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Physics implications of flat directions in free fermionic superstring models. I.
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From the “top-down” approach we investigate physics implications of the clags @ind F-flat directions
formed from non-Abelian singlets which are proved flat to all orders in the nonrenormalizable superpotential,
for a prototype quasi-realistic free fermionic string model with the standard model gauge group and three
families (CHL5). These flat directions have at least an additidh@l)’ unbroken at the string scale. For each
flat direction, the complete set of effective mass terms and effective trilinear superpotential terms in the
observable sector are computed to all orders in the VEV'’s of the fields in the flat direction. The “string
selection rules” disallow a large number of couplings allowed by gauge invariance, resulting in a massless
spectrum with a large number of exotics, in most cases excluded by experiment, thus signifying a generic flaw
of these models. Nevertheless, the resulting trilinear couplings of the massless spectrum possess a number of
interesting features which we analyze for two representative flat directions: for the fermion texture, baryon-
and lepton-number violating coupling®;parity breaking, non-canonica terms, and the possibility of elec-
troweak and intermediate scale symmetry breaking scenaridd (fbJ’'. The gauge coupling predictions are
obtained in the electroweak scale case. Fermion masses pb4sassl 7-x universality, with the string scale
Yukawa couplingg andg/+/2, respectively. Fermion textures are present for certain flat directions, but only
in the down-quark sector. Baryon- and lepton-number violating couplings can trigger proton dbb_hy,
oscillations, leptoquark interactions aReparity violation, leading to the absence of a stable LSP.
[S0556-282(199)00205-3

PACS numbegps): 12.60.Jv, 11.30.Pb

[. INTRODUCTION of quarks and leptons as well as two electroweak Higgs dou-
blets. These models also possess gauge coupling unification
At present, there are several challenges to be faced in thet M gying~5X 10*” GeV [12] without a gauge group unifi-
investigation of the implications of superstring theory for cation; this scale differs by an order of magnitude from the
physics beyond the standard mo®M). A primary obstacle unification scale obtained by extrapolating from the observed
is the degeneracy of string vacua; a large number of stringpw-energy values of the gauge couplings assuming the
models have been constructed, with as yet no fully realistieninimal particle content of the minimal supersymmetric
model. There is also no satisfactory scenario for supersymstandard modelMSSM). (For a review of the properties of
metry breaking in string theory either at the level of thestring models, see Reff13] and references therejn.
world-sheet dynamics or at the level of the effective theory, These models share a number of generic features. Their
and hence no way to break supersymmetry in string modelgauge structures contain at the tree level an additional non-
without introducing new parameters. It is hoped that issue#\belian “hidden” sector gauge group as well as a number of
will have a resolution with a greater understanding of non-Abelian gauge groups, one of them generically anomalous.
perturbative string dynamics. The SM hypercharge is determined as a linear combination
Our strategy is to take a more modest view by restrictingof the non-anomaloud (1)’s of themodel[or perhaps of the
our consideration to a class of string models of perturbativeé)(1)’s that arise when the hidden sector gauge group is
heterotic string vacu@l-5] which have the ingredients of broken. In addition to the MSSM fields, the particle content
the minimal supersymmetric standard mod®ISSM) and typically includes a number of fields which are nontrivial
thus the potential to be realistic. Such quasi-realistic modelsepresentations under the SKbbservable sectprgauge
have been constructed in a weakly coupled heterotic supegroup or the non-Abelian hidden sector gauge gr¢ap
string theory in a variety of constructiofi§—11]. We con-  both), as well as a number of non-Abelian singlet fields.
sider a class of free fermionic mod€l8—11 which have Most of the fields of a given model are charged under the
N=1 supersymmetry, the SM gauge group as a part of th&J(1) gauge groups, such that in general there is no distinct
gauge structure, and candidate fields for the three generatioseparation between the observable and hidden sector gauge
groups.
In this class of models, the couplings are calculable in
*Present address: Center for Theoretical Physics, Texas A&Mstring theory; techniques have been developed to calculate

University, College Station, TX 77843-4242. the superpotentidll4-16,11,17,1Bin principle to all orders
"Present address: Randall Laboratory of Physics, University ofn nonrenormalizable terms. One generic feature of the su-
Michigan, Ann Arbor, MI 48109. perpotentials is that additional world-sheet selection rules
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forbid terms otherwise allowed by gauge invariance. How-a given model. In general, a numberlf1)’s arebroken in
ever, the determination of the 'Kier potential is more in- each flat direction, though we find that usually at least one
volved in part because the Kr potential is not protected U(1) in addition toU(1)y remains unbroken. The couplings
by supersymmetric non-renormalization theorems and thusf the fields in the flat direction to the other fields in the
receives corrections at all orders in the string loop expansiorinodel lead to the generation of effective mass terms, such
Therefore, in the analysis that follows we assume a minimaihat some of the fields acquire superheavy masses and de-
Kahler potential, for the sake of simplicity. couple from the theory. Effective trilinear couplings are also
The analysis of this class of quasi-realistic models proinduced from higher-dimensional terms for the remaining
ceeds in several stages. The first step is to address the prdight states, with implications for the phenomenology of the
ence of the anomaloud(1) in the model. The underlying model. Effective nonrenormalizable terms are also
superstring theory is anomaly-free, and hence there is a stafiénerated.We have developed techniques to determine the
dard mechanism in the four-dimensional effective theory ineffective bilinear and trilinear Couplings to all orders in the
which the axion-dilaton supermultiplet shifts undéf1), in fields with nonzero VEV’s along a particular flat direction.
such a way that all triangle anomalies are cancelled. Thé&nce these terms are determined, they are exact to all orders
anomaly cancellation mechanism generates a nonzero Faydéi-the string genus expansig@6]. The details of the effec-
lliopoulos (FI) contribution to theD term of the anomalous tive superpotential strongly depend on the flat direction un-
U(1) at higher genus in string theofg9—21. The Fl term  der consideration. o
would break supersymmetry in the original string vacuum, In this paper, we analyze a class of the flat directions
but certain scalar fields are triggered to acquire large vacuurbtained in[17] for the prototype string mod¢odel 5 in
expectation value$VEV's) along D- and F-flat directions ~[11] (CHL5)], and investigate the implications of the mass
[19,22]. The new ‘“restabilized” vacuum is supersymmetric, SPectrum and effective trilinear couplings. We choose to
with a gauge structure of reduced rafik particular, the consider flat directions with the maximal number of fields,
anomaloudJ(1) is broker and a reduced number of mass- Which also break the maximal number 0f(1)’s; in these
less fields, as the fields which couple to the fields in the flaglirections, on&J(1)" is unbroken in addition t&J(1)y. We
direction can acquire string-scale masses and decouple frogeneralize our techniques developed to prévatness to
the theory. Therefore, an analysis of the and F-flat direc- determine the effective renormalizable superpotential:
tions is the necessary first step in the investigation of the Massless spectrunfror each flat direction, we determine

phenomenology of the string moddlssues of anomalous the complete massless spectr(anthe string scale We find
U(1) in string models and stringmotivated models are that the flat directions considered share the undesirable fea-

discussed i123,24).] ture that along with the MSSM content there are additional

In a previous papdiL7], we developed techniques to clas- Massless exotics. For the cases in whichUlfé)" is broken
sify the flat directions of a general perturbative heterotic su2t the electroweak scale, the exotic fermions remain light
perstring model with an anomalou$(1). For thesake of ~compared to the electroweak scale, which is excluded by
simplicity, we chose to consider flat directions formed of€Xperiment. This feature indicates a general flaw of this type
non-Abelian singlets only, and selected the singlet fields witf models.
zero hypercharge to preserve the SM gauge group. Our Tr|I_|near_ terms Neve_rtheless, we proceeq an.d analyze the
method involves classifying the fields according to theireffective trilinear couplings. For each flat direction we deter-
anomalous charge to see if flat directions that can cancel tH@ine all such couplingéto all orders in the VEV's of fields
FI term can be formed. If such flat directions can be formedin the flat direction in the observable sector of the theory,
we construct the superbasis of all one-dimensigiel, that  I-€., the SM andJ(1)" sector of the theory(In addition we
which depend on one free VEV before imposing the anomai.nCIUde terms inVOIVing the hidden sector fields that play a
lous D term constraint D-flat directions under the non- role in the renormalization group analysis of the symmetry
anomalousU(1)’s. The elements of the superbasis with thebreaking scenarios, a topic of a subsequent pgp&r)
appropriate sign of the anomalous charge to cancel the FI We then discuss the implications of these couplings. The
term are the building blocks of the ,-flat directions of the Predictions(from «as) for the electroweak gauge couplings
model. are presented. At the level of the trilinear superpotential, we
For a subset of thed2-flat directions, the requirements of consider the fermion masses and textures, baryon- and
gauge invariance as well as a string calculation of the supefépton-number violating coupling®-parity breaking terms
potential to a given order suffice to proveflatness to all and the absence of a stable lightest supersymmetric particle
orders in the nonrenormalizable superpotential. Our methot-SP), and the occurrence of the non-canoni¢éalf” )
provides a systematic and complete classification of the subz-term. We identify types of symmetry breaking scenarios
set of theD-flat directions which can be proved to Beflat ~ for U(1)’, one at the electroweak sc428-33 and another
to all orders. Each of these flat directions corresponds to a
new restabilized string vacuum of a given model. We applied

our method to a prototype string model, model 5[at] IHowever, nonrenormalizable terms competitive in strength are
(CHLY), in [17], and more recently to a number of free fer- aiso present in the original superpotential, as well as generated in a
mionic string models if18]. number of other ways, such as via the decoupling of heavy states

