
PHYSICAL REVIEW D 66, 066004 ~2002!
Phenomenology of a three-family standardlike string model
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We discuss the phenomenology of a three-family supersymmetric standardlike model derived from the
orientifold construction, in which the ordinary chiral states are localized at the intersection of branes at angles.
In addition to the standard model group, there are two additionalU(1)8 symmetries, one of which has family
nonuniversal and therefore flavor changing couplings, and a quasihidden non-Abelian sector which becomes
strongly coupled above the electroweak scale. The perturbative spectrum contains a fourth family of exotic
@SU(2)-singlet# quarks and leptons, in which, however, the left-chiral states have unphysical electric charges.
It is argued that these decouple from the low energy spectrum due to hidden sector charge confinement, and
that anomaly matching requires the physical left-chiral states to be composites. The model has multiple Higgs
doublets and additional exotic states. The moduli-dependent predictions for the gauge couplings are discussed.
The strong coupling agrees with experiment for reasonable moduli, but the electroweak couplings are too
small.
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I. INTRODUCTION

Despite an enormous amount of promise and interes
superstring or M theory, it is still difficult to construct mod
els with a fully realistic effective low energy four
dimensional limit from first principles. The~related! difficul-
ties include the fact that only certain limiting corners of
theory are perturbative, there are many possible compac
cations of the extra dimensions, the cosmological const
the method of supersymmetry breaking, the difficulty of co
structing a realistic spectrum for the effective theory, and
stabilization of moduli. One direction, the subject of th
paper, is to examine concrete semirealistic construction
as much detail as possible. One does not expect to fin
fully realistic model. Rather, the goals are~1! to develop
calculational techniques,~2! to suggest promising direction
for new constructions, and~3! to find examples of possible
new physics at the TeV scale that might emerge from exp
top-down string constructions. The latter are sometimes
ferent from new physics motivated from bottom-up a
proaches. Of course, the features of a particular model
simply be shortcomings of that construction rather than
neric predictions of classes of string theories. However,
examining promising constructions from a variety of corn
of M theory one may obtain hints as to likely types of ne
TeV scale physics. Difficulties of this program are that m
constructions are rather complicated, and that the unreal
or unsuccessful aspects of each model often make it diffi
to carry out detailed calculations.

For over a decade, there has been considerable effo
the construction of semirealistic string models in the fram
work of perturbative heterotic string theory@1#. In particular,
a class of free-fermionic string models which contain t
gauge group and matter content of the minimal supers
metric standard model~MSSM! have been constructed@2,3#.
0556-2821/2002/66~6!/066004~12!/$20.00 66 0660
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These constructions have many interesting features, suc
extended gauge structures and matter content@4#. Some of
the features of one of these constructions are summarize
the Appendix.

The purpose of this paper is to examine the phenome
logical issues in another calculable regime of M theo
namely, type II orientifolds. In recent years, the advent
D-branes has facilitated the construction of semirealis
string models using conformal field theory techniques,
illustrated by the various four-dimensionalN51 supersym-
metric type II orientifolds~@5–16# and references therein!. A
promising direction to obtain chiral theories is by constru
ing models withD-branes intersecting at angles@17#. This
fact ~or its T-dual version, i.e., branes with flux! has been
exploited in@18–20# to construct semirealistic string mode
~see also@21#!. However, the constraints on supersymmet
four-dimensional models are rather restrictive. Despite
remarkable progress in developing techniques of orientif
constructions, there is only one orientifold model@15,16#
that has been constructed so far with the ingredients of
MSSM: N51 supersymmetry, the standard model~SM!
gauge group as a part of the gauge structure, and cand
fields for the three generations of quarks and leptons as
as the electroweak Higgs doublets. We hope that by study
the phenomenology of this model in detail, we can pro
some of the generic features and predictions of string mo
derived from the orientifold approach.

In this paper we concentrate on direct compactificatio
of the underlying M theory to a four-dimensional field theo
containing the MSSM~i.e., without having an intermediat
four-dimensional grand unified theory!. We focus on the case
in which the fundamental scale is comparable to the Pla
scale, i.e., the case with no very large extra dimensions.

In Sec. II we briefly summarize the construction of th
model, including the gauge factors and the quantum numb
©2002 The American Physical Society04-1
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of the chiral and nonchiral spectrum. The properties of
perturbative spectrum are discussed in more detail in Sec
including the properties of the multiple Higgs doublets, t
three regular families, the fourth exotic family, and altern
tive assignments. The properties of the additionalU(1)8
gauge interactions and the possibilities for breaking them
the electroweak or intermediate scales are discussed in
IV. Section V is concerned with the gauge couplings. T
model does not have the conventional form of gauge un
cation because each group factor is associated with a di
ent set of branes. However, the string-scale couplings
predicted in terms of the ratio of the Planck to string sca
and a geometric factor. The low energy electroweak c
plings are too small due to the multiple Higgs fields a
exotic matter, while the strong coupling is more reasona
The quasihidden sector groups are asymptotically free.
implications of these results for the spectrum are describe
Sec. VI. In particular, the fractionally charged exotic sta
presumably disappear from the low energy spectrum du
hidden sector charge confinement, to be replaced by com
ite states with the appropriate quantum numbers to form
left-handed components of an exotic fourth family. The
sults are summarized and contrasted with a particular
erotic construction in Sec. VII. A more detailed descripti
of the features of that construction is given in the Append
A detailed discussion of the Yukawa couplings of the mo
will be presented separately@22#, and further implications of
the strong couplings for moduli stabilization and supersy
metry breaking is under investigation@23#.

II. DESCRIPTION OF THE MODEL

For completeness, let us describe the construction of
model in @15#, which is obtained by compactifying type IIA
string theory on aT6/(Z23Z2) orientifold. We considered a
general framework in which theD-branes are not necessari
parallel to the orientifold planes, which gives rise to ne
possibilities of embedding the gauge sector in the same b
ground geometry.~In theT-dual picture@6#, this corresponds
to turning on a background flux of the gauge fields on
D-branes.!

