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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 | 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-dimensidial supersymmetric chiral type
| string model with Pati-Salam-like gauge symmetry and 3 fermion families. We point out certain features that
should be generic in other type | string$0556-282198)00522-0

PACS numbdis): 11.25.Mj

I. INTRODUCTION traded for the size of the extra dimensions felt by gravity
[5,7]. Likewise, gauge coupling unification can be preserved
Probably the most important problem in elementary par-and remain perturbative, but now occurs at scales as low as a
ticle theory today is to find out how superstring theory de-TeV [6]. One can therefore now have gravity and gauge
scribes our universe. In the standard scenario, the Planadoupling unification as low as a few hundred GeV to 1 TeV
scale Mp (i.e., 10° GeV) defines the string scale to be [5]. In string theory, this means that the string saalecan
around 18" GeV, while the unification of the gauge cou- be as low as a TeV7]. Such a scenario has been suggested
plings happens at the grand unified scMe;,t (around previously by Lykken8]. One advantage of this TeV scale

10' GeV) [1]. Although the string scale arld 7 are quite  string scenario is obvious. Not only that near future experi-

close, the discrepancy between them may still be of som&ients can probe the string scale and the large extra dimen-

concern. However, a more practical problem with this scesions, it may even help us unravel the string dynamics and
nario is the difficulty in calculating physical observables. pinpoint the string vacuum we live in.

Since the natural string scale of this scenario is between In addition to the advantage of being experimentally test-

Mgyt andMp, while most of the physical observables are able, this new scenario may offer a simple qualitative expla-

at the electroweak scaM gy, a typical comparison between nation to the fermion mass hierarchy problem, as pointed out

theory and experiment requires a detailed analysis of a spén Ref. [6]. To be specific, let us suppose the string scale
cific string model. Unfortunately, our understanding of thems=1 TeV. Gravity, but not the standard model gauge and
string dynamics is still quite primitive, making such precise matter fields, lives im large compactified dimensions, with
calculations essentially impossible. So the connection beradii r;. The radiiR; of the remaining compactified dimen-
tween string theory and our observable universe is rathesions in which both gravity and gauge fields live are some-
tenuous in this scenario at this moment. It is therefore excitwhere betweenn;* and Mgy, somg> Rj‘1> Mews>r; L.
ing that an alternative scenario has recently emerged. In this scenario, the effective couplings at thgscale are all
The idea of extra dimensions have been well studied irrrelevant operators and so the dimensionless gauge cou-

Kaluza-Klein theories and string theories. It was suggesteglings «; and Yukawa couplingy; run as powers of the

by Antoniadiset al.[2] that, beyond the usual 4 space-time energy scale. If the different Yukawa couplings are compa-

dimensions that we live in, there are large extra dimensiongable at themg scale, they can easily differ by orders of

that may be probed by upcoming experiments. It is by nownagnitude at the electroweak scale due to this power-law
well known that, in some string models, gravity lives in the behavior. The gauge couplings differ by only one order of
bulk, while the gauge and charged matter fields live on thenagnitude because they are unified at the string scale. Below
branegwhich may be understood as special types of solitonshe Rj’l scales, the dimensionless gravitational coupling runs
and can have lower dimensions than the bi8K; our 4-  a function of the energy scale i€ " to the scales; ! and
dimensional universe may actually be inside the brdd¢s then runs likeE?, yielding a hugeM p [4]. So the presence of

In particular, the extra dimensions that gravity feels can be athe extra dimensions provide a qualitative explanation of the

large as 1 mm, as recently pointed out by Arkani-Hamedorigin of the orders of magnitude differences among the cou-

Dimopoulos and Dval[5], while the extra dimensions that plings. As pointed out in Refl6], m>1 TeV is perfectly

the gauge and other matter couplings feel can be as big agceptable. However, we have to treat and Mg,y as two

M,gvl\,, as recently pointed out by Dienes, Dudas anddifferent scales in this situation.

Gherghetta[6]. In this scenario, the Planck scaM; is In this paper, we study a number of issues in the 4-
dimensionalN=1 chiral type | string theory, which is the
appropriate framework for the TeV scale string scenario. We

*Email address: shiu@mail.Ins.cornell.edu put the above ideas in a coherent string picture with an ex-
"Email address: tye@mail.Ins.cornell.edu plicit realization. A typical model will have 9-branes, which
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fill the 10-dimensional spacetime, and 5-branes, which fillated with the S(#4) provides the custodial symmetry to sup-
6-dimensional spacetime. Both branes have a flat 4press proton decay. We shall use this model to discuss the
dimensional uncompactified spacetime. The string picturdollowing three scenarios:

has been discussed previously in R¢&.7]. Here, we re- (5) One may identify the S4)®@SU2)@SU(2)" from the
view and extend the analysis. Among other observations i®-brane sector as the Pati-Salam group. Spontaneous symme-
this paper, we note that: try breaking reduces it to SB)®SU?2) ®U(1). At the

(1) Itis well-known that proton decay can be suppressedtring scale, both the QCD couplirgg and the weak cou-
by symmetry. Here, we see that proton decay is suppressesing g, are equal to the 9-brane coupling, and sif 4y
by the presence of a custodial) gauge symmetry. The =3/8. There is a U(19 gauge symmetry associated with the
presence of such a(ll) gauge symmetry is generic in type | baryon number, so the proton decay is suppressed. However,
strings. it seems that breaking this U(d symmetry will also break
(2) As an alternative scenario, the standard model gaug®CD SU3). The model has only one chiral family, plus a
symmetries can come from different types of branes, e.gvector(i.e., a chiral and an anti-chinafamily.
QCD SU3) comes from one type of brangsay, 9-brangs (6) One may identify S#),®SU(2)5@SU(2)% (the sub-
while the weak SI(2) comes from another typésay, 5-  scripts indicate which sectors each comes fras the Pati-
brane$. Since the 9-brane couplings are in general differenigglam gauge group. The QCD &) comes from the spon-
from the 5-brane couplings, the standard model gauge coyaneous symmetry breaking of the @eSU2); by a bi-
plings do not need to meet at the string scale. Rather, afngamental matter field, while the remaining @ is
appropriate choice of the sizes of the compactified dimengentified with the weak SU(2). The SU4)s may get strong
sions is needed for the couplings to agree with experimentang induce both dynamical supersymmetry breaking and
(3) Cavendish type experiments have tested Newton'$jectroweak symmetry breaking. The gauge group
Law to a scale of millimeterf9], providing an upper bound SU(2)g®SU(2)} is also broken. At the string scalgs=de
on the large radius. The strong and electroweak scatterinqﬁh”e 9,=0s. Now there are two families of quarks and
have tested the small extra dimensions to a radiul pf;, leptons, coming from the 95 sector, while the Higgs fields
providing an upper bound on the size of the small extracome from the 55 sector. Again, the perturbative couplings
dimensions. TakingnsR;~1, the relation between the large ghey the baryon quantum number conservation because of
radii r; and M is given by U(1)g.
(7) The first scenario has one chiral family in the 99 sec-
) o a2 n tor while the second scenario has two chiral families in the
Mp~327°g 4msH (mgr) (1) 59 sector. It turns out that there is another scenario where
=t there are three chiral families. Under diagonal spontaneous
) » ) o symmetry breaking, S(@2),®SU(2)s becomes S(2). This
wheren is the number of large com_pactmed dimensionss Higgs mechanism is permitted by the presence of the appro-
the gauge coupling7]. The numerical factor follows from pyiate bi-fundamental fields, resulting in a model which con-
string unitarity and duality. Clearlyns must be bigger than  tains SU4)@SU(2), @ SU(2)z with 3 chiral families: one
Meyw. Assume the gauge coupling’~1. Forn=2,r is  from the 99 sector and two from the 59 sector. Weak inter-
about 10* meter formg=1TeV. As pointed out in Ref5],  action universality automatically follows, independent of the
both the 1 mm scale and the 1 TeV scale can be tested By|ative values ofyy andgs. The standard model couplings

