024g9g5S ms

TeVD 22

m. ~12!

If both g5 andg9 are of order unity, andms is 1 TeV, thenr
is 1024 meter. If g5 becomes small~equivalent to large ra-
dius r 1!, r 3 just becomes even smaller.

Let us go back to the general case with three types
5-branes@as in Eq.~3!#. Similar analysis is easy to carry ou
so we shall simply restrict ourselves to a few comments. I
easy to see that under T-duality, the rulep2p850 ~mod 4!
is preserved. Ifv3 gets large, we see that the gauge couplin
of both the 9-brane gauge sector and the third type of 5-br
gauge sector become vanishingly small. As a conseque
the matter fields in this particular 59 sector will essentia
decouple from all gauge interactions. They will still coup
to other fields via other interactions, including gravity. S
they are suitable candidates for dark matter.

B. Non-supersymmetric string and the cosmological constant

Supersymmetry was introduced originally to solve the
erarchy problem. Since this hierarchy problem disappe
when the string scale is close to the weak scale, we sho
also consider non-supersymmetric type I models. Gen
cally, besides 9-branes, 7-, 5- and/or 3-branes may be pre
in a specific model, depending on the details. We also exp
a cosmological constantL4 to be present. Again, we ca
consider the inequivalent scenarios when the various tori
come large. Besides the 9753-brane configuration, dua
can bring us to the 7975-, 7575- and 7535-brane configu
tions. Depending on the choice, taking one torus volu
large will decouple gauge fields from one or more sectors~if
they are present!. The analysis is similar to that given for th
supersymmetric case and will not be repeated here. The
one important difference between the supersymmetric c
and the non-supersymmetric case. For supersymmetry t
unbroken, the 6 dimensional manifold must be a comp
manifold. This means thatT6 can always be written asT6

5T2
^ T2

^ T2, where the two radii in eachT2 are the same,
as required by orbifold symmetry.~The exception is the cas
in which some of theT2’s are twisted only byZ2 and not by
otherZN twists. The two radii are unconstrained and one c
choose freely only one of them to be large. However, or
fold compactifications of type I string theory involving th
type of twists always give rise to non-chiral models@18#!. In
the non-supersymmetric case, it is possible that only
dimension has large radius~this breaks the complex struc
ture!.

Let us comment on the cosmological constant. We h
seen how a large Planck massM P can be generated from
much smaller string scalems . Naively, the same effect hap
pens to the cosmological constant. If there is a 1
dimensional cosmological constantL105ms

10, then L4
7-5
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5L10v1v2v3 , which is obviously unacceptable. Fortunate
this argument is incorrect. Recall the construction of
string model. We start from a 4-dimensional supersymme
model toroidally compactified from 10 dimensions; it has
cosmological constant. We reduce the number of supers
metries by orbifolding or orientifolding. The orbifolding o
each of the three tori is needed to break the spacetime su
symmetry and generate chiral fermions, so the mechanis
intimately tied to D54 spacetime. This suggests thatL4

5ms
4 . This is substantially smaller than the previous na

estimate. Unfortunately, this is still unacceptably large,
we need to find some mechanism to suppress it further. N
that we have seen how extra large dimensions can blow
the Planck mass, we are naturally led to ask if the reverse
suppress the cosmological constant.

Suppose we construct a non-supersymmetric string m
in 3 spacetime dimensions.~In the construction of non-
supersymmetric models, we do not need to complexify
compactified dimensions.! So genericallyL35ms

3 . Now, let
us take the radiusr of one of the compactified direction to b
large, i.e., decompactify that direction. So the theory ess
tially describes a 4-dimensional spacetime. The
dimensional cosmological constant is given by

L4;
L3

r
;

ms
3

r
. ~13!

For ms51 TeV andr the size of the universe,L4 is small
enough to be acceptable. This means the supersymm
breaking mechanism within the string model-building mu
be intrinsically 3-dimensional. This imposes a strong co
straint in non-supersymmetric string model-building. Gene
cally, the theory can decompactify in other directions in t
field space, so thatL4 ends up of the order ofms

4 . However,
L4 measures the vacuum energy density, so it is natural f
to choose the minimum energy path of decompactificati
This imposes a strong constraint in model-building. Not
that this mechanism will not work if the string scale
around the grand unified theory~GUT! scale, as is the case i
the old scenario.

The above scenario is different from Witten’s suggest
@20#, which also utilizes the 3 spacetime dimensional pictu
In 3 dimensional globally supersymmetric theories, t
fermion-boson mass splittingdm is zero, as naively ex-
pected, but becomes non-zero in supergravity models.
implies thatdm;m2/M , wherem is the typical mass andM
is the 3-dimensional Planck mass@21#. So the fermion-boson
mass splittings are non-zero whileL3 is zero. As we decom-
pactify a direction with radiusr , L4 clearly remains zero
However, the 4-dimensionalM P

2 5M /r , so, for finite M P ,
M goes to infinity asr goes to infinity, anddm goes to zero.
This seems to imply that the decompactification of the
dimensional supergravity model yields 4-dimensional sup
gravity. So we believe that non-supersymmetric
dimensional models can come from the decompactifica
of 3-dimensional non-supersymmetric models, but not sup
symmetric models.
10600
,
e
ic

