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Physics implications of flat directions in free fermionic superstring models.
[I. 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 mod@HL5), 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 additiondl(1)’ as well as the SM gauge group unbroken at the string scale. We
study symmetry breaking patterns that lead to a phenomenologically accepablehierarchy, My,
~O(1 TeV) and 16% GeV for electroweak and intermediate scalél)’ 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 intergstiregk hierarchy and associated
CKM matrix in one case. There afsome non-canonical effective. 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 hass, with the sparticle masses in the
several TeV rangg.S0556-282(99)06109-3

PACS numbg(s): 12.60.Jv, 12.60.Cn, 14.80.Cp

I. INTRODUCTION metries can forbid terms allowed by gauge invariahce.
These models generically possess an “anomaldu$l)

at the level of the effective theory. The presence of the

anomalous U(1) leads to the generation of a Fayet-

lliopoulos (FI) term at genus 1; this term triggers scalar

In recent work[1-3], techniques have been developed
which set the stage for the “top-down” analysis of a class of

guasi-realistic string models. Models in this class h&ve _ . . i
—1 supersymmetry, the standard mo@8M) gauge group fields to acquire strlng-sca_le vacuum expectatlon values
' (é/EV’s) alongD andF flat directions, leading to a “resta-

as a part of the gauge structure, and candidate fields for tkb o . .
: ilization” of the string vacuum. Thus, as the necessary first
three generations of quarks and leptons as well as two elec-

: X - Step in the analysis, we developed techniqugdo classi
troweak Higgs dou_blets. Such qua5|-real|st|c_models ha.w‘t:hepD flat directi}cl)ns which can Ee proved ?E]éﬁeﬂat to afl)ll
been c_onstruc'Fed in weakly c_oupled .heterot[c SlJperStrIn%rders of a general perturbative heterotic superstring model
theory in a variety of constructiorig—9]; in particular, we

consider a class of free fermionic modges-9]. with an anomaloudJ(1). For thesake of simplicity, we

. g, I chose to consider flat directions formed of non-Abelian sin-
In general, these quasi-realistic free fermionic models

have an extended gauge grofincluding a non-Abelian glets only, and selected the singlet fields with zero .hyper—
“hidden” sector gauge group and a number of additional%h(;atrh(*:loed tt% zrefc()atrovte tgitrsirl:/l ?n%udge? ?r:gggl' gN:f gf}gt%?}ucﬁ”
U(1)’s], and a large number of fields in addition to the mini- P yb g ] ’

Hock Lykk HL in [1 |
mal supersymmetric standard mod®8SSM) fields, which ockney and Lykker(CHLS) [9] in [1], and more recently

: . ) , X to a number of free fermionic string models|[i2].
include a number of non-Abelian singlets, fields which trans- The next step in the analysis of this class of models is to

form under the hidden sector gauge group, and SM exoticalyze the effective theory along such flat directions. In
These models also have the important property that the Syjeneral, the rank of the gauge group is reduced, and effective
perpotential is calculable, in principle to all orders in the couplings are induced by the coupling of the fields in the flat
nonrenormalizable terms. The trilinear terms in the superpodirection to the rest of the fields in the model. The effective
tential have large Yukawa couplings 6Xg), wheregis the  mass terms generated in this way will give some of the fields
gauge coupling at the string scale. In contrast with generaduperheavy masses, so that they decouple from the theory at
field-theoretic models, additional stringvorld sheet sym-  the string scale. In addition to the trilinear couplings of the