The generatorsu, v of Z23Z2 act asu: (z1 ,z2 ,z3)→
(2z1 ,2z2 ,z3), and v: (z1 ,z2 ,z3)→(z1 ,2z2 ,2z3) on the
complex coordinateszi of T65T23T23T2. The orientifold
action isVR, whereV is world-sheet parity, andR acts by
R:(z1 ,z2 ,z3)→( z̄1 ,z̄2 ,z̄3). The model contains four kind
of O6-planes, associated with the actions ofVR, VRu,
VRv, andVRuv. The closed string sector contains grav
tational supermultiplets as well as orbifold moduli and
straightforward to determine, and so in what follows we w
focus on the open string~charges! spectrum. The cancellatio
of the Ramond-Ramond~RR! tadpoles from the orientifold
planes requires an introduction ofK stacks ofNa D6-branes
(a51,...,K) wrapped on three-cycles@Pa# ~which for sim-
plicity is taken to be the product of 1-cycles of the two-tor!:

@Pa#5)
i 51

3

~na
i @ai #1ma

i @bi # ! ~1!
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and similarly for their orientifold images underVR. The
cycles that theD6-branes and their orientifold images wra
around are specified by the wrapping numbers (na

i ,ma
i ). The

number ofD6-branes and the associated wrapping numb
are constrained by~i! cancellation of RR tadpoles and~ii !
supersymmetry.

Analogous to the situation in@20#, models with all tori
orthogonal lead to an even number of families. Hence, a
@20#, we consider models with one tiltedT2, where the tilting
parameter is discrete and has a unique nontrivial value@24#.
This mildly modifies the closed string sector, but has an i
portant impact on the open string sector. Namely, aD-brane
1-cycle (na

i ,ma
i ) along a tilted torus is mapped to (ni ,2mi

2ni). It is convenient to definem̃i5mi1 1
2 ni , and label the

cycles as (ni ,m̃i).
Let us summarize the results forD6-branes not parallel to

O6-planes~for zero angles, the spectrum follows from@6#!.
The aa sector ~strings stretched within a single stack
D6a-branes! is invariant underu, v, and is exchanged with
a8a8 by the action ofVR. For the gauge group, theu pro-
jection breaksU(Na) to U(Na/2)3U(Na/2), andv identi-
fies both factors, leavingU(Na/2). Concerning the matte
multiplets, we obtain three adjointN51 chiral multiplets.

The ab1ba sector~strings stretched betweenD6a- and
D6b-branes! is invariant, as a whole, under the orbifold pr
jections, and is mapped to theb8a81a8b8 sector byVR.
The matter content before any projection would be given
I ab chiral fermions in the bifundamental (ha ,h̄b) of
U(Na)3U(Nb), where

I ab5~na
1mb

12nb
1ma

1!~na
2mb

22nb
2ma

2!

3~na
3m̃b

32nb
3m̃a

3!

[)
i 51

3

I ab
i

is the intersection number of the wrapped cycles~see
@18,19#!, and the sign ofI ab denotes the chirality of the cor
responding fermion (I ab,0 gives left-handed fermions in
our convention!. For supersymmetric intersections, add
tional massless scalars complete the corresponding chira
permultiplet. In principle, one needs to take into account
orbifold action on the intersection point. However the fin
result turns out to be insensitive to this subtletly and is s
given by I ab chiral multiplets in the (ha ,h̄b) of U(Na/2)
3U(Nb/2). A similar effect takes place in theab81b8a
sector, foraÞb, where the final matter content is given b
I ab8 chiral multiplets in the bifundamental (ha ,hb).

For theaa81a8a sector the orbifold action on the inter
section points turns out to be crucial. For intersection poi
invariant under the orbifold, the orientifold projection lea
to a two-index antisymmetric representation ofU(Na/2), ex-
cept for states withu andv eigenvalue11, where it yields a
two-index symmetric representation. For points not fixed u
der some orbifold element, say two points fixed underv and
exchanged byu, one simply keeps one point, and does n
4-2
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PHENOMENOLOGY OF A THREE-FAMILY . . . PHYSICAL REVIEW D66, 066004 ~2002!
impose thev projection. Equivalently, one considers all po
sible eigenvalues forv, and applies the above rule to read o
whether the symmetric or the antisymmetric survives.
closed formula for the chiral piece in this sector can be fou
in @15#.

In addition to the chiral multiplets, there can be vect
like multiplets from theab1ba, ab81b8a, andaa81a8a
sectors. This happens whenI ab

i 50 for a singlei 5 i 0 , the
intersection number is zero. Instead of having only le
handed or right-handed chiral multiplets at the intersecti
both the left-handed and the right-handed chiral multipl
are present. The multiplicity of vector-like multiplets is give
by

I ab5 )
iÞ i 0

I ab
i . ~2!

These vector-like multiplets are generically massive as
plained in@15#.

The condition that the system of branes preserveN51
supersymmetry requires@17# that each stack ofD6-branes is
related to the O6-planes by a rotation inSU(3): denoting by
u i the angles theD6-brane forms with the horizontal direc
tion in the i th two-torus, supersymmetry preserving config
rations must satisfyu11u21u350. In order to simplify the
supersymmetry conditions within our search for realis
models, we considered a particular ansatz: (u1 ,u2,0),
(u1,0,u3), or (0,u2 ,u3).

Due to the smaller number of O6-planes in tilted config
rations, the RR tadpole conditions are very stringent
more than one tilted torus. Focusing on tilting just the th
torus, the search for theories withU(3) and U(2) gauge
factors carried by branes at angles and three left-han
quarks, turns out to be very constraining, at least within
ansatz. We have found essentially a unique solution.
D6-brane configuration with wrapping numbers (na

i ,m̃a
i ) is

given in Table I.
The eightD6-branes labeledC1 are split in two parallel

but not overlapping stacks of 6 and 2 branes, and hence
to a gauge groupU(3)3U(1). Interestingly, a linear com-
bination of the twoU(1)’s is actually a generator within the
SU(4) arising for coincident branes. This ensures that t
U(1) is automatically nonanomalous and massless~free of

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

Type Na (na
1,ma

1)3(na
2,ma

2)3(na
3,m̃a

3) Group

A1 8 (0,1)3(0,21)3(2,0̃) Q8,88

A2 2 (1,0)3(1,0)3(2,0̃) Sp(2)A

B1 4 (1,0)3(1,21)3(2,3/2̃) SU(2)

B2 2 (1,0)3(0,1)3(0,21̃) Sp(2)B

C1 612 (1,21)3(1,0)3(1,1/2̃) i SU(3), Q3 , Q1

C2 4 (0,1)3(1,0)3(0,21̃) Sp(4)
06600
d

-

-
,

s

x-

-

-
r

ed
r
e

ad

is

linear couplings to untwisted moduli! @19,25#, and turns out
to be crucial in the appearance of hypercharge in this mo

For convenience we consider the 8D6-branes labeledA1
to be away from the O6-planes in all three complex plan
This leads to twoD6-branes that can move independen
@hence give rise to a groupU(1)2], plus theiru, v, andVR
images. TheseU(1)’s arealso automatically nonanomalou
and massless. In the effective theory, this correspond
Higgsing ofUSp(8) down toU(1)2.