experiments in the near future. We point out that the2  are gl different. In the casg=ge=gs, we have at the string
choice seems natural in a number of string scenarios. Fajcgle,

example, in the specific model that we consider in this paper,
only then=2 choice gives rise to 3 chiral families. 8
(4) String theory has no global symmetry. However, g%=05=295=-93. 2
some gauge couplings are proportionat td. For very large 3
r, they become so weak that the respective gauge symmetries
may appear like global symmetries. In some situations, thélence the electroweak Weinberg mixing angle satisfies
corresponding matter fields with vanishingly small gaugesir? 4,=3/7 at the string scale. This scenario has one prac-
couplings are suitable candidates for dark matter. tical advantage. Sincg;>g,>gy at the string scale, the
To make the discussion concrete, we construct an explicitunning couplings need power-like behavior for only a rela-
model to illustrate the TeV scale string scenario. Our analytively short range of energies; that is, they do not have to
sis of the model is quite sketchy and cavalier. Our purpose igrow much. As a consequence, the string coupling will stay
to draw attention to the model’s features that are generic toveak, and perturbative type | string theory should be valid
other type | string models. The model isDe=4, N=1 su-  for analysis.
persymmetric, chiral type | string model, with 9-branes and It is clear that, among other properties, the presence of
5-branes. Their gauge grouf, and Gs (with gauge cou- U(1)'s (associated with the centers of mass of the branes
plings g9 and gs respectively are identical: Go=Gs  the presence of bi-fundamental matter fields, and the identi-
=U(4)oU(2)@U(2)’. The massless open string spectrum iscal nature of 9-brane gauge group and 5-brane gauge groups
given in Table I. The (1)’s associated with the SQ)s are  (if presen} are generic features of mamy=4, A’'=1 super-
anomalous, not unusual in string theories. Th@)lassoci- symmetric, chiral Type | string models. These properties are
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TABLE I. The massless open string spectrum of the 4-dimensional tyReorbifold model withN=1 space-time supersymmetry and
gauge groug SU(2)' ®SU(2)®@SU(4)2U(1)%]2. The U1)'s come from the traces of U(2) U(2) and U4) respectively. Thed-charges in
both the—1 picture and the- 1/2 picture for states in the open string sector are also given. The vector multiplets are not shown. The closed
string sectors give rise to the gauge singlets and the gravity supermultipleH -Tharges are explained in Appendix B.

Sector Field [SU2)'®SU(2)®@SU(4)®U(1)%)? (Hy Hy Hg) (Hy Hy Hg) Z1p
S (3,1,1;1,1,1)(+2,0,0;0,0,0) (+1,0,0) (+3,-1 -4
S, (3,1,1;1,1,1)(+2,0,0;0,0,0) (0,+1,0) (-1 +1-1
S (1,3,1;1,1,1)(0,— 2,0;0,0,0) (+1,0,0) (+3,-1 -1
S, (1,3,1;1,1,1)(0,— 2,0;0,0,0) (0,+1,0) (-1 +1 -4
U, (2,1,4,1,1,1)(-1,0,-1;0,0,0) (+1,0,0) (+3,- 3. %)
Open 99 U, (2,1,4,1,1,1)(—1,0,~1;0,0,0) (0,+1,0) (-3.+%.-9
Us (2,1,4,1,1,1)(— 1,0+ 1;0,0,0) (0,0+1) (-1 -1+%
Q. (1,2,4;1,1,1)(0,+1,+1;0,0,0) (+1,0,0) (+3,-1 -4
Q. (1,2,4;1,1,1)(0,+1,+1;0,0,0) (0,+1,0) (-1 411
Qs (1,2,4,1,1,1)(0,+1,- 1;0,0,0) (0,0,;+1) (—3,-3.+3%)
H (2,2,1;1,1,1)(+1,—1,0;0,0,0) (0,0/+1) (-1 -1 4%
Sy (1,1,1;3,1,1)(0,0,0;+2,0,0). (+1,0,0) (+1-1-1
S (1,1,1;3,1,1)(0,0,0;+2,0,0). (+1,0,0) (+3,-1 -4
S (1,1,1;1,3,1)(0,0,0;0;-2,0), (+1,0,0) (+1-1 -1
S (1,1,1;1,3,1)(0,0,0;0+- 2,0), (0,+1,0) (-1 +1-14
uy (1,1,1;2,1,4)(0,0,0;— 1,0~ 1), (+1,0,0) (+3.-%3-9
Open 55 Uz (1,1,1;2,1,4)(0,0,0;- 1,0~ 1), (0,+1,0) (-3,+3.-3
Us (1,1,1;2,1,4/(0,0,0,-1,0,+ 1), (0,0+1) (-1 -1+4
s (1,1,;1,2,4)(0,0,0;05+ 1,+ 1), (+1,0,0) (+1,-1 -1
a2 (1,1,1;1,2,4)(0,0,0;05+ 1,+ 1), (0,+1,0) (-1,+1 -1
a3 (1,1,;,1,2,4)(0,0,0;0;+ 1,— 1), (0,0,+1) (-1 -1+Y
h (1,1,1;,2,2,1)(0,0,0;:+1,—1,0), (0,0+1) (-1 -1+
by, b 2(2,1,1;2,1,1)(+1,0,0;+1,0,0), (+1+10 (0,0~ %
b1, ¢z 2(1,2,1,1,2,1)(0,~-1,0;0,-1,0). (+3,+3.0) (0,0~ 3)
Open 59 91, 9 2(1,1,4;1,2,1)(0,0,+1;0,+1,0), (+1+10 (0,0~ &
Uy, Uy 2(1,1,4,2,1,1)(0,0,~1;—1,0,0), (+3% +10 (0,0~ %)
X1, X2 2(1,2,1;1,1,4)(0,+1,0;0,0;+ 1), (+1,+10 (0,0~ 1)
X3, Xa 2(2,1,1;1,1,4)(—1,0,0;0,0- 1), (+3,+10 (0,0~ 3)
quite compatible with experiments and the extra large di- Il. BRANE PICTURE

mension nario. Further investigation along this direction . . . . :
ension scenario. Furthe estigation along this directio The idea of extra large dimensions is most conveniently

will certainly be worthwhile. . realized in terms of type | string theory and D-brah&6].

. This paper is organgd as fOHO.WS.' In Sec. I, the basicry graviton(coming from the closed string sectdives in
idea of the TeV scale string scenario is reviewed. The type },,o bulk, while the gauge and charged matter figtsning
string picture with extra large dimensions is discussed. As afom the open string sectpfive on the branegwhich is p
illustration, the Pati-Salam like type | string model is pre- 1 1 _gimensional for & p-brang. Since gravity and gauge
sented in Sec. lll. Among other issues, we see how the prafe|ds see different numbers of dimensions, it is possible to
ton decay bound can be resolved. Section IV contains SOMBave extra |arge dimensions without making the gauge cou-
discussions on the various issues in the scenario. Section Mings extremely small at low energies. In the worldsheet
contains the comments. The details of the construction of theonstruction of heterotic string model, both gravity and
type | string model is contained in Appendix A. It is rel- gauge fields live in the same space, and so the idea of extra
egated to an appendix because of its technical nature. Idimensions is difficult to implement. It is possible to realize
Appendix B, we review how to calculate amplitudes to de-the extra dimensions with the solitonic 5-branes in heterotic
termine the terms in the superpotential of the model. string theory. However, the techniques in constructing het-
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erotic string model with these solitonic 5-branes are not very For simplicity, we will consider only one type of 5-branes
well developed. As a result, type | string theory and D-branesn what follows. LetGgy (Gs) be the gauge group of the
provide the most natural setting to understand the generi@-brane (5-brang. The 5-branes are compactified dn,
features of extra dimensions. Here, we review and expand owhile the 9-branes are compactified ®A. The branes and
the earlier discussions,7]. the bulk have a common 4-dimensional uncompactified
spacetime. The 4-dimensional Planck misigsand the New-

A. Supersymmetric type | string ton's constantSy are given by

VariousN'=1, D=4 type | string models have been stud- 1 ) 8m§v 1Wol3
ied in the past two yearsl1-18§. They are especially suit- Gy =M P= T 2mNE 4
able for realizing the idea of extra large dimensions. Gravity
lives in the bulk while the gauge fields live on the branes.and the gauge couplings &4 andGs are
There are 9-branes, which overlap completely with the bulk.