*Present address: Center for Theoretical Physics, Iéx& M IFor a review of the phenomenology of string models, [ge&
University, College Station, Texas 77843-4242. and references therein.
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original superpotential, effective trilinear terms are generatethe superpotential. These terms have a number of concrete
from higher-dimensional terms for the remaining light fields;implications for the observable sector physics. In particular,
such couplings can have important implications for the phethe effective third order superpotential does not have a ca-
nomenology of the modél. nonical u term (involving the standard electroweak Higgs
In a recent worl{ 3] we studied in detail the physics im- doublets in either example, but instead non-canonigal
plications of the effective theory after vacuum restabilizationterms involving some of the additional Higgs doublets. Such
for a prototype model: model 5 d®] (CHL5). The mass non-canonical terms suffice for the electroweak symmetry
spectrum and the effective trilinear terrtis the observable breaking. However, in these examples, there are not enough
sectoj were calculated exactly at the string tree level and tosuch terms to involve all of the Higgs doublets, resulting in
all orders in the vacuum expectation value of the fields in thenassless charginos, neutralinos and an unwanted global
flat directions for all of the flat directions classified [i]. U(1). We found that when imposing the requirement that
However, we presented the detailed analysis for two reprethere be three lepton doublets in the modeparity is not
sentative flat directions, which encompass the general feasonserved due to the presencelefiolating terms which
tures of this class of flat directions. These two flat directiondeads to possible lightest supersymmetric partitl8P) de-
are part of a subset of flat directions of the model whichcay in both of the examples. The second representative flat
break the maximal number @f(1)’s, leaving an additional direction also ha$3-violating terms(with implications for
non-anomalous) (1)’ as well as the SM gauge group unbro- proton deca), as well as couplings which yield textures in
ken at the string scaléas well as the hidden sector gauge the quark and lepton sectors.
groups. Importantly, the string world sheet symmetries for-  The purpose of this paper is to take the phenomenological
bid many of the gauge-allowed terms in the effective theoryanalysis of these models to the next stage: to determine the
which has a number of implications for the phenomenologylow energy implications of these string vacua for the gauge
of the model. symmetry breaking patterns and the analysis of the low en-
The calculation of the mass spectrum revealed that alongrgy mass spectra. Specifically, we investigate in detail the
with the MSSM fields, there remain a large number of massnature of the electroweak atd{1)’ gauge symmetry break-
less exotic superfields at the string scale, due to the absenggy patterns and the accompanying mass spectrum. Again,
of the corresponding effective mass terms in the superpoteiwe choose to carry out this analysis for these two represen-
tial. These fields include additional electroweak doublets andative flat directions.
electrically charged singlets, leading to a larger number of Such an analysis can only be performed after supersym-
fields in the observable sector in this model than in themetry breaking has been incorporated. Since the origin of the
MSSM. supersymmetry breaking in string theory is not well under-
While the scalar fields can acquire masses from the supestood, no quantitative, phenomenologically viable derivation
symmetry breaking, their fermionic superpartners can remaiof a supersmmetry breaking pattern is available. Thus we
light compared with the electroweak scale. We also foundake a modest approach and parametrize the supersymmetry
that many of the massless exotic fields do not couple directipreaking by introducing soft supersymmetry breaking mass
to the observable sector fields at the order of the effectivéerms at the string scale. We can then proceed with the study
trilinear superpotential, such that they do not participate irof the renormalization group evolution of all the parameters
the radiative electroweak andl(1)’ gauge symmetry break- in the observable sector and the study of their implications
ing. Therefore, there is no mechanism for these exotic fieldor the low-energy physics.
to acquire masses. The additional massless particle content Although the mass spectrum and the effective trilinear
has an impact on gauge coupling unification, and renders theuperpotential for the representative flat directions of the
hidden sector gauge groups non-asymptotically fifgech  CHLS5 model are not realistic due to the additional massless
that there is no possibility of dynamical supersymmetryexotics and the nature of the effective trilinear couplifigs
breaking in this sector due to strong coupling dynamics  details seg¢3]), we choose to focus on the light fields which
The presence of massless exotics seems to be generic aparticipate in the gauge symmetry breaking, with the goal of
thus it is a serious obstacle for deriving phenomenologicallyobtaining scenarios with a realistig-Z’ hierarchy. As
acceptable physics from these models. Nevertheless, theshown in[13], in this class of models the breaking scale of
have enough realistic features that it is worthwhile to studythe U(1)’ can be either at the electroweékeV) scale or at
in detail the implications of the effective trilinear terms of an intermediate scale, depending on thgl)’ charges and
trilinear couplings of the massless SM singlet fields. In the
first representative flat direction, the massless particle con-
2The analysis of effective nonrenormalizable terms is deferred t(;ent at the, string _Scale doe; not allow for the 'ntermeQ'ate
further study. In this case complications arise due to the fact that thdC@l€U(1)" breaking scenario, and hence the breaking is at
fourth order(nonrenormalizableterms present in the original su- the electroweak scale. However, b(_)th scenarios are possible
perpotential could be competitive in strengii] with the trilinear ~ fOr the second representative flat direction.
ones, as well as generated in a number of other ways, such as via In this paper, we demonstrate these symmetry breaking
the decoupling of heavy statgs2], a nonminimal Kaler potential, ~ Scenarios explicitly for each of the two representative flat
and the corrections to the Kker potential due to the large VEV's. directions. Numerical results are presented for spetifii-
In the following we will not include such effects and assume acal) choices of the soft supersymmetry breaking terms at the
minimal Kahler potential. string scale, which in turn yield a realistit-Z’ hierarchy.
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We calculate the low energy spectrum explicitly with em-VEV's of O(Mgying alongD andF flat directions, leading to

phasis on the study of the Higgs boson mass spectrum angdsupersymmetric “restabilized” string vacuum.