The next stage of the analysis of this class of string modf25], a nonminimal Kaler potential, and the corrections to the
els is to investigate the implications of each flat direction ofkahler potential due to the large VEV’s.
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one at an intermediate scdl28,33, and discuss the family 1
non-universality ofZ’ couplings. Y=56(78Q273Q3=8Qs~ Q5+ Qs) ©)
While we calculated the mass spectrum and the effective
trilinear terms(in the observable sectofor all the flat direc-
tions (classified in[17]), we illustrate the techniques and
present the detailed analysis along the steps discussed ab
for two representative flat directions
In a subsequent papg27] we plan to carry out further the
phenomenological consequences by introducing soft super- A. Analysis of flat directions

symmetry breaking mass parameters; we shall analyze spe- The presence of the anomaldug1) leads to the genera-
cific SM andU(1)" symmetry breaking patterns, consistenttion of a nonzero FI terng in the correspondin@-term at
with experiment, and the particle mass spectrum at the elegenus 1[19,20 (at genus 2 for the dilaton tadpof@1]) in

troweak scale. string theory with
The paper is structured as follows. In Sec. Il, we review

the flat direction analysis for this model given [ih7], and

present our techniques to compute the effective renormaliz- &
able superpotential for each flat direction considered. In

Secs. Il and IV the two respective representative examples ) _ )
are analyzed in detail. Conclusions and a discussion of furh WNiCh Gsying IS related to the gauge coupling by the

ther investigations are given in Sec. V. relation ggying= 0/\/2 [12] (g is normalized according to the
standard[grand unified theory(GUT)] conventions, i.e.,

TrT,T,= 8,,/2 for the generators of the fundamental repre-

[normalized to giveY(quark doublet=1/6], with Kac
Moody levelky=%. (We calculateky using the universal
®feen-schwarz relations; for more details, E&8).)

2 2

gstringMP
= =TI Q,, 0)
1922 |

Il. FLAT DIRECTIONS AND EFFECTIVE COUPLINGS sentation ofSU(N)) and M is the reduced Planck mass,
The model we choose to analyze is model 5[al] Such thatMp=Mp, /|8, with Mp,~1.2x 10" GeV.
(CHL5), which has the gauge group The FI D-term triggers the scalar componenris of cer-
tain chiral superfieldsb; to acquire VEV's in such a way
that D- and F-flatness conditions are satisfi¢d9,22. In
SU(3)cXSU(2 SU(4),X SU(2) 5} '
{SUB)e (2)}ops {SUA)2 (2)2}ni principle, the fields which acquire VEV's may be those with
XU(1)4xU(1)8. 1 nontrivial representations under the observable sector or the

non-Abelian hidden sector. For simplicity, we restrict our
In addition to the MSSM fields, the particle content includesconsideration to the non-Abelian singlet fields of the model,
the additional chiral superfields: and select only those fields with zero hypercharge to pre-

serve the SM gauge group at the string scale. Dheand

— F-flat iti for th fiel i
6(121.0+(31,00+(3.1,10+4(1213+2(1,1,4.1 atness conditions for these fields are given by

+10(1,1,41)+8(1,1,1,2+5(1,1,4,2+(1,1,42) Da=> QW|¢i|2+ =0 (5)
1 8(1,1,6,0+3(1,1,1,3+421,1,1,1, 2 |
where the representation unde¢SU(3)c, SU(2)., Da=2 Q¥ |¢i?=0 (6)

SU(4),,SU(2),) is indicated. The complete list of fields

with their U(1) charges are presented in Tablég)+I(c).

Q, u, andd denote quark candidatédoublets or singlejs F.= ﬂzo

with D reserved for an exotic quark singldt.generically bod; ’

denote Higgs or lepton doublet candidates angpresents

possible lepton singlet candidates, whieis left for other ~ We list the non-Abelian singlets of the model with their

singlets. Capital letters are reserved for fields in non-trivialu(1) charges in Table I.

representations of the hidden sector non-Abelian groups. In a previous papdrl7], we presented technigues to clas-
The SM hypercharge is determined as a linear combinasify the D- and F-flat directions of a general perturbative

tion of the non-anomaloud (1)’s, subject to basic phenom- heterotic string model with an anomaloug1), andillus-

enological criteria(see[18] for more details We require trated the method by applying it to this model. We summa-

three families of quarks and leptons, as well as at least twoze the method and repeat the conclusions here for the sake

candidate electroweak Higgs doublets, with conventional hyef completeness, and refer the readdrlf@] for more details.

percharges. We also require grouping of all fields which are First, the D-flat directions associated with the non-

charged undet(1)., and/or transform undeBU(3)c into  anomalousU(1)’s are determined, by making use of the

mirror pairs; this is a prerequisite to have the possibility ofone-to-one correspondence DBfflat directions with holo-

avoiding exactly massless charged and/or colored particles imorphic gauge-invariant monomigldIM’s) of chiral super-

the theory. In this model, these criteria lead to the uniqudields [34—36, constructed from the non-Abelian singlets.

hypercharge definitioffirst presented ifn11]) We construct the set of all one-dimensional HIM’s, which

W=0. )
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TABLE I. (@ List of non-Abelian non-singlet observable sector fields in the model with their charges
under theU(1) gauge groups, hypercharge as defined in(Bg.andU (1)’ as defined in Eq(12). The
second column introduces the notation used throughout this paper, and the third column the translation to the
notation used inl11] (CHL). (b) List of non-Abelian non-singlet hidden sector fields in the model with their
charges under thg (1) gauge groups, hypercharge as defined in(Bg.andU (1)’ as defined in Eq12).
[We largely follow the notation df11] (CHL).] (c): List of non-Abelian singlet fields in the model with their
charges under thg (1) gauge groups, hypercharge as defined in(Bg.andU(1)’ as defined in Eq(12).
The first column gives the notation used throughout this paper, the second column the translation to the
notation used i11] (CHL), and the third column the translation to the notation useld .

@
(SU(3)c,SU(2)., CHL Q1 Q2 Qs Q4 Qs Qs Qa 6Qy 100y,
SU(4)2,SU(2)2)

3,212 Qa Q1 -2 0 8 -2 -8 16 —16 1 68
Qb Q- 2 0 8 -2 -8 16 -16 1 68

Q. Q3 0o -2 0o -2 20 4 12 1 —-71

(51,1,]) ug ug 2 0 0 6 0 —-16 -—-16 -4 6
ww uw -2 0 0 6 0 —-16 -16 -4 6

ug ug 0 6 -8 2 -4 =28 -—-12 -4 —133

@ & 0 -6 -8 2 -4 -28 -12 2 -3

e ds 0 0 0 0 —12 20 4 2 136

g 0 2 -8 -2 0 8 8 2 -3

g T 0 2 -8 -2 0 8 8 2 -3

(1,2,1, h, h, 0 0 -8 —4 —4 -12 4 3 -74
h, h, O -2 -16 2 0 0 0 3 65
HC E’ 0 -4 8 0 -—-16 24 24 3 204

h,  h, 0 -2 0 -2 8 24 -8 3 65

hya h 0 o 8 4 4 12 -4 -3 74

h,  h, 0o 2 0o 2 16 0 0 -3  —65

he  hs 0o 2 0 2 -8 -24 8 -3  —65

hy  hs 0 2 16 -2 0 0 0 -3  —65

e L, 0 4 -8 0 16 —-24 -24 -3 —204

he L, 0 2 16 -2 -12 -12 -28 -3  —65

hg Ls 0 2 0 2 16 0 0 -3 —65

(31,12 D, t 0 0 0 0 12 -20 -4 =2 —136

(b)
(SU(3)c,SU(2)., Qi Q Q3 Qi Q Qs Qa 6Qy 10My
SU(4)2,SU(2)2)

1,2,1,2 Di_4 0 0 -8 2 -4 12 4 0 0
11,42 Fio 0 0 12 0 12 0 —-16 -3 —65
(1,1,41) El,Z 0 0 4 -4 -4 24 8 3 65
Fae 0O 0 -12 0 0 12 -20 3 65

Frg 2 0 4 2 8 -12 -12 -3  —65

Fo o -2 0 4 2 8 -12 -12 -3 65

11,12 Hi, 0o -2 8 —4 -12 12 -4 3 65
Hs,4 0 -4 0 2 -8 24 -8 3 204

Hs 7 0 2 -8 4 12 -12 4 -3 —65

He s 0 0 16 2 —16 0 0 -3 74

(11,42 Ei, 0 0 -4 =2 4 24 -8 0 —139
E; 0o -2 4 0 4 0 16 0 0

Ess 0o -2 4 0O -8 -—-12 -12 0 0

(1,1,42) E, 0 2 -4 0 -4 0 -—16 0 0
(1,1,6,2 S 2 0 -8 2 -4 -12 4 0 0
S, 0 -4 8 0 -4 -12 4 0 0
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TABLE I. (Continued).

