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Physics implications of flat directions in free fermionic superstring models.
II. Renormalization group analysis
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We continue the investigation of the physics implications of a class of flat directions for a prototype
quasi-realistic free fermionic string model~CHL5!, building upon the results of a previous paper in which the
complete mass spectrum and effective trilinear couplings of the observable sector were calculated to all orders
in the superpotential. We introduce soft supersymmetry breaking mass parameters into the model, and inves-
tigate the gauge symmetry breaking patterns and the renormalization group analysis for two representative flat
directions, which leave an additionalU(1)8 as well as the SM gauge group unbroken at the string scale. We
study symmetry breaking patterns that lead to a phenomenologically acceptableZ-Z8 hierarchy, MZ8
;O(1 TeV) and 1012 GeV for electroweak and intermediate scaleU(1)8 symmetry breaking, respectively,
and the associated mass spectra after electroweak symmetry breaking. The fermion mass spectrum exhibits
unrealistic features, including massless exotic fermions, but has an interestingd-quark hierarchy and associated
CKM matrix in one case. There are~some! non-canonical effectivem terms, which lead to a non-minimal
Higgs sector with more than two Higgs doublets involved in the symmetry breaking, and a rich structure of
Higgs particles, charginos, and neutralinos, some of which, however, are massless or ultralight. In the elec-
troweak scale cases the scale of supersymmetry breaking is set by theZ8 mass, with the sparticle masses in the
several TeV range.@S0556-2821~99!06109-3#

PACS number~s!: 12.60.Jv, 12.60.Cn, 14.80.Cp
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I. INTRODUCTION

In recent work@1–3#, techniques have been develop
which set the stage for the ‘‘top-down’’ analysis of a class
quasi-realistic string models. Models in this class haveN
51 supersymmetry, the standard model~SM! gauge group
as a part of the gauge structure, and candidate fields for
three generations of quarks and leptons as well as two e
troweak Higgs doublets. Such quasi-realistic models h
been constructed in weakly coupled heterotic superst
theory in a variety of constructions@4–9#; in particular, we
consider a class of free fermionic models@6–9#.

In general, these quasi-realistic free fermionic mod
have an extended gauge group@including a non-Abelian
‘‘hidden’’ sector gauge group and a number of addition
U(1)’s#, and a large number of fields in addition to the min
mal supersymmetric standard model~MSSM! fields, which
include a number of non-Abelian singlets, fields which tra
form under the hidden sector gauge group, and SM exo
These models also have the important property that the
perpotential is calculable, in principle to all orders in t
nonrenormalizable terms. The trilinear terms in the super
tential have large Yukawa couplings ofO(g), whereg is the
gauge coupling at the string scale. In contrast with gen
field-theoretic models, additional string~world sheet! sym-

*Present address: Center for Theoretical Physics, Texas A & M
University, College Station, Texas 77843-4242.
0556-2821/99/59~11!/115003~18!/$15.00 59 1150
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metries can forbid terms allowed by gauge invariance.1

These models generically possess an ‘‘anomalous’’U(1)
at the level of the effective theory. The presence of
anomalous U(1) leads to the generation of a Faye
Iliopoulos ~FI! term at genus 1; this term triggers scal
fields to acquire string-scale vacuum expectation val
~VEV’s! alongD andF flat directions, leading to a ‘‘resta
bilization’’ of the string vacuum. Thus, as the necessary fi
step in the analysis, we developed techniques@1# to classify
the D flat directions which can be proved to beF flat to all
orders of a general perturbative heterotic superstring mo
with an anomalousU(1). For thesake of simplicity, we
chose to consider flat directions formed of non-Abelian s
glets only, and selected the singlet fields with zero hyp
charge to preserve the SM gauge group. We applied
method to a prototype string model, model 5 of Chaudh
Hockney and Lykken~CHL5! @9# in @1#, and more recently
to a number of free fermionic string models in@2#.

The next step in the analysis of this class of models is
analyze the effective theory along such flat directions.
general, the rank of the gauge group is reduced, and effec
couplings are induced by the coupling of the fields in the
direction to the rest of the fields in the model. The effecti
mass terms generated in this way will give some of the fie
superheavy masses, so that they decouple from the theo
the string scale. In addition to the trilinear couplings of t

1For a review of the phenomenology of string models, see@10#
and references therein.
©1999 The American Physical Society03-1
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original superpotential, effective trilinear terms are genera
from higher-dimensional terms for the remaining light field
such couplings can have important implications for the p
nomenology of the model.2

In a recent work@3# we studied in detail the physics im
plications of the effective theory after vacuum restabilizat
for a prototype model: model 5 of@9# ~CHL5!. The mass
spectrum and the effective trilinear terms~in the observable
sector! were calculated exactly at the string tree level and
all orders in the vacuum expectation value of the fields in
flat directions for all of the flat directions classified in@1#.
However, we presented the detailed analysis for two rep
sentative flat directions, which encompass the general
tures of this class of flat directions. These two flat directio
are part of a subset of flat directions of the model wh
break the maximal number ofU(1)’s, leaving an additiona
non-anomalousU(1)8 as well as the SM gauge group unbr
ken at the string scale~as well as the hidden sector gau
groups!. Importantly, the string world sheet symmetries fo
bid many of the gauge-allowed terms in the effective theo
which has a number of implications for the phenomenolo
of the model.

The calculation of the mass spectrum revealed that al
with the MSSM fields, there remain a large number of ma
less exotic superfields at the string scale, due to the abs
of the corresponding effective mass terms in the superpo
tial. These fields include additional electroweak doublets
electrically charged singlets, leading to a larger number
fields in the observable sector in this model than in
MSSM.

While the scalar fields can acquire masses from the su
symmetry breaking, their fermionic superpartners can rem
light compared with the electroweak scale. We also fou
that many of the massless exotic fields do not couple dire
to the observable sector fields at the order of the effec
trilinear superpotential, such that they do not participate
the radiative electroweak andU(1)8 gauge symmetry break
ing. Therefore, there is no mechanism for these exotic fie
to acquire masses. The additional massless particle con
has an impact on gauge coupling unification, and renders
hidden sector gauge groups non-asymptotically free~such
that there is no possibility of dynamical supersymme
breaking in this sector due to strong coupling dynamics!.

The presence of massless exotics seems to be generi
thus it is a serious obstacle for deriving phenomenologic
acceptable physics from these models. Nevertheless,
have enough realistic features that it is worthwhile to stu
in detail the implications of the effective trilinear terms

2The analysis of effective nonrenormalizable terms is deferre
further study. In this case complications arise due to the fact tha
fourth order~nonrenormalizable! terms present in the original su
perpotential could be competitive in strength@11# with the trilinear
ones, as well as generated in a number of other ways, such a
the decoupling of heavy states@12#, a nonminimal Ka¨hler potential,
and the corrections to the Ka¨hler potential due to the large VEV’s
In the following we will not include such effects and assume
minimal Kähler potential.
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the superpotential. These terms have a number of conc
implications for the observable sector physics. In particu
the effective third order superpotential does not have a
nonical m term ~involving the standard electroweak Higg
doublets! in either example, but instead non-canonicalm
terms involving some of the additional Higgs doublets. Su
non-canonical terms suffice for the electroweak symme
breaking. However, in these examples, there are not eno
such terms to involve all of the Higgs doublets, resulting
massless charginos, neutralinos and an unwanted gl
U(1). We found that when imposing the requirement th
there be three lepton doublets in the model,R parity is not
conserved due to the presence ofL-violating terms which
leads to possible lightest supersymmetric particle~LSP! de-
cay in both of the examples. The second representative
direction also hasB-violating terms~with implications for
proton decay!, as well as couplings which yield textures
the quark and lepton sectors.

The purpose of this paper is to take the phenomenolog
analysis of these models to the next stage: to determine
low energy implications of these string vacua for the gau
symmetry breaking patterns and the analysis of the low
ergy mass spectra. Specifically, we investigate in detail
nature of the electroweak andU(1)8 gauge symmetry break
ing patterns and the accompanying mass spectrum. Ag
we choose to carry out this analysis for these two repres
tative flat directions.

Such an analysis can only be performed after supers
metry breaking has been incorporated. Since the origin of
supersymmetry breaking in string theory is not well und
stood, no quantitative, phenomenologically viable derivat
of a supersmmetry breaking pattern is available. Thus
take a modest approach and parametrize the supersymm
breaking by introducing soft supersymmetry breaking m
terms at the string scale. We can then proceed with the s
of the renormalization group evolution of all the paramet
in the observable sector and the study of their implicatio
for the low-energy physics.

Although the mass spectrum and the effective triline
superpotential for the representative flat directions of
CHL5 model are not realistic due to the additional massl
exotics and the nature of the effective trilinear couplings~for
details see@3#!, we choose to focus on the light fields whic
participate in the gauge symmetry breaking, with the goa
obtaining scenarios with a realisticZ-Z8 hierarchy. As
shown in@13#, in this class of models the breaking scale
theU(1)8 can be either at the electroweak~TeV! scale or at
an intermediate scale, depending on theU(1)8 charges and
trilinear couplings of the massless SM singlet fields. In t
first representative flat direction, the massless particle c
tent at the string scale does not allow for the intermedi
scaleU(1)8 breaking scenario, and hence the breaking is
the electroweak scale. However, both scenarios are pos
for the second representative flat direction.

In this paper, we demonstrate these symmetry break
scenarios explicitly for each of the two representative
directions. Numerical results are presented for specific~typi-
cal! choices of the soft supersymmetry breaking terms at
string scale, which in turn yield a realisticZ-Z8 hierarchy.
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We calculate the low energy spectrum explicitly with em
phasis on the study of the Higgs boson mass spectrum
contrast its features with those of both the MSSM and
‘‘bottom-up’’ analysis of the string models with an add
tional U(1)8 studied in@14#. @For the first flat direction the
complete mass spectrum, including that of the supersymm
ric partners, is presented. For the second flat direction
specifically address the texture in the~bottom! quark sector.#
Because of the fact that the number of Higgs fields part
pating in the symmetry breaking pattern is larger than t
assumed in@14#, the presence of some~but not all possible!
non-canonicalm terms implies additional massless char
nos, neutralinos, and Higgs bosons as well as new patter
the massive Higgs spectrum.