The surviving non-Abelian gauge group isSU(3)
3SU(2)3Sp(2)3Sp(2)3Sp(4). The SU(3)3SU(2)
corresponds to the MSSM, while the last three factors form
quasihidden sector~i.e., most states are charged under o
sector or the other, but there are a few which couple to bo!.
In addition, there are three nonanomalousU(1) factors and
two anomalous ones. The generatorsQ3 , Q1 , andQ2 refer
to the U(1) factor within the correspondingU(n), while
Q8 , Q88 are theU(1)’s arising from theUSp(8). Q3/3 and
Q1 are essentially the baryon~B! and lepton~L! number,
respectively, while (Q81Q88)/2 is analogous to the generato
T3R occurring in left-right symmetric extensions of the SM
The hypercharge is defined as

QY5
1

6
Q32

1

2
Q11

1

2
~Q81Q88!. ~3!

From the above comments,QY as defined guarantees th
U(1)Y is massless. There are two additional surviving no
nomalousU(1)’s, i.e., B2L5Q3/32Q1 andQ82Q88 . The
gauge bosons corresponding to the anomalousU(1) genera-
tors B1L andQ2 acquire string-scale masses, so those g
erators act like global symmetries on the effective fo
dimensional theory.

The spectrum of chiral multiplets in the open string sec
is tabulated in Table II. For completeness, we also give
spectrum of the vector-like multiplets in Tables III–V eve
though these multiplets are generically massive. The the
contains three standard model families, multiple Higgs c
didates, a number of exotic chiral~but anomaly-free! fields,
and multiplets which transform as adjoints or singlets un
the SM gauge group. The spectrum is discussed in m
detail in the following section.

III. THE PERTURBATIVE SPECTRUM

In this section we describe the simplest version of
perturbative chiral spectrum. The modifications expected
to strong coupling effects in the quasihidden sector will
described in Sec. VI.

TheA1B1 sector contains 24 Higgs doublets, i.e., 12HU ,
HD pairs, whereHU (HD) has the appropriate hypercharg
to generate masses for the charge 2/3 quarks and neut
~the charge21/3 quarks and charged leptons!. Six pairs have
Q8 charges, and the other sixQ88 charges. The existence o
so many doublets is the most unrealistic feature of the mo
4-3
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TABLE II. The chiral spectrum of the open string sector in the three-family model. To be complete, we also list~in the bottom part of
the table, below the horizontal line! the chiral states from theaa sectors, which are not localized at the intersections.

Sector SU(3)3SU(2)3Sp(2)B3Sp(2)A3Sp(4) Q3 Q1 Q2 Q8 Q88 QY Q82Q88 Field

A1B1 3323(1,2̄,1,1,1) 0 0 21 61 0 6
1
2 61 HU , HD

3323(1,2̄,1,1,1) 0 0 21 0 61 6
1
2 71 HU , HD

A1C1 23(3̄,1,1,1,1) 21 0 0 61 0 1
3 ,2 2

3
1, 21 D̄, Ū

23(3̄,1,1,1,1) 21 0 0 0 61 1
3 ,2 2

3
21, 1 D̄, Ū

23(1,1,1,1,1) 0 21 0 61 0 1, 0 1,21 Ē, N̄

23(1,1,1,1,1) 0 21 0 0 61 1, 0 21, 1 Ē, N̄

B1C1 (3,2̄,1,1,1) 1 0 21 0 0 1
6 0 QL

(1,2̄,1,1,1) 0 1 21 0 0 2
1
2

0 L

B1C2 ~1,2,1,1,4! 0 0 1 0 0 0 0

B2C1 ~3,1,2,1,1! 1 0 0 0 0 1
6 0

~1,1,2,1,1! 0 1 0 0 0 2
1
2

0

B1C18 23(3,2,1,1,1) 1 0 1 0 0 1
6 0 QL

23(1,2,1,1,1) 0 1 1 0 0 2
1
2

0 L

B1B18 23(1,1,1,1,1) 0 0 22 0 0 0 0
23(1,3,1,1,1) 0 0 2 0 0 0 0

A1A1 3383(1,1,1,1,1) 0 0 0 0 0 0 0
3343(1,1,1,1,1) 0 0 0 61 61 61 0
3343(1,1,1,1,1) 0 0 0 61 71 0 62

33(1,1,1,1,1) 0 0 0 62 0 61 62
33(1,1,1,1,1) 0 0 0 0 62 61 72

A2A2 33(1,1,1,1,1) 0 0 0 0 0 0 0
B1B1 33(1,3,1,1,1) 0 0 0 0 0 0 0

33(1,1,1,1,1) 0 0 0 0 0 0 0
B2B2 33(1,1,1,1,1) 0 0 0 0 0 0 0
C1C1 33(8,1,1,1,1) 0 0 0 0 0 0 0

33(1,1,1,1,1) 0 0 0 0 0 0 0
C2C2 33(1,1,1,1,511) 0 0 0 0 0 0 0
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and is a major cause for the unrealistic predictions for
low energy gauge couplings in the MSSM sector. Nevert
less, it at least suggests the possibility of additional Hig
doublets, and the associated phenomenological co
quences, such as a richer Higgs-neutralino-chargino s
trum and Higgs-mediated flavor changing orCP violation
effects. The problem for this construction is aggravated
the fact that there is no satisfactory mechanism to gene
effective supersymmetric masses~m terms! for all of the
Higgs multiplets. Elementarym terms are not generated i
the string construction~and are also forbidden byQ2). An
effective m would be generated by the vacuum expectat
value ~VEV! of the scalar component of a superfieldS if
there were a termSHUHD in the superpotential@26,27#.
However, there are noSU(2)-singlet,QY50 states in the
chiral spectrum with the gauge quantum numbers to play
role of S. In particular, theN̄HUHD couplings are forbidden
by Q1 and Q2 . However, there are nonchiralB1B18 states
with the appropriate quantum numbers. There are coupl
between theA1B1 , B1B18 , andB18A1 sectors. Since theB18A1
06600
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sector is the same asA18B1 , and furthermore,A15A18 ~be-
cause theA1 brane is the same as its own orientifold imag!,
in principle, there are nonzero couplings of the for
(A1B1)(B1B18)(A1B1). Hence if these nonchiral states a
not massive, they can play the role of theSfield. An explicit
calculation of the above coupling from the correspond
string amplitude, however, is necessary to verify that th
are no additional stringy symmetries to forbid such co
plings.