If a model has botp-branes andj-branes, then supersym- _Z_mgv 1V2U3 2 mﬁvs 5
metry imposes the restrictiqn—q=0 (mod 4. To keep the 99 = (2m)'\ 9s T (2m)3\ ®

Lorentz property of 4-dimensional spacetime, only 5-branes

and 9-branes are permissible. So, for some models, there cdese relations are subject to quantum corrections, which we

be 5-branes as well. shall ignore for the moment. Recall that the gauge couplings
The 4-dimensional string has the usual 4 spacetime diof the standard model are of order 1. In string theory, there is

mensions X, . . . X3), and 6 compactified dimensions. We a T-duality symmetry, i.e., physics is invariant under a T-

shall treat this 6 dimensioriE® as composed of 3 two-tori: duality transformation. If any of the volume; is much

T, (with coordinateg,Xg), T, (With coordinatesg,x;) and  smaller than the string scale, i.e;, less thanm_ ?, the T-

T5 (with coordinatesx,,Xs), the volumes of which are,, dual description is more convenient:

v, andv respectively. So the volume of the 6 compactified

dimensions ivv,v3. Crudely speaking, the volumg can 2
. e . AN—(2) 5
be expressed in terms of the compactified radius v; vimg
=(2mr;)2.! So the low energy effective action is given by
m U1V 1 mév vHv U'—>(277')4 - (6)
o= fd“X\/— 17223 R+ = 31723F2 i v;m;
(2m7) '\ 4 (2m)'A
In this dual picture, the new volume (Ta“/(uim;‘) of the

3
+ } mgvi =2, 3) dual T, torus is large. Under this duality transformation, the
44 (2m)3\ Dirichlet and Neumann boundary conditions of the open
strings are interchanged, and so the branes are also mapped

: . . ' to other types of branes. For example, ferl, i.e., we T-
wheremg is the string scaleF is the field strength of the dual the T, torus: the 9-branes become 7-branes

gauge fields in the 9-branes while the is the gauge field (X, ... X7), while the 5-branes become 7-branes
strength on different types of 5-bran@ke worldvolumes of Xo, . .. Xs,Xg,Xo). Therefore, they are orthogonal in the

. 4 4 4 ; .
wh|4ch are M*XTy, M*XT, and M*xT; respectively; compactified space. The effective action becomes
M * being the 4 dimensional Minkowski space-timeerex

is the string coupling, i.e.x~e?, where ¢ is the dilaton m2v1v,04 1 miv,ug

field. The relative normalization of the Newton's constant Jd4X\/—( 2m '\ +Z (27)5\ F?

and the gauge couplingvhich is related to the D-brane ten-

sion) is obtained by factorizing scattering amplitudes into 1 mgvlvs -

open and closed string channfl®,19. (In type | string, the + 4 2m)°\ ) (7)
N-point open-string one-loop amplitude is equivalent to the

closed string scattering thi open strings at the tree level.  |f the standard model gauge group is@3, then, in this
This relation follows from unitarity. This should be com-  7_prane picture,

pared to heterotic string theory where all states are closed

string states. The precise numerical factors are determined o miv,ug

once we define the string couplingto be the ratio of the 9 "= 225N ~1. 8
fundamental string and D-string tensions in type IIB string

theory[10]. Now, supposems is 1 TeV. To satisfy Eq(4), i.e., to

obtain theMp=10'" GeV, at least one of the 2-volumes
must be large. Since th&q gauge coupling must be of order
The radiug; here does not necessarily have to be the raljif 1, the only choice is to take; large. This means th&s
the torus. It is simply a characteristic length scale of the compactigauge coupling becomes extremely small, i.e., the gauge
fied dimension. In the case ofZ, orbifold, the volume is given by fields decouple. The conserved currents that coupl&do
v, = (IN)IT;(27R;)?=TI,(27r)2. will appear like those of global symmetries.
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We can also keep botfsg and G5 gauge couplings of the 5-branes. In this case, the standard model gauge cou-
order 1. This can be achieved if we T-dual both Theand  plings g3, g, and g, are in general different at the string
T tori to end up with orthogondin the compactified spage scale, even ijy=0s.
5-branes with the following effective action: We shall illustrate each of these possibilities in the next
section. From Eq(4),

mSU 1U2U3 1 m2U2
S:J‘d‘lX\/a(WR—FZ(Z;WFZ 4 mg -2
r3~10""gq0s Tev m. (12
1 mgvl ~
+— — F24--]. 9) . .
4 (27)°\ If both g5 andgg are of order unity, andng is 1 TeV, therr

is 104 meter. Ifgs becomes smallequivalent to large ra-
In this case, we can take; large to satisfy Eq(4). We shall  diusr,), r; just becomes even smaller.
use this 55-brane picture later, but we shall still refer to the  Let us go back to the general case with three types of
5-branes coming from T-dualizing the 9-branes as the 95-branedas in Eq.(3)]. Similar analysis is easy to carry out,
branes. To summarize, there are 8 inequivalent scenarios ose we shall simply restrict ourselves to a few comments. It is
can entertain: 95-, 77-, 55- and 73-brane configuration, andasy to see that under T-duality, the rple p’ =0 (mod 4

their T-duals(i.e., T-dual along all 6 dimensionss9-, 77-,  is preserved. It ; gets large, we see that the gauge couplings
55- and 37-brane configurations. The 95-, 77- and 55-branef both the 9-brane gauge sector and the third type of 5-brane
effective actions are given above. gauge sector become vanishingly small. As a consequence,

(1) We have kept the two radii in each torus to be thethe matter fields in this particular 59 sector will essentially
same. To build aov=1 supersymmetric model, we need to decouple from all gauge interactions. They will still couple
orbifold the compactified dimensions in the complexified ba-to other fields via other interactions, including gravity. So
sis. Equal radii in each torus yield discrete symmetries thathey are suitable candidates for dark matter.
can be gauged in orbifolds.

(2) If Gg is identical toGs, and the matter fields and g Non-supersymmetric string and the cosmological constant

couplings are symmetric under the interchange of 9- and 5- . L .
sectors, then the above 8 cases reduce to 4 inequivalent SUPErsymmetry was introduced originally to solve the hi-

cases. This seems to be the generic situation in simple typeSf@rchy problem. Since this hierarchy problem disappears
model-building. when the string scale is close to the weak scale, we should

(3) To keep at least one sector of gauge fields visible?lso consjder non-supersymmetric type | models. Generi-
(i.e., gauge coupling of orderlwe can take at most two cally, besides 9-branes, 7-, 5- and/or 3-branes may be present

T2, sayT, and Ts, with large radii. Equatior(9) implies ina specific_model, depending on the details. We also expect
that the product of the two radii is a co_smologu;al co_nstam4 to be_ present. Agaln., we can
consider the inequivalent scenarios when the various tori be-
come large. Besides the 9753-brane configuration, duality
~3272mrar3. (10)  can bring us to the 7975-, 7575- and 7535-brane configura-
tions. Depending on the choice, taking one torus volume
S large will decouple gauge fields from one or more sectibrs
If they are equal, then the radius is around”¥om for m; they are presentThe analysis is similar to that given for the
=1TeV. supersymmetric case and will not be repeated here. There is
(4) If we want bothG, andGs to be observable, we can one important difference between the supersymmetric case
take only oneT? to have large radius. In the effective action and the non-supersymmetric case. For supersymmetry to be
(9), we can take; large. This scenario is necessary in any nproken, the 6 dimensional manifold must be a complex
one of the following situations: manifold. This means thaf® can always be written a§®
(i) the standard model is contained in one sector,Gay =T22T22 T2, where the two radii in eacli? are the same,
while a 'Iarge gauge coupling fro@g may be needed for a g required by orbifold symmetryThe exception is the case
strong interaction to generate dynamical supersymmetry, hich some of tha?'s are twisted only byZ, and not by
breaking. _ o otherZ,, twists. The two radii are unconstrained and one can
(ii) the standard model is contained in bd# andGs  chgose freely only one of them to be large. However, orbi-
[for example QCD S(B) in Gy while weak SU(2) in Gs].  fold compactifications of type I string theory involving this
In this case, thé&se and G5 gauge couplings are in general {ype of twists always give rise to non-chiral modfLs]). In

8m§U1U21)3
(27)°\?