The paper is structured as follows. In Sec. II, we summ
rize the features of the CHL5 model and define the two s
cific flat directions. In Sec. III, we present the mass spectr
and the effective trilinear superpotential couplings for t
first flat direction of the CHL5 model. We demonstrate t
possibility of realistic electroweak symmetry breaking sc
narios of the SM gauge group along with the addition
U(1)8. In Sec. IV we demonstrate theU(1)8 symmetry
breaking scenarios at both the electroweak and intermed
scales for the second representative flat direction. Finally
Sec. V we present the summary and conclusions.

II. PRELIMINARIES

The starting point of the analysis is the effective theo
along the two representative flat directions of the CH
model @9#. In previous work, we have presented techniqu
for classifying the flat directions@1# and demonstrated th
calculation of the effective couplings along these ‘‘resta
lized vacua’’ of the model@3#. For the sake of completenes
we summarize the method and the results here, and refe
reader to@1,3# for the details.

A. Method

In the class of quasi-realistic string models consider
there is an anomalousU(1) generically present as part of th
gauge structure, for which the anomalies are cancelled by
four-dimensional version of the Green-Schwarz mechani
This standard anomaly cancellation mechanism leads to
generation of a nonzero FI contributionj to the D term of
U(1)A , with

j5
gstring

2 M P
2

192p2
Tr QA , ~1!

in which gstring is related to the gauge couplingg by the
relationgstring5g/A2 @19# „g is normalized according to th
standard @grand unified theory~GUT!# conventions, i.e.,
Tr TaTb5dab/2 for the generators of the fundamental rep
sentation ofSU(N)… and M P5M Pl /A8p is the reduced
Planck mass, withM Pl;1.231019 GeV. This term would
appear to break supersymmetry in the original str
vacuum. However, it triggers certain scalar fields to acqu
11500
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VEV’s of O(MString) alongD andF flat directions, leading to
a supersymmetric ‘‘restabilized’’ string vacuum.

Therefore, the classification of the flat directions is t
necessary first step in the analysis of the string model. In@1#,
we presented techniques to classify a subset ofD flat direc-
tions which can be proved to beF flat to all orders in the
superpotential. For the sake of simplicity and to preserve
SM gauge group at the string scale, we chose to analyze
directions formed from non-Abelian singlet fields with ze
hypercharge. In general, the FI term sets the scale of
VEV’s in the flat direction, although in some cases some
the VEV’s are undetermined~but bounded from above!.

The next stage of the analysis is to determine the effec
theory along such flat directions@3#. In general, the rank of
the gauge group will be reduced@i.e., severalU(1)’s will be
broken#. Effective couplings can be generated from high
dimensional operators in the superpotential after replac
the fields in the flat direction by their VEV’s. In particula
for a given flat directionP, effective mass terms for the field
C i ,C j (C i , j¹$FkPP%) may be generated via

W;C iC j~P i PPF i !. ~2!

In addition to these mass terms arising fromF terms, the
fields in the flat direction with VEV’s set by the FI term wi
acquire masses fromD terms via the super Higgs mecha
nism. The fields with such effective mass terms will acqu
string-scale masses and decouple from the theory.

In addition to the trilinear couplings of the original supe
potential, effective renormalizable interactions for the lig
fields may also be generated via

W;C iC jCk~P i PPF i !. ~3!

The existence of such terms was determined first by ide
fying the gauge invariant effective bilinear and triline
terms, then subsequently verifying that such gauge invar
terms survive the string selection rules.

The coupling strengths of the effective trilinear terms ge
erated in this way will generally be suppressed compare
the large Yukawa couplings of the original superpotent
which have coupling strengthsO(g) ~with the typical value
given byA2gstring5g;0.8 for the models considered, as
discussed in Sec. III!. In general, the coefficients of the su
perpotential terms of orderK13 are given by

aK13

M Pl
K

5gstringSA8

p D K CKI K

M Pl
K

, ~4!

whereCK is a coefficient ofO(1) which includes different
renormalization factors in the operator product expans
~OPE! of the string vertex operators~including the target
space gauge group Clebsch-Gordan coefficients!, andI K is a
world-sheet integral.I 1,2 for certain typical couplings have
been computed numerically by several authors, with the ty
cal result I 1;70, I 2;400 @20#. The coupling strengths o
the effective trilinear terms depend on these coefficients
the values of the VEV’s involved, which are set by th
~model-dependent! FI term. In this way, these couplings ca
3-3
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naturally provide a hierarchy, with implications for genera
ing fermion textures in the quark and lepton sectors.

B. Results: Model CHL5

The model we have chosen as a prototype model to a
lyze is model 5 of@9#. Prior to vacuum restabilization, th
model has the gauge group

$SU~3!C3SU~2!L%obs3$SU~4!23SU~2!2%hid

3U~1!A3U~1!6, ~5!

and a particle content that includes the following chiral s
perfields in addition to the MSSM fields:

6~1,2,1,1!1~3,1,1,1!1~ 3̄,1,1,1!14~1,2,1,2!12~1,1,4,1!

110~1,1,4̄,1!18~1,1,1,2!15~1,1,4,2!1~1,1,4̄,2!

18~1,1,6,1!13~1,1,1,3!142~1,1,1,1!, ~6!

where the representation under„SU(3)C ,SU(2)L ,
SU(4)2 ,SU(2)2… is indicated. We refer the reader to@9,1,3#
for the complete list of fields with theirU(1) charges.

The SM hypercharge is determined as a linear comb
tion of the six non-anomalousU(1)’s, subject to the condi-
tions that the MSSM fields have the appropriate quant
numbers, and that the remaining fields can be grouped
mirror pairs underU(1)Y ~in the attempt to avoid the pres
ence of strictly massless colored or charged fermion field
the theory!. In this model, these criteria lead to a uniq
definition of U(1)Y @9,3#, with Kač-Moody levelkY5 11

3 ~to
be compared with the MSSM value ofkY5 5

3 ).
We presented a complete list of theD flat directions

which can be proved to beF flat to all orders in the super
potential in@1#, and written more explicitly in Table II in@3#.
In @3#, we analyzed theP1P2P3 subset of the flat directions
which includes the two representative directionsP18P28P38
andP2P3uF . The maximum number ofU(1)’s is broken in
these flat directions, which leave an additionalU(1)8 as well
as U(1)Y unbroken @1#. The unbrokenU(1)8 has kY8
54167/250.16.67. The complete list of fields with the
U(1)Y andU(1)8 charges is presented in Tables I~a!–I~c!.

The VEV’s of the fields in the most generalP1P2P3 flat
direction are of the form

uw27u252x2, uw28 ~29!u25x22uc1u2,

uw30u25uc1u2, uw4 ~5!u25uc2u2,

uw2 ~3!u25uc1u22uc2u2, uw12 ~13!u25uc1u22uc2u2,

uw10 ~11!u25uc2u2, ~7!
11500
-

a-

-

a-

to

in

TABLE I. ~a! List of non-Abelian non-singlet observable sect
fields in the model with their charges under hypercharge
U(1)8. ~b! List of non-Abelian non-singlet hidden sector fields
the model with their charges under hypercharge andU(1)8. ~c! List
of non-Abelian singlet fields in the model with their charges und
hypercharge andU(1)8.

~a!
„SU(3)C ,SU(2)L , 6QY 100QY8
SU(4)2 ,SU(2)2…

~3,2,1,1! Qa 1 68
Qb 1 68
Qc 1 271

(3̄,1,1,1) ua
c 24 6

ub
c 24 6

uc
c 24 2133

da
c 2 23

db
c 2 136

dc
c 2 23

dd
c 2 23

~1,2,1,1! h̄a
3 274

h̄b
3 65

h̄c
3 204

h̄d
3 65

ha 23 74
hb 23 265
hc 23 265
hd 23 265
he 23 2204
hf 23 265
hg 23 265

~3,1,1,1! Da 22 2136

~b!

~1,2,1,2! D124 0 0
~1,1,4,1! F1,2 23 265

(1,1,4̄,1) F̄1,2
3 65

F̄326
3 65

F̄7,8
23 265

F̄9,10
23 265

~1,1,1,2! H1,2 3 65
H3,4 3 204
H5,7 23 265
H6,8 23 74

~1,1,4,2! E1,2 0 2139
E3 0 0
E4,5 0 0

(1,1,4̄,2) Ē1
0 0

~1,1,6,1! S1 0 0
S2 0 0
S3 0 0
S4 0 0
S5 0 0
S6,7 0 139
S8 0 0

~1,1,1,3! T1 0 0
T2 0 139
T3 0 0
3-4
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with

x5
Auju

8
50.013MPl , ~8!

anduc1,2u are free VEV’s of the moduli space, subject to t
restrictions thatx2>uc1u2>uc2u2.

The first representative flat directionP18P28P38 has VEV’s
given by the general case~7!, with no further restrictions on
uc1,2u. However, the second representative flat direct
P2P3uF corresponds to the case in which constraints mus
imposed on the free VEV’s in such a way that the contrib
tions from differentF terms cancel anduw28(29)u250; these
constraints arex25uc1u252uc2u2, and p phase difference
between the combination of VEV’sw4 (5)w10(11) and
w2(3)w12(13) @1#.

For each of these flat directions, we computed the eff
tive mass terms and determined the mass eigenstates in@3#.
In addition to the fields which become massive from the
couplings, it can be shown that of the fields in each
direction, five of the associated chiral superfields beco
massive due to the super Higgs mechanism. In theP18P28P38
flat direction, two of the chiral superfields remain massl
~moduli!, but they do not couple to the rest of the fields at t
level of the effective trilinear terms. In theP2P3uF flat direc-
tion, the remaining complex field gets a mass of ord
@Yukawa# 3 @field VEV# due to cancellations ofF term
contributions and forms, along with its superpartner, a m
sive chiral superfield. In this case, the fields with zero VEV
which couple linearly in these terms also acquire masse
the same order.