The B1C18 intersection yields two families of quark an
lepton doublets, while a third is associated withB1C1 . Only
the first two can have Yukawa couplings to theHU,D because
of Q2 , so one fermion family will remain massless.~The
Yukawa couplings of the model are discussed in detail
@22#.! The A1C1 sector contains four families o
SU(2)-singlet antiquarks and antileptons,Ū, D̄, Ē, andN̄,
two charged underQ8 and two underQ88 . Three of these
should be the partners of the quark and lepton doublets.

The B1C2 and B2C1 states couple to both the ordinar
and quasihidden sector gauge groups, and they carry the
4-4
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TABLE III. Nonchiral spectrum from theab sectors in the three-family model. These states, as well as those in Tables IV and
generically massive.

Sector SU(3)3SU(2)3Sp(2)B3Sp(2)A3Sp(4) Q3 Q1 Q2 Q8 Q88 QY Q82Q88

A1A2 23(1,1,1,2,1)123(1,1,1,2̄,1) 0 0 0 61 0 6
1
2 61

23(1,1,1,2,1)123(1,1,1,2̄,1) 0 0 0 0 61 6
1
2 71

A1B2 2323(1,1,2,1,1)12323(1,1,2̄,1,1) 0 0 0 61 0 6
1
2 61

2323(1,1,2,1,1)12323(1,1,2̄,1,1) 0 0 0 0 61 6
1
2 71

A1C2 2323(1,1,1,1,4)12323(1,1,1,1,4̄) 0 0 0 61 0 6
1
2 61

2323(1,1,1,1,4)12323(1,1,1,1,4̄) 0 0 0 0 61 6
1
2 71

A2B1 33(1,2,1,2̄,1) 0 0 1 0 0 0 0

33(1,2̄,1,2,1) 0 0 21 0 0 0 0

A2B2 23(1,1,2,2̄,1)123(1,1,2̄,2,1) 0 0 0 0 0 0 0

A2C1 (3,1,1,2̄,1) 1 0 0 0 0 1
6 0

(3̄,1,1,2,1) 21 0 0 0 0 2
1
6

0

~1,1,1,2̄,1! 0 1 0 0 0 2
1
2

0

~1,1,1,2,1! 0 21 0 0 0 1
2 0

A2C2 23(1,1,1,2,4̄)123(1,1,1,2̄,4) 0 0 0 0 0 0 0

B1B2 (1,2,2̄,1,1) 0 0 1 0 0 2
1
2

0

(1,2̄,2,1,1) 0 0 21 0 0 1
2 0

B2C2 (1,1,2,1,4̄)1(1,1,2̄,1,4) 0 0 0 0 0 0 0

C1C2 (3,1,1,1,4̄) 1 0 0 0 0 1
6 0

(3̄,1,1,1,4) 21 0 0 0 0 2
1
6

0

(1,1,1,1,4̄) 0 1 0 0 0 2
1
2

0

~1,1,1,1,4! 0 21 0 0 0 1
2 0
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6 . In particular, theB2C1 states
include twoSU(3) triplets and twoSU(3) singlets. All are
SU(2) singlets. These would be the natural partners of
extra Ū, D̄, Ē, and N̄ family from A1C1 except that they
have the wrong electric and hypercharges.1 It will be argued
in Sec. VI that these states most likely disappear from
physical low energy spectrum due to charge confinement
the strongly coupled hidden sector gauge groups, to be
placed with composite fields with the appropriate quant
numbers to be the@SU(2)-singlet# partners of the fourth
family of Ū, D̄, Ē, andN̄.

TheB1B18 andaa sector chiral supermultiplets in Table
include threeSU(3) octets and fiveSU(2) triplets, as well
as a number of non-Abelian singlets with nonzero hyp

1We have explored the possibility of using an alternative hyp
charge definition, in whichQY includes as an additional term th
diagonal generator of the firstSp(2) group. However, the require
Sp(2) breaking cannot occur without breaking supersymmetry
cause in this sector there are only two branes and thus there ar
enough branes available to split the branes in aZ2ÃZ2 invariant
manner and be compatible with the orientifold projection. Break
of this Sp(2) symmetry by some~perhaps nonperturbative! mecha-
nism at the TeV scale might still be a possibility, but we concentr
here on the alternative mechanism described in Sec. VI.
06600
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charge. Theaa states are not localized at intersections, a
there is no known mechanism to give them large mas
Hence they contribute significantly to the running of t
gauge couplings.~We will actually ignore them, hoping tha
some mass mechanism will be eventually found.! These
kinds of states~adjoints of the non-Abelian gauge symmetr!
are a generic problem for orientifold constructions with i
tersecting branes; since each brane wraps a~flat! supersym-
metric three-cycle of the six-torus, these three-cycles arenot
rigid and thus the adjoint matter corresponds to the mod
associated with the translational invariance of each thr
cycle. One possibility to remove these states would be to
branes on curved~Calabi-Yau! space with rigid three-cycles
which is beyond the scope of the original construction of
model. The sector also contains a number of SM singl
and threeSp(4) 5-plets.

One can consider alternative identifications of some of
multiplets, due to the fact that the lepton doubletsL and the
Higgs doubletsHD have the same SM quantum numbers. F
example, one could interpret one or both of theSU(3) sin-
glets inB1C18 to beHD8 states, and some of the doublets
A1B1 as leptons. One could give masses to all of the char
leptons in this way, but not all of the quarks. Also, if th
scalar component ofN̄ acquired a VEV, some, but not all, o
the Higgs fields could have effectivem terms. We do not
pursue this alternative further.
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-
not
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e
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TABLE IV. Nonchiral spectrum from theab8 sectors in the three-family model.