M2

different even at the string scale: the non-supersymmetric case, it is possible that only one
5 ) dimension has large radiushis breaks the complex struc-
-2_ -2_ msv 2 -2_-2_ sU1 (11) tUre).
95 =99 (2m)°\’ 92 =05 (2m)3\° Let us comment on the cosmological constant. We have

seen how a large Planck mal¥k, can be generated from a
(ili) QCD SUQJ) is inside the 9-branes while the weak much smaller string scal®s. Naively, the same effect hap-
SU(2), comes from the diagonal spontaneous symmetrypens to the cosmological constant. If there is a 10-
breaking of a S(P) inside the 9-branes and a 8y inside  dimensional cosmological constamt = mio, then A,
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=A@ 10203, Which is obviously unacceptable. Fortunately, Ill. AN EXPLICIT STRING MODEL
this argument is incorrect. Recall the construction of the In this section, we use an explicit 4-dimensional chiral
string model. We start from a 4-dimensional supersymmetriw !

: p. ) N =1 supersymmetric type | string model as an illustration
model toroidally compactified from 10 dimensions; it has NOsf some of the ideas discussed above. Toroidal compactifi-

cosmological constant. We reduce the number of supersyms,sion of type | string theory on a six dimensional tofifs
metries by orbifolding or orientifolding. The orbifolding of gives rise to a four dimensional model witfi=4 supersym-
each of the three tori is needed to break the spacetime SUP&ffetry. One can reduce the number of supersymmetries to
symmetry and generate chiral fermions, so the mechanism ig— 1 by orbifolding. For example, tak&®=T2@ T2 T2,
intimately tied toD=4 spacetime. This suggests th&  \here each of th&2 has aZ, and aZ, rotational symmetry.
=mZ. This is substantially smaller than the previous naiveThe Z generatog and theZ, generatoR acts on the com-
estimate. Unfortunately, this is still unacceptably large, sqplex coordinateg;,z,,z; of the compactified dimensions as
we need to find some mechanism to suppress it further. Novollows:

that we have seen how extra large dimensions can blow up

the Planck mass, we are naturally led to ask if the reverse can 94=wz;, (g5p=wZ;, (Z=w0Z3
suppress the cosmological constant.

Suppose we construct a non-supersymmetric string model
in 3 spacetim_e dimensiongin the construction of NON-  \yhere w=exp(27i/3). The elementg andR generates the
supersymmetric models, we do not need toacomplexﬁy th&yroup Z6. If we identify points inT® under this discrete
compactified dimensionsSo generically\;=m;. Now, let  yotational symmetry, the resulting orbifolt=T6/Z, has
us take the radius of one of the compactified direction to be sy(3) holonomy; only 1 of the 4 gravitinos are kept under
large, i.e., decompactify that direction. So the theory essene orbifold action. As a result, type | string theory compac-

(14

Rzj=-2z;,, Rz=-2,, Rz=z; (15

dimensional cosmological constant is given by To compute the spectrum, it is convenient to view type |
A 3 string theory as type 1IB orientifold. Type IIB string theory

Ay~ 23 % (13 has a worldsheet reversal symmetry. The orientifold projec-

r r tion Q reverses the parity of the closed string worldsheet

(and hence interchanges the role of left- and right-movers in

type 1IB theory. Gauging this worldsheet parity symmetry
For mg=1 TeV andr the size of the universel, is small  results in a theory of unoriented closed strings. Open strings
enough to be acceptable. This means the supersymmetand D-branes are introduced to cancel the divergerttas:
breaking mechanism within the string model-building mustpoleg from the Klein bottle amplitudéa one-loop amplitude
be intrinsically 3-dimensional. This imposes a strong con<for unorientedclosed strings The orientifold group? (the
straint in non-supersymmetric string model-building. Generi-discrete symmetries of type 1B theory that we are gauging
cally, the theory can decompactify in other directions in thecontains the element® and QR. Tadpole cancellation re-
field space, so that , ends up of the order ah?. However,  quires introducing bottD9- and D5-branes. Global Chan-
A, measures the vacuum energy density, so it is natural for iPaton charges associated with the D-branes manifest them-
to choose the minimum energy path of decompactificationselves as gauge symmetry in space-time. As a result, there
This imposes a strong constraint in model-building. Noticeare gauge fields from both9- andD5-branes.
that this mechanism will not work if the string scale is The details of the tadpole cancellation conditions and the
around the grand unified theof@UT) scale, as is the case in construction ofZg orientifolds can be found in Appendix A.
the old scenario. First, consider the case where the untwisted Neveu-

The above scenario is different from Witten’s suggestionSchwarz—Neveu-Schwar¢NS—N9 sector B-field back-

[20], which also utilizes the 3 spacetime dimensional pictureground is zero; tadpole cancellation implies thaf=ng
In 3 dimensional globally supersymmetric theories, the=32, whereng (ns) is the number of 9-brane&-branes
fermion-boson mass splittingm is zero, as naively ex- This means that the total rank of the gauge grdwhich
pected, but becomes non-zero in supergravity models. Thisomes from both 9-branes and 5-braniss32. This model
implies thatdm~m?/M, wherem is the typical mass anbl  has gauge groupSU(6)®SU6)®SU4)@U(1)%]2 and was
is the 3-dimensional Planck magxl]. So the fermion-boson first constructed in Ref15]. Although the gauge group con-
mass splittings are non-zero while; is zero. As we decom- tains the standard model gauge group(38@SU(2)@U(1),
pactify a direction with radius, A, clearly remains zero. the residual gauge symmetry is too large for the model to be
However, the 4-dimensional2=M/r, so, for finiteMp, phenomenologically interesting.
M goes to infinity ag goes to infinity, anddm goes to zero. In the presence of the untwisted NS—NS sector B-field
This seems to imply that the decompactification of the 3-background, it was showii22,23 that the rank of the gauge
dimensional supergravity model yields 4-dimensional supergroup is reduced to 322. Here,b is the rank of the matrix
gravity. So we believe that non-supersymmetric 4-Bj; (i,j labels the complex coordinates ©f). Since we are
dimensional models can come from the decompactificatiomompactifying type | string theoryroa 6 dimensional mani-
of 3-dimensional non-supersymmetric models, but not superfold, b=0,2,4,6. The details of the construction of these
symmetric models. models can be found in Appendix A. Fbr=2, the model
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has[ SU(2)®SU(2)@SU(4)@U(1)%]? gauge symmetry, which  SU(2)s@SU(2)s so that the 55 and the 59 sector matter fields

can be considered as a Pati-Salam like model with sombecome heavy. In any case, let us focus our attention on the
extra global or gauge symmetry depending on the gauge co®9 sector. Here some of the low dimension terms in the

pling of the 9-brane and 5-brane gauge group. This is theuperpotential is given bgsee Table | for notations

model we are going to study in more details in this paper.