-

er-
is

e
o
w

up
an

el

e

n-
-

try
t
-
i-
e

it
.

e

n
.

e

is

-
r-
-
n
r-

III. AN EXPLICIT STRING MODEL

In this section, we use an explicit 4-dimensional chi
N51 supersymmetric type I string model as an illustrati
of some of the ideas discussed above. Toroidal compac
cation of type I string theory on a six dimensional torusT6

gives rise to a four dimensional model withN54 supersym-
metry. One can reduce the number of supersymmetrie
N51 by orbifolding. For example, takeT65T2

^ T2
^ T2,

where each of theT2 has aZ3 and aZ2 rotational symmetry.
TheZ3 generatorg and theZ2 generatorR acts on the com-
plex coordinatesz1 ,z2 ,z3 of the compactified dimensions a
follows:

gz15vz1 , gz25vz2 , gz35vz3 ~14!

Rz152z1 , Rz252z2 , Rz35z3 ~15!

wherev5exp(2pi/3). The elementsg and R generates the
group Z6 . If we identify points in T6 under this discrete
rotational symmetry, the resulting orbifoldM5T6/Z6 has
SU~3! holonomy; only 1 of the 4 gravitinos are kept und
the orbifold action. As a result, type I string theory compa
tified onM hasN51 supersymmetry in 4 dimensions.

To compute the spectrum, it is convenient to view typ
string theory as type IIB orientifold. Type IIB string theor
has a worldsheet reversal symmetry. The orientifold proj
tion V reverses the parity of the closed string worldsh
~and hence interchanges the role of left- and right-mover
type IIB theory!. Gauging this worldsheet parity symmetr
results in a theory of unoriented closed strings. Open stri
andD-branes are introduced to cancel the divergences~tad-
poles! from the Klein bottle amplitude~a one-loop amplitude
for unorientedclosed strings!. The orientifold groupO ~the
discrete symmetries of type IIB theory that we are gaugi!
contains the elementsV and VR. Tadpole cancellation re
quires introducing bothD9- andD5-branes. Global Chan
Paton charges associated with the D-branes manifest th
selves as gauge symmetry in space-time. As a result, t
are gauge fields from bothD9- andD5-branes.

The details of the tadpole cancellation conditions and
construction ofZ6 orientifolds can be found in Appendix A
First, consider the case where the untwisted Nev
Schwarz–Neveu-Schwarz~NS–NS! sector B-field back-
ground is zero; tadpole cancellation implies thatn95n5
532, wheren9 (n5) is the number of 9-branes~5-branes!.
This means that the total rank of the gauge group~which
comes from both 9-branes and 5-branes! is 32. This model
has gauge group@SU~6!^SU~6!^SU~4!^U~1!3#2 and was
first constructed in Ref.@15#. Although the gauge group con
tains the standard model gauge group SU~3!^SU~2!^U~1!,
the residual gauge symmetry is too large for the model to
phenomenologically interesting.

In the presence of the untwisted NS–NS sector B-fi
background, it was shown@22,23# that the rank of the gauge
group is reduced to 32/2b/2. Here,b is the rank of the matrix
Bi j ~i , j labels the complex coordinates ofT6!. Since we are
compactifying type I string theory on a 6 dimensional mani-
fold, b50,2,4,6. The details of the construction of the
models can be found in Appendix A. Forb52, the model
7-6
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TeV SCALE SUPERSTRING AND EXTRA DIMENSIONS PHYSICAL REVIEW D58 106007
has@SU~2!^SU~2!^SU~4!^U~1!3#2 gauge symmetry, which
can be considered as a Pati-Salam like model with so
extra global or gauge symmetry depending on the gauge
pling of the 9-brane and 5-brane gauge group. This is
model we are going to study in more details in this pap
For b54, the gauge group is@SU~2!^SU~2!^U~1!2#2 which
is too small to contain the standard model. Forb56, the
gauge group is@SU~2!^U~1!#2, again does not contain th
standard model.

Let us discuss in more details the spectrum of the mo
with @SU~2!^SU~2!^SU~4!^U~1!3#2 gauge symmetry.
Open strings start and end on D-branes. Since there are
kinds of D-branes~9-branes and 5-branes!, there are three
types of open strings that we need to consider: 99, 55 an
open strings. The open string spectrum of this model is gi
in Table I. Here, we consider all D5-branes sitting at t
same orbifold fixed point. The fact that the 99 and the
sector have the same spectrum follows from T-duality. Si
open string has only two end-points, the charged ma
fields are either bi-fundamentals or symmetric~or anti-
symmetric! representations of the gauge groups. Notice t
the first and the second U~1! of both the 99 and the 55 gaug
groups are anomalous, with U~1! anomaly equals216 and
116 respectively. We can form a linear combination of the
U~1!’s such that only one of them is anomalous@this combi-
nation is given byQ12Q2 whereQ1,2 are the first and the
second U~1! charge respectively#. By the generalized Green
Schwarz mechanism@24#, some of the fields charged und
the anomalous U~1! will acquire vevs to cancel the Faye
Illiopoulos D-term. In addition to the open string spectrum
there are also closed string states. Since they do not c
Chan-Paton factors, they are singlets under the gauge gr

We see that the model has enough realistic features so
we can use it to study various scenarios discussed ea
Here we shall consider three different possible ways that
model may be interpreted as an approximate way to desc
nature. There is one chiral family in the first scenario, t
chiral families in the second scenario, and three chiral fa
lies in the third scenario. Our description is sketchy and
shall simply assume the dynamics needed to behave in
way we like. Our purpose is to illustrate some of the featu
of brane-physics, and draw attention to the model’s featu
that are generic to other type I string models. We shall
worry about which~if any! of the three scenarios is actual
realized by the string dynamics.