Sector SU(3)3SU(2)3Sp(2)B3Sp(2)A3Sp(4) Q3 Q1 Q2 Q8 Q88 QY Q82Q88

A1B28 2323(1,1,2,1,1)12323(1,1,2̄,1,1) 0 0 0 61 0 6
1
2 61

2323(1,1,2,1,1)12323(1,1,2̄,1,1) 0 0 0 0 61 6
1
2 71

A1C28 2323(1,1,1,1,4)12323(1,1,1,1,4̄) 0 0 0 61 0 6
1
2 61

2323(1,1,1,1,4)12323(1,1,1,1,4̄) 0 0 0 0 61 6
1
2 71

A2B18 33(1,2,1,2,1) 0 0 1 0 0 0 0

33(1,2̄,1,2̄,1) 0 0 21 0 0 0 0

A2B28 23(1,1,2,2,1)123(1,1,2̄,2̄,1) 0 0 0 0 0 0 0

A2C18 ~3,1,1,2,1! 1 0 0 0 0 1
6 0

(3̄,1,1,2̄,1) 21 0 0 0 0 2
1
6

0

~1,1,1,2,1! 0 1 0 0 0 2
1
2

0

(1,1,1,2̄,1) 0 21 0 0 0 1
2 0

A2C28 23(1,1,1,2,4)123(1,1,1,2̄,4̄) 0 0 0 0 0 0 0

B1B28 ~1,2,2,1,1! 0 0 1 0 0 0 0

(1,2̄,2̄,1,1) 0 0 21 0 0 0 0

B2C28 (1,1,2,1,3)1(1,1,2̄,1,4̄) 0 0 0 0 0 0 0

C1C28 ~3,1,1,1,4! 1 0 0 0 0 1
6 0

(3̄,1,1,1,4̄) 21 0 0 0 0 2
1
6

0

~1,1,1,1,4! 0 1 0 0 0 2
1
2

0

(1,1,1,1,4̄) 0 21 0 0 0 1
2 0
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IV. THE ADDITIONAL U„1… FACTORS

As described in Sec. II, there are two surviving non
nomalousU(1)’s, B2L5Q3/32Q1 andQ82Q88 , in addi-
tion to hypercharge.2 The Q82Q88 charges are not family
universal for the antiquarks and antileptons. For exam
two of the Ū haveQ82Q88521 and two have11. When
family mixing is considered, there may be flavor changi
neutral current~FCNC! couplings of the correspondingZ
boson to theŪ quarks@28#, provided that the two types o
Ū ’s mix with each other.~This will occur provided there are
HU scalars of both types, i.e., withQ8Þ0 and with Q88
Þ0, with nonzero VEVs.! Similar statements apply to theD̄,
Ē, and N̄ couplings. Such couplings could lead to deca
such asBs→m1m2 or t→me1e2. On the other hand, the
B2L charges are family universal~even though one of the
three families ofQ andL has a different origin than the othe
two!, so there are no flavor-violatingB2L couplings.

Limits on the mass and mixings of extraZ8 bosons de-
pend on their couplings, but typicallyMZ8.500– 800 GeV,
and theZ-Z8 mixing angle is less than few31023 @29#. One
possibility is for aU(1)8 to be broken at a large scale inte

2Strictly speaking, the three independentU(1)8 charges areQ8

2Q88 , Q81Q88 , and B2L. One can rotate the correspondin
gauge bosons so that they couple toQ82Q88 , QY , and b(Q8

1Q88)21/b(B2L), whereb[g81 /gB2L is the ratio ofQ81Q88
andB2L gauge couplings.
06600
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e,

s

mediate between the TeV and Planck scales. This can o
if there are two or more scalar fields with opposite signs
their U(1)8 charges, so that the symmetry breaking is alo
a D ~and F!-flat direction@30#. This would be desirable for
implementing a neutrino seesaw mechanism if the heavy
glet neutrino carries a nonzeroU(1)8 charge. Alternatively,
the breaking can occur at the TeV scale or lower@27#, in
which case the minimum need not be supersymmetry c
serving. In either case, one expects to first generate ma
for and possibly mixing between the two newZ8 bosons via
the VEVs of SM-singlet fields that are large compared to
electroweak scale. A small mixing of these states with thZ
would then be induced by Higgs doublet VEVs if they car
U(1)8 charges.3

The only SM-singlet fields which couple to the ext
U(1)8’s are:~1! the two pairs ofN̄ states withB2L51 and
Q8521 or Q88521; we refer to these asN̄(8) andN̄(88),
respectively.~2! TheQY5B2L50 andQ82Q88562 states
in the ~otherwise problematic! A1A1 sector. TheA1A1 states,
if present in the spectrum, could lead to aD-flat direction for
which Q82Q88 ~but notB2L) is broken at an intermediat

3In a multi-Higgs model, one can in principle generate the en
Z-Z8 mass matrix by the VEVs of Higgs doublets.~One of the mass
eigenvalues vanishes for a single doublet.! The mixing can vanish
for one or moreHU,D pairs ~along aD-flat direction for more than
one pair!. However, the largeZ8/Z mass ratio would require a ver
largeZ8 coupling to the doublets, which is not the case here.
4-6
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TABLE V. Nonchiral spectrum from theaa8 sectors in the three-family model.

Sector SU(3)3SU(2)3Sp(2)B3Sp(2)A3Sp(4) Q3 Q1 Q2 Q8 Q88 QY Q82Q88

B1B18 43(1,1,1,1,1) 0 0 62 0 0 0 0

C1C18 23(3,1,1,1,1) 2 0 0 0 0 1
3 0

23(3̄,1,1,1,1) 22 0 0 0 0 2
1
3
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scale. Depending on whether theseA1A1 states are relevant
one could have either thatQ82Q88 is broken at an interme

diate scale andB2L at the TeV scale@by N̄(8) andN̄(88)];
or that both are broken at the TeV scale byN̄(8) andN̄(88).
The second possibility could lead to significant mixing b
tween the twoZ8 bosons. Of course, symmetry breaking i
duced by the VEVs of the scalar components ofN̄(8) or
N̄(88) would lead to mixing between the correspondi
gauginos and the fermionic sterile neutrinos inN̄(8) and
N̄(88).

The compositeSU(2)-singlet N4 supermultiplet sug-
gested by the strong coupling of theSp(2)B group~Sec. VI!
could also play a role in the breaking of the extraU(1)8’s.
This state is only relevant to the effective theory below
scale at whichSp(2)B becomes strong, but that could b
anywhere from a few TeV up to very high scales, so it
possible forB2L to be broken along aD-flat direction at a
large scale. Of course, other dynamical mechanisms, suc
fermion condensates, could possibly be relevant to the br
ing of the extraU(1)8’s.

V. GAUGE COUPLINGS

The gauge couplings are associated with different sta
of branes and do not exhibit conventional gauge unificati
Nevertheless, the value of each gauge coupling at the s
scale is predicted in terms of a modulusx and the ratio of the
Planck to string scales. The running is strongly affected
the exotic matter and multiple Higgs fields, leading to lo
values of the MSSM sector couplings at low energy. Ho
ever, the hidden sector groups are asymptotically free.

The gauge coupling of the gauge field from a stack
D6-branes wrapping a three-cycle is given by@15# ~the fac-
tors of A2p were carefully worked out in@8#!:

gY M
2 M P

~4d!5A2pMs

AV6

V3
, ~4!

where V3 is the volume of the three-cycle,V6 is the total
internal volume, andMs is the string scale. The four
dimensional Planck scale is defined as the coefficient of
Einstein term in the low energy effective action:
06600
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S4d5~M P
~4d!!2E dx4AgR1¯

5
1

16pGN
E dx4AgR1¯ . ~5!