(b)

(SU(3)c,SU(2), , Qi Q Q3 Qi Qs Qg Qa 6Qy 100y

SU(4)2,SU(2),)
S, -2 0 -8 2 -4 -12 4 0 0
S, 2 0 8 -2 4 12 -4 0 0
S5 0 4 -8 0 4 12 -4 0 0
Ss.7 0o 2 0 2 -8 24 -8 0 139
S5 -2 0 8 -2 4 12 -4 0 0

(1,1,1,3 T, 2 4 0 -2 8 24 -8 0 0
T, 0 -2 8 2 12 36 -12 0 139
T, -2 4 0 -2 8 24 -8 0 0

(©
Q: Q Q Qi Q5 Qs Qa 6Qy 100y

eg,c eg,g S;5,25 0o -2 -8 -6 4 12 —4 6 -9
eg €5 Sio 4 -2 =24 =2 -4 -12 4 6 -9
eg,g S1.4 Sy101 0 -4 0 -4 -8 24 -8 6 130
eg S, Si3 2 0 -16 -2 -—-32 0 0 6 130
ef S3 §2 0 -4 -16 0 8 24 -8 6 130
er Sg Si7 -2 0 -16 -2 -32 0 0 6 130
ef Sg Sq -4 -2 =24 =2 -4 -12 4 6 -9
€ap ?112 Si6.16 0 4 16 0 16 0 0 -6 —130
€. §3 S, 0 4 16 0O -8 -—-24 8 -6 —130
€d.e 5’5 52424{ 0 2 24 2 4 12 —4 —6 9
[T ;6 S; 0o -2 8 2 12 -60 20 -6 —269
®1 ®1 S, 4 0 0 0 0 0 0 0 0
P23 P23 S5 5 2 4 0 -2 -16 0 0 0 0
Qa5 Q45 Sia14 2 -4 16 -2 0 0 0 0 0
©6.7 ©6.7 S5 2 —4 0 2 16 0 0 0 0
g9 ©g9  Sis13 0 0 -16 4 16 0 0 0 0
©10,11 ©10,11 §e,5' -2 4 0 -2 -16 0 0 0 0
$12,13 ¢1213 S11g —2 —4 16 -2 0 0 0 0 0
14,15 P14,15 §5,5’ -2 -4 0 2 16 0 0 0 0
P16 P16 §4 -4 0 0 0 0 0 0 0 0
P17 X1 S, 2 4 0o -2 8 24 -8 0 0
18,19 X23  Siar 0 2 8 -6 -4 -12 4 0 —139
©20,21 Xa5  Si919 0 2 -8 -2 0 —-24 -24 0 —139
P20 X6 Si, 0 2 =24 2 28 —12 4 0 —139
®o3 X7 g 0 0 16 -4 8 24 -8 0 0
Pos X8 §1 0 0 0 0 —-12 -12 -—28 0 0
Pos X9 Sy 0o -2 8 2 12 36 —12 0 139
Poe X10 S)3 -2 4 0o -2 8 24 -8 0 0
®o7 X11 S 0 0 0 0 12 12 28 0 0
$28,29 X1213  Sgg 0 0 0 0 —-24 -24 8 0 0
P30 X14 S 0 0 -16 4 -8 —-24 8 0 0

we refer to as the superbasis. The complete seb-dfat anomaloudJ(1). These superbasis elements, which we de-
directions under the non-anomalou¢1)’s can beobtained note agP,}, are the building blocks for thB-flat directions

by multiplying the elements of the superbasis. The elementef the model.

of the superbasis with anomalous charge opposite in sign to We presented the superbasis [iti7], and showed that
the FI term ¢ are flat with respect to th®-term of the there are five such classes@f-flat elements:
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P1=<<st.¢§7>, P,P,P; flat directions, which break the maximum number
of U(1)’s; these directions all leave an additioh1)’ as
p2:<¢4,¢10,(p30,¢§7>, well asU(1)y unbroken. The unbroked (1)’ is given by
P3={(@12,02,®30,®37), 1
3=(¢12,92,?30,927) Y’ = Togp ~ 130Q0 14Qa+ 1480, 51Qs + 51Qs),
P2=(04.92, 916,030 957 (12
P5:<<P12,§0101<P11¢30:€0§7>- ®  with ky,=4167/250=16.67.

o . ) The D-term constraints for the VEV's of the fields in the
To these, one should add similar monomials obtained anost generaP,P,P; direction yield the relations

replacing some field by its copyeb— @3, ¢1— @5, @19
— @11, Q12— P13, Pag— P29). Therefore, ever ,-flat di-

2
rection can be obtained from the 4&,} by K

loar?=2X%, | @og(29)|*=X2— 4

P=P,N, C) |<Pso|2:|¢1|2: |<P4<5)|2:|¢2|2’
with N some HIM (not necessarily witfQ,>0). 2 12112 2 1,12 2
To address th&-flatness of thé-flat directions, we note 02 3| *= vl =12l [e1209]"= 4]~ |2,

that there are two classes of terms in the superpotential that
can lift a generaD-flat directionP. First, there can be terms

which are formed only of the fields in the flat directién |€01o<11)|2=|¢/2|2,
W~ (I . p®)", (10 with
in which the coefficientéwhich depend on inverse powers of
Mp) are not displayed explicitly. The flat directiéghwill be x2=— i (14)

said to be type-A if such an invariant is allowed by gauge 64°

symmetries. If such an invariant exists, there are an infinite

number of terms which can lift the flat direction, because thisn this model TIQ,= — 1536, andk=0.01Mp, . Here|y

invariant can appear to any power in the superpotential. Thare free VEV’s of the moduli space, subject to the restric-

type-A directions will remainF-flat only if string selection tions that

rules (e.g. R paritieg conspire to forbid the infinite number

of W, terms, which is difficult to prove in general. X2= |22 |2, (15)
The other class of terms are of the form

W~ W (11, _pd)), (11) to ensure the positivity of the_VEV squares. Simpler flat
directions are recovered by setting the free VEV'’s to particu-
with ¥ ¢ P. A flat direction will be denoted as type-B if lar values; for example, settingsy|*=|4,|*=0 yields the
gauge invariance only allowd/g terms. In contrast to the Solution for the VEV's ofP,. Therefore, there can be an
case with theW, terms, gauge invariance constrains the€nhanced number ob(1)’'s at particular points in the
number of Wy terms which can exist to a finite number. By moduli space. Thé>,P5 directions are obtained by setting
doing a string calculation of the superpotential to a finitel 1/>=x?, which 9'V95_|<Pz§ (29)|2=0- _ _
order, the presence of these terms can be checked explicitly, In some cases, a judicious choice of the copies of the
and if such terms are absent, the flat direction is proved to béelds allows forF-flatness without imposing any constraints
F-flat to all orders in the nonrenormalizable superpotentialon the free VEV's. However, other possible flat directions
We take a conservative approach by restricting our considcan be formed by imposing constraints on the free VEV's in
eration to the type-B directions which can be proved to beSuch a way as to cancel contributions from differesterms,
F-flat to all orders. In doing so, we are of course neglecting-€- Of the typepg(@4@10 (11+ @2 (3)®12) [17]. For example,
certain type-A directions that may Weflat due to “string  the directions denoted byr are obtained by imposing
selection rules” of the model. |1]%=2| 4,|? and ther phase difference between VEV's of
It is straightforward to showi17] that type-B directions the @410 (11)and e, (3)@1, terms[17].> The complete list of
are formed only from carefully combining tHe,’s. In this  all such flat directions is given in Table II.
model, we found thaP, and P5 are notF-flat, and thus the
F-flat directions are formed fror;, P, and P; (and the
primed versions of them involving copies of the figldg/e Throughout the paper we assume that these VEV's are real. For
present the complete list &F-flat directions in Table II. the model discussed the introduction of complex phases for these
This table demonstrates that there are a range of flat divEv's can be absorbed into the redefinition of the remaining fields
rections, which break different numbers of the non-in the effective superpotential, and thus it does not affect the phys-
anomalousU(1)’'s. We choose to analyze the,P; and ics at the level of the effective bilinear and trilinear terms.
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TABLE Il. The explicit list of type-BD-flat directions that ar&-flat to all orders for the CHL5 model.
(This table expands the compact presentation of these flat directions giyéid]inThe dimension of the
direction, after cancellation of the Fayet-lliopoulos term, is indicated in the second column. The third column
gives the numbefout of 6 of non-anomalou$)(1)’'s broken along the flat direction.

9
3

Flat direction NoU(1)'s

Pl:<‘P28:(P§7>
Pi:<‘P291<P§7>
Pé:<905,¢1o:§030a‘»0§7>
Plz/:<905v€0111€030-¢§7>
Pé:<¢137<P2:‘1930v<P§7>

'3’:<<P137<P3x<P301<P§7>
P2P3|F=<‘P121‘P101‘P4:9021¢§0r¢g7>|F
PZ'P§'|F:<9012,4011,¢4,(p3,<p§o,gog7>|p
P1P1:<€Dzsx¢29,¢g7>
Pépgz<¢§v¢1o-¢11v¢§o'¢g7>
P3P5=(¢3, 012,013,930, 927
P1Pé=<€0281¢’51<P101<P301<P‘217>
P1P,2’:<<st,<P51¢11v¢301¢g7>
Pipéz<<P29,<P5:90101<P301‘Pg7>
PiP5=(¢20, 05,011,930, 957)
P1P3=(028,02. P13, @30, ¥37)
Plpg:<€0281¢31@131¢301¢g7>
PiP3=(®29,¢2 19013,<P30190g7>
Pipgz(¢29,¢3v€0131¢3ol¢g7>
Pépé:<<P2,€D5:<P101<P13190§0v¢‘217>
Pépg:<<P3‘<P514P107<P13:99§0v¢‘217>
ngé:<<P2,<P51<P111<P13:<P§07<P‘217>
ngg=<<P31<P51<P111<P13:€0§O1<P37>
P1P2P3|F:<‘P12:90101§D4I‘P2190281‘P§Ol‘)0g7>|F
P1P2P3|F=<q012,g010,qo4,<p2,9029,<p§0,gog7)|,:
PPy PYlr=(@12, 011,94, 03,028, 930, 95|
PJ,.PZ,Pg,|F:<‘P121‘P11:‘P41‘P3r‘PZQv‘Pgov‘Pg7>|F
Plpépé:<¢131¢1o:¢5,@2:<P281<P§01<Pg7>
Pipépé:<¢131¢1o,¢5:€92-90291<P§Ov90g7>
Plpépg:<¢131¢101¢5,¢3:GDzsa<P§01<Pg7>
P1PoP5=($13, 010,05, @3, @29, 930, 937)
P1P5Ps=(013,011,05,92, 928, P50, ®57)
Pipgpé:<¢13:€0n,¢5x<P21<P291<P§0:<Pg7>
P1P,2’P32<90131<P11:€05,<P319928-<P§01<Pg7>
Pipgpg:<¢131¢n,¢’5:€03a90291¢§,0v9°g7>