A. Scenario 1

To describe this scenario, let us go to the T-dual pict
where there are two different types of 5-branes@as in Eq.
~9!#. For convenience, we will still refer to the 5-branes co
ing from T-dualizing the 9-branes as the 9-branes. Supp
the standard model SU~3!^SU~2!^U~1! gauge group come
from the 9-brane sector only. In this model, the gauge gr
is SU~4!^SU~2!L ^ SU~2!R , and the 99 sector matter field
are singlet under the 5-brane gauge group. We can make
5-brane gauge coupling relatively strong, so that SU~4!5 gets
strong and may trigger dynamical supersymmetry break
It may also cause spontaneous symmetry breaking
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SU~2!5^SU~2!5 so that the 55 and the 59 sector matter fie
become heavy. In any case, let us focus our attention on
99 sector. Here some of the low dimension terms in
superpotential is given by~see Table I for notations!

W5~U1Q21U2Q1!H1~U1S21U2S1!U3

1~Q1S41Q2S3!Q31¯ ~16!

where we have suppressed thel dependence and the exa
coefficients of the couplings.~The l dependence ofN-point
couplings isgN22;l (N22)/2).

To break the gauge group down to SU~3!^SU~2!^U~1!,
we can move some of the 9-branes away from each ot
This mechanism is equivalent to the spontaneous symm
breaking~SSB! action of the Higgs field in the effective field
theory; that is, we can give vacuum expectation value to
Higgs superpartner of one of theU fields. Since theU fields
are charged under U~4!.SU~4!^U~1!, it is more appropriate
to consider SU~4!^SU~2!L ^ SU~2!R^ U~1!.SU~3!^SU~2!L
^ U~1!^U~1!^U~1!,

~ 4̄,1,2!~21!5~ 3̄,1!S 2
1

3
,
1

2
,21D % ~ 3̄,1!S 2

1

3
,2

1

2
,21D

% ~1,1!S 1,
1

2
,21D % ~1,1!S 1,2

1

2
,21D .

~17!

Here, the first U~1! charge is theB2L number, the second
U~1! charge isI R5SU~2!R isospin, and the third U~1! charge
is 3B1L which comes from the decompositio
U~4!.SU~4!^U~1!. Notice that the U~1! hyperchargeY
5B2L12I R and the baryon numberB5(B2L13B
1L)/4. Therefore, under

SU~4!^SU~2!^SU~2!^U~1!

.SU~3!^SU~2!L ^ U~1!Y^ U~1!B^ U~1!3B1L ,

~ 4̄,1,2!~21!5~ 3̄,1!S 2

3
,2

1

3
,21D % ~ 3̄,1!S 2

4

3
,2

1

3
,21D

% ~1,1!~2,0,21! % ~1,1!~0,0,21!. ~18!

Here the U~1!s are independent but not orthogonal. If th
scalar (1,1)(0,0,21) acquires a vev, U~1!3B1L is broken,
and the fieldsQi andUi become

~4,2,1!~11!5~3,2!S 1

3
,
1

3D % ~1,2!~21,0!

~ 4̄,1,2!~21!5~ 3̄,1!S 2

3
,2

1

3D % ~ 3̄,1!S 2
4

3
,2

1

3D
% ~1,1!~2,0! % ~1,1!~0,0!. ~19!

We see that theQi andUi yield precisely one chiral and on
vector ~i.e., one chiral plus one anti-chiral! family of the
7-7
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GARY SHIU AND S.-H. HENRY TYE PHYSICAL REVIEW D58 106007
standard model SU~3!^SU~2!L ^ U~1!Y^ U~1!B . This also
splits the SU~2!R doubletH into two standard models dou
bletsH1 andH2 :

~1,2,2!~0!5~1,2!~1,0! % ~1,2!~21,0!. ~20!

The m term mH1H2 does not appear as lower order terms
the superpotential. In this scenario where there are only
branes,g35g25g9 , andgY5A3/5g9 at the string scale.

Consider the chiral fermions in the 99 sector before
electroweak symmetry breaking. There is 1 chiral family a
1 vector~chiral plus anti-chiral! family. Generically, a linear
combination ofU1 andU2 will pair up with U3 to become
heavy, while the other linear combination will remain mas
less. After the SSB to SU~3!^SU~2!^U~1!, this aU1
1bU2 combination gives the right-handed quarks and l
tons. Similarly, a linear combination ofQ1 andQ2 may pair
up with Q3 to become heavy, while the other linear comb
nation will remain massless. They yield the weak isodoub
of quarks and leptons. So we see that the model has only
chiral family of quarks and leptons.