The effective trilinear couplings along each of the rep
sentative flat directions were also determined in@3#. In this
model, the numerical analysis~see also@11#! of the string
amplitudes yields, along with thex as the typical VEV of the

TABLE I. ~Continued!.

~c!

6QY 100QY8 6QY 100QY8

ea,c
c 6 29 eb

c 6 29
ed,g

c 6 130 ee
c 6 130

ef
c 6 130 eh

c 6 130
ei

c 6 29 ea,b 6 2130
ec 6 2130 ed,e 26 9
ef 26 2269

w1 0 0 w2,3 0 0
w4,5 0 0 w6,7 0 0
w8,9 0 0 w10,11 0 0
w12,13 0 0 w14,15 0 0
w16 0 0 w17 0 0
w18,19 0 2139 w20,21 0 2139
w22 0 2139 w23 0 0
w24 0 0 w25 0 139
w26 0 0 w27 0 0
w28,29 0 0 w30 0 0
11500
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fields along the flat direction, the effective Yukawa coupli
at the fourth order;0.8, while the fifth order terms hav
strengths;0.1 ~using the typical values ofI 1;70 and I 2
;400 @20#!. Therefore, in this model the effective trilinea
couplings arising from fourth order terms are competitive
strength to the elementary trilinear terms, while the high
order contributions are indeed suppressed@11#. Of course,
the precise values for each term will depend on the partic
fields involved. In addition, the coupling strengths can d
pend on the undetermined VEV’s in theP18P28P38 flat direc-
tion.

III. P18P28P38 FLAT DIRECTION

A. Effective superpotential

The P18P28P38 direction involves the set of fields
$w2 ,w5 ,w10,w13,w27,w29,w30%. The VEV’s correspond to
the most general case given in Eqs.~7!, such that they de-
pend on two free~but bounded! parameters.

It is straightforward to determine the mass eigensta
which were calculated in@3#. In Table II we list the surviving
massless states. These states include both the usual M
states and related exotic@non-chiral underSU(2)L] states,
such as a fourth@SU(2)L singlet# down-type quark, extra
fields with the same quantum numbers as the lepton sin
superfields, and extra Higgs doublets. There are other m
less states with exotic quantum numbers~including fractional
electric charge! and states which are non-Abelian represe

TABLE II. List of massless states~excluding the two moduli!
for the P18P28P38 flat direction @3#, where N1[2g2x2

1(a4
(1)uc2u2/M Pl)

2 with the VEV parametersx, c1 and c2 de-
fined in Eqs.~7!.

Massless fields

Qa ,Qb ,Qc

ua
c ,ub

c ,uc
c

da
c ,db

c ,dc
c ,dd

c ,Da

h̄a ,h̄c

ha ,hc ,hd ,he

hb85
1

AN1
F2

a4
~1!uc2u21a4

~2!~ uc1u22uc2u2!

M Pl
hf1A2gxhbG

ea
c ,eb

c ,ec
c ,ee

c ,ef
c ,eh

c ,ei
c

ec ,ed ,ee ,ef

w3 ,w11, w18,w19,w20,w22,w24,w28

w128 5
1

uc1u ~2Auc1u22uc2u2w121uc2uw4!

D1 ,D2 ,D3 ,D4

F̄3 ,F̄4 ,F̄5 ,F̄6 ,F̄7 ,F̄8 ,F̄9 ,F̄10

H1 ,H2 ,H3 ,H4 ,H5 ,H6 ,H7 ,H8

E1 ,E2 ,E3 ,E4 ,E5 ,Ē1

S2 ,S4 ,S6 ,S7 ,S8

S185
1

uc1u (2Auc1u22uc2u2S31uc2uS1)

T1 ,T2 ,T3
3-5
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tations under both the hidden and observable sector ga
groups and thus directly mix the two sectors. As previou
discussed, there are two additional massless states~moduli!
associated with fields which appear in the flat direction
which do not have fixed VEV’s~but do not couple to othe
fields at the level of an effective trilinear term! and are not
listed in Table II.

The effective trilinear couplings involving the observab
sector fields assume the form@3#

W35gQcuc
ch̄c1gQcdb

chc1
a4

~4!

M Pl

A12l1
2Qcdd

cha

1
g

A2
ea

chahc1
g

A2
ef

chdhc1
A2a5

~1!x2

M Pl
2

l2eh
cheha

1
A2a5

~2!x2

M Pl
2

Al1
22l2

2ee
cheha1gh̄chb8w208 , ~9!

in which

l2[
uc2u

x
<l1[

uc1u
x

<1 ~10!

are free parameters andw208 5(1/A11r 2)(w202rw22), with
r[@a4

(1)l2
21a4

(2)(l1
22l2

2)#x/(A2gMPl).
The superpotential implies generic features independ

of the details of the soft supersymmetry breaking, wh
have been analyzed in@3#: ~i! With the identification of the
fields h̄c and hc with the standard electroweak Higgs do
blets, the Yukawa couplings indicatet-b and t-m Yukawa
unification with equal string scale Yukawa couplingsg and
g/A2, respectively;~ii ! there is no elementary or effectiv
canonicalm term; ~iii ! there is a possibility of lepton-numbe
violating couplings and thus no stable LSP. In particular,
identify the fields$he ,ha ,hd% as the lepton doublets, an
hence the couplingsQcdd

cha and ee,h
c hahe violate lepton

number. The fieldshb8 andw208 can play the role of additiona

Higgs fields.h̄a has the quantum numbers of a Higgs do
blet, but does not enterW3, and hence there is no mechanis
for it to develop a VEV.

B. Symmetry breaking patterns

To address the gauge symmetry breaking scenarios
this model, we introduce soft supersymmetry breaking m
parameters and run the renormalization group equat
~RGE’s! from the string scale to the electroweak scale. Wh
the qualitative features of the analysis are independent o
details of the soft breaking, we choose to illustrate the an
sis with a specific example with a realisticZ-Z8 hierarchy.

We wish to investigate theU(1)8 symmetry breaking sce
narios discussed in@13,14#, which indicate that in the clas
of string models considered, theU(1)8 symmetry breaking is
either at the electroweak~TeV! scale or at an intermediat
scale~if the symmetry breaking takes place along aD flat
direction!. An inspection of the massless spectrum in Ta
11500
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I~c! indicates that the singlet fieldw25 is required for aD flat
direction@and hence the intermediate scaleU(1)8 symmetry
breaking scenario#; however, this field acquires a string-sca
mass for this direction, and decouples from the theory.
conclude that in this case, an intermediate scale brea
scenario is not possible, and hence the breaking of theU(1)8
is necessarily at the electroweak scale.

Though hidden sector non-Abelian fields are not direc
or indirectly coupled to the observable sector non-Abel
fields at the trilinear order in the superpotential, theU(1)8
could be radiatively broken along with some of the hidd
non-Abelian groups, and in such cases the breaking of
hidden sector is connected with theSU(2)3U(1)Y symme-
try breaking in the observable sector throughU(1)8.

As discussed in@13,14#, several scenarios exist which ca
lead to the possibility of a realisticZ-Z8 hierarchy. The sce-
nario in which only the two MSSM Higgs fieldshc , h̄c ac-
quire VEV’s breaks bothU(1)Y and U(1)8, but leads to a
light Z8 with MZ8;O(MZ), which is already excluded by
experiments.

To have a realisticZ-Z8 hierarchy, we require that a SM
singlet field that is charged under theU(1)8 acquire a VEV.
However, since the canonicalm term that couples bothhc

and h̄c to a SM singlet is absent, and instead there is a n
canonicalm term h̄chb8w208 , the minimization of the potentia
requires that the additional Higgs doublethb8 acquire a non-
zero VEV. Therefore, we consider the most general cas
which hb8 and w208 [s acquire VEV’s in addition toh̄c and
hc . After adding the required soft supersymmetry break
terms, the potential is given by

V5VF1VD1Vso f t , ~11!

with

VF5Gs
2usu2~ uh̄cu21uhb8u

2!1Gs
2uh̄c•hb8u

2, ~12!

VD5
G2

8
~ uh̄cu22uhcu22uhb8u

2!21
g2

2

2
@ uh̄c* hb8u

21uh̄c* hcu2

1uhc* hb8u
2#2

g2
2

2
uhb8u

2uhcu21
g18

2

2
~Q1uhcu21Q2uh̄cu2

1Q3uhb8u
21Qsusu2!2, ~13!

Vso f t5mh̄c

2 uh̄cu21mhc

2 uhcu21mh
b8

2 uhb8u
21ms

2usu2

2~AGsh̄c•hb8s1H.c.!, ~14!

in which Gs is the coefficient for the couplingh̄chb8w208 , G2

5gY
21g2

2 ~with gY
25 3

11 g1
2), and

hc5S hc
0

hc
2D , h̄c5S h̄c

1

h̄c
0 D , hb85S hb8

0

hb8
2D . ~15!

The U(1)8 charges of $hc ,h̄c ,hb8 ,s% are denoted by
Q1 ,Q2 ,Q3, andQs , respectively. We can takeAGs real and
3-6
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positive without loss of generality by an appropriate cho
of the global phases of the fields. By a suitable gauge r
tion we also takê h̄c

0& and ^s& real and positive, which im-
plies that^hb8

0& is real and positive at the minimum. How
ever, the phase of thehc field is not determined, due to th
absence of an effectivem term involvinghc in Eq. ~11!. This
additional globalU(1) symmetry leads to the presence o
Goldstone boson in the massless spectrum, as discusse
low. For notational simplicity, we defineA2^hc

0&[v1 ,
A2^h̄c

0&[v2 , A2^hb8
0&[v3, andA2^s&[s.