contrast its features with those of both the MSSM and the Therefore, the classification of the flat directions is the

“bottom-up™” analysis of the string models with an addi- necessary first step in the analysis of the string moddlL]In

tional U(1)" studied in[14]. [For the first flat direction the we presented techniques to classify a subsé diat direc-

complete mass spectrum, including that of the supersymmetions which can be proved to ke flat to all orders in the

ric partners, is presented. For the second flat direction weuperpotential. For the sake of simplicity and to preserve the

specifically address the texture in timottom quark sectol.  SM gauge group at the string scale, we chose to analyze flat

Because of the fact that the number of Higgs fields particidirections formed from non-Abelian singlet fields with zero

pating in the symmetry breaking pattern is larger than thahypercharge. In general, the Fl term sets the scale of the

assumed in14], the presence of someut not all possible  VEV’s in the flat direction, although in some cases some of

non-canonicaly terms implies additional massless chargi-the VEV’s are undeterminetbut bounded from aboye

nos, neutralinos, and Higgs bosons as well as new patterns in The next stage of the analysis is to determine the effective

the massive Higgs spectrum. theory along such flat directiori8]. In general, the rank of

The paper is structured as follows. In Sec. Il, we summathe gauge group will be reducéie., severalJ (1)’s will be

rize the features of the CHL5 model and define the two spebrokeri. Effective couplings can be generated from higher-

cific flat directions. In Sec. Ill, we present the mass spectrungiimensional operators in the superpotential after replacing

and the effective trilinear superpotential couplings for thethe fields in the flat direction by their VEV'’s. In particular,

first flat direction of the CHL5 model. We demonstrate thefor a given flat directiorP, effective mass terms for the fields

possibility of realistic electroweak symmetry breaking sce-y, W, (¥ ;¢{PyeP}) may be generated via

narios of the SM gauge group along with the additional

U(1)'. In Sec. IV we demonstrate the(1)’ symmetry W~ W (11 . pP;). 2

breaking scenarios at both the electroweak and intermediate

scales for the second representative flat direction. Finally, ihn addition to these mass terms arising fréterms, the

Sec. V we present the summary and conclusions. fields in the flat direction with VEV’s set by the FI term will
acquire masses fror® terms via the super Higgs mecha-
nism. The fields with such effective mass terms will acquire

Il. PRELIMINARIES string-scale masses and decouple from the theory.

The starting point of the analysis is the effective theory In a.ddition to.the trilinear gouplings of th_e original super-
along the two representative flat directions of the CHL5potent|aI, effective renormahzaple interactions for the light
model[9]. In previous work, we have presented techniquedi€!ds may also be generated via
for classifying the flat direction§l] and demonstrated the
calculation of the effective couplings along these “restabi-
lized vacua” of the mod€]3]. For the sake of completeness,
we summarize the method and the results here, and refer t
reader td1,3] for the details.

W~ W W (1 p D). Q)

The existence of such terms was determined first by identi-
ing the gauge invariant effective bilinear and trilinear
terms, then subsequently verifying that such gauge invariant

terms survive the string selection rules.
A. Method The coupling strengths of the effective trilinear terms gen-
erated in this way will generally be suppressed compared to

In the class of quasi-realistic string models consideredthe large Yukawa couplings of the original superpotential
there is an anomaloug(1) generically present as part of the which have coupling strength®(g) (with the typical value

gauge structure, for which the anomalies are cancelled by the X .
four-dimensional version of the Green-Schwarz mechanismd'V€" by ﬁgst,ing=g~0.8 for the models pqn5|dered, asis
This standard anomaly cancellation mechanism leads to th(ascussed_ in Sec. )l In general, the _coefﬂments of the su-
generation of a nonzero FI contributignto the D term of perpotential terms of orddt +3 are given by

U(1)a, with
A aK+3_g (\/g)KCKh( (4)

2 2 Tk Ystring — Tk

= gstringM P.l_r Q. 1) MI;| m M Ié|

2

192m whereCy is a coefficient ofO(1) which includes different
renormalization factors in the operator product expansion

in which ggying is related to the gauge coupling by the  (OPB of the string vertex operatoréncluding the target
relation gsting= 9/+/2 [19] (g is normalized according to the space gauge group Clebsch-Gordan coefficjeatsd| ¢ is a
standard[grand unified theory(GUT)] conventions, i.e., world-sheet integrall , for certain typical couplings have
TrT,T,= 8,4/2 for the generators of the fundamental repre-been computed numerically by several authors, with the typi-
sentation of SU(N)) and Mp=Mp,/\/87 is the reduced cal resultl,~70, |,~400 [20]. The coupling strengths of
Planck mass, witiVlp~1.2xX10'° GeV. This term would the effective trilinear terms depend on these coefficients and
appear to break supersymmetry in the original stringthe values of the VEV's involved, which are set by the
vacuum. However, it triggers certain scalar fields to acquirdmodel-dependehf| term. In this way, these couplings can
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naturally provide a hierarchy, with implications for generat-