N NMNNMNMNNMNMNNMNNRPRRPRRPRRPRPRPRRPRPRRPRPRRRPEPRLRRPEPRRLRREOOOOOOOO
A MDA DMAMDdMPMMDdMDMMDMMMAEEMDMMAEDMEDOWWWWWWWWWWEMMNDPEWWWWEREPRE

B. Mass spectrum theory. In cases in whick-flathess occurs via cancellations,
For each flat direction. effective mass terms for fieldsOther fields coupled linearly to the flat directions fields also
W, W, (¥;;¢{®,}) may be generated by the coupling of get heavy massesve will later study such a case

these fields to the field®; in the flat direction, such that In addition to these large masses induced Fejerms,
D-terms can also make sonieombination of the fields re-
W~ W (Tl pPi). (16)  lated to the flat direction heaviall other fields do not feel

the presence of large VEVs in tH2-terms because of the
The fields with effective mass terms will acquifeterm  D-flatness conditions Particular combinations of the real
string-scale masses and decouple from the low-energgomponents of the fields entering the flat direction gain a
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mass of ordeg ¢ (throughD-termg and become degener- teractions of the light particles can be described by an effec-
ate with the massivéJ(1) gauge bosons, completing, along tive superpotential vyh.ich contain.s only Fhe light degree_s of
with a Dirac fermion(a neutraling, a massive vector mul- freedom.(The moduli fields associated with the flat direction
tiplet. This is guaranteed by the fact that supersymmetry reln question are absent from this superpotential.addition
mains unbroken in the restabilized vacuum, so that the spedo the trilinear couplings of the original superpotential, effec-
trum must arrange itself in supersymmetric multipﬁé@’_]e tive renormalizable interactions for the light fields may also
imaginary parts of these fields become the longitudinal combe generated via

ponents of the massivd (1) gauge bosongThis scenario
thus exhibits all the features of the Higgs mechanisnNin W~ W W (I c p®y). (17)
=1 supersymmetric theony.

For directions which are flat due to cancellations of . , )
F-term contributions, som@gomplex fields in the flat direc- In principle, effective nonrenormalizable terms at each order

tion get masses of order[Yukawa X [field VEV]" and will also be generated from higher-order nonrenormalizable

form, along with its superpartner, a massive chiral superfieldi€'™M$ in the superpotential in this way. However, there are
(As mentioned above, the fields with zero VEV’s which Many other sources for effective nonrenormalizable terms

couple linearly in these terms also acquire mass of the samigUch as via the decoupling of the heavy fiel@]) which
order) Remaining fields in the flat direction, including the are competitive in strength. A complete classification of the

real parts of the fields whose VEV is not fixed by the flatnes€ffective nonrenormalizable terms is beyond the scope of

conditions, as well as imaginary parts not removed by théniS paper. » ,
Higgs mechanism, will stay massless and will appear in the The method for determining the effective mass terms and

low energy theor{as massless chiral superfielgsoduli). trilinear interactions for each flat direction is similar to the
For the flat directions of the typB,Ps|., which has all  Strategy for determining thi/g terms in the superpotential
the VEV's fixed, all thesésix) fields are heavy. Namely, the when testing forF-flatness. First, we construct all the bilin-
Higgs mechanism ensures that five imaginary component&a and trilinear terms which are gauge invariant under the
are Goldstone bosons, giving mass to the gauge bosons HfiProken gauge group of the model after the vacuum resta-
five (including anomalousU(1)’s, and the accompanying bilization [for the P,P3 andP;P,P3 directions, this includes
five real components get mass, thus completing five massivel(1)y andU(1)" as well as the non-Abelian gauge gropips
vector supermultiplets. The remaining complex field gets a/Ve then treat each term as a composite field, and construct
mass from the superpotential terms of the typea” possible terms that are gauge invariant under all of the

Po(Pa10 11yt @2 (3)P1), I-€., the terms which require ad- _U(1)’s in the_theory[including 'Fhe Qnomalou@(l_)] Whi(_:h
ditional  constraints on the VEV's in order to ensure involve the fields in the flat direction and are linear in the

F-flatness. Note that due to these termgalso acquires a CcOmposite field. The next step is to calculate explicitly
mass. whether each gauge invariant term is present in the superpo-

For the flat directions of the typB,P,P5, there are two tential or forbidden by string selection rules. In practice, the
free VEV parameters, since now an additional field partici-'éduirements of gauge invariance give the order to which the
pates in the vacuum restabilization and there are no corsuperpotential must be calculated to determine the full effec-

straints on the VEV's fromF-flatness constraintéas op- Ve renormalizable superpotential. - . .
posed to theP, P,| flat directions, and the corresponding Once the mass terms are determined, it is straightforward

analysis shows that now there are two massless completQ 'determlne thg complete mass spect'rum O.f the model. The
atrlllnear interaction terms are then written in terms of the

fields, which act as moduli in the space of restabilized vacua. _ .
mass eigenstates, so that the decoupling theorem can be ap-
C. Effective couplings plied to the terms involving the superheavy fields.
In free fermionic constructions the elementary trilinear

s5uperpotential terms have coupling strengiig): the typi-

cal value is given by/igsmng= g, where agaim is the gauge
coupling. However, the introduction of the *Ising world-
sheet fields” in more involved constructiorie.g., in[11])

%In more detail this works as follows. Using the matnim,; allows also for Yukawa Couplingg/\/z and g/2 [16]. In
=129.Q{¥(¢), the squared-mass matrix 0f(1) gauge bosons is  general, the coefficients<(ay ., 3/MK,) (K>0) of the non-

mm' while that of real scalars, coming froBrterms, ism'm. Itis  renormalizable superpotential terms of or#et 3 are given
a simple exercise to show that the non-zero eigenvalugsafand by the relation

m'm are equal and in exact one-to-one correspondence. The pres-

ence of non-zerd--term scalar masses does not spoil this corre-

2?(:1:1Tdne]-nce whel =0: they simply give mass to zero eigenvalues ages Garing K( za,)KC l
“This is intuitively clear:(scalay field excitations along the flat MK, Ystring 5 7 KIK

direction are massless while excitations transverse to the flat direc-

tion are massive. In the presence of a Fl term, however, the flat

direction can be reduced to a single point, with all scalar field = Ostring

excitations massive.

The spectrum of the low-energy theory not only arrange
itself in supersymmetri¢SUSY) multiplets, but also the in-

: (18

=

)KCKIK
M§,
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where a’=16w2/(g§trmgM p) is the inverse string tension, determined the mass spectrum and the effective trilinear su-

Cy is a coefficient of©(1) which includes different renor- perpotential termgin the observable secfofor the direc-

malization factors in the operator product expansio®B  tions classified in Table [I33]. In the following, we analyze

of the string vertex operatoréincluding the target space the details of the two flat directionB; P,P; andP,P3|¢, as

gauge group Clebsch-Gordan coefficigntand I is a  representative examples. These directions encompass general

world-sheet integral. The values of andl, have been com- features of the whole class of flat directiof®&able Il) and

puted numerically by several authdrs6] with the typical demonstrate the nature of the massless spectrum and its phe-

values that are in the rangg~70, |,~400. (See [37] nomenological implications. The first flat direction is “mini-

where special attention is paid to restoring the correct factormal” in the sense that there are a minimal number of surviv-

and units) ing trilinear couplings of the massless observable sector. The
The coefficients of the effective trilinear terms are thensecond one has a richer structure of such couplings, with

given by~ (o, 3/MK)| @i|¥. Usingx as the typical scale of implications for, e.g., the fermion texture, and baryon and

the VEV’s, we find that the terms from the fourth order havelepton violating processes.

effective Yukawa coupling strengths0.8C,, while the fifth

order terms have coupling strengths0.1C,. (We took

\/Egstring=g~0.8, since this is the value typically obtained . P;P,P; FLAT DIRECTION

for the model discussedTherefore, compared to the typical

elementary trilinear termﬁgst,ing:g~0.8 the fourth order

terms are competitive in strength to the trilinear terms of the This flat direction involves the set of fieldB;P;P;

original superpotential, while the higher order contributions={¢,,¢s, 910,913, ®27, 29,930 (See Table ). The VEV's

are suppressed. Of course, the precise values for each teffor the fields correspond to the most general case given in

will depend on the particular fields involved. In particular, Eq. (13), such that they depend on two free parameters

the coupling strengths can depend on the free VEV's of théwhich are constrained to be bounded from above by the

flat direction, and hence are parameters that can be varied iralue of the FI term as dictated by E{.5)].

the analysis of the model. The effective mass terms are computed for this flat direc-
The structure of the effective trilinear couplings strongly tion using the techniques described in the previous section,

depends on the flat direction under consideration. We haveith the resuft

A. Effective superpotential

otV a?

_ _ p - ) — g g
Wi =ghthp{@27) +ghghg{ @20) + ——hphp( @5¢010) + ——hphi( @219 + —=(egep+ €gea){ @30 + —=(P1P15F P4Pg)
Mp Mp) V2 J2

al®

g g 4 g _ _
X (@10 + = (@7¢16T ©9012)(¢2) + ——= (@26t CP231 ©14017){ P29) + —— 21025 P27¢29) + —=(F1F 1+ F,F )
V2 V2 M, V2

g g
X + —53S5(¢5) +—=5,S5 : 19
(¢30) r2 (®s) ,—2 1S5( P13) (19

The coefficients of the elementary trilinear terms, equabtor g/2, are displayed explicitly. It is straightforward to
determine the mass eigenstates, and we list the massive and massless states in Tab&riass spectrum of fields with
non-zero VEV’s in the flat directions were discussed in Sec. Il A and are not explicitly displayed in the)tables.

We then determine the effective trilinear couplings involving the observable sector fields. In addition, we inspect the
effective trilinear self-couplings of the non-Abelian singlets and the effective trilinear couplings of non-Abelian singlets to the
hidden sector fields which could affect the renormalization group equéRGt) for the couplings in the observable sector.