Since GN
21/251.2231019 GeV, we have M P

(4d)51/4Ap
3GN

21/251.731018 GeV. ~Some authors define a sca
larger by&.) V3 is given by

V35~2p!3)
i 51

3

Ani2~R1
i !21m̂i2~R2

i !2, ~6!

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

two-torus, m̂i5mi for i 51,2, m̂35m̃3, and the wrapping
numbers (ni ,m̂i) are given in Table I. The total internal vol
ume is given by

V65
~2p!6

4 )
i 51

3

R1
i R2

i . ~7!

The factor of 1/4 comes from the fact that we are orbifoldi
T6 by Z2ÃZ2 , which is an Abelian group of order 4. Th
Planck scale and Yang-Mills couplings are related to
string couplinggs by

~M P
~4d!!25

Ms
8V6

~2p!7gs
2 ~8!

and

1

gY M
2 5

Ms
3V3

~2p!4gs
. ~9!

In terms of the complex structure modulix i5R2
i /R1

i ,

gY M
2 5

A2pMs

2M P
~4d!

Ax1x2x3

) i 51
3 Ani21m̂i2x i

2
. ~10!

Supersymmetry requires thatx1 :x2 :x351:3:2.Therefore
gY M
2 5

A12pMs

2M P
~4d! •

x3/2

A@~n1!21~m1!2x2#@~n2!219~m2!2x2#@~n3!214~m̃3!2x2#
, ~11!
4-7
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wherex[x1 .
At a scaleM below the string scale, the couplingaa

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

1

aa~M !
5

ca~x!

aG~x!
1bat, ~12!

where

aG~x!5A3

p

Ms

4M P
~4d! x3/2 ~13!

and

t5
1

2p
ln

Ms

M
. ~14!

For M5MZ andMs;M P
(4d) one hast;6. Theca andba are

displayed in Table VI. For theba the contributionsba(int)
from the states at the intersecting branes~used in the analy-
sis! and thoseba(aa) from the unwantedaa states are dis-
played separately. The hyperchargeU(1) is in general a lin-
ear combination ofU(1)’s from branes wrapping aroun
different three-cycles:

QY5(
a

daQa . ~15!

TABLE VI. Coefficientsca of 1/aG , andb functionsba for the
ath gauge group. The contributionsba(int) from the intersecting
branes ~used in the analysis!, and the additional contribution
ba(aa) from unwantedaa states not localized at the intersectio
are both displayed.Sp(2)B andSp(2)A refer to theSp(2) groups
associated with theB2 and A2 branes, respectively. The gaug
coupling for hypercharge is not independent of that forB2L and
Q86Q88 , but is shown for completeness. For comparison, theb
functionsba(MSSM) in the MSSM forSU(3), SU(2), and 1/a1

are, respectively,23, 1, and 33/5.

Groupa ca ba(int) ba(aa)

SU(3) 11x2 21 9
SU(2) 119x2 18 6
B2L 10

9 ~11x2! 64
3

Q86Q88 12x2 80 144

1

a1
5

3

5

1

aY

1

6
1

59x2

30

76

5

108

5

Sp(2)B 6x2 24
Sp(2)A 2 26
Sp(4) 2x2 25 3
06600
Its couplingaY ~or the relateda15A5/3aY conventionally
used in the MSSM! is not independent of the three oth
U(1)’s, but is included for convenience. It is given by th
relation

1

aY
5(

a
da

2 1

aa
. ~16!

From Eq.~8!, along with the requirementMs
6V6*(2p)6

~i.e., the compactification radii cannot be smaller than
string scale! andgs

2&4p ~perturbative string theory!, we ex-
pect thatM P

(4d)*Ms /A8p. We will generally takeM P
(4d)

5Ms in our numerical examples. Near unification of, e.
the SU(3) andSU(2) couplings atMs prefers smallx, but
the overall scaleaG requires thatx cannot be too small. The
best results are forx;0.5. The predicted MSSM gauge cou
plings at the electroweak scale are presented as a functio
x in Fig. 1. It is seen that the predicted value ofa3 is quite
close to the experimental value forx;0.5 (1/a3;8.5).
However,a is predicted to be much too small, mainly b
cause of the contributions of the exotic states to the runn
while sin2 uW is predicted too large by a factor;2. ~The
predicted value of sin2 uW at the string scaleMs ranges from
0.78 to 0.73 forx varying from 0 to`, while 1/aG;12 for
x;0.5 andM P

(4d)5Ms .)
Although the predictions for the MSSM gauge couplin

are unrealistic, the quasihidden sectorSp groups are all as-
ymptotically free. Figure 2 displays the scales at which ea
Sp group becomes strongly coupled as a function ofx. All
three groups become strong above the electroweak scal
M P

(4d)5Ms and x*0.4. For M P
(4d),Ms the couplings be-

come strong at higher scales@e.g., Sp(2)B would become
strong at around 1015 GeV for M P

(4d)5Ms/3 and x50.5,
with possible implications for neutrino mass, as mentioned
Sec. IV#. The implications will be further discussed in Se
VI and in @23#.

VI. IMPLICATIONS OF A STRONGLY COUPLED SECTOR

We have seen that for sufficiently low values ofM P
(4d)/Ms

the quasihidden sector groupsSp(2)B , Sp(2)A , andSp(4)
will become strongly coupled above the electroweak sc
This is likely to lead to supersymmetry breaking in the h
den sector, which can be transmitted to the observable se
by supergravity, as well as dilaton/moduli stabilization@23#.
Here we will focus on another aspect, i.e., the confinemen
freeSpcharges, expected in analogy with QCD. In particul
it is plausible to assume that when one of theSp(n) groups
becomes strongly coupled at some scaleM@MZ any states
carryingSp(n) charges become confined and drop out of
physical spectrum. However, there may beSp-neutral bound-
state chiral supermultiplets remaining in the spectrum4

which may be required to avoid the introduction of anom
lies for the remaining gauge groups.