ing fermion textures in the quark and lepton sectors. TABLE I. (a) List of non-Abelian non-singlet observable sector

fields in the model with their charges under hypercharge and
U(1)’. (b) List of non-Abelian non-singlet hidden sector fields in
B. Results: Model CHL5 the model with their charges under hypercharge ()’ . (c) List
The model we have chosen as a prototype model to ané).f non-Abelian singlet fields in the model with their Charges under
lyze is model 5 off9]. Prior to vacuum restabilization, the hypercharge ant(1)’.
model has the gauge group

(@

(SU(3)c,SU(2)., 6Qy 100Qy
{SU3)cX SU(2) }opsx {SU(4)X SU(2) o} hia SU®:.SU2))
X U(1)4XU(1)8, 5 (G213 8a . o
b
and a particle content that includes the following chiral su- _ QCC L -
perfields in addition to the MSSM fields: (3111 y o :
uE —4 -133
= dS 2 -3
6(1,2,1,2+(3,1,1,2+(3,1,1,+4(1,2,1,2+2(1,1,4,) g 2 136
+10(1,1,41)+8(1,1,1,2+5(1,1,4,2+(1,1,42) de : ‘2
d
+8(1,1,6,2+3(1,1,1,3+42(1,1,1,), 6 (1211 h, 3 —74
h 3 65
where the representation under(SU(3)c,SU(2), ﬁ: 3 204
SU(4),,SU(2),) is indicated. We refer the reader[19,1,3] h 3 65
for the complete list of fields with theld (1) charges. hd _3 74

The SM hypercharge is determined as a linear combina- hz —3 — 65
tion of the six non-anomaloud(1)’s, subject to the condi- he -3 —65
tions that the MSSM fields have the appropriate quantum hq -3 —65
numbers, and that the remaining fields can be grouped into he -3 —204
mirror pairs undeiJ(1)y (in the attempt to avoid the pres- hy -3 -65
ence of strictly massless colored or charged fermion fields in hg -3 - 65
the theory. In this model, these criteria lead to a unique (3,1,1,1 D, -2 —136
definition of U(1)y [9,3], with Kac-Moody levelky=4%" (to
be compared with the MSSM value kf=2). (b)

We presented a complete list of the flat directions (1.2.1.2 b 0 0
which can be proved to bE flat to all orders in the super- (1’1’4’1) Fl"" 3 65
potential in[1], and written more explicitly in Table 11 if3]. T 2 3 65
In [3], we analyzed th&,P,P; subset of the flat directions, (1,1,41) Fiz 3 o5
which includes the two representative directioR$P,P; Fas
andP,P3|e . The maximum number dfi (1)’s is broken in Fis -3 —65
these flat directions, which leave an additiobill)’ as well Fo10 -3 —65
as U(1)y unbroken[1]. The unbrokenU(1)’ has ky, (11,12 Hiz 3 65
=4167/256=16.67. The complete list of fields with their Haa 3 204
U(1)y andU(1)' charges is presented in Tabléa)tI(c). Hsz -3 —65

The VEV's of the fields in the most gener} P,P; flat Hos -3 4
direction are of the form (1,1,4. EElvz 8 _(1)39

3
E,s 0 0
le2d?=2x% | @2g(29/2=X>~4|?, Eiig? Ei g g
S, 0 0
0 0
load?= 10l lea s l?=1ul o 0 0
S 0 0
So.7 0 139
|02 @) 2= a2 =12l |@12(13|2=wal? =%, Sg 0 0
1,113 T, 0 0
T, 0 139
|e10(10)|2=12|%, (7) Ts 0 0
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TABLE I. (Continued. TABLE II. List of massless state@xcluding the two moduli
for the P;P,P; flat direction [3], where N;=2g%x?
(©) +(a$P| |2 Mp))? with the VEV parameters, i, and i, de-
6Qy 100Qy 6Qy 100Qy, fined in Eqs.(7).
€hc 6 -9 e 6 -9 Massless fields
el 6 130 e 6 130
ef 6 130 ef 6 130 Qa’Qp,Qc
Cc Cc Cc
ef 6 -9 €ab 6 —130 uglug'ug .
e 6 —130 €de -6 9 da,dy,dc,dg, Da
e -6 —269 h,,he
harhcrhdihe
o1 0 0 $23 0 0 1 [ el + @@l [yl
P45 0 0 $e,7 0 0 hb:\/N_ - MP| hf+ \/nghb
® 0 0 @ 0 0 !
&9 o €5 e el ,el,ef ef ,ef
©12,13 0 0 P14,15 0 0 ar¥b oo Fe T T
®16 0 0 P17 0 0 €e1€d.Ce €
®18.19 0 —139 ®©2021 0 —139 P3:P111 P18:9P19:P20:P22:P24:P28
®2 0 -139 P23 0 0 SRR v s b SN
P24 0 0 - 0 139 P12 |¢1|( |‘/f1| “//2| P12 |l/f2|€04)
©6 0 0 P27 0 0 D1.D2.DsDs
$28,29 0 0 P30 0 0 F3,F4,F5.F6.F7,Fg,Fg.F1p
H11H21H31H41H51H61H71H8
. E;.E,,E3,Eq,Es,E;
with 1,E2,E3,E4,E5,E;
82184156187188
1
VIé QY QU YN T PR ¥
X:|T|:O-013V|Plv (8) S, |¢1|( [0 = 2] S5+ [ 2] S1)
T11T2!T3