The result is the following:

5The effective couplings in this and the subsequent section involve third and fourth order couplings that are modified from those quoted in
[11]. This modification is due to two effectsi) the correctly implemented picture changing procedure in the calculation of couplings
introduces a number of additional couplings at the fourth order, (ahdhe implementation of the tests calculating contributions to the
correlation functions from the real left-moving world-sheet fermions excludes a number of couplings involving some of the non-Abelian
hidden sector fields. The full superpotential up to the fifth order will be presented elsewhere.
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o a2

g

W;=gQeuch, + g QedShe+ ——Q.dSh + —=eSh,he+ —=ehgh, +—5-efhch +—¢eShch
3=gQcUchc+9Qcdphe MP|QC d a<‘P29> \/5 allallc \/E tllglle M2 h'le a<‘P5‘P27> M2, ¢ e a<§013(P27>

(5)
J— N CY4
+ghtheeot ghyhepoot M—P|5256€020< ®27)-

The result is expressed in terms of the mass eigenstates and the VEV's, and the decoupling theorem is applied to the terms

\/Eagl)xz

involving the heavy fields:

_ g g
W;= chughc"' chd(t:)hc+ _eghahc+_e(f;hdhc+

V2 V2

V2aP'x 1

4)
@y

+ —V1-A2Q.d5hy+ ——— —(@ho+ T 05 $,Ss,
Mp, M vV 2

Pl 1+r

in which
|l iyl
)\2=T$)\1=T<1,
, (22
@50=[LUVL+1%) (@20~ T 020
and

©o=[U(NL+r)](r o0t @22,
with r=[a{N3+ P (N2—\3)1x/(V2gMp)). Here hy is

defined in Table li{b). In the numerical analysis,;,\, are
parameters that can be varied.

B. Implications

The effective superpotential has a number of interestin

implications.

1. Massless states

There are a large number of states that remain massle
as indicated in Table I{b). These states include both the
usual MSSM states and related exofizon-chiral under
SU(2),] states, such as a fourfl® U(2), singlef down-type
qguark, extra fields with the same quantum numbers as the
lepton singlet superfields, and extra Higgs doublets. Ther

Pl Pl

(20

Bae
)\Zeﬁheha""M—z )\i_ )\gegheha"' ghchk,)(Péo
PI PI

(21)

lier, there are additional massless stai@®duli) associated
with the fields which appear in the flat direction but which
are not fixed. These are not listed in Tablgh)l

2. U(1)’ charges of light fields

To invoke an intermediate scalé(1)’ symmetry break-
ing scenario(as discussed if33]), which can lead to a
mechanism to give significant masses to the additional light
fields via higher-dimension operators, it is necessary to have
at least one pair oy =0 singlets which remain massless
after vacuum restabilization which hati&(1)’ charges op-
posite in sign(to allow for the breaking to occur along a
D-flat directiorn). An inspection of Table(t) indicates that
éhe singlet fielde,s is required for this scenario; however,
his field acquires a string-scale mass for this direction, and
decouples from the theory. We conclude that in this case, an
intermediate scale scenario is not possible, and hence the
breaking of thaJ(1)' is necessarily at the electroweak scale.

e do not consider more complicated scenarios in which
the U(1)’ could be broken along with some of the hidden
non-Abelian groups.
As discussed i128,30,31, several scenarios exist which
gan lead to the possibility of a realist#zZ" hierarchy. The

are other massless states with exotic quantum nurpers  scenario in which only the two MSSM Higgs fielths, h
cluding fractional electric chargend states which are non- acquire VEV's breaks botlJ(1)y andU (1)’ [because the
Abelian representations under both the hidden and obsenld (1) charges of these fields are not equal and oppjpite
able sector gauge groups and thus directly mix the twdeads to az’ which is O(My), which is already excluded.
sectors. The scalar components of these superfields may arhe scenario in which the symmetry breaking is driven by a
quire masses via soft supersymmetry breaking. Howevelarge trilinear couplingdescribed iff30]) is also not feasible
within our set of assumptions there is no mechanism to givgecause theU(1)’ charges of the relevant Higgs fields
many of the fermions significant mas$eas discussed ear- (which haveY = *1/2) are opposite in sign, and thus do not

0ne possible mechanism is to invoke a non-minimahlke po-

allow for a small mixing angle. Therefore, the only remain-
ing possibility is to have a scenario in which the symmetry
breaking is characterized by a larg@®(TeV)] SM singlet

tential. Another one, which is not possible for this particular flat VEV ({®20)). with the SU(2), X U(1)y breaking at a lower
direction, is to utilize an intermediate scale, as discussed in the nesgcale due to accidental cancellations.

section.

In addition, theU(1)" charges of the observable sector
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TABLE lIl. (a) List of massive states for the;P,P; flat direction as can be read off from the effective bilinear superpotential terms
(19). HereN;=2g2x2+[ afP|¢ho| 2+ a2 (| ¢ 2— |2 ) 12IME, and N, =2 (/M ) 2x3(x?— | 41|?) and the definition of VEV parameters
X, 1 andy, is given in Eqs(13). The fields with nonzero VEV’s in the flat directiong 4, ¢s, 010,013, 927, P29, ®30) are discussed in the
text (at the end of Sedbid. B) and are not given in this tabléFive complex fields contribute to the Higgs mechanism, completing five
massive vector supermultiplets, associated with the spontaneous symmetry breakindJgfLfiiactors[including anomalou&)(1)] and
two complex fields remain massle&@nd act as moduli associated with the two free parameters of VBMl® List of massless states
(excluding the two modulifor the P;P;P; flat direction. These are fields without an effective bilinear term in the superpotétf)al

(@
Massive fields Mass
U B SO u L7t L2l U W N
bs!lf \/N_l f MPI b
hquj gVx* =[]
€5.,€5,€a,€p i|¢|
1 \/E '
9091<P4,1:W(|1/f2|¢4+\/|¢1| —|¥2l*¢12) %W/ﬂ
P1, P15 g
E|l//z|
P7:916 g
ﬁvldfllLlwzl2
Pe:1Pg1 P14, P17, P23:P26 g W
= - 1
2
$21:P25 \/_ \/N_z
F1.F2.F1.F; g
—= |yl
V2
1
S5.8= 1 (el o P =TS Ll
1 V2
(b)
Massless Fields
QaaQerc
ug,ug,ug
dg,dg,d¢,dg, D,
ha.he
ha,h¢,hg.he
1 [ oo+ a? (gl |1l?)
h=—-o— hs+ \2gx
b \/N—l MPI f \/_g ho

C C C C C C C
€;,e,.€.,€.,€6f,€p,6
€c,€4,€¢,6¢
P3:P11:P18:P19:P20:P22:P24,P28

1
QDizzw(—VWfﬂ =Wl @12t ¥2] @4)

D,,D,,D3,D4
F31F41F5uF61F7‘F81F97F10
H;,H,,Hz, Hy Hs,Hg,H7,Hg

EluElrEZ‘E3IE4'E5

$,54,56,57,55
1
Sizw(_\/hﬂﬂ — 2| “Ss+ 4| Sy)

T,,T,,T3
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C
eh Uy,

2
2

axk™

Vo 4

(a) (b)

FIG. 1. Diagram for gaugino decay inta) three leptons 4L
=1), which occurs for theP;P;P; direction (there are similar
diagrams for decay intadge, or bdgv,), and (b) three quarks
(AB=1), which occurs for the?,P5|¢ direction.uy, d. anddgq

areSU(2) singlets(i.e., the conjugates afg d¢ anddg).

9

-0.2 L .
-0.23 -0.13 -0.03

fields indicate that th&' couplings are family nonuniversal. .

In the quark sector, the largest couplings are to the third
family, with smaller(equa) couplings to the first two. There ~ FIG. 2. Running of the gauge couplingsk for the P{P;P}
is a large coupling to the exoti®,. In the lepton sector, flat direction, with t=1/167%In(u/Mgyring), With  Mgying
where the family assignments are less clear, there are ure5<10" GeV, gy =0.80. The couplings include the factor
equal couplings to all families. Family mixing between the vk, wherek corresponds to the Kaldoody level(see the caption
quarks or between the leptons would lead to flavor changingf Table V for the values ok).
neutral currenfFCNC) effects in theZ’ and (throughZ-Z’
mixing) Z couplings, while mixing with exotics would in-
duce FCNC for both th& andZ" directly. (Of course, the  the notatiorh, .= (v,e")} . [see Fig. 1a)]. In principle, Ma-
present model does not have a satisfactory way to introducgana neutrino mass terms can also be generated at one loop
such family mixings. from theey, ;hch, or Q.dgh, coupling. However, such terms
3. L violation are abs_ent in this model because a nonzero VEWhfa@r h,

: is required’

The doubletsh,, h{, h, hy, andhg can, in principle

(i.e., before examining their superpotential couplingse
identified as either Higgs or lepton doublels., as well as
h., should clearly be identified as Higgs doublets from their
couplings to ordinary quarks. We will also identify, as a

Higgs doublet, so that tha.h;es, term conserves lepton

4. Effective Yukawa couplings

The superpotential not only does not have an elementary
wp term, but also does not have the usual effecfivéerm

[28-3( of the form h.h.e for any SM singlete. Gauge
invariance and string selection rules forbid the presence of

Ir:el:)ra)zegozgﬁetrseTnalgz;??cadla?dtﬁgigapzlii:]egsc%u:gg:\estgor this effectiveu term for all of the flat directions considered
. ) R d for this model. There is, however, a non-canonigaterm
the Higgs doubleth, indicate that these are the doublets— pa

corresponding to thg. and r leptons. There is no difficulty hghé%o, which couples to only one of the the ordinary
with hy. However, the leptoquark couplin@.dSh, [in  Higgs doublets If; andh). In a subsequent papg27] we
which Q.= (t,b)T anddS can be eithed, s¢, or the exotic shall analyze the running of the Yukawa couplings and an

quark D] as well as theethch, and echzh, terms would acceptable gauge symmetry breaking pattern that can be ob-

then violate lepton number by one unit, and similarly there id@in€d even without the soft breakingsi.” found in the

no conserveR parity in this model.(The strength of the MSSM. However, the lack of & term of the formh,hee
L-violating couplingQ.dSh,, coming from the 4th order, leads to an unwanted massless chargino and neutralino,
could be reduced by choosing the free parametetlose to ﬂhile the absence of this or of a canonigaterm of the type
1, while allowing the relevant massive fields to still have hch ¢ leads to a second almost massless neutralino and an
string scale masse@s. unwanted approximate globbl(1) symmetry.