Sp(4) is expected to become strong at a high scale. T

4Supersymmetry breaking associated with a related gaugino
densation will be transmitted to the ordinary sector only by we
supergravity effects, and can be ignored for the purposes of
present discussion.
4-8
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FIG. 1. Predicted values of~a! 1/a3 , ~b! 1/a51/aY11/a2 , and~c! the weak angle sin2 uW5aY /(a21aY) at the electroweak scale as
function ofx for M P

(4d)5Ms . Only the contributionsba(int) of the states localized at the brane intersections~as well as the gauge boson!
to the running are included. The experimental values are;8.5, 128, and 0.23, respectively.
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only state in the chiral sector withSp(4) charge is from the
B1C2 intersection. We denote this state asC, which trans-
forms as ~1, 2, 1, 1, 4! under SU(3)3SU(2)3Sp(2)B
3Sp(2)A3Sp(4). ThestrongSp(4) forces may lead to a
composite chiral supermultipletCAA

2 , where the subscrip
indicates an antisymmetrization in both theSU(2) and
Sp(4) indices.CAA

2 is a total gauge singlet. Whether or n
this composite state is formed, the confinement ofC does
not lead to any anomalies for the residual gauge groups
anomaly is induced in theQ22SU(2)2 vertex, whereQ2 is
associated with an anomalousU(1) with a massive gauge
boson. This can be regarded as a breaking ofQ2 and is
presumably harmless, analogous to the breaking of the gl
axial U(1) symmetry in QCD. The fourSU(2) doublets
contained inC drop out of the renormalization group equ
tions for SU(2) at the decoupling scale, loweringbSU(2) by
2, but this has only a minor impact on the discussion in S
V.

Sp(2)B can become strongly coupled anywhere from
few TeV up to very high scales such as 1015 GeV, depending
on x and M P

(4d)/Ms . The fractionally chargedB2C1 states
are charged underSp(2)B . Let us denote them asF
[(3,1,2,1,1) andS[(1,1,2,1,1). By our assumptions, the
will be confined at theSp(2)B scale. The strongSp(2)B
binding might form the composite color tripletFS
5(3,1,1,1,1). This has charge21/3, and would be a candi
date for an exoticSU(2)-singlet down-type quark, excep
that it has lepton numberL51. Furthermore, if this were the
only massless composite, anomalies would be induced in
QY

3 and QY2SU(3)2 vertices. The anomaly-matching con
dition suggests that, instead ofFS, there is a more compli-
cated spectrum of massless composites. The simplest p
bility is that the spectrum consists of

E45FSŪ,
06600
n

al

c.

he

si-

N45FSD̄,
~17!

U45FSĒ,

D45FSN̄,

i.e., FS forms bound states with each member of one of
four families of SU~2!-singlet antiquarks and antilepton
The latter do not have to drop out of the spectrum, so

FIG. 2. Scalest51/2p ln M/MZ , whereM is the scale at which
theSpgroup becomes strongly coupled forM P

(4d)5Ms . The curves
areSp(2)A ~solid!, Sp(2)B ~circles!, andSp(4) ~crosses!.
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compositesU4 , D4 , E4 , and N4 are candidates to be th
exotic @SU(2)-singlet# left-handed partners of the eleme
tary fourth family of antiparticles. This spectrum matches
of the gauge anomalies, although it does lead to a~presum-
ably harmless! (B1L)2Q8

2 anomaly, again similar to the
axial U(1) in QCD.

This binding mechanism seems very plausible from
viewpoint of anomaly matching. However, it is harder
understand from the actual forces between the constitue
since theŪ, D̄, Ē, N̄ are not charged under the stron
Sp(2)B group.~They do carry other gauge charges.!

The decoupling ofF and S and the appearance of th
composite states lead to a net increase of 6/5 for theb func-
tion for 1/a1 at the decoupling scale (bSU(3) and bSU(2) do
not change!, but this is a small effect for the specific nume
cal example we have displayed. For example, forM P

(4d)

5Ms and x50.5, Sp(4) and Sp(2)B become strong a
;1015 and 23106 GeV, respectively. Including both decou
plings, the predicted values ofa21 and sin2 uW decrease by
;6 and 0.02, respectively, compared to those in Fig. 2.

Sp(2)A may also become strongly coupled. Howev
there are no chiral states withSp(2)A charges.

VII. DISCUSSION

In this paper we have described the phenomenolog
implications of a semirealistic supersymmetric three fam
model derived from an orientifold construction. In additio
to the MSSM, the model involves an extended gauge st
ture, including two additionalU(1)8 factors, one of which
has family nonuniversal couplings. There is also a quasih
den sector non-Abelian group, which becomes stron
coupled above the electroweak scale. There are many e
chiral supermultiplets, including an exotic@SU(2)-singlet#
fourth family of quarks and leptons in which the left-chir
states have unphysical fractional electric charges. These
presumably confined by the strong hidden sector inte
tions, while anomaly constraints imply composite left-chi
states with the correct charges. The right-chiral states
elementary. The Yukawa sector@22# and other aspects of th
hidden sector@23# will be presented separately.

As emphasized in the Introduction, none of the mod
that have been constructed are fully realistic, and it is di
cult to know whether the specific features of a given mo
are hints of possible new TeV scale physics, or merely a
facts of the construction. For that reason, it is useful to c
trast some of the features of this orientifold construction w
those of a specific heterotic model described in@4#. For con-
venience, those predictions are described in more deta
the Appendix.

Both models predict additionalU(1)8 gauge symmetries
some of which have family-nonuniversal and therefore fla
changing neutral current couplings. Both are most likely b
ken at the TeV scale, but have a possibility of being brok
at an intermediate scale along aD-flat direction. Both also
have quasihidden non-Abelian gauge sectors. This me
that while most of the states in the model are charged un
one or neither of the gauge sectors, there are a few s
which couple to both.@The U(1)8 also connect the two sec
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tors.# These mixed states have fractional charges like 1/6
61/2. A hidden sector is an ideal candidate for dynami
supersymmetry breaking if it is strongly coupled. In the h
erotic example the hidden sector groups are not asymp
cally free. However, in the orientifold example, the grou
are asymptotically free, and may lead to gaugino conden
tion, dilaton/moduli stabilization, and charge confineme
modifying the low energy spectrum.

Both models involve exotic states, often with no satisfa
tory means of generating fermion masses. These include
ditional Higgs doublets and singlets, suggesting such effe
as a rich spectrum of Higgs particles, neutralinos, and cha
nos, perhaps with nonstandard couplings due to mixing
flavor changing effects. The effectivem terms are either
missing or nonstandard. There may also be vector pair
additional quarks and leptons. In the orientifold case,
left-chiral states are composite and their right-chiral partn
elementary. The orientifold model also contains unwan
adjoints. There may be mixing between lepton and Hig
doublets, leading to lepton number violation. This was
quired in the heterotic case~where baryon number violation
was also possible for one flat direction! and optional for the
orientifold.