Now, notice that there are no baryon number violati
terms in the superpotential. This is due the third U~1! sym-
metry. The quarks have U~1!3 charge11, while the anti-
quarks have charge21. The presence of such a U~1! asso-
ciated with the SU~4! is a generic feature of brane physi
@the U~1! factor is the center of mass of the D-branes#. So we
should expect the conservation of the baryon number a
generic feature.

Suppose, in Eq.~9!, it is v1 , not v3 , that is becoming
very large. In this case, the 5-brane sector gauge coup
becomes vanishingly small. So the 5-brane matter fields
sentially decouple and can be candidates for dark ma
Notice that these 5-brane gauge fields do not couple to
visible matter fields~except by very weak gravitational inte
action!, so they are essentially invisible.

B. Scenario 2

Suppose the QCD SU~3! comes from the 9-brane secto
while the weak SU~2! comes from the 5-brane sector. To b
specific, the gauge group is SU~4!9^SU~2!5^SU~2!5. The
quarks and leptons come from the 59 sector while the Hi
field comes from the 55 sector. There is aZ2 symmetry
under which all matter fields are odd while the Higgs field
even. The superpotential is given by

W5~U1Q21U2Q1!H1~U1S21U2S1!U3

1~Q1S41Q2S3!Q31~u1q21u2q1!h

1~u1s21u2s1!u31~q1s41q2s3!q3

1(
i 51

2

(
j 51

2

UiQjh1(
i 51

2

(
j 53

4

x ix jH

1(
i 51

2

(
j 51

2

f i8UjU31(
i 51

2

(
j 51

2

f iQjQ31(
i 51

2

(
j 53

4

f i8x ju3
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f ix jq31¯ . ~21!

Again, we have suppressed thel dependence and th
exact coefficients of the couplings. As before, vev for o
of Ui fields induces SSB: SU~4!^SU~2!L
^ SU~2!R.SU~3!^SU~2!^U~1!Y . There are two families of
quarks and leptons. As in the previous scenario, conserva
of the third U~1! charge prevents any perturbative bary
number violating term. The analysis is quite similar to t
above scenario, so we shall not repeat. A crucial differenc
that, even at the string scale, the QCD couplingg35g9 and
the weak couplingg25g5 ; they need not be the same. Fro
Eq. ~11!, we see that their relative values depend on
compactification volumes. The hypercharge U~1! coupling is
a function ofg3 andg2 :

gY5
)g9g5

A3g9
212g5

2
. ~22!

If g95g55g, thengY5A3/5g at the string scale.

C. Scenario 3

We see that the model has 1 chiral family in the 99 sec
and 2 chiral families in the 59 sector. Furthermore, there
Z2 symmetry between the 9-brane and the 5-brane. We
construct a new model by gauging thisZ2 symmetry, or part
of it, i.e., aZ2 orbifold of the original model. TheZ2 sym-
metry we want to orbifold is an outer-automorphism.
terms of current algebra in conformal field theory, such
orbifold converts level-1 current algebra to level-2 curre
algebra.

Similar procedures can be carried out in the effective fi
theory without having to impose the condition thatg95g5
@25#. The basic idea is as follows. We start from a produ
gauge group SU(N) ^ SU(N), with gauge couplingsg8 and
g9 respectively. By giving vev to the bi-fundamental fie
f5(N,N) along the flat direction̂f&5vI N ~whereI N is an
N3N identity matrix!, the gauge group is broken to SU(N).

In the specific model that we consider in this paper,
fields f1 ,f2 are bi-fundamentals under the U~2!9^U~2!5

gauge group. Similarly,f18 ,f28 are bi-fundamentals unde
U~2!98^U~2!58 . By giving vevs tof i ’s andf i8’s of the above
form ~with N52!:

U~2!9^U~2!5→SU~2!L ^ U~1!

U~2!98^U~2!58→SU~2!R^ U~1!. ~23!

The gauge couplings of SU~2!L ,SU~2!R and the accompany
ing U~1!’s are given byg5g9g5 /Ag9

21g5
2. The U~1!s are

broken by the Green-Schwarz mechanism, so the resu
model has Pati-Salam gauge group SU~4!9^SU~2!L
^ SU~2!R with additional custodial SU~4!5^U~1!2 symmetry.
There are three families of chiral fermions under the P
Salam gauge group. Two of them come from the 59 sec
Ui give rise to two families of right-handed quarks and le
7-8
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TeV SCALE SUPERSTRING AND EXTRA DIMENSIONS PHYSICAL REVIEW D58 106007
tons, whileQi give rise to two families of left-handed quark
and leptons. The remaining family comes from the 99 sec
the right-handed quarks and leptons come from a linear c
bination ofU1 andU2 , and the left-handed quarks and le
tons come from a linear combination ofQ1 and Q2 . It is
interesting to note that one of the three families has a dif
ent origin. Whether this will offer an explanation to the fa
that there is one heavy family deserves further investigat
Note that weak interaction universality is automatic.