One consequence of these couplings is that there is no
stable LSP in this model. For example, a neutral gaugino

. i o

could decay into the fermiog,, and its(virtual) scalar con- "For a discussion of neutrino masses in models Rtiparity

jugatee,, followed bye,—e, v, or e, v,, Where we use violation, seq38].
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TABLE IV. (& List of massive states for theP,P|r flat direction, with N;,=gx%4
+(alx%12M2))2. Except for g the effective bilinear terms can be read off E84). The fields with
nonzero VEV's in the flat directionsgl, 04, ®10, 912,927,030 are discussed in the texat end of Sec.
ibid. B) and are not given in this tabléFive complex fields contribute to the Higgs mechanism, completing
five massive vector supermultiplets, associated with the spontaneous symmetry breaking)¢1 jifactors
[including anomalougJ(1)] and onecomplex field gets its mass due to the superpotential terms which
imposeF- flathess constraints on VEV's, i.e.gX/2)oo(Sp,+ Sp1o— Spa+ S¢1g). Note thateg acquires
mass due to the same coupling in the superpotenfh). List of massless statéwithout effective bilinear
terms in Eq.(24)] for the P,P;|¢ flat direction.

)
Massive fields Mass
(] gx
Fbvhf \/ng
€3.€5, €a,€p LI
V2
05,93 = (p3t @19/\2 9.
V2
(1) 3
gx ag’ X
<P151<P1f—( 2<P1 M2 2‘1026)/\/_ \/N_l
(2) 3
gx as” X
$7:¢P160 = | 5 P16~ 2 o P17 /\/N—z \/N_Z
2 M2 2
Fi, Fp, Fq, Fyp 9,
V2
(b)
Massless fields
QarvaQc
ug,ug ug
dg,dg,ds,dg, D
ha,hc, hd
ha,hy,he hg,he, hg

c c c c c c c
€., €, €, €, €&, €, €

€., €3, €, €
P5:P6:1P13:P14:P18:P19:P20: P21 P22, P23: P24 P25, P28 P29

<P11':(<P3_<P11)/\/_
gx a
@17':(7%7 2 2<P16 /\/—
(1)

gx ag’ X
‘P26’=<_7‘P26_EE‘P1) \/N_1

F31F41F51F61F71F81F91F10
H11H21H31H41H51HGIH71H8
E; E1.Ep,Eq.EyEs

81182183184185186187188
TlvTZ!TS

055005-13



G. CLEAVERet al. PHYSICAL REVIEW D 59 055005

In addition, the superpotential for this direction has the In this case, it would appear from the massless particle
feature that only the third quark family has large Yukawacontent that the running of the gauge couplings $a(2),
couplings, which is a desirable feature. However, theandU(1), are very different from the MSSM case. How-
Yukawa couplings also indicateb and 7-p Yukawa unifi-  ever, we find that the low energy values yield a prediction
cation with the equal string scale Yukawa couplingand  for sin’4,~0.16. While this is lower than the experimental
g/\2, respectively. Unfortunately, the ratio ofo and =  value (~0.23), the disagreement is less than might have
string scale Yukawa couplings+i2 is probably not consis- been expected given the large amount of exotic matter and
tent with the observed,/m_ ratio [39], and ther-u unifi-  the valueky=11/3 (to be compared with the MSSM value
cation is clearly in disagreement with experiment since it5/3). Similarly, for theSU(2) gauge coupling, we find,
would lead to approximately equaland x masses. The-b =0.48 surprisingly close to the experimental valt®.65.
unification may be acceptable, but only for a sufficiently The variation of the gauge couplings with the scale is pre-
large taB, where tag is the ratio of VEV's of the neutral sented in Fig. 2, and thg functions are listed in Table V,

components of tha, andh, scalary39]. [The MSSM mass below. _
relations may be modified because the sum of the squares of In addition, the hidden sector gauge groups are not as-
the VEVs of the doublets related to the fermion masseymptotically free, and hence there is no possibility for

(hcuﬁc) may be reduced due to the presence of additionagauglino condensation_or r?thﬁ_r strong coupling dynamics to
Higgs doublets. The superpotential also does not have reak supersymmetry in the hidden sector.

Yukawa textures in the quark sector, so that the first and

second quark familiegsas well as the first leptgnremain

massless. IV. P,P5|e FLAT DIRECTION

The fields involved in this flat direction ar®,Ps|e
={P2,94,910, 912,927, 30} (See Table M. The VEV's of
From the massless particle content listed in Tabléo))l these fields are completely fixed due to fhdlatness con-
the B8 functions for the running of the gauge couplings canstraints:
easily be computed. As the number of additio®dl(3)c
exotic fields is minimalone vectorlike paj; the running of
gs is closer to that of the MSSM than the other gauge cou- [(@ap|?=2x2,
plings. Therefore, our strategy is to take the valugygfat
the electroweak scale as an inpwe choosea;=0.12 at
M), and run the couplings to the string scale to determine|<(p30>|2=2|<(p2>|2=2|<¢4>|2=2|<¢lo>|2:2|<<p12>|2:x2,
the value ofg=0.80. (For our purpose, it is adequate to 23
consider RGE's at the one-loop level, ignoring SUSY thresh-
old effects) The other gauge couplings are then run back to
the electroweak scale with this value@hs an input, taking wherex=0.013Mp,, and¢;, and ¢, have opposite signs of
into account the Kadloody level for theU(1) gauge fac- their VEV's. (Recall, that without loss of generality, we take
tors (ky=11/3,k{=16.67) and for the hidden sector non- all the VEV's real and, except fap,,, positive)
Abelian groups k=2). The effective mass terms for this direction are

5. Running of gauge couplings

TABLE V. Effective beta-functions are quoted for the two representative flat directions. The effective
beta-function is defined a&zﬂ?/ki , whereﬁ? andk; are the beta-function and the katoody level for a
particular gauge group factor, respectively. The subscripts 1, 2,’3,2hid, 4hid refer to
U(1l)y, SU2)., SU(3)c, U(1), SU2),, SU(4), gauge group factors and 1tefers to theU(1)y
andU(1)’ kinetic mixing. The KaeMoody levels arek;=11/3, k,=k3=1, k;,=16.67, anKoniq= Kaniq

=2.
Effective 8 B Ba Ba B By Banid Banid
P{P}P} flat firection 100 60 -20 102 4.8 10.0 2.0
P,P;]¢ flat direction 10.3 7.0 —2.0 10.6 5.0 10.0 3.0

8This type of Yukawa coupling unification is stringy in nature and different from the standard GUT considerations. The obtained hierarchy
between the lepton and quark Yukawa couplings is due to the fact that the “canonical” candidates for the lepton @chibletsould have
had the same Yukawa couplings as quad® massive for the flat directions considered, and thus the lepton Yukawa couplings involve
fields that are usually identified with additional copies of (aeotic) Higgs doublets ofexotic) lepton doublets.
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— g g g g g
Wy =ghihp(¢27) +E(983b+ €5€a)( P30) +$ P3pe(P12) + ﬁ PeP11{Pa) +E Pre16(P2) + ﬁ P1015(P10)

ag’ at’ g__ g__
+ —2<P15<P2& 204030 + —2<P7<P17< 10012030 + —=F1F 1{ 30 + —=F2F 2( ¢30)- (24)
M2, 2, V2 V2

As in the previous case, the coefficients of the elementary trilinear terms, eqgairtg/+/2, are displayed explicitly. The
massive and massless states are listed in Takl@® Bhd 1\V(b), respectively. The fields with nonzero VEV’s are all massive
in this case(the “flat-point” discussed at the end of Sec. )lAand are not included in Table ().

After decoupling the heavy fields, the effective trilinear couplings for the observable sector states are

(3) (4) (5) (6)
af a5 a5 a5
W3=gQeuthc+9Qcdihe+—5 Qad ho( 040300 + —5 Qudahg{ @12030 + —5 Qudchu( P12030) T —5 Qadchn( a0
M M5, M5, Mp
+ aﬁ‘l)u< >+a(l) ©(p12) | ddS+ —=eShaho+ —=eChghe + aE‘Z) o 2)+a(2)e< ) [hgh
Mp b\ P4 Ua{¢1 d \/Eaac \/— d M €l P21 h\ P4 b
ol al® g_ B B B B
+ —-eghgha{ 10012 + —5 €hgha(@204) + —=hahceast ghchy @20+ ghghp @2+ ghchg @21+ ghghg ez, (25
M, ME, V2

from which we can redefine two new fields as

M oV o)
o’ Pl 4 4
Up = \M_<<P4>Ub+ M_<€012>Ua>’ (26)
Vi@ o)+ (al (o1)2" MP Pl
, My @ e
e = , (M—«o@e (oot .
V(@@ (o1)?+ (a@ {ga))2 MP P