The Z-Z8 mass matrix is given by

~M2!Z2Z85S MZ
2 D2

D2 MZ8
2 D , ~16!

where

MZ
25

1

4
G2~v1

21v2
21v3

2!, ~17!

MZ8
2

5g18
2~v1

2Q1
21v2

2Q2
21v3

2Q3
21s2QS

2!,
~18!

D25
1

2
g18G~v1

2Q11v3
2Q32v2

2Q2!,

~19!

with mass eigenvalues

MZ1 ,Z2

2 5
1

2
@MZ

21MZ8
2

7A~MZ
22MZ8

2
!214D4#. ~20!

The Z-Z8 mixing angleaZ-Z8 is given by

aZ-Z85
1

2
arctanS 2D2

MZ8
2

2MZ
2D , ~21!

which is constrained to be less than a few times 1023.
The only possibility@3# for a realistic hierarchy is for the

symmetry breaking to be characterized by a large@O(TeV)#
value for the SM singlet VEVs, with the SU(2)L3U(1)Y
breaking at a lower scale due to accidental cancellations

We now proceed with the analysis of the renormalizat
group equations.

1. Running of the gauge couplings

As discussed in@3#, we determine the gauge couplin
constantg50.80 at the string scale by assumingas50.12
~experimental value! at the electroweak scale and evolvin
g3 to the string scale. We find thatg50.80 is slightly higher
than that of the MSSM, due to the presence of one additio
vectorlike exotic quark pair. The electroweak scale values
the other gauge couplings are determined by their~1-loop!
RGE’s, takingg50.8 at the string scale as an input. T
running of the gauge couplings is presented in Fig. 1, and
b functions are listed in Table III, including the Kacˇ-Moody
levels for theU(1) gauge factors (kY511/3, k8516.67) and
k52 for the hidden sector non-Abelian groups.
11500
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The low energy values of the gauge couplings are
correct due to the exotic matter and non-standardkY . Sur-
prisingly, sin2uW;0.16 is not too different from the experi
mental value 0.23, andg250.48 is to be compared to th
experimental value 0.65. As a result of a large number
massless non-Abelian fields in the hidden sector, the hid
sector gauge couplings are not asymptotically free. The
fore, dynamical supersymmetry breaking due to strong c
pling dynamics in the hidden sector is not possible in t
model.

2. Running of the Yukawa couplings

The values of the Yukawa couplings at the string sc
after vacuum restabilization are indicated in Eq.~9!. There

FIG. 1. Variation of the gauge couplings3Ak with the scale for
the P18P28P38 flat direction, witht5(1/16p2)ln (m/MString), MString

5531017 GeV, andg(MString)50.80. The couplings include the
factorAk, where k corresponds to the associated Kacˇ-Moody level
~see the caption of Table III for the values ofk).

TABLE III. Effective beta-functions for the two representativ
flat directions, defined asb i[b i

0/ki , whereb i
0 andki are the beta-

function and the Kacˇ-Moody level for a particular gauge grou
factor, respectively. The subscripts 1, 2, 3, 18, 2hid, 4hid refer to
U(1)Y , SU(2)L , SU(3)C , U(1)8, SU(2)2 , SU(4)2 gauge group
factors and 118 refers to theU(1)Y andU(1)8 knetic mixing. The
Kač-Moody levels are k1511/3, k25k351, k18.16.67, and
k2hid5k4hid52.

Effective b b1 b2 b3 b18 b118 b2hid b4hid

P18P28P38 flat direction 10.0 6.0 22.0 10.2 4.8 10.0 2.0
P2P3uF flat direction 10.3 7.0 22.0 10.6 5.0 10.0 3.0
3-7



g

an

fo
-

u
lu
th

s

a

b

y

sur-

s
-

y
e
ale,

d. In
eld

s

d to

es
h a

g to
ou-

at

kin
ted

d
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are two free parametersl1 andl2 satisfying the constraints
~10!. To minimize the effects of the lepton number violatin
effective Yukawa couplingQcdd

cha , we choosel150.9 at
the string scale. The dependence ofl2 is all from higher
order effective terms, which are numerically supressed
less important. For the sake of definiteness, we takel2

50.4. As discussed in Sec. II, we choose typical values
I 1,2 such thata4x/M Pl;0.8, a5x2/M Pl

2 ;0.1, and an estima
tion for I 3 such thata6x3/M Pl

3 ;0.01. With the choice ofg
50.8 at the string scale, the initial values of Yukawa co
plings are listed in Table IV. In Fig. 2 we present the evo
tion of the Yukawa couplings with the scale. We denote
Yukawa couplings of the quark doublets byGQi , the cou-
plings of the lepton doublets byG l i , the coupling of the two
Higgs doublets and the singlet byGs @the numbering follows
the order of the terms in Eq.~9!#. Additional Yukawa cou-
plings of non-Abelian singlet fields to hidden sector field
not displayed in Eq.~9!, are listed in Eq.~20! of @3#. Their
effects are included in the calculation of the running Yuk
was and soft parameters.

The low energy values of the Yukawa couplings can
read off from Table IV. The values ofGQ1;0.96 andGQ2
;0.93 indicate that thet-b degeneracy is mainly broken b
tanb at the electroweak scale. The resultG l1;0.30, G l2
;0.36 indicates that thet2m degeneracy is only slightly
broken at low energy, andmb /mt;2.6. The value of the
Yukawa couplingh̄chb8w208 , which plays a significant role in
the gauge symmetry breaking~in this scenario for which all

TABLE IV. P18P28P38 flat direction: values of the parameters
MString andMZ , with MZ85735 GeV andaZ-Z850.005. All mass
parameters are given in GeV. Other soft supersymmetry brea
mass parameters approximately decouple, and are not presen

MZ MString MZ MString

g1 0.41 0.80 M1 444 1695
g2 0.48 0.80 M2 619 1695
g3 1.23 0.80 M3 4040 1695
g18 0.43 0.80 M18 392 1695
GQ1 0.96 0.80 AQ1 3664 8682
GQ2 0.93 0.80 AQ2 4070 9000
gQ3 0.27 0.08 AQ3 5018 1837
G l1 0.30 0.56 Al1 2946 4703
G l2 0.36 0.56 Al2 2707 4532
G l3 0.06 0.05 Al3 4613 4425
G l4 0.11 0.13 Al4 4590 4481
Gs 0.22 0.80 A 1695 12544
mQc

2 (2706)2 (2450)2 mdd

2 (4693)2 (2125)2

muc

2 (2649)2 (2418)2 mdc

2 (2734)2 (2486)2

mh̄c

2 (1008)2 (5622)2 mh
b8

2 (826)2 (2595)2

mw208

2 2(518)2 (6890)2 mw228

2 (3031)2 (11540)2

mha

2 (3626)2 (3982)2 mhc

2 2(224)2 (5633)2

mhd

2 (3666)2 (4100)2 mhe

2 (4274)2 (4246)2

mea

2 (2770)2 (3564)2 mef

2 (2780)2 (3958)2

mee

2 (4195)2 (4254)2 meh

2 (4259)2 (4236)2
11500
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three fields have non-zero VEV’s!, is given by Gs(MZ)
;0.22.

3. Running of the soft mass parameters

We choose to normalize the soft breaking scale by en
ing the correct value ofMZ ~before mixing withZ8), rather
than usingv or MW ; since in this model the gauge coupling
g2 andg1 at MZ have values different from their experimen
tally observed ones, it implies thatv andMW will also differ
from their experimentally measured values. With the~incor-
rect! valuesg2(MZ);0.48, g1(MZ);0.41 for this model,
v;348 GeV andMW;82.8 GeV~to be compared with the
experimental values 246 GeV and 80.3 GeV, respectivel!.

We find that with universal boundary conditions for th
soft supersymmetry breaking mass terms at the string sc
the realistic scenario described above cannot be achieve
particular, the mass square of the appropriate singlet fi
w208 does not run to negative values; sow208 does not acquire
a VEV. However, for mild tuning of the boundary condition
it is possible to obtain scenarios in which theZ8 mass is
large enough and the mixing angle sufficiently suppresse
satisfy phenomenological bounds.

We present the initial conditions and low energy valu
for the soft breaking parameters for an example of suc
scenario in Table IV, withMZ85735 GeV, and uZ-Z8
50.005. The running scalar mass squares correspondin
these initial conditions and to the gauge and Yukawa c
plings in Figs. 1 and 2 are displayed in Fig. 3.

We see that the mass squares ofhc and w208 are driven

negative at low energy, while theh̄c and hb8 mass squares

g
.

FIG. 2. Running of the Yukawa couplings for theP18P28P38 di-
rection. The two free parametersl1 andl2 are chosen to be 0.9 an
0.4, respectively.
3-8
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remain positive. Minimization of the potential requires a
four of these fields to acquire VEV’s, which take the valu

^hc
0&590 GeV, ^h̄c

0&5163 GeV, ^hb8
0&5161 GeV, and

^w208 &53560 GeV.
The small values of the doublet VEV’s compared to^w208 &

involve a degree of fine-tuning. From Table IV it is appare
that the typical scale of all soft parameters, and therefore
the VEV’s andZ andZ8 masses, is several TeV. The mu
smaller values of̂ h̄c

0& and ^hb8
0& come about because th

point ^h̄c
0&5^hb8

0&50 of the potential is a saddle point, wit
large positive curvature in one direction and a small nega
curvature~caused by a near cancellation between the la
positivemh̄c

2 andmh
b8

2
terms with the slightly larger negativ

A term! in the other direction. The small^hc
0& is due to the

small negativemhc

2 and the absence of a trilinear term invol

ing hc .