Forb=4, the gauge group [SSU(2)® SU(2)®U(1)%]? which W=(U1Q2+U,Q)H+(U;1S,+U,5)Us

is too small to contain the standard model. Fot 6, the

gauge group i$SU(2)®U(1)]?, again does not contain the T (QuSat Q%) Qs (16

standard model. here we have suppressed thalependence and the exact

. Let us discuss in more details the spectrum of the model Jticients of the couplinggThe \ dependence dfi-point
with [SU(2)@SU(2)@SU4)®@U(1)%)? gauge symmetry. couplings isgh~2~\(N-2)/2)
Open strings start and end on D-branes. Since there are two To break the gauge grodp down to @RSUR)oU(1)
kinds of D-branes(9-branes and 5-braneshere are three |\ . - move some of the 9-branes away from each ,other.

types of_open strings that we need to Con5|d_er: 99, 55_ an_d his mechanism is equivalent to the spontaneous symmetry
open strings. The open string spectrum of this m_O(_jE| IS Ve eaking(SSB action of the Higgs field in the effective field
ke I.' Herg, we qon3|der all DS-branes sitting at thetheory; that is, we can give vacuum expectation value to the
same orbifold fixed point. The fact that the 99 an_d the. 55Higgs superpartner of one of the fields. Since théJ fields
sector have the same spectrum follows from T-duality. S'nc%re charged under(8)>SU4)®U(L), it is more appropriate

open string has only two end-points, the charged matte, ;
fields are either bi-fundamentals or symmetfior anti- gJ&?gSﬂéﬂ?isu@h@SU(Z)R®U<1DSU(3)®SU(2)L
t L

symmetrig representations of the gauge groups. Notice tha

the first and the second(l) of both the 99 and the 55 gauge . 11 . 1 1

groups are anomalous, with(l) anomaly equals-16 and (4,1,2)(—1):(3,1)( -, =, - 1) @(3,1)( _ -, 1)

+ 16 respectively. We can form a linear combination of these 32 302

U(1)’s such that only one of them is anomaldtisis combi- 1 1

nation is given byQ;—Q, whereQ, , are the first and the @(1,1)( 1,5,—1) @(1,1)( 1- 5’_1)'

second W1) charge respectivelyBy the generalized Green-

Schwarz mechanisii24], some of the fields charged under (17

the anomalous (1) will acquire vevs to cancel the Fayet-

llliopoulos D-term. In addition to the open string spectrum, Here, the first 1) charge is theB—L number, the second

there are also closed string states. Since they do not carty(1) charge id g=SU(2) isospin, and the third (1) charge

Chan-Paton factors, they are singlets under the gauge grouis. 3B+L which comes from the decomposition
We see that the model has enough realistic features so thel(4) DSU(4)®@U(1). Notice that the 1) hyperchargeY

we can use it to study various scenarios discussed earliesB—L+2lg and the baryon numbeB=(B—-L+3B

Here we shall consider three different possible ways that the-L)/4. Therefore, under

model may be interpreted as an approximate way to describe

nature. There is one chiral family in the first scenario, twoSU(4)®SU(2)@SU(2)@U(1)

chiral families in the second scenario, and three chiral fami-

lies in the third scenario. Our description is sketchy and we PSUR)@SU2)L@ULy@U(L)s®U(L)sp L,

shall simply assume the dynamics needed to behave in the o 1 41

way we like. Our purpose is to illustrate some of the features, - e >

of brane-physics, and draw attention to the model's featured #-2(~ D=3, 1)(§’ 3 1) ®@ 1)( 3 3 1)

that are generic to other type | string models. We shall not

worry about which(if any) of the three scenarios is actually ®(1,1)(2,0-1)®(1,1)(0,0-1). (18)

realized by the string dynamics. )
Here the Wl)s are independent but not orthogonal. If the

scalar (,1)(0,0,—1) acquires a vev, );5, is broken,

A. Scenario 1 and the field€Q; andU; become
To describe this scenario, let us go to the T-dual picture 11
where there are two different types of 5-brarjas in Eq. 421 (+1)=(3.2 (_ “lae(12)(-1.0
(9)]. For convenience, we will still refer to the 5-branes com- (42D(+1)=(32) 3’3 (1.2)(=1.0

ing from T-dualizing the 9-branes as the 9-branes. Suppose

the standard model SB)®SU(2)®U(1) gauge group comes — — (2 1\ — 4

from the 9-brane sector only. In this model, the gauge group (412)(-1)=(, 1)(51_ 5) ®(3, 1)( T3 §)

is SU4)®SU(2), ® SU(2)g, and the 99 sector matter fields

are singlet under the 5-brane gauge group. We can make the ®(1,1)(2,0®(1,1)(0,0). (19
5-brane gauge coupling relatively strong, so that8ijgets

strong and may trigger dynamical supersymmetry breakingWe see that th€; andU; yield precisely one chiral and one
It may also cause spontaneous symmetry breaking ofector (i.e., one chiral plus one anti-chijafamily of the
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standard model SB)®SU(2), ®U(1)y®U(1)g. This also 2 2
splits the SW2)s doubletH into two standard models dou- +Zl Zl dixjdst-- . (21)
bletsH, andH,: e

Again, we have suppressed the dependence and the
(1,2,2)(0)=(1,2)(1,0®(1,2)(—1,0). (20)  exact coefficients of the couplings. As before, vev for one
of U fields induces SSB: SYRSU(2),
®SU(2)gD SUR)®SU(2)®U(1)y . There are two families of
The u term wH;H, does not appear as lower order terms inquarks and leptons. As in the previous scenario, conservation
the superpotential. In this scenario where there are only 9%f the third U1) charge prevents any perturbative baryon
branesgs;=g,=0y, andgy = /3/5g9 at the string scale. number violating term. The analysis is quite similar to the
Consider the chiral fermions in the 99 sector before theabove scenario, so we shall not repeat. A crucial difference is
electroweak symmetry breaking. There is 1 chiral family andthat, even at the string scale, the QCD coupling- g9 and
1 vector(chiral plus anti-chiral family. Generically, a linear the weak couplingy,=gs; they need not be the same. From
combination ofU, and U, will pair up with U; to become Eg. (11), we see that their relative values depend on the
heavy, while the other linear combination will remain mass-compactification volumes. The hyperchargél)coupling is
less. After the SSB to S@)®@SU2)®U(1), this a«U;  a function ofgs; andg,:
+ BU, combination gives the right-handed quarks and lep-

tons. Similarly, a linear combination ); andQ, may pair V30905 22
up with to become heavy, while the other linear combi- N T
P o ¢ 393+ 203

nation will remain massless. They yield the weak isodoublets

of quarks and leptons. So we see that the model has only o o == .

chiral family of quarks and leptons. (i 99=05=0, thengy=3/5g at the string scale.
Now, notice that there are no baryon number violating .