In addition, there are effective trilinear couplings involving the singlgtand the hidden sector non-Abelian fields which
also have trilinear couplings to the . Some of these terms play important roles in radiative symmetry breaking scenarios. We
qguote only these terms and the complete discussion of the trilinear terms in the hidden sector is deferred for further investi-
gation:

al® a3 o o e

4
W3hid:M_P|‘P29(PZl(P25< <P27>+ <P28<P20€025< 1)t M |5257<P21<<P27> + o 5256(P20<(»027>+ 7 SuS1021 @219 30¢12)
VES

(2) (3) (4)
(,Y dg Qg
M 58579021<§027¢30<P4>+M_S456€020<¢27¢30<P12> M3 — SeSs¢20{ P2703004) - (27)
PI
|
A. General implications (iv) theU(1)’ charges are not family universal. On the other

hand, there are additional features unique to this flat direc-
This model has many features in common with the previ+jgn.

ous case(i) there are many massless ordinary fermions and
exotics for which we have no apparent mechanism to give
masseslii) the string scale Yukawa couplings displayn-
realistig t-b and 7-u unification [at least in the scenario Proton decayIn this model, there are two effective cou-
where U(1)’ is broken at the electroweak schieith the  plings of the typeud®d®, arising from fourth order terms in
respective Yukawa couplingg and g/+/2; (iii) there is no  the original superpotentigthe seventh and eighth terms in
effective “canonical” u term in the superpotentighow-  Eq. (25)]. The superpotential also has two lepton number
ever, there is a possibility of a “non-canonicaji term);  violating couplings of the type®hh [the 11th and 12th terms

1. Implications of L and B violating couplings
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i o
© ® SN K
/ u,ﬁ' |
FIG. 3. Proton decay diagrams fag) (h2)#0, (b) (hd) llug' \\ A
=0. uj, d;andd, are the congugate af: ,d° anddf . d. /' \dy Uﬁ;’ g
de / : U

in Eq. (29)], since we identify bothh, and hy as Higgs

doublets due to their couplings to ordinary quatkas a da de dg d
result of these two types of couplings, there is potential dan-

ger for proton decay, illustrated by the diagrams displayed in (@) (b)_
Fig. 31° The decay rate depends on the masses of the fields FIG. 4. Diagrams for théaB=2 processesl— N (neutron os-
involved, and on whethdr? has a VEV, and thus it depends cillation) or AB=2 nuclear decay. The tri-scalar vertex(l cor-

on the details of the soft breaking as well as on a particulafeSPonds to a soft supersymmetry breakisgterm.” Hereuy,, d.

identification of the particles participating in the process; i.e.andd, are the congugate afy , d¢ anddg.

some participants can be identified with the exqtlcs and/Ofixed for this flat direction, and this coupling appears at the

the second and third family fermions. In particulef, could  fourth order and isot suppressed, the only suppression is

be exotics, which would suppress the decay. However, thegiue to the identification of the fields in the coupling with

are massless within our approach; i.e., the model is not sukxotics and/or second and third family fermiofBor some

ficiently realistic to make these exotic states significantlyother flat directions, e.gP1P,P3|¢, the trilinear coupling

massive. depends on one free VEV, allowing for additional suppres-
The proton decay rate will be much too fast unless somsions if that VEV is smal).

of the external legs almost completely decouple from the first From the experimental limits on oscillations and =2

two families. DefiningU{" as the product of the unitary nuclear decay§40], one finds

matrix elements relating the four external legs in Fi@) 30 U® <10 11mS5 (29)

the states relevant to proton decay, angf’ as the corre- ¢ prop?

sponding product of six matrix elements for FighB one whereuff) is the product of the unitary matrix elements for

requires the six external fermions onto the neutron statesrapd,, is
in TeV. Again one would need one or more of the states to
(hp)ULP<1072ms o, almost decouple from the first family.
R-parity violating processesThe lepton- and baryon-
u®< 10—15mgmp, (28)  violating couplings imply that there is no stable LSP. E.g., if

one assumes that the LSP is a gaugino, the baryon-violating
where(hJ) andm,,,, (@ mass scale for the internal propa- coupling allows for a decay of a gaugino into three quarks

gators, typically set by the electroweak/SUSY spale in  Via the exchange of a virtual squark, as shown in Fig),1
TeV and we have assumed a lifetime of 103 yr. and the lepton-violating coupling into three leptons via a

— ) . i i I to Figp)l
N-N oscillations.Even if proton decay is somehow sup- virtual slepton, by a diagram analogous to Fig)
pressed, the_coupling of the typed®d® also implies that 2. Textures

there areN-N oscillations via a diagram that involves  The Yukawa couplings for the ordinary quarks display a
gaugino exchanggsee Fig. 4a)]. Another process that can possible texture for the down-type quarks, if the Higgs dou-
contribute involves exchanges of three virtual squdfks. bletsh., h,, andhy all acquire VEV's. In this case, the
4(b)], but is more model dependent since it depends on thgnass matrix for the down-type quarksis

trilinear soft supersymmetry breaking term associated with

. I 3)y 2 6)2
ud®d®. (For a recent review oN-N oscillations seg40].) (h.) at’x (hy) at’’x
Since all the effective trilinear terms in the superpotential are ¥ 2m2, b J2M2,
| oy a2 o @S2 . (30
b
We could instead interprét, as a lepton doublet. In that case the ’ \/EM €,| \/EM,ZD|
eg hghy term would conserve lepton number. However, the 0 0 g(he)

L-violation would then show up elsewhere; e.g., the fifth term in
Eq. (25) would correspond to ab-violating leptoquark interaction.

For some other flat directions there is, along with the baryon
violating term of the typaid®d®, also a lepton violating term of the !t is possible for(hg) and(hy) to accquire phases by a sponta-
type Qd°h (whereh is a lepton doublét e.g., theP,P,P3|¢ direc- neous breaking o€ P for some symmetry breaking patterf#7].
tion has such a term. In this case proton decay takes place via afowever, these phases can be absorbed into the definition of the
effective dimension-6 operator and is even harder to suppress. mass eigenstate quarks, so thkix,, is real for this model.

055005-16



PHYSICS IMPLICATIONS OF FLAT . . . I....

and the mass terms in the Lagrangian are

c
alc

dg
di

—Lmass (Qa,Qp,Qc)M (31)

The stated; is the partner of the exoti®,; both remain

PHYSICAL REVIEW D 59 055005

Kbayashi-Maskawa(CKM) quark mixing matrix corre-
sponding to this texture. One finds

massless in this model. It may be possible for all four Higggh Which the mixing angled if given by

doubletsﬁc, he, hy and hy to acquire non-zero VEV's.

Then the mass matrix for the down-type quarks has the most

general form given in Eq30), which by inspection demon-

cosfd. sing. O

Uekm=| —Siné. cosf. O |, (35)
0 0 1
2(K3K4+ K5Kg)

an(26,) =— g (36)

K32+ KGZ— K42— K52

strates that there is no mixing between the third family and
the first two families. In general, there are three massivd-or k3= «, and k5= kg, One obtains maximal mixing and

states: one heavpottom) quark, and two lighter quarks due

0.=w/4. Relaxing the equality of thes's one obtains a

to suppressions from the higher order terms. One of thermore realistic value fop., as well asmy/ms#0. However,

may be massless if the string coefficient§’)= ") and
al®=a®, which also results in nearly maximal mixing in
the case in whicRhy)~(hg). If either h, or hy does not

the relationd.~ (my/mg)*2(~0.2) does not hold except for
special values of the parameters.
As for the texture in the lepton sector, fif; acquires a

acquire a VEV, there will be one massless and two massiveon-zero VEV, then the termeghgh, ande’hgh, in Eq. (25

eigenstategonce again, with a hierarchy of masgeslearly,
if both h,, andHg4 do not acquire VEV’s, the down quark
states of the first two families will remain massless.

It is convenient to define the dimensionless ratfos the
case(h.)#0)

« :<hg> a553'4)X2 N 1<hg>
4 (he) \/EgM§| he)
_(hy) ag¥%*  (hy)
“56~ (o) JagMz, o) (32

where the numerical values use the estimatassdfom Sec.

Il. Then, neglecting the running of the Yukawas down to low

energies, the quark masses are

(my,m,m)=(0,0,)xg(hy),

(Mg, Mg, Mp) =(81,82,1) X g(he), (33
in which 6, , are the mass eigenvalues
38 kP
01 0= ' 23 I 15((K§+ K§—K§—K§)2
1/2
+4( Kkt Kk3kg)?)H? (34

Although this is not fully realistic, it illustrates the possibility
of a realisticmg/my, ratio due to the contribution of the fifth
order terms. Fotky3=k, and k5= kg, one hasmy=0, as
expected. However, a smatly/mg can emerge ikz# x4 Or
K57 kg. One does not expect thes of the same order to be
equal in general, leading to the possibility of a snrmaj/mg

2
even though they both are from dimension 5 operators. Th@‘<p25+ My a2

can (slightly) break the(unrealisti¢ 7-u degeneracy. How-
ever, the electron remains massless in this scenario.

3. Running of the gauge couplings

The mass spectrum for the quark sector for this model is
the same as in the previous case; hence, we adopt the same
strategy for the running of the gauge couplings. hiunc-
tions, as listed in Table V, are similar to those of #P,P;
direction. Again we choose=0.12 atM, and run the cou-
plings to the string scale to determine the same valug of
=0.80.(The number of massless colored fields is the same
as in the previous exampleWe find the valueg;=0.40
(which includesky=11/3 factoj andg,=0.46 (k,=1) at
the electroweak scale, yielding 4#),=0.17.

B. PossibleU (1)’ symmetry breaking scenarios

In this model, 55 remains massless at the string scale
[see Table I\b)]. This field, which hasJ(1)’ charge oppo-
site in sign to all the other singlet fiel¢iwith nonzeroU (1)’
chargd, is required for ensuring the (1)’ D-flat direction,
and thus is necessary for the intermediate scale symmetry
breaking scenario, as discussed38]. TheU(1)'D-flat di-
rection involves ¢,5 and one of the singlet fields
{®18:®19, 920,21, 920}. The couplings of these singlet
fields seem to indicate that an intermediate scale flat direc-
tion involving ¢,y or ¢, is potentially dangerous, as it

would decoupléh, and, hence, the top quark coupling. How-
ever, theD-flat directions involvinge,y, ¢»1 are notF-flat
at the renormalizable level. In particular, they are lifted by
the couplingse,se,0028 and @o5021¢029, respectively, and
thus the symmetry breaking scale would take place at the
electroweak scale.