C. Mass spectrum

We now address the mass spectrum of the model ass
ated with this particular low-energy solution. The large s
glet VEV scenario was explored for models with two Hig
doublets and a singlet connected by a canonicalm term in
@14#. In the present model, there are three Higgs doublets
one singlet involved in the symmetry breaking, and one
the doublets (hc) does not have trilinear couplings to th
singlet, so that it enters the potential only throughD terms.
We find that while the pattern of the masses obtained ge

FIG. 3. Running of the soft mass-squared parameters
P18P28P38 direction. The non-universal initial conditions are chos
to yield a realistic example for low energy symmetry breaking.
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ally follows the pattern obtained in@14#, there are additiona
features in the mass spectrum of the charginos, neutrali
and Higgs scalars.

1. Fermion masses

With the identification ofQc as the quark doublet of the
third family, mt5156 GeV, andmb583 GeV, wheremb is
evaluated atMZ . The low value formt , despite the high
value of v5348 GeV, is because of the low value o
A2^h̄c

0&/v;0.66. Clearly,^hc
0& is much too large for this

example3 as is reflected in the unacceptably large value
mb . That is, thet-b unification is not acceptable in the ex
ample because it would require a large ratio of^h̄c

0&/^hc
0&. If

we identify hd , ha as the lepton doublets of the third an
second families,mt532 GeV, andmm527 GeV, where
the difference is due to theeh,e

c heha terms inW3. The ratio
mb /mt is larger than in the usualb-t unification because o
the ratio 1:1/A2 of the Yukawa couplings at the string scal
and is probably inconsistent with experiment@21#. Of course,
the high value formm is unphysical.

There is no mechanism to generate significantu,d,c,s,
ande2 masses for this direction.

2. Squarks and sleptons

The squark and slepton masses take the valuesmt̃L
52540 GeV, mt̃R52900 GeV; mb̃L52600 GeV, mb̃R
52780 GeV; mt̃L52760 GeV, mt̃R53650 GeV; mm̃L
52790 GeV, mm̃R53670 GeV. The large values ar
needed to ensure a largeMZ8 in this model. The numerica
values actually refer to the mass eigenstates, which are m
tures of theL andR states. However, theL-R mixing terms
are small compared to the diagonal terms for this exam
so the mixing effects are small. The other squark and slep
masses depend on initial values for the soft supersymm
breaking mass parameters that approximately decouple f
the symmetry breaking pattern, and are not presented.

3. Charginos

The positively charged gauginos and Higgsinos

$W̃1,h̃̄c ,h̃̄a%, and the negatively charged gauginos a
Higgsinos are$W̃2,h̃c ,h̃b8%. The mass matrix is given by

M x̃65S M2
1

A2
g2v1

1

A2
g2v3

1

A2
g2v2 0 Gs

s

A2

0 0 0

D . ~22!

3Smaller and more realistic values formb andmt could have been
obtained by further adjustment of parameters to yield a sma
^hc

0&. This would violate our strategy of presenting a typical mod
with a realisticZ-Z8 hierarchy without further adjustment. Smalle
^hc

0& would also have resulted in still smaller masses for the ligh
charged and scalar Higgs particles.

r
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There is one massless chargino, and the other two are
sive, with massesmx̃

1
65591 GeV andmx̃

2
65826 GeV.

The massless state involvesh̄a ~and a linear combination
of the negative states!, and is due to the absence ofh̄a cou-
plings in the superpotential. In particular, there is no no
canonicalm term h̄ahcw in this flat direction; the only gauge
allowed term of this type (h̄ahcw25) was in fact in the
original trilinear superpotential, butw25 has acquired a
o
sc

a
o

r

l
p

ca
e
ig

11500
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-

string-scale mass and decoupled from the low-energy the
Therefore, there is no mechanism forh̄a to acquire a VEV.

4. Neutralinos

The neutralino sector consists o

$B̃8,B̃,W̃3,h̃̄c
0 ,h̃c

0 ,h̃b8
0 ,w̃208 ,h̃̄a

0%. In this basis~neglectingh̃̄a
0 ,

which has no couplings!, the neutralino mass matrix is give
by
M x̃05

¨

M18 0 0 g18Q2v2 g18Q1v1 g18Q3v3 g18QSs

0 M1 0
1

2
gYv2 2

1

2
gYv1 2

1

2
gYv3 0

0 0 M2 2
1

2
g2v2

1

2
g2v1

1

2
g2v3 0

g18Q2v2
1

2
gYv2 2

1

2
g2v2 0 0 2

1

A2
Gss 2

1

A2
Gsv3

g18Q1v1 2
1

2
gYv1

1

2
g2v1 0 0 0 0

g18Q3v3 2
1

2
gYv3

1

2
g2v3 2

1

A2
Gss 0 0 2

1

A2
Gsv2

g18QSs 0 0 2
1

A2
Gsv3 0 2

1

A2
Gsv2 0

©

. ~23!
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The mass eigenvalues aremx̃1

0
5963 GeV, mx̃2

0

5825 GeV, mx̃3

0
5801 GeV, mx̃4

0
5592 GeV, mx̃5

0

5562 GeV,mx̃6

0
5440 GeV,mx̃7

0
52 GeV, andmx̃8

0
50.

x̃8
0 corresponds toh̃̄a

0 , which ~as previously mentioned!
does not enter the superpotential. The hierarchy of the n
zero masses can be understood in the large singlet VEV
nario Gs

2^w208 &2@Mi
2 ,MZ

2 ~in which Mi denotes the gaugino

masses!, which yields the patternx̃1,25( h̃̄c
06h̃b8

0)/A2, with

masses;Gs^w208 &; x̃3,45(B̃86w̃208 )/A2, with masses;MZ8 ;

x̃5,65B̃8,W̃0, with masses;uM1u, uM2u; and x̃75h̃c
0 , with

mass;0.

5. Exotics

In addition to the massless quarks, leptons, chargino,
neutralino discussed above, there are a number of ex
states, including theSU(2)L singlet down-type quark, fou
SU(2)L singlets with unit charge~the e and extraec states!,
and a number of SM singlet (w) states. There are additiona
exotics associated with the hidden sector. The scalar com
nents of these exotics are expected to acquire TeV-s
masses by soft supersymmetry breaking. However, ther
no mechanism for this direction to give the fermions a s
n-
e-

nd
tic

o-
le
is
-

nificant mass. In particular, fermion masses associated
higher-dimensional operators would be suppressed by p
ers of the ratio of the TeV scale to the string scale, and
therefore negligible.~Such operators could be a viab
mechanism for other flat directions that allow an interme
ate scale, however.! Another possible mechanism would b
to invoke a non-minimal Ka¨hler potential. However, that is
beyond the scope of the present analysis.

6. Higgs sector

The non-minimal Higgs sector of three complex doubl
and one complex singlet required for this scenario leads
additional Higgs bosons compared to the MSSM. In this s
nario, 4 of the 14 degrees of freedom are absorbed to bec
the longitudinal components of theW6, Z, andZ8; in addi-
tion, there is a globalU(1) symmetry present in Eq.~11!
associated with the phase ofhc which is broken, leading to a
massless Goldstone boson in the spectrum. It would acq
a small mass at the loop level due to couplings in the
theory which do not respect the globalU(1).

The spectrum of the physical Higgs bosons after symm
try breaking consists of two pairs of charged Higgs boso
H1,2

6 , four neutralCP even Higgs scalars (hi
0 ,i 51,2,3,4),

and oneCP odd HiggsA0.
3-10



. T
h

e
son

-

asis

PHYSICS IMPLICATIONS OF FLAT . . . . II. . . . PHYSICAL REVIEW D59 115003
In the basis$h̄c
0 i[A2Imh̄c

0 ,hc
0 i ,hb8

0 i ,si%, the CP odd
~tree-level! mass matrix is given by

MA0
2

5
AGs

A2 S sv3

v2
0 s v3

0 0 0 0

s 0
sv2

v3
v2

v3 0 v2
v2v3

s
.

D . ~24!

There are one massive and three massless eigenstates
of the massless eigenstates are the Goldstone bosons w
he

ic
c

o
de

11500
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are absorbed to become the longitudinal components of thZ
and theZ8. The third massless state is the Goldstone bo
corresponding to the breakdown of the globalU(1) symme-
try present in Eq.~11!, due to the absence of trilinear cou
plings involvinghc . The physicalCP odd Higgs boson has

mA0
2

5
AGs

A2
S sv2

v3
1

sv3

v2
1

v2v3

s D , ~25!

which takes the valuemA051650 GeV in this particular
case.

The mass matrix of the charged Higgs bosons in the b

$hc
2 , h̄c

1* , hb8
2% takes the form
y

MH6
2

5S g2
2

4
~v2

22v3
2!

g2
2

4
v1v2

g2
2

4
v1v3

g2
2

4
v1v2 AGs

sv3

A2v2

1
g2

2

4
~v1

21v3
2!2Gs

2
v3

2

2

g2
2

4
v2v32Gs

2 v2v3

2
1AGs

s

A2

g2
2

4
v1v3

g2
2

4
v3v22Gs

2v2v3

2
1AGs

s

A2
AGs

sv2

A2v3

1
g2

2

4
~v2

22v1
2!2Gs

2
v2

2

2

D . ~26!

There is one massless state, which is the Goldstone boson absorbed byW6 after theSU(2) symmetry is spontaneousl
broken; the two physical charged Higgs bosons aremH

1
6510 GeV andmH

2
651650 GeV. The extra light mass ofH1

6 is due

to an accidental cancellation betweenv2 andv3 for the specific example considered; in general, it is;O(MZ).
The masses for the four neutral scalars can be obtained by diagonalizing the mass matrix~in the basis$h̄c

0 r ,hc
0 r ,hb8

0 r ,sr%)

Mh0
2

5S k2
2v2

21AGss
v3

A2v2

k12v1v2 k23v2v32AGs

s

A2
k2sv2s2AGs

v3

A2

k12v1v2 k1
2v1

2 k13v1v3 k1sv1s

k23v2v32AGs

s

A2
k13v1v3 k3

2v3
21AGss

v2

A2v3

k3sv3s2AGs

v2

A2

k2sv2s2AGs

v3

A2
k1sv1s k3sv3s2AGs

v2

A2
ks

2s21AGsv3

v2

A2s

D , ~27!
re
t in
ill

u-
oci-
es

on
with k i
25G2/41g81

2Qi
2 , k1 j 52,35g81

2Q1Qj2G2/4, k1s

5g81
2Q1QS , k235Gs

21g81
2Q1Qj2G2/4, k js5Gs

2

1g81
2QjQS , andks

25g81
2QS

2 .
In the numerical solution obtained, the values of t

masses of the four scalars aremh
1
0533 GeV, mh

2
0

547 GeV, mh
3
05736 GeV, andmh

4
051650 GeV.