and|y o are free VEV's of the moduli space, subject to the
restrictions thak®= |y, |?=|y,|?. _ L _ .
The first representative flat directid® P4P} has VEV's fields along the flat d|rect|onZ the effgctlve Yukawa coupling
given by the general cas@), with no further restrictions on at the fourth orde_r~0.8, wh|l_e the fifth order terms have
|14. However, the second representative flat directiors'€Ngths—0.1 (using the typical values of, ~70 andl,
P,Ps|- corresponds to the case in which constraints must b€400 [20]). Therefore, in this model the effective trilinear

imposed on the free VEV's in such a way that the Contribu_couplings arising from fourth p_rder terms are c_ompetiti\_/e in
tions from differentF terms cancel andipzs(zg)|2=0' these strength to the elementary trilinear terms, while the higher

constraints are?=|y,|2=2y,|2, and = phase difference order contributions are indeed suppres§gt]. Of course,
R ' , the precise values for each term will depend on the particular
b , : " ;
@e:m;zen( )tr[]i] combination - of VEV'Ses sye1on a0 golicinvolved. In addition, the coupling strengths can de-
2(3)¥12(13 . : T} o’ H
For each of these flat directions, we computed the effecE’end on the undetermined VEV's in tii¢{P;P; flat direc-

tive mass terms and determined the mass eigenstaf@.in 10N

In addition to the fields which become massive from these

couplings, it can be shown that of the fields in each flat lll. PiP;P; FLAT DIRECTION

direction, five of the associated chiral superfields become

massive due to the super Higgs mechanism. InRhe5;P;

flat direction, two of the chiral superfields remain massless The P;P,P; direction involves the set of fields

(moduli), but they do not couple to the rest of the fields at the{ ¢, , 5,010,013, 927, P29, P30t- The VEV’'s correspond to

level of the effective trilinear terms. In tHe,P5|¢ flat direc-  the most general case given in E@8), such that they de-

tion, the remaining complex field gets a mass of ordempend on two fredbut boundefl parameters.

[Yukawa X [field VEV] due to cancellations oF term It is straightforward to determine the mass eigenstates,

contributions and forms, along with its superpartner, a maswhich were calculated if8]. In Table Il we list the surviving

sive chiral superfield. In this case, the fields with zero VEV'smassless states. These states include both the usual MSSM

which couple linearly in these terms also acquire masses ditates and related exotjoon-chiral underSU(2),] states,

the same order. such as a fourtiSU(2), singlefl down-type quark, extra
The effective trilinear couplings along each of the repre-fields with the same quantum numbers as the lepton singlet

sentative flat directions were also determined3h In this  superfields, and extra Higgs doublets. There are other mass-

model, the numerical analysisee alsd11]) of the string less states with exotic quantum numbéngluding fractional

amplitudes yields, along with theas the typical VEV of the electric chargeand states which are non-Abelian represen-

A. Effective superpotential
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tations under both the hidden and observable sector gaugg) indicates that the singlet fielgys is required for &D flat
groups and thus directly mix the two sectors. As previouslygirection[and hence the intermediate scalél)’ symmetry
discussed, there are two additional massless statedul)  preaking scenariphowever, this field acquires a string-scale
associated with fields which appear in the flat direction butnass for this direction, and decouples from the theory. We
which do not have fixed VEV'gbut do not couple to other conclude that in this case, an intermediate scale breaking
fields at the level of an effective trilinear teyrand are not  g.enario is not possible, and hence the breaking otitie)’
listed in Table II. - . _ is necessarily at the electroweak scale.