The SSB of SU~4!^SU~2!L ^ SU~2!R.SU~3!^SU~2!L
^ U~1!Y is essentially the same as in the first scenario, tha
giving a vev to the one of theU fields. The gauge coupling
of the standard model gauge groups do not need to me
the string scale and are given by

g35g9

g25
g9g5

Ag9
21g5

2

gY5
)g3g2

A3g3
212g2

2
~24!

so that sin2 uW is given by

sin2 uW5
3g3

2

6g3
212g2

2 . ~25!

If g95g55g, we see thatg35g, g25g/&, gY5A3/8g and
sin2 uW53/7 at the string scale.

What about the U~1!B gauge boson associated with th
baryon number conservation? Even if its coupling is ve
weak, it certainly must pick up a mass for the model to
phenomenologically viable. Suppose spontaneous symm
breaking takes place when one of the scalar field char
under this U~1!B develops a vev. This vevv must be small so
that the baryon number violating terms are suppressed
powers ofv/ms . The exact amount of suppression depen
on the details. Consider the scenario in which this sponta
ous symmetry breaking happens simultaneously when Q
SU~3! is broken as well, which implies that free quarks a
gluons can exist. Suppose the U~1!B boson picks up a mas
m, then, following Ref.@26#, there are free quarks and gluon
with mass about (1 GeV)2/m. For m510 keV, we see that a
free quark or a free gluon will have a mass around 100 T

D. Another string model

Let us consider anotherN51, D54 chiral type I model,
namely the Z3^ Z2^ Z2 model recently constructed b
Kakushadze@27#. This model has 9-branes and three types
5-branes as given in Eq.~3!, all of them have identical gaug
groups, so the resulting gauge group is@U~6!^SO~5!#4. Let
us assume that QCD SU~3! comes from one of the U~6!,
while the weak SU~2! comes from one of the SO~5!. It seems
there are enough Higgs fields to break one of the SU~6!
down to SU~4! and then to SU~3!, and one of the SO~5! to
SU~2!. Again, we see that the U~1! carrying baryon numbers
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is present. However, this U~1! is anomalous, so it will pick
up a mass via the Green-Schwarz mechanism automatic
Consider the situation where the torusT3 is very large. Fol-
lowing Eq. ~3!, we see that both the gauge couplings of t
9-brane and the third 5-brane sectors become vanishi
small. In particular, the 9-brane matter fields essentially
couple and can be candidates for dark matter.

IV. DISCUSSION

It is clear that, among other properties, perturbativeD
54,N51 supersymmetric, chiral type I string models ha
some very attractive features for the study of the TeV sc
string scenario:
~i! Gravitons live in the bulk while gauge and charged mat
fields live on the branes.
~ii ! The presence of U~1!s ~associated with the centers o
mass of the branes! which help to stabilize the proton.
~iii ! The identical nature of 9-brane gauge group and 5-br
gauge groups~if present! allows different standard mode
gauge couplings at the string scale.
~iv! the presence of bi-fundamental matter fields allows
agonal spontaneous symmetry breaking; again this me
nism allows different standard model gauge couplings at
string scale. This feature may validate the weak string c
pling description of type I string.

These properties are quite compatible with present exp
ments and allow the future tests of the extra large dimens
scenario.

There are a number of reasons why this TeV scale su
string scenario was not seriously considered earlier. In
old string phenomenology framework~i.e., pre-string-duality
days!, gravity and gauge interactions live in the same spa
Since gauge interactions clearly live in an effective 4 spa
time dimensions, at least up to the electroweak scale,
largest the extra dimensions can be isMEW

21 , as considered in
@2#. However, generically, the string scale is aboveMGUT to
satisfy the proton decay bound. The reason is following. B
fore our understanding of string duality, all phenomenolo
cally interesting string models are within the heterotic stri
theory in the conformal field theory framework, where t
original rank of the gauge group is 22. Although the rank
the massless gauge symmetry can be substantially redu
the massive sector retains~at least some of! the original large
group feature. A typical heterotic string model that conta
the standard model of strong and electroweak interaction
its low energy sector will contain massive bosons that c
mediate proton decay. Since these massive bosons
masses of the string scale, we must keep the string scale
enough, say aroundMGUT , to satisfy the proton decay
bound. Generically, the proton decay bound requires the
sence of dimension-4 and -5 baryon-number violating ope
tors. If the string scale is around 1 TeV, the highe
dimensional~up to dimension-18! baryon-number violating
operator terms can be dangerous. To prevent their app
ance, some discrete symmetry or custodial gauge symm
is necessary. However, the presence of such symmetry is
generic in the old heterotic string theory. In comparison,
U~1!’s in type I strings are very generic; they correspond
7-9
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the center of mass of the D-branes. As we have seen in s
cases, the difficulty is how to make them massive.

Suppose we consider the heterotic string beyond
world-sheet construction. For example, solitonic 5-bra
can contribute to the massless spectrum in non-perturba
heterotic string, which may have properties that are suita
for phenomenology. However, the analysis of no
perturbative heterotic string is difficult. Hopefully, dualit
between the type I and the heterotic string@28# allows us to
treat more fully the non-perturbative effects.