In general supersymmetric models, one of the phys
Higgs bosons has a mass controlled by the electroweak s
from the breaking ofSU(2)L3U(1)Y , while the others may
have masses at the scale of the soft supersymmetry~SUSY!
breaking. In this model, an additional globalU(1) symmetry
is broken whenhc acquires a non-zero VEV, and the mass
the Higgs scalar associated with this direction is mainly
al
ale

f
-

termined by theU(1) breaking scale. This scale is therefo
comparable to the electroweak scale, which indicates tha
the decoupling limit not only one but two Higgs scalars w
be light. In this particular example, the VEV ofhc happens
to be small compared with that of the other two Higgs do
blets, and hence the lightest Higgs boson is mainly ass
ated withhc . Thus, the lightest Higgs boson mass satisfi
the ~tree-level! bound

mh
1
0

2
<

G2

4
v1

21g18
2 Q1

2v1
25~35 GeV!2, ~28!

obtained from analyzing the potential in the field directi
3-11
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that breaks the globalU(1) symmetry~i.e., the field direc-
tion hc) @22#. In the larges limit, the mass saturates thi
bound.

It is also possible to place a bound on the second-ligh
neutral Higgs scalar@22#

mh
2
0

2
<mh

1
0

2
1

v2

v2
21v3

2 F S G2v1
2

4
1g18

2 Q1
2v1

22mh
1
0

2 D 1/2

1S G2

4v2
~v2

22v1
22v3

2!21
g18

2

v2
~Q1v1

21Q2v2
21Q3v3

2!2

12
Gs

2

v2
v2

2v3
22mh

1
0

2 D 1/2G 2

5~85 GeV!2. ~29!

A suitable rotation in field space demonstrates that
second-lightest Higgs boson (h2

0) is basically the real part o
the Higgs doublet that is involved in theSU(2) breaking,
while the other two Higgs doublets do not participate. One
the two rotated doublets (h4

0 ,H2
6 ,A0) consists of the heavies

scalar, pseudoscalar, and charged Higgs boson, and is
posed mainly ofh̄c andhb8 , with mass roughly given bymA

0

~naturally expected to be large in this limit!. The other dou-
blet (h1

0 ,H1
6 , massless pseudoscalar! is basicallyhc , and

hence the associated fields are light due to the absenc
couplings to the singlet. The second-heaviest neutral Hi
boson (h3

0) has mass governed byMZ8 , and is primarily the
singlet.

IV. P2P3zF FLAT DIRECTION

A. Effective superpotential

The fields involved in the P2P3uF direction are
$w2 ,w4 ,w10,w12,w27,w30%, with VEV’s
11500
st

e

f

m-

of
s

u^w27&u252x2,

u^w30&u252u^w2&u252u^w4&u252u^w10&u252u^w12&u25x2,
~30!

where x50.013M Pl , and ^w10& and ^w4& have opposite
signs.

The massless states are presented in Table V. The e
tive trilinear couplings for the observable sector states
given by

TABLE V. List of massless states for theP2P3uF flat direction,
whereN1/2[g2x2/41(a5

(1/2)x3/2M Pl
2 )2.

Massless fields

Qa ,Qb ,Qc

ua
c ,ub

c ,uc
c

da
c ,db

c ,dc
c , dd

c ,Da

h̄a ,h̄c ,h̄d

ha ,hb ,hc ,hd , he ,hg

ea
c ,eb

c ,ec
c , ee

c , ef
c , eh

c , ei
c

ec , ed , ee , ef

w5 ,w6 ,w13,w14,w18,w19,w20,w21,w22,w23,w24,w25,w28,w29

w1185(w32w11)/A2,

w1785S gx

2
w171

a5
~2!

M Pl
2

x3

2
w16D Y AN2

w2685S 2
gx

2
w262

a5
~1!

M Pl
2

x3

2
w1D Y AN1

D1 ,D2 ,D3 ,D4

F̄3 ,F̄4 ,F̄5 ,F̄6 ,F̄7 ,F̄8 ,F̄9 ,F̄10

H1 ,H2 ,H3 ,H4 ,H5 ,H6 ,H7 ,H8

E1 ,E2 ,E3 ,E4 ,E5 ,Ē1

S1 ,S2 ,S3 ,S4 ,S5 ,S6 ,S7 ,S8

T1 ,T2 ,T3
W35gQcuc
ch̄c1gQcdb

chc1
a5

~3!x2

A2M Pl
2

Qadd
chg1

a5
~4!x2

A2M Pl
2

Qbdd
chg1

a5
~5!x2

A2M Pl
2

Qbdc
chb1

a5
~6!x2

A2M Pl
2

Qadc
chb

1
A~a4

~1!!21~a4
~18!!2x

A2M Pl

ub
c8dc

cdd
c1

g

A2
ea

chahc1
g

A2
ef

chdhc1
A~a4

~2!!21~a4
~28!!2x

A2M Pl

ee
c8hghb1

a5
~7!x2

2M Pl
2

eb
chgha

1
a5

~8!x2

2M Pl
2

ei
chgha1

g

A2
h̄ahcw251gh̄chbw201gh̄dhbw281gh̄chgw211gh̄dhgw291

a4
~3!A2x

M Pl
w25w21w29

1
a4

~38!A2x

M Pl
w25w20w28, ~31!
3-12
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in which

ub
c85

M Pl

A~a4
~1!^w4&!21~a4

~18!^w12&!2

3S a4
~1!

M Pl
^w4&ub

c1
a4

~18!

M Pl
^w12&ua

cD ,

ee
c85

M Pl

A~a4
~2!^w12&!21~a4

~28!^w4&!2

3S a4
~2!

M Pl
^w12&ee

c1
a4

~28!

M Pl
^w4&eh

cD . ~32!

The superpotential~31! displays the same unrealistict-b
and t-m unification, absence of the canonical effectivem
term ~though non-canonicalm terms are present!, and
L-violating couplings as in the previous case.

However, there are new features~see@3# for a detailed
discussion!. In particular, there areB-number violating cou-
plings in the superpotential, with implications for possib
proton decay processes andN-N̄ oscillations. There is also a
texture in the down-quark sector, with a possibly realis
ms /mb ratio due to the contribution of the original fifth orde
operators.

An inspection of Table V shows that there are, in fact
larger number of massless states in the observable s
than in theP18P28P38 flat direction. Once again, there is som
ambiguity in how to identify the three MSSM lepton do
blets~each possible set from the list of massless states le
to L-violating couplings!. However, in this case there is a
additional pair of fields (h̄d ,hg) which can play the role of
Higgs doublets.

In addition,w25 remains massless at the string scale in t
model. Therefore, there is a possibility that theU(1)8 break-
ing may occur along aD flat direction, and hence takes plac
at an intermediate scale. This scenario requires that the m
square of the field relevant along the flat direction be driv
negative at a scale much higher than the electroweak s
We investigate this possibility in Sec. IV C, and show tha
is possible with mild tuning of the soft supersymmet
breaking parameters at the string scale. On the other han
this condition is not satisfied, theU(1)8 symmetry breaking
is naturally at the electroweak scale, coupled to the break
of SU(2)L3U(1)Y ; we examine this possibility in the fol
lowing subsection.

As in the previous model, we adopt the strategy that
initial boundary conditions for the hidden sector fields a
adjusted to keep their mass squares positive at the obser
sector symmetry breaking scale.„In this case, the hidden
sector is more involved since the singlet fieldw21 couples
both to the hidden sector fields and the Higgs doublets@Eq.
~27! in @3##.…
11500
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B. Electroweak scale symmetry breaking

To highlight the unique features of theP2P3uF case as
compared with the previous example, we choose to st
scenarios which allow for the maximum amount of texture
the quark sector, i.e., scenarios in which the Higgs doub

h̄c , hc , hg andhb , as well as the singlet fieldsw20 andw21,
all acquire non-zero VEV’s.4 We again restrict ourselves t
scenarios which lead to experimentally allowedZ8 masses
andZ-Z8 mixing angles.

With these assumptions, an inspection of the result
scalar potential reveals that not all of the phases of the fie
which acquire VEV’s can be eliminated by suitable rotation
By redefining the phases of the fields, the Yukawa coupl

and theA parameter associated with the couplingh̄chbw20

can be taken to be real and positive. In the most general c

^h̄c
0& and ^w20& can be chosen to be real and positive

SU(2)L3U(1)Y and U(1)8 rotations, respectively. Simi
larly, ^hc

0& and ^w21& can be taken to be real and positiv
using globalU(1) symmetries of the scalar potential. Ther
fore, there are in general three phases that will remain n
zero at the minimum of the potential:fb , fg and fA2

,

which are the phases of^hb&, ^hg&, and theA parameter

associated with the couplingh̄chgw21. We will take theA
parameter to be real and positive~i.e., we ignore possible
explicit CP violation associated with the soft supersymme
breaking!. fb and fg may be non-zero at the minimum o
the potential, leading to spontaneousCP violation and the
associated difficulties of cosmological domain walls. Ho
ever, fb and fg vanish at the minimum for the particula
numerical example that we consider.

1. Running of the gauge couplings and Yukawa couplings

We adopt the same strategy for the running of the ga
couplings as the previous model. Theb functions for the
gauge groups are presented in Table III. At the electrow
scale, one obtainsg150.40 ~which includes the factorkY
511/3) andg250.46 (k251), yielding sin2uW50.17.