terms in the superpotential. This is due the thir(l)lUsym- C. Scenario 3

metry. The quarks have (W); charge + 1, while the anti- We see that the model has 1 chiral family in the 99 sector
quarks have charge 1. The presence of such a1) asso-  and 2 chiral families in the 59 sector. Furthermore, there is a
ciated with the SW¥) is a generic feature of brane physics z, symmetry between the 9-brane and the 5-brane. We can
[the U(1) factor is the center of mass of the D-brahe&® we  construct a new model by gauging tiis symmetry, or part
should expect the conservation of the baryon number as g it j.e., aZ, orbifold of the original model. Th&, sym-
generic feature. metry we want to orbifold is an outer-automorphism. In
Suppose, in Eq(9), it is vy, notuvg, that is becoming terms of current algebra in conformal field theory, such an
very large. In this case, the 5-brane sector gauge couplingrifold converts level-1 current algebra to level-2 current
becomes vanishingly small. So the 5-brane matter fields esigebra.
sentially decouple and can be candidates for dark matter. similar procedures can be carried out in the effective field
Notice that these 5-brane gauge fields do not couple to thfheory without having to impose the condition thgj= gs
visible matter fieldgexcept by very weak gravitational inter- [25]. The basic idea is as follows. We start from a product
action, so they are essentially invisible. gauge group SWN)® SU(N), with gauge couplingg’ and
g” respectively. By giving vev to the bi-fundamental field
¢=(N,N) along the flat directiog¢)=v1y (wherely is an
N X N identity matrix, the gauge group is broken to S\J.
Suppose the QCD SB) comes from the 9-brane sector  |n the specific model that we consider in this paper, the
while the weak S() comes from the 5-brane sector. To be fields ¢,,¢, are bi-fundamentals under the(2Jy®U(2)s
specific, the gauge group is $Jo®SU(2)s0SU2)s. The  gauge group. Similarlyg; ¢, are bi-fundamentals under

guarks and leptons come from the 59 sector while the Higgﬁj(Z)é@U(Z)g. By giving vevs tog;’s and ¢!’s of the above
field comes from the 55 sector. There isZa symmetry  ¢5m (with N=2):

under which all matter fields are odd while the Higgs field is
even. The superpotential is given by U(2)g®U(2)5—SU(2), @ U(1)

W=(U;Q2+U,Q)H+(U;S,+U,S;)Usg
+(Q1S,+Q2S3) Q3+ (U0 +Uzqgy)h

B. Scenario 2

U(2)40U(2)L—SUQR)z® U(D). (23)

The gauge couplings of SP), ,SU2)g and the accompany-

+(U1Sz+UpS1) U3+ (1S4 02S3)03 ing U(1)’s are given byg=gqgs/\/g3+g2. The Ul)s are
2 2 2 4 broken by the Green-Schwarz mechanism, so the resulting
+2 E Z/linh+2 E xixjH model ha_s Pat_i-_SaIam gauge group (;8)91®SU(2)L
i=1j=1 i=1j=3 ® SU(2)g with additional custodial S4)s®U(1)° symmetry.

2 2 There are three families of chiral fermions under the Pati-

2 2 2 4
1, O " Salam gauge group. Two of them come from the 59 sector:
iUUsz+ + i xju
1 j§=:1 $ithUs ;l 12'1 $i1Q)Qs 2’1 j§=:3 Pixis U; give rise to two families of right-handed quarks and lep-

\g!

+
I
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tons, whileQ; give rise to two families of left-handed quarks is present. However, this (W) is anomalous, so it will pick
and leptons. The remaining family comes from the 99 sectortip & mass via the Green-Schwarz mechanism automatically.
the right-handed quarks and leptons come from a linear confeonsider the situation where the torlig is very large. Fol-
bination ofU; andU,, and the left-handed quarks and lep- lowing Eq. (3), we see that both the gauge couplings of the
tons come from a linear combination @, andQ,. It is  9-brane and the third 5-brane sectors become vanishingly
interesting to note that one of the three families has a differsmall. In particular, the 9-brane matter fields essentially de-
ent origin. Whether this will offer an explanation to the fact couple and can be candidates for dark matter.
that there is one heavy family deserves further investigation.
Note that weak interaction universality is automatic. IV. DISCUSSION

The SSB of SW)®SU?2) ® SU(2)rD SUR)®SU2),
®U(1)y is essentially the same as in the first scenario, that is, It is clear that, among other properties, perturbative
giving a vev to the one of thd fields. The gauge couplings =4, N=1 supersymmetric, chiral type | string models have
of the standard model gauge groups do not need to meet abme very attractive features for the study of the TeV scale

the string scale and are given by string scenario:
(i) Gravitons live in the bulk while gauge and charged matter
93=09 fields live on the branes.
(i) The presence of (1)s (associated with the centers of
0905 mass of the brangsvhich help to stabilize the proton.
92 m (iii) The identical nature of 9-brane gauge group and 5-brane

gauge groupgif preseni allows different standard model
gauge couplings at the string scale.
_ V3930, (24) (iv) the presence of bi-fundamental matter fields allows di-
9y 302+ 202 agonal spontaneous symmetry breaking; again this mecha-
031203 > i .
nism allows different standard model gauge couplings at the

so that sif 4, is given by string scale. This feature may validate the weak string cou-
pling description of type | string.
] Sgg These properties are quite compatible with present experi-
sir? HWZW- (25) ments and allow the future tests of the extra large dimension
3792 scenario.
o — _ _ _ There are a number of reasons why this TeV scale super-
gingzgawg:%/?g a)[N tisfi?ritgggsacalge’. 92=9/V2, gy=3/8g and string scenario was not seriously considered earlier. In the

What about the () gauge boson associated with the old string phenomenology frameyvo(ke_., pre-string-duality
baryon number conservation? Even if its coupling is veryd@ys. gravity and gauge interactions live in the same space.

weak, it certainly must pick up a mass for the model to beS_lnce gauge interactions clearly live in an effective 4 space-
e dimensions, at least up to the electroweak scale, the

phenomenologically viable. Suppose spontaneous symmet ) X 3 : .
breaking takes place when one of the scalar field chargeld"9est the extra dimensions can bég,y, as considered in
under this 1)z develops a vev. This vewmust be small so  [2]- However, generically, the string scale is abdtgr to

that the baryon number violating terms are suppressed b§Rlisfy the proton decay bound. The reason is following. Be-
powers ofv/m,. The exact amount of suppression dependdCré our understanding of string duality, all phenomenologi-
on the details. Consider the scenario in which this spontanei@lly interesting string models are within the heterotic string
ous symmetry breaking happens simultaneously when QCE‘}"?QW in the conformal field theory framework, where the
SU(3) is broken as well, which implies that free quarks and®riginal rank of the gauge group is 22. Although the rank of
gluons can exist. Suppose thé1s boson picks up a mass the massless gauge symmetry can be substantially reduced,
1, then, following Ref[26], there are free quarks and gluons the massive sector retaife least some ofthe original large
with mass about (1 Ge¥ju. For u=10 keV, we see thata 9rOUP feature. A typical heterotic string model that contains

free quark or a free gluon will have a mass around 100 Tevthe standard model of strong and electroweak interactions in
its low energy sector will contain massive bosons that can

mediate proton decay. Since these massive bosons have
masses of the string scale, we must keep the string scale high
Let us consider anothevV=1, D=4 chiral type | model, enough, say arounds,t, to satisfy the proton decay
namely the Z3;®Z,®Z, model recently constructed by bound. Generically, the proton decay bound requires the ab-
Kakushadz¢27]. This model has 9-branes and three types ofsence of dimension-4 and -5 baryon-number violating opera-
5-branes as given in EQ3), all of them have identical gauge tors. If the string scale is around 1 TeV, the higher-
groups, so the resulting gauge groug i86)©SQO(5)]*. Let  dimensional(up to dimension-18baryon-number violating
us assume that QCD $%8) comes from one of the ), operator terms can be dangerous. To prevent their appear-
while the weak S(R) comes from one of the §6). It seems ance, some discrete symmetry or custodial gauge symmetry
there are enough Higgs fields to break one of thg6pU is necessary. However, the presence of such symmetry is not
down to SU4) and then to S(B), and one of the S(B) to  generic in the old heterotic string theory. In comparison, the
SU(2). Again, we see that the (W) carrying baryon numbers U(1)’s in type | strings are very generic; they correspond to

D. Another string model
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the center of mass of the D-branes. As we have seen in sonseales. Let us give a naive counting of the number of scales
cases, the difficulty is how to make them massive. in each scenario.