The string model that we have presented here is c
structed from perturbative type I string theory. If the gau
coupling is of order 1, and we expectmsR.1, Eq. ~9! im-
plies that the string couplingl is small. One would still like
to know the energy regime where the perturbative typ
picture may become invalid@29#. Naively, one may expec
the 4-dimensional low energy effective field theory to
valid at momentum scales belowr 21. This is because the
low energy effective couplings are small~except for the
strong QCD coupling!. Quantum corrections coming from
the massive string modes are negligible at low energ
Above this scale, one expects the (41n)-dimensional effec-
tive field theory to be valid. At scales aboveR21 but below
ms , we should move from effective field theory to strin
theory, where perturbative type I string theory is likely to
valid. When the energy-momentum scale is around the st
scalems , the type I string perturbative description may
may not remain valid. This may depend on the particu
scenario and the particular process one is interested in
view of type I–heterotic duality, one would ask if th
weakly-coupled heterotic string description should take o
in this regime. However, the techniques in constructing h
erotic string vacua with NS 5-branes~the NS 5-branes are
dual to theD5-branes in the type I theory! are not well
developed. Since type I string theory provides a natural
ting to realize the idea of extra large dimensions, it is like
that the scenarios that we presented here capture the im
tant features which persist in the largel regime.

V. COMMENTS

It is interesting to compare the merits of the two scenar
of string phenomenology: the old scenario with the str
scale around the GUT scale, and the new scenario@8,5,6#
with the string scale around the electroweak scale. Exp
mentally, the new scenario is clearly superior. High ene
scatterings can probe the extra small dimensions while g
ity can probe the extra large dimensions. These experim
are coming in the near future. If this scenario is correct,
can expect a lot of experimental information on the detai
structure, which can provide valuable guidance on the p
cise way nature is realized within string theory. At this m
ment, before the availability of the experimental data, we
still ask which scenario is more appealing from the theo
ical perspective. Without detailed realistic models, any co
parison is quite subjective. Nevertheless, we believe the
ercise can be illuminating. A scenario may be deemed m
natural than another if it has fewer number of dispar
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scales. Let us give a naive counting of the number of sca
in each scenario.

In the old scenario where the string scale is around
Planck scaleM P , we also have the electroweak scale. T
Planck scaleM P is about three orders of magnitude abo
the GUT scale; this discrepancy is different enough to
quire some new physics ingredients to explain. Let us co
this situation as 3 scales. The quark and lepton masses
very different. For example, the mass of the top quark
more than 105 that of the electron. Let us assume that t
fermion mass splitting introduces another scale that ne
understanding. Including the cosmological constant, we h
5 different scales. Let us take one of them, say the e
troweak scale, to set the overall normalization. Unification
the gauge couplings provides a nice explanation of the G
scale, so there remains 3 scales that remain to be unders
If one wants to treat the GUT scale and the Planck scale
close enough to be considered as one, we still have
scales that beg for an explanation.

In the new scenario, we have the string scale aroun
TeV, which is close enough to the electroweak scale to
considered as a single scale. Similarly, the small compac
cation radii between the electroweak and the string sc
should not be treated as new scales. Suppose the stan
model gauge couplings are unified at the string scale. S
the gauge and matter fields are living in extra dimensio
say 8 total spacetime dimensions, the gauge couplings
irrelevant operators. So these couplings run as powers
diverge rapidly as we move to lower energies. Once the
ergies involved go below the scale of the small radii, th
become marginal operators and vary only logarithmica
Suppose the Yukawa couplings at the string scale are dif
ent but comparable. Again, as irrelevant operators, they
verge rapidly, so they can easily differ by orders of mag
tude at scales below the electroweak scale@6#. This provides
a qualitative explanation for the fermion mass hierarchy.
we shall not count the fermion mass splittings as an ex
scale. Now we can count the number of scales in this s
nario: using the string/electroweak scale to set the ove
normalization, we have only two scales that beg for an
planation: the cosmological constant and the large radiu
r 51 mm51016/TeV. ~In fact, a cosmological constant of th
order r 24 is quite compatible with observations.!

Theoretically, it seems that the new scenario loo
slightly better than, or at least comparable to, the old s
nario. Experimentally, the new scenario is much more te
able or reachable and hence superior. So overall, the
scenario certainly deserves further investigation.
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APPENDIX A: CONSTRUCTION OF THE MODEL

In this appendix, we give the details of how to constru
from D-branes and orientifolds theN51, D54 chiral string
model with @SU~4!^SU~2!^SU~2!^U~1!3#2 gauge symme-
try presented in Sec. III. The model also exhibits some no
features@22# of the untwisted NS-NS sector B-field bac
ground recently discussed in@23#.

We start from type IIB string theory compactified onT6

5T2
^ T2

^ T2, where each of the two-tori has aZ3 and aZ2
rotational symmetry. TheZ3 generatorg and theZ2 genera-
tor R acts on the complex coordinatesz1 ,z2 ,z3 of T6 as
follows:

gz15vz1 , gz25vz2 , gz35vz3 ~A1!

Rz152z1 , Rz252z2 , Rz35z3 ~A2!

wherev5exp(2pi/3). The elementsg andR together gen-
erate the Abelian groupZ6 .