This model displays a rich set of Yukawa couplings f
the observable sector. The initial values of the coupling c
stants are fixed by string calculations. In Fig. 4, we show
variation of the coupling constants with the scale.

4It is also possible thath̄a , h̄d , and the singlet fieldsw25, w28,
and w29 acquire non-zero VEV’s, due to the presence of the n
canonical effectivem terms involving these fields, if the single
fields involved develop negative mass squares at the electrow

scale. With the non-canonicalm terms h̄ahcw25, h̄dhbw28 and

h̄dhgw29 taking active roles in the symmetry breaking, the massl
charginos and neutralinos~associated with the Higgs doublets th
do not have VEV’s! as well as the masslessCP odd Higgs scalars
~associated with the Higgs doublets that do not have effectivem
terms! can be eliminated. However, this implies that the minimu
of the potential has a very complicated structure, which may re
in a larger amount of fine-tuning. We do not investigate such co
plicated scenarios in this paper.
3-13
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In addition to the large Yukawa couplings ofh̄c andhc to
the top and bottom quarks~which take the valuesGQ1
50.98 andGQ250.93 at the electroweak scale!, the effective
Yukawa couplings from the fifth order~which involve the
other two quark families! have the non-trivial valuesGQ3
5GQ45GQ55GQ650.17. With the assumption thathg and
hb have non-zero VEV’s, these couplings naturally provid
hierarchy of the quark masses and mixings in the down-t
quark sector.

The t-m unification is slightly broken, sinceG l150.34
and G l250.35 at the electroweak scale. The Yukawa co
plings of the non-canonicalm terms are non-trivial as well
with typical values of a few times 0.1 at low energy. Henc
these couplings can be actively involved in the symme
breaking, as will be manifest in our numerical example.

2. Running of the soft mass parameters

The mass squares ofhg andhb tend to remain positive, a
their couplings to quarks arise from fifth order terms in t
original superpotential and are therefore suppressed. H
ever, the couplingh̄chgw21 may forcehg to acquire a non-
zero VEV. Similarly, hb may acquire a VEV due to the
h̄chbw20 coupling. There are then two distinct electrowe
symmetry breaking patterns, one in whichhb has a non-zero
VEV ~i.e., hb is naturally identified as a Higgs field! and one
in which hb has zero VEV (hb could also be identified as
lepton doublet!.

FIG. 4. Running of the Yukawa couplings for theP2P3uF direc-
tion. The naming and the ordering of the Yukawa coupling co
stants are the same as in the previous model.Gudd refers to the

ub
c8dc

cdd
c coupling;Gsss1,2 refer to the last two terms in Eq.~31!.
11500
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With universal soft mass-squared parameters at the st
scale, the soft mass-squared parameters ofh̄c and hc are
driven to negative values, while the mass squares of all
other fields remain positive. This scenario results in a lig
Z8 and largeZ-Z8 mixing angle at the electroweak scal
which is excluded by experiments. We therefore have to c
sider non-universal boundary conditions for a realistic so
tion, in whichhg , hb , w20, andw21 also acquire VEV’s. As
in the previous example, the effects of the Yukawa coupl
involving hidden sector fields@Eq. ~27! of @3## are included
in the running Yukawas and soft parameters.

One numerical example we found involves a set of tun
initial conditions which do not deviate substantially fro
universality. In Table VI, we present the numerical values
the parameters for this example, in which the VEV’s of t
fields are ^h̄c

0&5223 GeV, ^hc
0&5124 GeV, ^hb

0&
517.3 GeV, ^hg

0&524.8 GeV, ^w20&524.8 GeV, and
^w21&54950 GeV. In this particular example withA2 real
and positive,fb5fg50 at the true minimum of the poten
tial, and hence there is no spontaneousCP violation. For
these values,MZ851.00 TeV andaZ-Z850.004.

We now consider the quark masses and mixings in
model. The mass matrix for the down-type quarks is@3#

M5S GQ3^hg
0& GQ6^hb

0& 0

GQ4^hg
0& GQ5^hb

0& 0

0 0 GQ2^hc
0&
D

5S 4.16 3.04 0

4.16 3.04 0

0 0 115
D , ~33!

after the electroweak scale symmetry breaking. The ma
of the down-type quarks aremd50 GeV, ms57 GeV, and
mb5115 GeV, whered, s andb stand for the down, strange
and bottom quarks, respectively. These are running ma
evaluated atMZ . Just as in the example in Sec. III for th
P18P28P38 direction, the scale forms andmb ~as well as formt

andmm) is much too high. Again, we have made no attem
to further adjust the parameters to obtain a lower^hc

0&. How-
ever, the hierarchy of the relative masses, (md :ms :mb)
;(0:1:17) isquite encouraging. This hierarchy, as well
the form of the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix, can be understood from the analytic discussion in@3#.
The CKM matrix, obtained from diagonalizingMM†, since
there is no contribution from the up-quark sector, is given

UCKM5S 0.71 0.71 0

20.71 0.71 0

0 0 1.00
D . ~34!

The maximal mixing between the first two families is n
realistic. It results from the comparable magnitude of thea5

( i )

coefficients. As discussed in@3#, one can obtain a realistic
md /msÞ0 and a realistic Cabibbo-like mixing by allowin
a5

(3)Þa5
(4) and a5

(5)Þa5
(6) . The observed relationuc

-

3-14
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;(md /ms)
1/2(;0.2) can be obtained for specifica5’s, but

does not hold in general.U31
CKM5U32

CKM5U13
CKM5U23

CKM50
due to the form ofM.

We do not present the Higgs, chargino, or neutral
spectra for this example, as they do not exhibit any qual
tively new features compared to theP18P28P38 direction.

C. Intermediate scale symmetry breaking

We now investigate the possibility that theU(1)8 is bro-
ken at an intermediate scale, along aD flat direction. This is
possible in this model because the fieldw25, which has a
U(1)8 charge opposite in sign to the rest of the singlets@with
nonzero U(1)8 charges#, remains massless at the strin

TABLE VI. P2P3uF flat direction: values of the parameters~for
the observable sector! at MString and MZ , with MZ851008 GeV
andaZ-Z850.004. All mass parameters are given in GeV.

MZ MString MZ MString

g1 0.40 0.80 M1 251 1000
g2 0.46 0.80 M2 330 1000
g3 1.23 0.80 M3 2380 1000
g18 0.42 0.80 M18 225 1000
GQ1 0.98 0.80 AQ1 828 702
GQ2 0.93 0.80 AQ2 2120 1227
GQ3 0.17 0.07 AQ2 3290 1510
GQ4 0.17 0.07 AQ2 3290 1510
GQ5 0.17 0.07 AQ2 4570 1308
GQ6 0.17 0.07 AQ2 4570 1308
Gudd 1.29 0.82 Audd 2910 3239
G l1 0.34 0.56 Al1 2240 1234
G l2 0.35 0.56 Al2 2197 1234
G l3 0.58 0.82 Al3 419 1659
G l4 0.05 0.05 Al4 807 1351
G l5 0.05 0.05 Al4 807 1351
Gs1 0.46 0.56 As1 893 1381
Gs2 0.16 0.80 A1 350 3336
Gs3 0.49 0.80 As3 394 1357
Gs4 0.16 0.80 A2 3500 6789
Gs5 0.54 0.80 As5 361 1351
Gsss1 0.24 1.17 Asss1 2938 1477
Gsss2 0.26 1.17 Asss2 2763 1671
mQc

2 (1890)2 (2252)2 mQb

2 (3110)2 (1934)2

mQa

2 (3110)2 (1934)2 muc

2 (2010)2 (2352)2

mu
b8

2 (1460)2 (4382)2 mdb

2 (1500)2 (2172)2

mdd

2 (4370)2 (6155)2 mdc

2 (1460)2 (4382)2

mh̄c

2 (531)2 (4624)2 mh̄d

2 (1040)2 (4549)2

mh̄a

2 (1250)2 (1817)2 mha

2 (1390)2 (1828)2

mhc

2 2(311)2 (4177)2 mhd

2 (1400)2 (1833)2

mhg

2 (4950)2 (7639)2 mhb

2 2(299)2 (4939)2

mea

2 (1920)2 (2590)2 mef

2 (1890)2 (2590)2

meb

2 (1750)2 (1764)2 me
e8

2 (1500)2 (5314)2

mei

2 (1750)2 (1764)2 mw20

2 2(715)2 (5177)2

mw21

2 2(718)2 (6328)2 mw25

2 (1630)2 (4337)2

mw28

2 (4470)2 (5982)2 mw29

2 (2210)2 (6398)2
11500
o
-

scale. The viability of this scenario requires that theD flat
direction be alsoF flat at the trilinear order@15#; otherwise,
the F terms lead to quartic couplings in the scalar poten
which force the VEV’s to be at the electroweak scale.5 In
addition, we require the absence of renormalizable coupli

of the fields in theD flat direction to the Higgs doublet (h̄c)
which couples to the top quark, so that there is top qu
Yukawa coupling in the low energy theory.

With these criteria in mind, an inspection of Table V an
Eq. ~31! demonstrates that from the list of singlet field
(w18–w22) that haveU(1)8 charges equal and opposite

w25, the trilinear couplings ofw20 and w21 ~to h̄c) do not
allow for a realistic implementation of the intermediate sc
symmetry breaking. However, the fields$w18,w19,w22%
~which do not have effective trilinear couplings! can be in-
volved in viable intermediate scale scenarios.