Suppose we consider the heterotic string beyond the In the old scenario where the string scale is around the
world-sheet construction. For example, solitonic 5-branedlanck scaleMp, we also have the electroweak scale. The
can contribute to the massless spectrum in non-perturbativlanck scaleMp is about three orders of magnitude above
heterotic string, which may have properties that are suitabléhe GUT scale; this discrepancy is different enough to re-
for phenomenology. However, the analysis of non_qgire some new physics ingredients to explain. Let us count
perturbative heterotic string is difficult. Hopefully, duality this situation as 3 scales. The quark and lepton masses are

between the type | and the heterotic str[2@] allows us to ~ VerY different. For example, the mass of the top quark is
treat more fully the non-perturbative effects. more than 10 that of the electron. Let us assume that the

The string model that we have presented here is conf€rmion mass splitting introduces ano_ther scale that needs
structed from perturbative type I string theory. If the gaugeund.erstandmg. Including the cosmological constant, we have
coupling is of order 1, and we expetR>1, Eq.(9) im- 5 different scales. Let us take one of them, say the elec-
plies that the string coupliny is small. One would still like ~roweak scale, to set the overall normalization. Unification of
to know the energy regime where the perturbative type the gauge couplings provides a nice explanation of the GUT

picture may become invalif29]. Naively, one may expect scale, so there remains 3 scales that remain to be understood.
the 4-dimensional low energy. effective field theory to pe!f ONe wants to treat the GUT scale and the Planck scale as

valid at momentum scales below ®. This is because the close enough to be considered as one, we still have two

low energy effective couplings are smdkxcept for the SC?Ie?hthat beg for an eprar;}atlon.th i | d1
strong QCD coupling Quantum corrections coming from T \7 ﬁ. T\.N s;:enarlo, Weh tavte;] elstrlng Sclfe aIrOlin b
the massive string modes are negligible at low energies.e » Which 1S close enough o the electroweak scale 1o be

Above this scale, one expects thek(#)-dimensional effec- considered as a single scale. Similarly, the small compactifi-
tive field theory t’o be valid. At scales aboRs ! but below cation radii between the electroweak and the string scale

m,, we should move from effective field theory to string should not be treated as new scales. Suppose the standard

theory, where perturbative type | string theory is likely to bemodel gauge couplings are unified at the string scale. Since

valid. When the energy-momentum scale is around the stringje gauge and matter fields are living in extra dimensions,
scalemg, the type | string perturbative description may or ay 8 total spacetime dimensions, the gauge couplings are

may not remain valid. This may depend on the particulaﬂrrelevam operators. So these couplings run as powers and

scenario and the particular process one is interested in. lﬂlvgrge_ rapidly as we move to lower energies. Once._the en-
view of type I-heterotic duality, one would ask if the ergies involved go below the scale of the small radii, they

weakly-coupled heterotic string description should take ovegicorgsee rt?]aer%:igxgegghorﬁnagit\{[?gs?r?;y I;)g;gtgrrzlc(:jaitflg.r_
in this regime. However, the techniques in constructing het: pp piing 9

erotic string vacua with NS 5-brangthe NS 5-branes are ent but comparable. Again, as irrelevant operators, they di-

dual to theD5-branes in the type | theonare not well verge rapidly, so they can easily differ by orders of magni-

developed. Since type | string theory provides a natural Set_ude at scales below the electroweak s¢éle This provides

ting to realize the idea of extra large dimensions, it is "kely\?vgiar:gﬁ“r\n/gt ecépdﬁ??ﬂgnf;?rwgﬁ ];igglsog rl?titiiis Q'erag::)gxfrg
that the scenarios that we presented here capture the impar- pItings a :
! L ; scale. Now we can count the number of scales in this sce-

tant features which persist in the laryeegime. L .
nario: using the string/electroweak scale to set the overall
normalization, we have only two scales that beg for an ex-
planation: the cosmological constant and the large radius of

V. COMMENTS r=1mm=10'TeV. (In fact, a cosmological constant of the

It is interesting to compare the merits of the two scenario®rderr * is quite compatible with observations.
of string phenomenology: the old scenario with the string Theoretically, it seems that the new scenario looks
scale around the GUT scale, and the new scen@s,6] sllg_htly bette_r than, or at least compa_ral_ale to, the old sce-
with the string scale around the electroweak scale. Experit@rio. Experimentally, the new scenario is much more test-
mentally, the new scenario is clearly superior. High energy@ble or reachable and hence superior. So overall, the new
scatterings can probe the extra small dimensions while grag¢enario certainly deserves further investigation.
ity can probe the extra large dimensions. These experiments
are coming in the near fqture. If 'Fhis scer)ario is correct,.we ACKNOWLEDGMENTS
can expect a lot of experimental information on the detailed
structure, which can provide valuable guidance on the pre- We would like to thank Philip Argyres, Chong-Sun Chu,
cise way nature is realized within string theory. At this mo-Keith Dienes, Alon Faraggi, Piljin Yi, and especially Zurab
ment, before the availability of the experimental data, we carKakushadze for valuable discussions. The research of G.S.
still ask which scenario is more appealing from the theoretand S.-H.H.T. was partially supported by the National Sci-
ical perspective. Without detailed realistic models, any comence Foundation. G.S. would like to thank the kind hospital-
parison is quite subjective. Nevertheless, we believe the exty of the Institute for Theoretical Physics at Stony Brook
ercise can be illuminating. A scenario may be deemed morduring his stay. G.S. would also like to thank Joyce M. Kuok
natural than another if it has fewer number of disparate~oundation for financial support.
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APPENDIX A: CONSTRUCTION OF THE MODEL Therefore, the number of D9-branes is given Ioy

- 2 Gimi i it
In this appendix, we give the details of how to construct 32/22. Similarly, tadpole cancellation condition for the

from D-branes and orientifolds th&=1, D=4 chiral string uzn?'f\leted Ramond-RamonR-R) 6-form potential gives
model with[ SU4)®SU(2)@SU(2)®U(1)%]?> gauge symme- (23]

try presented in Sec. Ill. The model also exhibits some novel 64 1

features[22] of the untwisted NS-NS sector B-field back- (Tr(y18)*— 272 Tr(y19+ 55(32)220. (A5)
ground recently discussed j23].

We start from type IIB string theory compactified afi
=T2®T?® T2, where each of the two-tori hasZa and aZ,
rotational symmetry. Th&; generatoig and theZ, genera-
tor R acts on the complex coordinates,z,,z; of T® as

Therefore, the number of D5-branes is given Ioyg
=32/2"2, This was also expected from T-duality between
D9- and D5-branes.

The other constraint comes from tadpole cancellation of

follows: the twisted R-R 6-form potential. Since the twisted closed
string states propagating in the tree-channel do not have mo-
94=wz;, 95=wZ;, (L=wig (A1) mentum or winding, the twisted tadpoles remain the same in
the presence of the untwisted NS-NS sector B-field back-
Rz=-2,, Rz=-27,, Rzp=1z; (A2) ground (the effect of which is to shift the left- plus right-

moving momentum lattide The twisted tadpoles fa£y ori-

where w = exp(27i/3). The elementg andR together gen- entifolds in 6 dimensions have been computed30—32
erate the Abelian groufs. and generalized to 4 dimensions in Refs2,14,19. Here,
Let us consider type | string theory compactified on theWe State the results for thg; case:

toroidal orbifold M =T®/Z,. It is convenient to view type | L a\bR2 3_ _/_a\bi2

compactification as type IIB orientifold. The orientifold pro- T(ygp) =~ (= 1" 3 codm/3) "=~ (~1)""4 (A6)
jection () reverses the parity of the closed string worldsheet.
This results in a theory of unoriented closed strings. One- Tr —Tr -0 A7
loop finiteness generically requires introducing open strings (7rp) (7rgp) =0. (A7)

starting and ending on D-branes, so that the divergences | et us consider the solutions to the above tadpole cancel-
(tadpoleg coming from the cylinder, Mobius strip and Klein |ation conditions for all possible values bf

bottle amplitudes cancel. The orientifold grou® (i) Forb=0, ng=ng=32

={Q?R"g%la=0,1; b=0,1; ¢c=0,1,2 contains both the el-

ements() and(Q)R. Therefore, one has to introduce b@9- Yrp=diad(il 16, il 1), (A8)
and D5-branes to cancel the tadpoles. The global Chan-