The effective trilinear couplings involving the observable Though hidden sector non-Abelian fields are not directly

sector fields assume the fori@] or indirectly coupled to the observable sector non-Abelian
o fields at the trilinear order in the superpotential, thel)’
_ ch c A 2 c could be radiatively broken along with some of the hidden
W3_9Q°u°h°+gQ°dbh°+Mp| 170iQcddha non-Abelian groups, and in such cases the breaking of the
hidden sector is connected with tB&J(2) X U(1)y symme-
\/Eaél)xz try breaking in the observable sector throudfil)’.
+ _e;hahc+_e?hdhc"'—z)\zeﬁheha As discussed 13,14, several scenarios exist which can
‘/E \/E Pl lead to the possibility of a realistié-Z’ hierarchy. The sce-
\/Eagmxz na_rio i\?EV{//hiCE onE/ tge a/Jvc()ll;/ISSI\g LI-JII(Q:JL%S fil;eld?rc, QC ac-
+— A2 \2eh.h.+ah.hl o) quire 's breaks bot v an ', but leads to a
M2, M7 A2ENeNat 9o a0, ® light Z' with M, ~O(M), which is already excluded by
experiments.
in which To have a realisti@-Z' hierarchy, we require that a SM
singlet field that is charged under th€1)’ acquire a VEV.
|4, K71 However, since the canonical term that couples both,
M= msh=m st (10 andh, to a SM singlet | i i -
c glet is absent, and instead there is a non

_ canonicalu termhch{ ¢4, the minimization of the potential
are free parameters anghy= (1/V1+r1°) (@20~ ¢29), With requires that the additional Higgs doublgf acquire a non-
r=[a{"\2+ P (\2=\2)Ix/(\2gM - i

=[ag Nyt ag”(Ni—\5) X[ (V2gMp)). _ zero VEV. Therefore, we consider the most general case in
The superpotential implies generic features mdepende%hich hy, and e4=S acquire VEV's in addition tch, and

of the details of the soft supersymmetry breaking, which ; . .
have been analyzed [18]: (i) With the identification of the he. After adding _the_ reqmred soft supersymmetry breaking
terms, the potential is given by

fields h, and h, with the standard electroweak Higgs dou-
blets, the Yukawa couplings indicateb and =-u Yukawa V=V¢g+Vp+ Vit (11
unification with equal string scale Yukawa couplinggnd )

g/\/2, respectively;(ii) there is no elementary or effective with

canonicalu term; (iii ) there is a possibility of lepton-number 222 2 2 112

violating couplings and thus no stable LSP. In particular, we Ve=T¢[s|*(|he|*+[hg|*) + T'g[he- hgl, (12)
identify the fields{hg,h,,hy} as the lepton doublets, and 2 )

hence the co_upllngsgcdgr}a and eg  h,h, violate Ie_p_ton VD=—(|hC|2—|hC|2—|h{)|2)2+%[|h§h{)|2+|h§ he|?
number. The field$,, and ¢, can play the role of additional 8 2

Higgs fields.h, has the quantum numbers of a Higgs dou- g2 g2 .
blet, but does not enté, and hence there is no mechanism +|h¥h{|2]- 72|hg|2|hc|2+ 71(Q1|hc|2+ Qa|h¢|?
for it to develop a VEV.

+Qalhyl?+Q4ls|?)?, (13

B. Symmetry breaking patterns
2 2 ’
To address the gauge symmetry breaking scenarios for Vsott= mﬁc|hc|2+mﬁc|hc|2+ mhé|hb|2+m§|5|2

this model, we introduce soft supersymmetry breaking mass
parameters and run the renormalization group equations _(Arsﬁc. hps+H.c), (14

(RGE’s from the string scale to the electroweak scale. While

the qualitative features of the analysis are independent of thig which I', is the coefficient for the couplinEch{)(péo, G2

details of the soft breaking, we choose to illustrate the analy— 92+g2 (with g3=2g?), and

sis with a specific example with a realis#eZ’ hierarchy.
We wish to investigate the/ (1)’ symmetry breaking sce- Ko ht h!0

narios discussed ifl3,14), which indicate that in the class hc:( °) Fcz( ¢ ) ht’):< b)_ (15)

of string models considered, thi1)’ symmetry breaking is h h® hy

either at the electroweakleV) scale or at an intermediate .

scale(if the symmetry breaking takes place alond@aflat  The U(1)’ charges of {h.,h.,h{,s} are denoted by

direction). An inspection of the massless spectrum in TableQ,,Q,,Q3, andQg, respectively. We can tak&l real and

c
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positive without loss of generality by an appropriate choice '
of the global phases of the fields. By a suitable gauge rota-
tion we also takeh®) and(s) real and positive, which im-
plies that(h.°) is real and positive at the minimum. How-
ever, the phase of thie; field is not determined, due to the
absence of an effectiye term involvingh, in Eq.(11). This
additional globalU (1) symmetry leads to the presence of a
Goldstone boson in the massless spectrum, as discussed be
low. For notational simplicity, we definey2(h®=uv,,
V2(hd)=v,, V2(hi’)=v3, and 2(s)=s.