Let us consider type I string theory compactified on t
toroidal orbifoldM5T6/Z6 . It is convenient to view type I
compactification as type IIB orientifold. The orientifold pro
jectionV reverses the parity of the closed string worldshe
This results in a theory of unoriented closed strings. O
loop finiteness generically requires introducing open stri
starting and ending on D-branes, so that the divergen
~tadpoles! coming from the cylinder, Mobius strip and Klei
bottle amplitudes cancel. The orientifold groupO
5$VaRbgcua50,1; b50,1; c50,1,2% contains both the el-
ementsV andVR. Therefore, one has to introduce bothD9-
and D5-branes to cancel the tadpoles. The global Ch
Paton charges associated with the D-branes manifest th
selves as gauge symmetries in space-time. Hence, ther
gauge bosons from both 99 and 55 open strings.

The orbifold action on the Chan-Paton factors is descri
by unitary matricesgk,p that acts on the string end-points~k
labels the orbifold group element,p labels the type of
branes!. Let uc,i j & be an open string state, wherec is the
state of the worldsheet fields andi , j are the Chan-Paton
factors of the string end-points~the open string starts on
p-brane and ends on aq-brane!. The action of the orbifold
elementk is given by

k: uc,i j &→~gk,p! i i 8uk•c,i 8 j 8&~gk,q
21! j 8 j . ~A3!

Tadpole cancellation determines the form of thegk,p matri-
ces. There are two types of constraints that we need to
sider. The first one comes from the cancellation of the
twisted tadpoles for theD9-branes and theD5-branes
respectively. This type of constraint determines the num
of D9- and D5-branes. In the general case where the
twisted NS-NS sector B-field can be non-vanishing~with b
equals the rank of the matrixBi j , which is always even!,
tadpole cancellation for the untwisted R-R 10-form poten
gives @22,23#

2b
„Tr~g1,9!…

222b/264 Tr~g1,9!1~32!250. ~A4!
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Therefore, the number of D9-branes is given byn9
532/2b/2. Similarly, tadpole cancellation condition for th
untwisted Ramond-Ramond~R-R! 6-form potential gives
@23#

„Tr~g1,5!…
22

64

2b/2 Tr~g1,5!1
1

2b ~32!250. ~A5!

Therefore, the number of D5-branes is given byn5
532/2b/2. This was also expected from T-duality betwe
D9- and D5-branes.

The other constraint comes from tadpole cancellation
the twisted R-R 6-form potential. Since the twisted clos
string states propagating in the tree-channel do not have
mentum or winding, the twisted tadpoles remain the sam
the presence of the untwisted NS-NS sector B-field ba
ground ~the effect of which is to shift the left- plus right
moving momentum lattice!. The twisted tadpoles forZN ori-
entifolds in 6 dimensions have been computed in@30–32#
and generalized to 4 dimensions in Refs.@12,14,15#. Here,
we state the results for theZ6 case:

Tr~gg,p!52~21!b/232@cos~p/3!#352~21!b/24
~A6!

Tr~gR,p!5Tr~gRg,p!50. ~A7!

Let us consider the solutions to the above tadpole can
lation conditions for all possible values ofb:

~i! For b50, n95n5532

gR,p5diag~ i I 16,2 i I 16!, ~A8!

gg,p5diag~vI 6 ,v2I 6 ,I 4 ,vI 6 ,v2I 6 ,I 4!, ~A9!

where I M is an M3M identity matrix. The gauge group
from the 99 open strings is SU~6!^SU~6!^SU~4!^U~1!3.
The 55 open strings also give rise to the gauge gro
SU~6!^SU~6!^SU~4!^U~1!3 if the D5-branes are located a
the same fixed point. The total rank of the gauge group is
This model was first constructed in Ref.@15#.

~ii ! For b52, n95n5516.

gR,p5diag~ i I 8 ,2 i I 8!, ~A10!

gg,p5diag~vI 2 ,v2I 2 ,I 4 ,vI 2 ,v2I 2 ,I 4!. ~A11!

The gauge group~from both 99 and 55 open strings! is
@SU~2!^SU~2!^SU~4!^U~1!3#2. The total rank of the gauge
group is 16. This is the model that we study in this pape

~iii ! For b54, n95n558.

gR,p5diag~ i I 4 ,2 i I 4!, ~A12!

gg,p5diag~vI 2 ,v2I 2 ,vI 2 ,v2I 2!. ~A13!

The gauge group~from both 99 and 55 open strings! is
@SU~2!^SU~2!^U~1!2#2. The total rank of the gauge grou
is 8.

~iv! For b56, n95n554.
7-11



ph

ys
e
A
s

e

ry

d
re

he

be

a

tio

he
ts
-

nt
s

l

tring
ge

and

t
ns
re-
ry

he

less
pli-
tial.
is
in
to

s of

g
re

ari-

ng
of

ring
dif-

rved
is
.
at-

GARY SHIU AND S.-H. HENRY TYE PHYSICAL REVIEW D58 106007
gR,p5diag~ i I 2 ,2 i I 2!, ~A14!

gg,p5I 4 . ~A15!