Paton charges associated with the D-branes manifest them- yg,p:diagwIerzl61'41‘0'61‘02'61'4)1 (A9)
selves as gauge symmetries in space-time. Hence, there are

gauge bosons from both 99 and 55 open strings. where | is an M XM identity matrix. The gauge group

The orbifold action on the Chan-Paton factors is describedrom the 99 open strings is $8)@SU(6)@SU4)@U(1)°.
by unitary matricesy, , that acts on the string end-poirls  The 55 open strings also give rise to the gauge group
labels the orbifold group elemenf labels the type of SU(6)@SU6)®@SU4)@U(1)%if the D5-branes are located at
branes. Let |,ij) be an open string state, whegeis the  the same fixed point. The total rank of the gauge group is 32.
state of the worldsheet fields andj are the Chan-Paton This model was first constructed in R¢L5].
factors of the string end-poinighe open string starts on a (i) Forb=2, ng=n5;=16.
p-brane and ends on @brang. The action of the orbifold
elementk is given by Yrp=diadilg, —ilg), (A10)

K i) = ikl 1Y ied)yri - (A3) Yap=diagoly, 0z 15,012,075 1), (ALY)

The gauge grouffrom both 99 and 55 open stringss

Tadpole cancellation determines thg form of the, matri- SU2)®SU2)2SU4)@U(1)%]2. The total rank of the gauge
ces. There are two types of constraints that we need to co jroup is 16. This is the model that we study in this paper.
sider. The first one comes from the cancellation of the un- (iii) Forb=4, ng=ng=8.

twisted tadpoles for theD9-branes and theD5-branes
respectively. This type of constraint determines the number o=diag(il 4, —il ), (A12)
of D9- andD5-branes. In the general case where the un- ’
twisted NS-NS sector B-field can be non-vanishimgth b
equals the rank of the matri®;; , which is always even

tadpole cancellation for the untwisted R-R 10-form potentialThe gauge grougfrom both 99 and 55 open stringss

Ygp=diagwly, 0?5, 0l,,0%,). (A13)

gives[22,23 [SU(R)®SU(2)®U(1)%]2. The total rank of the gauge group
is 8.
2°(Tr(y,9)?— 2264 Tr(y19+(322=0.  (A4) (iv) Forb=6, ng=ns=4.
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Yrp=diagil 5, =il ), (A14)  time bosons andj=— 3 for space-time fermions. We will
denote the corresponding vertex operators\hy,(z) and
Ygp=la- (A15)  V_y1(2), respectively. Vertex operators in tlge=0 picture

(with zero ghost chargds given bypicture changing

The gauge grougfrom both 99 and 55 open stringss
[SU(2)@U(1)]?. The total rank of the gauge group is 4.

The gauge groups of the models fo+4,6 are too small Vo(2)= lim e?T(2)V_1(w). (B3)
to accommodate the standard model, which make them phe- Wz
nomenologically uninteresting. We will focus on the=2
model with[ SU(2)@SU(2)@SU(4)2U(1)%]? gauge symme-
try. One can see that besides the supercurrent, open string

To construct the open string spectrum, we keep all physistates also carryi-charges. The vertex operator for gauge
cal states that are invariant under the orbifold action. Thergosons in the-1 picture is given byy#\;; where u is the
are contributions from 99, 55 and 59 open strings. Asspacetime index. Therefore, they do not caticharges. On
pointed out in Ref[23], the 59 open string sector states the other hand, the vertex operator for matter fields in 99 and
come with a I']"Iultlr:)“Clty§:2b/2 (Reca” that without B- 55 sector is given bwa)\lj . Hence, in the—1 picture,H
field, the multiplicity of states in the 59 sector was one per=(1,0,0),(0,1,0 or (0,0,1 depending on which worldsheet
configuration of Chan-Paton charg¢81,32.) The open fermion is excited. The moding of the worldsheet fermions
string spectrum of the[SUQ®SUR)@SUA)@U(1)°]*  in the 59 sector is different from that in the 99 sector. There-

model is given in Table I. fore, in the—1 picture, matter fields in the 59 sector carry
half-integral H-charges instead of integraH-charges.

APPENDIX B: H-CHARGES, SCATTERINGS The H-charges of the massless fields of the
AND COUPLINGS [SU(4)@SU(2)@SU(2)@U(1)%]2 model is given in Table I.

In this appendix. we review the conformal field theor Having constructed the vertex operators for the massless
technigues Fl)rﬁ) calcuylatin scattering amplitudesd hence Y states, one can in principle compute the scattering ampli-
q 9 9 P tudes, or the corresponding couplings in the superpotential.

coypllngs) in Ofb'fO"?' moc_iels. In type | string theory, plosed The coupling ofM chiral superfields in the superpotential is
string sector only gives rise to gauge singlets. We will there-_. . ; . .

: . given by the scattering amplitude of the component fields in
fore focus on the couplings between open string states.

In the standard orbifold formalism, the internal part of thethe limit when all the external momenta are zero. Due to
. P holomorphicity, one needs to consider only the scatterings of
worldsheet supercurrent can be written as

left-handed space-time fermions, with vertidés;;,(z), and
P 3 P 3 their space-time superpartners. Since the tgtghost charge
Te== O J29Xe+H.c== >, e?'gXa+H.c, (B1) inany tree-level correlation function i52_, it is conv_enient
241 2 4= to choose two of the vertex operators in thel/2-picture,
one in the—1-picture, and the rest in the O-picture. Using

\k/)vhere'z,/;adare complex world-sheet fermions, which can bee s (2¢) invariance, the scattering amplitude is therefore
osonized:

a_ 1 A8 — iH -
PP=exp(ip?)=exp(iH - p), Ap=g" "2 TrNINZ- - M)

Yy =exp—ip?)=exp —iH p). (B2)
Xf dzg - -dzy(V_120)V_12(1)
Here,H (known as theH-charge equals(1,0,0, (0,1,0 or
(0,0,) for a=1,2,3. The supercurrent is therefore a linear XV _1(2)Vo(Z4)*Vo(zm)), (B4)

combination of terms with well defined-charges.

In the covariant gauge, we have the reparametrizatiofere we have normalized tioeghost part of the correlation
ghostsb andc, and superconformal ghos&ndy[33}(ﬁlt IS function (c(0)c(1)c(>)) to 1. To obtain the open string
mostq}convenlent to bosonize tgy ghosts:f=dée *, v gcattering amplitudes, we have to take the integration vari-
=7e”, where ¢ and » are auxiliary fermions andp is @ gplesz to the real axis, wittg; >z ;. Now the terms in the
bosonic ghost field obeying the OP®(2)¢(w)~log(z  superpotential can be read off directly from the resulting
—w). The conformal dimension o8¢ is —(3)g(g+2). In scattering amplitudes. For a non-zero coupling, the sum of
covariant gauge, vertex operators are of the fafta)A;; , the H-charges must be zero in the corresponding scattering
whereV(z) is a dimension 1 operator constructed from theamplitude. Note that the supercurrent carries terms with dif-
conformal fieldwhich include the longitudinal components ferent H-charges. Because of picture changimtrcharges
as well as the ghostsand);; is the Chan-Paton wave func- are not global charges even though they must be conserved
tion. The vertex operators for space-time bosons carry inteexactly. In additional to thél-charge conservation, there is
gral ghost chargesg(e Z) whereas for space-time fermions also a discret&, symmetry coming from the orbifold twist.
the ghost charges are half-integrgl{ Z+ 3). Here,q speci-  For the couplings to be non-zero, the total twist in the scat-
fies the picture. The canonical choiceqs- —1 for space- tering amplitude(B4) must be an integer.
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