If one can ensure that the supersymmetry breaking mass
squares ofp,o and ¢, stay positive at low energies, while
is negative, then we can have intermediate

expected ratios of the doublet VEV’s will be discussed inscale symmetry breaking along tliflat direction(s) ¢os

[27].

It is straightforward to determine the Cabibbo-

+ Q1810120
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Using gauge invariance arguments and string selectioena characteristic for the quasi-realistic string vacua based on
rules, we find that there are no higher dimensional nonfree-fermionic constructions.
renormalizable operatordNRQ’s) in the superpotential in- For each of the representative directions we found a com-
volving self-couplings of the singlets in the intermediate plete massless spectrum and the trilinear terms in the observ-
scaleD-flat direction, which in principle could stabilize the able sector of the superpotenti@dlVe also determined the
flat direction and determine the intermediate scale of thderms of the observable sector fields to the hidden ones that
symmetry breaking. Hence, in this model the symmetrymay play a role in the RGE analysisauge invariant bilin-
breaking is purely radiative, with the scalgsap very close  €ar and trilinear terms were first determined to all orders in

to the scale at which the sum of the mass squamés fields with non—zero'VEV’s anng a particular flat direction..
) 2% The subsequent string calculation for a particular gauge in-

M a0, CTOSSES ZETE33]. variant term then determines whether this term is indeed
After the intermediate scale symmetry breaking, the electhere. Notably, the world-sheet constraints of string theory

troweak symmetry breaking has a few novel features, differdisallow a large number of gauge invariant terms; thus, there

ent from the previous case: are in general fewer terms than expected. These “string se-
(i) In this caseh. is heavy and decouples, and so thelection rules” have in general important physics implica-

bottom quark Yukawa is absent in the theory. The first andions:

second families can have electroweak scale mass$gsand Massless spectrunAlong with the MSSM particle con-

hg acquire VEV's. In addition, the decoupling bf makesu tent there are allarge number of additional massiasshe

and r massless at the electroweak scale, since coupling%”'”g,Scalé exotics. In the case of electroweak scll)’

haheeS andhgh.e all disappear. In additionp,g, @21, ¢2g reaking, the exotic fermions are light compared with the

e . lectroweak scale, which is clearly excluded by experiment.
andg,q all acquire intermediate scale masses. As a result, a

2 e . . his feature seems to pose a serious problem in the search
the trilinear “half” u-terms in Eq.(25) vanish. Jor a realistic string vacuum.

(i) The running of the gauge couplings has to be modified * g\ isingly. the type of massless particle content that

in order to take into account the decoupling of the heavyives for the two representative flat directions, combined
state_s. Howeyer, the complete detgrmlnatlon_ of the field$yiih the higher KaeMoody level forU(1)y, still allows for
with intermediate scale masses requires a detailed knowledgg gauge coupling unification with a prediction for &jp
of the relevant NRO's, and is beyond the scope of the papet.q 16 that, while not consistent with experiment, is not too
(iit) In principle, it is also possible to give the total sin- f5¢ away from the experimental value.
glets (with Qy=Q'=0) intermediate scale VEV's; since  Trilinear couplings The string models based on a free
they do not have an- term, the symmetry breaking sce- fermionic construction possess the feature that nonzero tri-
nario is similar to the case with the charged SM singlets in dinear terms at the third order are of the order of the gauge
D-flat direction. In this model, the only total singlets which coupling, and thus large. For the particular model discussed
have Yukawa couplingéand hence their mass squares canthey are equal t@ or g/+/2. [Such large trilinear terms fa-
be driven negative radiativelyare ¢, and ¢,9. However, cilitate the radiative symmetry breaking scenarios of the SM
these fields couple ta,s at the effective trilinear level, andU(1)’ gauge structur¢.lmportantly, the trilinear terms
which give rise to effectiveF-terms that push the VEV’s surviving at the fourth order turn out to have effective cou-
down to the electroweak scale. Therefoggg and ¢, can-  plings that are comparable to those at the third of@&1.
not be involved in the intermediate scale flat direction at théOnly at the fifth and higher orders does the suppression of
same time ays. these coupling become significant, i.e., of order 1/10 and
These possibilities are discussed in detail for spegific ~ Smaller. - _
saze for the soft supersymmetry breaking mass terms in Aga_ln,_the_nu_n_]ber of allowed trilinear terms in the super-
[27], while the implications for generating the effectiye ~ POtential is significantly smaller than allowed by gauge in-
term as well as ordinary and exotic fermion masses vid&rance, which has a number of implications:

higher dimensional operatof83] are deferred to a future ermion texturesThe CHLS model possesses a distinct
study. feature that in the quark sector only one up-type and one

down-type quark have Yukawa couplings at the third order,
while in the lepton sector generically twestype couplings
have Yukawa couplings at the third order, so that at the
In this paper we have given a thorough investigation ofstring scale there isb andr-u universality with the respec-
the physics implications for the observable sector of theive couplingsg andg/\/2. Whilet-b universality is consis-
CHL5 model from the “top-down” approach. For this model tent with experiment for sufficiently large tBnthe ratio ofb
a complete classification of th@- and F-flat directions due andr Yukawa couplings is somewhat large, afg univer-
to non-zero VEV’s of the non-Abelian singlets was found sality is clearly not physical. For certain flat directiofesg.,
[18]; these directions were shown to be flat to all orders inthe first examplethere is no further texture in the fermion
string perturbation. Along all these flat directions there is atmass matrix. On the other hand, in other directitmg., the
least one additiondl (1)’ factor (along with the SM gauge second examp)ethe texture is induced at a higher order—
group. We chose two particular flat directions as represenhowever, only in the down quark sector, and only certain
tative examples which exhibit the type of physics phenom-entries arising at a specific ordée.g., for the second ex-

V. CONCLUSIONS
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ample, at the fifth order, but with thd-quark remaining renormalizable terms in the superpotential is needed. In this
massless These features are modified in the intermediatecase the investigation is complicated by the fact that along
scale case, in which the, acquires an intermediate scale with the direct determination of the non-renormalizable
mass(and no VEV}, and most of the fermion masses would terms in string theory there are additional induced terms due
have to be generated by higher dimensional operators.  to the decoupling effects of the fields that became heavy after
u parameter In principle, there is the possibility of hav- vacuum restabilizationFor a detailed investigation of these
ing a standard effective-term at the electroweak scale, due decoupling effects s€@5].) Further study of the corrections
to the trilinear couplings of the two standard Higgs doubletdo the Kdler potential after vacuum restabilization is also
(which respectively couple to the andb-quarks to the SM  needed. These effects may have further implications for the
single(s) which acquire non-zero VEV’s at the electroweak mass spectrum in the intermediate sddlgl)’ breaking sce-
scale[and, if they are charged under the additiob1)’,  narios. In particular, a number of exotic fields could acquire
give mass to th&']. It turns out that there is no such ca- mass at a scale larger than the electroweak one. In addition,
nonical u-term in these examples. However, there are “non-additional entries in the fermion textures can appear and ef-
canonical” u-terms that involve a standard Higgs doublet fective u term can be generate@3]. o
with a coupling to the-quark and another Higgs fielsvhich The techniques for systematic classification @f and
may couple to thes or d-quark at high ordejs This non-  F-flat directions [17,18 for perturbative heterotic string
canonical u-parameter has interesting implications for thevacua with anomalous/(1)" and the subsequent determina-
neutralino and chargino sector mass patterns. tion of the mass spectrum and coupling of the restabilized
Baryon- and lepton-number violating couplings gen- ~ vacua, as investigated in this paper, are general, and can be
eral such couplings are present; they may induce proton d@pplied immediately to the study of other quasi-realistic

cay, N-N oscillations and/or leptoquark couplings and breakM0dels, which is also underway. These techniques may also
R-parity, so that there is no stable LSP. For specific direcP€ applied to the study afon-perturbativeheterotic string

tions such couplings are absent or could be suppresse@cua with anomalous/(1)’ [41]. -
within a specific SM symmetry breaking scenario. The models discussed in this paper are not fully realistic,

The U(1)’ symmetry breaking pattercan be either at an and contain such features as very light or massless exotic
intermediate or at the electroweak scale. It depends on th'MIons, charginos, and neutralinos, an unwantd uni-
U(1)’ charges and the type of trilinear couplings of the Versality and _undeswable_ra_ltlo of fcrha and -string scale_
massless SM singlets. E.g., for the first representative directUkawa couplings, unrealistic fermion textures, and possible

tion all theU(1)' charges of the massless SM singlets haveProton decay, etc. However, they also contain at least the
the same sign: thus, there is Beflat U(1)’ direction, and gauge structure and particle content of the MSSM, and illus-
the breaking necessarily takes place at the electroweak scaf§@t€ @ number of features of this class of string models that
The particular values of the (1)’ charges for the light par- are likely to be present in many other string models, includ-

ticle spectrum(which are family non-universalimply new ing nonper_turbatwe ones. These m_clude add|t|p|ZaI
experimental constraints on tHgs. On the other hand, in the bogons, which may have famﬂy-nonunlversal couplings and
; ‘\é\{hlch may have masses either at the electroweak scale or an

Intermediate scale, exotic fermions and their scalar partners,
approximate gauge unification, the possibility of effective
pon-standardu terms, an extended neutralino or chargino

with the opposite sign obJ(1)’ charge from the other sin-
glets, andr-flat U(1)’-directions for the trilinear couplings,
and thus symmetry breaking can take place at an intermed o
ate scale. It turns out to be purely radiative in origin, becausgPectrum, the p05_5|b|I_|ty qf baryo’? and/or lepton number
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