Although the Yukawa couplings have tree-level contrib
tions in string perturbation theory~in orders ofgs) in the two
constructions, they have different origins from the worl
sheet perspective. In the orientifold model, the Yukawa c
plings arise from nonperturbative effects~worldsheet instan-
tons! in the worldsheet conformal field theory. In th
Chaudhuri, Hockney, and Lykken~CHL5! model, the
Yukawa couplings are tree-level from the worldsheet point
view. We note, however, that in some heterotic string co
structions, the quarks, leptons, and the Higgs fields are lo
ized at different orbifold fixed points~see, e.g.,@31# and
references therein!. In these constructions, the Yukawa co
plings also come from worldsheet instantons. Both constr
tions can yield masses and mixings for some, but not all
the fermions, but the details depend on the mechanism
supersymmetry breaking. Neither has an obvious mechan
for a neutrino seesaw, except possibly for the case of
intermediate scale breaking of aU(1)8.

In the heterotic model the gauge unification predictio
are nonstandard~and not very successful! due to the combi-
nation of exotic particles contributing to the running of th
gauge couplings and higher Kac˘-Moody levels at the string
scale. The orientifold predictions are also nonstandard:
gauge groups are associated with different branes, and
nonstandard moduli-dependent boundary conditions at
string scale, and there are also exotic particles contributin
the running, leading to electroweak couplings that are
small. Resolutions of these difficulties in more success
constructions might involve avoiding these nonstandard f
tures, having exotics which fall into complete grand unific
tion multiplets, or invoking cancellations of effects occurrin
by accident or due to some other mechanism.
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APPENDIX

As described in the Introduction, there has been consi
able study of semirealistic perturbative heterotic string c
structions, including a class of free-fermionic string mod
which contain the gauge group and matter content of
MSSM @2,3#. Such constructions generally involve add
tional gauge factors and many extra matter supermultipl
However, they also contain an anomalousU(1)A symmetry
and a corresponding Fayet-Iliopoulos contribution to
U(1)A D term. Maintaining supersymmetry at the strin
scale requires that some of the fields in the effective fo
dimensional theory must acquire compensating vacuum
pectation values~VEVs! near the string scale, while main
taining F flatness andD flatness for the other gauge factor
These break some of the extra gauge symmetries, rem
some of the apparently massless states from the low en
effective theory, and require that the theory be restabiliz
i.e., the superpotential for the remaining massless states
be recalculated when some of the fields are replaced by
string-scale VEVs. A systematic procedure was develope
@32# to classify the flat directions associated with no
Abelian singlet fields. This was used in@4# to investigate the
flat directions and related low energy phenomenology in
tail for a promising model due originally to Chaudhu
Hockney, and Lykken@3# ~CHL5!. Flat directions associate
with nonsinglets were studied in@33#. The procedures were
used to study the flat directions in a class of models due
Faraggi, Nanopoulos, and Yuan@2# in @34#.

The features of perturbative heterotic string models
illustrated by the prototypical example of the CHL5 mod
These include the following.

One or more additional~nonanomalous! U(1)8 gauge fac-
tors. The associatedZ8 gauge boson is typically expected
be lighter than around 1 TeV@27#, although for one flat di-
rection studied the breaking could be at an intermediate s
@30#. The Z8 couplings are family nonuniversal, leading
flavor changing neutral currents~FCNC! @28#.

Additional non-Abelian gauge factors. These could,
principle, play a role in dynamical supersymmetry breaki
However, in the model studied the factors do not beco
strongly coupled below the string scale~i.e., they are not
asymptotically free!. These extra gauge factors are quasih
den, i.e., most matter multiplets transform nontrivially und
the standard modelSU(3)3SU(2) group or under the hid
den sector group~or neither!, but not both. However, there
are a few exceptions which are charged under both. The e
U(1)8 typically couple to both sectors.

There are many exotic supermultiplets in the model,
06600
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cluding an extrad-type quark, extra Higgs/lepton doublet
and many non-Abelian singlets. For many, there is
mechanism to give a significant mass to the fermions. Thi
a major flaw of most such models.~One exception, which,
however, has unrealistic Yukawa couplings, is described
@34#.! The spectrum includes a number of charge61/2 states.
These are all charged under the quasihidden sector gr
and potentially could disappear from the spectrum if the h
den sector charges are confined@35#. However, as noted
above, the hidden sector factors in the CHL5 model are
strongly coupled, so this mechanism does not occur.

There are more than the two Higgs doublets of t
MSSM. In addition to the more complicated Higgs spectru
there is a possibility of Higgs mediated FCNC. Models w
an electroweak scaleU(1)8 can generically provide a natura
solution to them problem @26,27#, which is generated dy-
namically by the VEV of the field that breaks theU(1)8.
However, in the CHL5 model the effectivem terms are non-
canonical, connecting Higgs doublets which generate tht
andb masses to others. In the specific examples studied,
of the needed effectivem terms is absent, leading to an un
wanted global symmetry.

The model has gauge coupling unification. However,
detailed predictions for the low energy couplings differ fro
the MSSM~and from experiment! because of the additiona
matter fields as well as higher Kac˘-Moody levels for the
U(1) factors.

The Yukawa couplings at the string scale are eitherg,
g/&, or 0, whereg5O(1) is the gauge coupling, allowing
large masses for thet andb, and the possibility of radiative
electroweak breaking. Smaller Yukawa couplings can be
sociated with higher dimensional operators that become
bic after vacuum restabilization. CHL5 containst2b and an
unphysicalm2t universality, a noncanonicalb2t relation,
and a nontrivial~but unphysical! d quark texture for one flat
direction.

The models violateR parity and lepton number~due to
mixing between lepton and Higgs doublets!, so there is no
stable neutralino. The Baryon number is violated for one
direction, leading to proton decay andn2n̄ oscillations
~with rates that cannot be calculated without resolving
problem of the massless exotics!.

There is no obvious mechanism for a neutrino sees
except for the cases in which one of theU(1)8 gauge factors
is broken at an intermediate scale@30#.

When phenomenological soft supersymmetry break
parameters are introduced by hand at the string scale,
can calculate the symmetry breaking and the spectrum of
Higgs and supersymmetry particles. One can obtain a s
ciently largeZ8 mass~e.g.,.700 GeV! and smallZ-Z8 mix-
ing ~e.g., ,0.005! for somewhat tuned values of the so
parameters. The largeZ8 mass scale is set by the soft brea
ing parameters, implying a spectrum quite different fro
most of the parameter space of the MSSM: typically, t
squark and slepton masses are in the TeV range~except pos-
sibly for the third family!, but there is a richer spectrum o
Higgs particles, charginos, and neutralinos@36#.
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