The Z-Z' mass matrix is given by

)

v
M2 A2 ”
M2),_ 5= , 16
(M%)z-z A2 M;, (16)
where
2 L oo oo
MZ:ZG (vitvstog), 17 o+ i
g11‘
2 ’
M3, =0;7(03Qt 0305+ 0303+ QD). o . |
(18 “0.23 0.13 0.03
t
1
/ 2 2 2
A%= 5916(01Q1+U3Q3_02Q2)- FIG. 1. Variation of the gauge couplings\k with the scale for
(19 the P1PP} flat direction, witht=(1/16m2)In (/M sging: M sing

with mass eigenvalues

1
M3, 2,= 5[M3+ M2, 5 (M2—M2,)2+4A%. (20)

TheZ-Z' mixing anglea;.,/ is given by

L t i (21)
a ~ ,—_arca S — s
) M3, —M2

which is constrained to be less than a few times310

The only possibility[ 3] for a realistic hierarchy is for the
symmetry breaking to be characterized by a |drg¢TeV)]
value for the SM singlet VEVs, with the SU(2), XU (1)y

breaking at a lower scale due to accidental cancellations.
We now proceed with the analysis of the renormalization

group equations.

1. Running of the gauge couplings

=5x10" GeV, andg(Msying =0.80. The couplings include the
factor \k, where k corresponds to the associated-Kamody level
(see the caption of Table IlI for the values lof.

The low energy values of the gauge couplings are not
correct due to the exotic matter and non-standard Sur-
prisingly, sirfé,~0.16 is not too different from the experi-
mental value 0.23, and,=0.48 is to be compared to the
experimental value 0.65. As a result of a large number of
massless non-Abelian fields in the hidden sector, the hidden
sector gauge couplings are not asymptotically free. There-
fore, dynamical supersymmetry breaking due to strong cou-
pling dynamics in the hidden sector is not possible in this
model.

2. Running of the Yukawa couplings

The values of the Yukawa couplings at the string scale
after vacuum restabilization are indicated in E@). There

TABLE Illl. Effective beta-functions for the two representative

As discussed i3], we determine the gauge coupling flat directions, defined a8;=//k; , whereg} andk; are the beta-

constantg=0.80 at the string scale by assuming=0.12

function and the Kadvoody level for a particular gauge group

(experimental valueat the electroweak scale and evolving factor, respectively. The subscripts 1, 2, 3, 2hid, 4hid refer to

03 to the string scale. We find thgt=0.80 is slightly higher

U(1)y, SU(2)., SU(3)c, U(1)’, SU(2),, SU(4), gauge group

than that of the MSSM, due to the presence of one additiondfctors and 11refers to theU(1)y andU(1)’ knetic mixing. The
vectorlike exotic quark pair. The electroweak scale values of@-Moody levels arek,;=11/3, k=ks=1, k;/=16.67, and

the other gauge couplings are determined by tkikiloop)

RGE's, takingg=0.8 at the string scale as an input. The
running of the gauge couplings is presented in Fig. 1, and th

B functions are listed in Table I, including the K&doody
levels for theU (1) gauge factorsky=11/3,k'=16.67) and
k=2 for the hidden sector non-Abelian groups.

2hid= Kanig= 2.

gf‘fectiveﬁ Bi B2 Bz B Pir Bonid PBanid
P1P,P; flat direction 10.0 6.0 —2.0 10.2 4.8 10.0 20
P2P3|F flat direction 10.3 7.0—2.0 10.6 5.0 10.0 3.0
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TABLE IV. P;P;P; flat direction: values of the parameters at 1 . . .
Msying @andM 7, with Mz, =735 GeV andwy.;,=0.005. All mass
parameters are given in GeV. Other soft supersymmetry breaking
mass parameters approximately decouple, and are not presented.
M z M String M z M String
g1 0.41 0.80 M, 444 1695
g, 0.48 0.80 M, 619 1695
g3 1.23 0.80 Mj 4040 1695 2 06
g; 0.43 0.80 M) 392 1695 §
o1 0.96 0.80 A1 3664 8682 8
| 0.93 0.80  Ag 4070 9000 g
Yos 0.27 0.08  Ags 5018 1837 3
I 0.30 0.56 A —946 4703
I, 0.36 0.56 Ap, - 707 4532
| 7Y 0.06 0.05 Az 4613 4425
| 0.11 0.13 ' 4590 4481
I's 0.22 0.80 A 1695 12544
mgc (2706¢  (2450¥ mgd (4693F (2125}
mﬁc (26497 (24187 mgc (27347 (2486}
m% (10087 (5622 mﬁ, (826) (2595Y o . ‘ . .
mi‘;or —(5187  (6890Y mi;/ (30317 (11540Y 0.23 0.18 0.13 0.08 0.03
mﬁa (36267 (39827 mﬁc —(2247  (5633% !
mp, (3666f  (4100F  mp (4274 (42467 FIG. 2. Running of the Yukawa couplings for ti®P;P} di-
mz. (2770f  (3564F  m;  (2780F  (3958Y rection. The two free parametexs and\ , are chosen to be 0.9 and
mge (4195¢ (4254 mgh (4259%  (4236Y 0.4, respectively.