To achieve theU(1)8 breaking, the effective mass squa
mw25

2 1mw18/19/22

2 must be driven negative at a scale high

than the electroweak scale. With non-universal bound
conditions, the mass square ofw25 can be driven negative
while keeping the mass squares ofw20 andw21 positive. The
mass squares ofw18,19,22 do not run, due to the absence
Yukawa couplings involving these fields. Therefore, we c
choose initial values of these mass squares such thatmw25

2

1mw18/19/22

2 is driven negative at an intermediate scale~while

keepingmw25

2 1mw20/21

2 positive!. These conditions ensure tha

the minimum occurs along theD flat direction involvingw25

andw18/19/22. A range of intermediate scalesmRAD , at which
mw25

2 1mw18/19/22

2 crosses zero, can be obtained by adjust

the initial values of the parameters. In Fig. 5 we display
scale variation of the mass squares with initial values t
lead tomRAD;1012 GeV. This example requires nonunive
sal initial values, withmw20,21

2 larger by factors of around 2 –

9 than the others.
In the intermediate scale symmetry breaking scena

@15#, the potential can be stabilized by radiative correctio
or by nonrenormalizable self-couplings of the singlet fie
in the flat direction, i.e., terms of the form
(w25w18/19/22)

n/M2n23. Such nonrenormalizable self
couplings have a number of sources. For example, they
be present in the original superpotential or induced
vacuum restabilization from higher-dimensional operato
In addition, these terms can arise from the decoupling of
heavy fields@12#, as well as from a nonminimal Ka¨hler po-
tential ~either from the original couplings from the effectiv
string theory or be induced either after vacuum restabili
tion or due to decoupling effects!.

5In principle, it is possible that total singlets can acquire interm
diate scale VEV’s, because the absence ofD terms leads to a simi-
lar situation as the case that arises for aD flat direction. In this
model, the relevant singletsw28,29 also couple tow25, which pro-
vide effectiveF terms that push the VEV’s to the electroweak sca
and hence this scenario is not viable@3#.
3-15
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Within our assumption of a minimal Ka¨hler potential, we
have checked to determine if these nonrenormalizable s
couplings are in fact present and found that these coupl
do not survive the string selection rules@3#. To determine if
such terms can be induced at the leading order in the su
potential from decoupling@12#, it is necessary to check tha
there are no trilinear terms in the effective superpotential
involve two powers of the fields in the intermediate scale
direction and one power of a heavy field. In this case, ga
invariance restricts these terms to be of the ty
w25w18/19/22w, in which w is a heavy gauge singlet unde
U(1)Y andU(1)8 (w can be one of the fields in theP2P3uF
flat direction!. We find that in this example there are no su
terms. Therefore, the symmetry breaking is purely radia
in origin, and the VEV’s are very close to the scalemRAD .

The next step is to investigate the electroweak symm
breaking after the intermediate scaleU(1)8 breaking. The
electroweak symmetry breaking has different features tha
the previous case. For example, the fieldhc , which played
an important role in the electroweak symmetry breaking d
to its Yukawa couplings to the bottom quark and them andt
leptons, acquires an intermediate scale mass and deco
from the theory, which seems to leave these MSSM fie
massless. However, it may be possible that effective mas
the exotics and effective Yukawa couplings for the MSS
fields are generated from nonrenormalizable operators
volving the fields in the intermediate scale@15#. Similarly,
effective m terms may be generated by non-renormaliza
operators~NRO’s!. In principle, the determination of th
complete set of such NRO’s is a necessary first step in

FIG. 5. Running of the relevant mass-squared parameters fo
P2P3uF flat direction, for theU(1)8 symmetry breaking scenari
along theD flat directionw251w18/19/22, with mRAD;1012 GeV.
11500
lf-
gs

er-

at
t
e

e

e

ry

in

e

les
s
or

n-

e

e

analysis, since the renormalization group equations are
fected when the fields with intermediate scale masses
couple. The determination of the complete set of such op
tors and the subsequent electroweak symmetry brea
patterns is beyond the scope of this paper~but is the subject
of a future investigation!.

V. CONCLUSIONS

This paper is the culmination of a program that sets ou
derive the phenomenological implications of a class of qua
realistic string models. We have determined the observa
sector gauge symmetry breaking patterns and the mass s
trum for a class of representative string-scale flat directi
of a prototype model by merging the top-down approa
~employing the string results for the effective superpoten
couplings! and the bottom-up approach~adding the soft su-
persymmetry breaking mass parameters by hand!.

The set of top-down inputs builds on the results of o
previous work:~i! the classification of theD flat directions of
the model that cancel the anomalousD term and can be
proved to beF flat to all orders@1# and~ii ! the determination
of the effective theory along such flat directions. In partic
lar, we have utilized the results of@3#, in which the complete
mass spectrum and effective trilinear couplings of the
servable sector were presented for two representative fla
rections of model 5 of@9# ~CHL5!, which leave an additiona
U(1)8 as well as the SM gauge group unbroken. The fi
representative flat direction has a minimal number of c
plings of the observable sector fields, while the second
direction has a richer structure of couplings, with implic
tions for fermion textures.

The mass spectrum and couplings of these effective th
ries are not realistic, as expected. We found that in gen
there are a number of superfields which remain massles
the string scale, and that while the scalars acquire ma
from the soft supersymmetry breaking terms, within our
sumptions there is no mechanism for some of the fermion
acquire masses. The gauge coupling unification is not rea
tic ~although better than expected due to the amount of
ditional matter superfields and the higher Kacˇ-Moody level
in the model!, and the hidden sector gauge groups are
asymptotically free, thus disallowing an implementation
dynamical supersymmetry breaking scenarios. In addit
the effective trilinear couplings have a number of nonsta
ard features which were examined in detail in@3#, such as the
absence of a canonical effectivem term and the presence o
baryon and lepton number violating couplings, as well
~potentially realistic! hierarchies of fermion masses.

Since the purpose of this program is to explore the gen
features of this class of quasi-realistic models systematica
and not to search for a specific, fully realistic model~an
unlikely possibility!, we continue the analysis by investiga
ing the gauge symmetry breaking patterns and the low
ergy spectrum for the representative examples. However,
study requires the implementation of supersymmetry bre
ing, which we parametrize by soft supersymmetry break
masses put in by hand at the string scale, due to the abs
of a satisfactory scenario for supersymmetry breaking

he
3-16
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string theory. This introduces free parameters in the effec
theory, and thus the unique predictive power of a particu
string vacuum is lost. In particular, the concrete results
the low energy spectrum depend on the initial conditions
the soft masses at the string scale.

We chose to analyze scenarios which lead to a real
Z-Z8 hierarchy; as argued on general grounds in@13,14#, the
breaking scale of theU(1)8 is at the electroweak scale or
an intermediate scale~if the symmetry breaking occurs alon
a D flat direction!. For each representative flat direction w
determine the low energy spectrum explicitly for a typic
choice of initial conditions that yield a realisticZ-Z8 hierar-
chy. The emphasis was on the study of the Higgs secto
order to contrast its features with that encountered in b
the MSSM and string motivated models with an addition
U(1)8 @14#. In the symmetry breaking scenarios for the
two representative examples, the novel feature is that
number of Higgs fields that participate in the symme
breaking is larger than that assumed in@14# ~there are at leas
three Higgs doublets and one SM singlet participating in
symmetry breaking process!. In addition, the presence o
some and absence of other non-canonicalm terms implies
new patterns in the low energy mass spectrum.

For the first representative flat direction, the symme
breaking scale of theU(1)8 is at the electroweak scale, be
cause all of theU(1)8 charged singlets that remain massle
at the string scale have charges of the same sign. To obt
realistic Z-Z8 hierarchy, we found it is necessary to have
nonminimal Higgs sector, with three Higgs doublets and o
singlet ~which has a large VEV!. This scenario can be ob
tained with mildly nonuniversal soft supersymmetry brea
ing mass parameters at the string scale. We present the
plete mass spectrum, including that of the supersymme
partners, for a typical choice of initial conditions. The resu
ing mass spectrum at the electroweak scale includes mas
and ultralight charginos, neutralinos, and Higgs bosons,
to the absence of enough canonical or non-canonical ef
tive m terms. In particular, the absence of an effectivem
term involving one of the Higgs doublets provides an ad
tional globalU(1) symmetry in the scalar potential that
spontaneously broken, resulting in a Goldstone bo
present in the low energy spectrum. In addition, the mas
lightest neutral Higgs boson is controlled by the scale of
breakdown of this global symmetry, and thus obeys a diff
ent bound than the traditional bound in the MSSM.

For the second representative flat direction, theU(1)8
n-

n-
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breaking can be either at the electroweak scale or at an
termediate scale. Once again, the electroweak scale sce
requires an extended Higgs sector to obtain aZ8 that is con-
sistent with experiment. In addition, to study the fermi
texture in the down-quark sector of this model, addition
Higgs doublets are needed to acquire VEV’s. In contras
the previous model, there may beCP-violating phases in the
Higgs sector of the model, though these are absent for
specific example considered. The electroweak scale sym
try breaking scenario is achievable with mildly nonunivers
boundary conditions. There is a fairly realisticd:s:b mass
hierarchy, although the absolute scale is much too high.
corresponding CKM matrix has no mixings of the first tw
families with the third, and an unrealistic maximal mixin
between the first and second generations.

The intermediate scale symmetry breaking scenario
be achieved with mild nonuniversality of the soft supersy
metry breaking mass parameters, at a range of intermed
scales. It is purely radiative in origin, because of the abse
of the relevant nonrenormalizable terms~and trilinear terms
involving the heavy fields! in the superpotential. We plan t
address the electroweak symmetry breaking in this scen
after decoupling the heavy fields, which requires a deta
analysis of a class of nonrenormalizable operators, in a fu
paper.

Although the analysis of the low energy implications f
the representative examples studied in this paper revea
number of additional unacceptable phenomenological con
quences, it nevertheless demonstrates new features o
gauge symmetry breaking patterns, in particular that ass
ated with the Higgs sector of the theory. The type of no
minimal extensions of the Higgs sector and their spec
couplings, which we encountered in the analysis of the s
cific string models, should be of general interest in the p
nomenological investigation of models beyond the MSS
and thus deserves further study.
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