The gauge group~from both 99 and 55 open strings! is
@SU~2!^U~1!#2. The total rank of the gauge group is 4.

The gauge groups of the models forb54,6 are too small
to accommodate the standard model, which make them
nomenologically uninteresting. We will focus on theb52
model with @SU~2!^SU~2!^SU~4!^U~1!3#2 gauge symme-
try.

To construct the open string spectrum, we keep all ph
cal states that are invariant under the orbifold action. Th
are contributions from 99, 55 and 59 open strings.
pointed out in Ref.@23#, the 59 open string sector state
come with a multiplicity j52b/2. ~Recall that without B-
field, the multiplicity of states in the 59 sector was one p
configuration of Chan-Paton charges@31,32#.! The open
string spectrum of the@SU~2!^SU~2!^SU~4!^U~1!3#2

model is given in Table I.

APPENDIX B: H -CHARGES, SCATTERINGS
AND COUPLINGS

In this appendix, we review the conformal field theo
techniques in calculating scattering amplitudes~and hence
couplings! in orbifold models. In type I string theory, close
string sector only gives rise to gauge singlets. We will the
fore focus on the couplings between open string states.

In the standard orbifold formalism, the internal part of t
worldsheet supercurrent can be written as

TF5
i

2 (
a51

3

ca]Xa1H.c.5
i

2 (
a51

3

eira
]Xa1H.c., ~B1!

whereca are complex world-sheet fermions, which can
bosonized:

ca5exp~ ira!5exp~ iH •r!,

ca†5exp~2 ira!5exp~2 iH •r!. ~B2!

Here,H ~known as theH-charge! equals~1,0,0!, ~0,1,0! or
~0,0,1! for a51,2,3. The supercurrent is therefore a line
combination of terms with well definedH-charges.

In the covariant gauge, we have the reparametriza
ghostsb andc, and superconformal ghostsb andg @33#. It is
most convenient to bosonize theb,g ghosts:b5]je2f, g
5hef, where j and h are auxiliary fermions andf is a
bosonic ghost field obeying the OPEf(z)f(w); log(z

2w). The conformal dimension ofeqf is 2( 1
2)q(q12). In

covariant gauge, vertex operators are of the formV(z)l i j ,
whereV(z) is a dimension 1 operator constructed from t
conformal fields~which include the longitudinal componen
as well as the ghosts!, andl i j is the Chan-Paton wave func
tion. The vertex operators for space-time bosons carry i
gral ghost charges (qPZ) whereas for space-time fermion
the ghost charges are half-integral (qPZ1 1

2). Here,q speci-
fies the picture. The canonical choice isq521 for space-
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2 for space-time fermions. We wil

denote the corresponding vertex operators byV21(z) and
V21/2(z), respectively. Vertex operators in theq50 picture
~with zero ghost charge! is given bypicture changing:

V0~z!5 lim
w→z

efTF~z!V21~w!. ~B3!

One can see that besides the supercurrent, open s
states also carryH-charges. The vertex operator for gau
bosons in the21 picture is given bycml i j wherem is the
spacetime index. Therefore, they do not carryH-charges. On
the other hand, the vertex operator for matter fields in 99
55 sector is given bycal i j . Hence, in the21 picture,H
5(1,0,0), ~0,1,0! or ~0,0,1! depending on which worldshee
fermion is excited. The moding of the worldsheet fermio
in the 59 sector is different from that in the 99 sector. The
fore, in the21 picture, matter fields in the 59 sector car
half-integral H-charges instead of integralH-charges.
The H-charges of the massless fields of t
@SU~4!^SU~2!^SU~2!^U~1!3#2 model is given in Table I.

Having constructed the vertex operators for the mass
states, one can in principle compute the scattering am
tudes, or the corresponding couplings in the superpoten
The coupling ofM chiral superfields in the superpotential
given by the scattering amplitude of the component fields
the limit when all the external momenta are zero. Due
holomorphicity, one needs to consider only the scattering
left-handed space-time fermions, with verticesV21/2(z), and
their space-time superpartners. Since the totalf ghost charge
in any tree-level correlation function is22, it is convenient
to choose two of the vertex operators in the21/2-picture,
one in the21-picture, and the rest in the 0-picture. Usin
the SL(2,C) invariance, the scattering amplitude is therefo

AM5gst
M22 Tr~l1l2

¯lM !

3E dz4¯dzM^V21/2~0!V21/2~1!

3V21~`!V0~z4!¯V0~zM !&, ~B4!

where we have normalized thec ghost part of the correlation
function ^c(0)c(1)c(`)& to 1. To obtain the open string
scattering amplitudes, we have to take the integration v
ableszi to the real axis, withzi.zi 11 . Now the terms in the
superpotential can be read off directly from the resulti
scattering amplitudes. For a non-zero coupling, the sum
the H-charges must be zero in the corresponding scatte
amplitude. Note that the supercurrent carries terms with
ferent H-charges. Because of picture changing,H-charges
are not global charges even though they must be conse
exactly. In additional to theH-charge conservation, there
also a discreteZ2 symmetry coming from the orbifold twist
For the couplings to be non-zero, the total twist in the sc
tering amplitude~B4! must be an integer.
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