three fields have non-zero VEV;sis given by I'y(My)

are two free parametedps; and\ , satisfying the constraints ~0.22.

(10). To minimize the effects of the lepton number violating
effective Yukawa couplindQ.dih,, we choose\,;=0.9 at
the string scale. The dependence)of is all from higher We choose to normalize the soft breaking scale by ensur-
order effective terms, which are numerically supressed ani'd the correct value ol (before mixing withZ"), rather
less important. For the sake of definiteness, we take thanusing orM,y; since in this model the gauge couplings
=0.4. As discussed in Sec. II, we choose typical values foP2 @191 atMz have values different from their experimen-
|1, SuCh thata,x/Mp ~0.8, asx?/M2,~0.1, and an estima- tally observed ones, it implies thatandM,, will also differ

. : : from their experimentally measured values. With tmeor-
3IM3. ~
tion for I3 such thataegx®*/Mp3,~0.01. With the choice of rech valuesg,(M)~0.48, g,(M,)~0.41 for thi lel,

=_0.8 at thg string scale, the init_ial values of Yukawa COU~, 348 GeV andVl,,~82.8 GeV(to be compared with the
plings are listed in Table IV. In Fig. 2 we present the eVO'“'experimental values 246 GeV and 80.3 GeV, respectively
tion of the Yukawa couplings with the scale. We denote the e find that with universal boundary conditions for the
Yukawa couplings of the quark doublets by, the cou-  soft supersymmetry breaking mass terms at the string scale,
plings of the lepton doublets [y;;, the coupling of the two  the realistic scenario described above cannot be achieved. In
Higgs doublets and the singlet by, [the numbering follows  particular, the mass square of the appropriate singlet field
the order of the terms in Eq9)]. Additional Yukawa cou- QDéO does not run to negative values; gg, does not acquire
plings of non-Abelian singlet fields to hidden sector fields,a VEV. However, for mild tuning of the boundary conditions
not displayed in Eq(9), are listed in Eq(20) of [3]. Their it is possible to obtain scenarios in which tdé mass is
effects are included in the calculation of the running Yuka-large enough and the mixing angle sufficiently suppressed to
was and soft parameters. satisfy phenomenological bounds.

The low energy values of the Yukawa couplings can be We present the initial conditions and low energy values
read off from Table IV. The values df5;~0.96 andl',  for the soft breaking parameters for an example of such a
~0.93 indicate that the-b degeneracy is mainly broken by scenario in Table IV, withM,,=735 GeV, and ;.
tanB at the electroweak scale. The resiilt;~0.30, '}, =0.005. The running scalar mass squares corresponding to
~0.36 indicates that the— u degeneracy is only slightly these initial conditions and to the gauge and Yukawa cou-
broken at low energy, anth,/m.~2.6. The value of the plings in Figs. 1 and 2 are displayed in Fig. 3.

Yukawa couplinghch;, @}, Which plays a significant role in ~ We see that the mass squareshefand @y, are driven
the gauge symmetry breakirign this scenario for which all negative at low energy, while the. and h,, mass squares

3. Running of the soft mass parameters
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3e+06 ' . ally follows the pattern obtained iri4], there are additional
features in the mass spectrum of the charginos, neutralinos,
and Higgs scalars.

2.5e+06 1

1. Fermion masses

With the identification ofQ. as the quark doublet of the
20406 - 1 third family, m;=156 GeV, andn,=83 GeV, wheram, is
evaluated atM,. The low value form,, despite the high
value of v=348 GeV, is because of the low value of

V2(h%/v~0.66. Clearly,(h%) is much too large for this
examplé as is reflected in the unacceptably large value for
m, . That is, thet-b unification is not acceptable in the ex-
ample because it would require a large ratiqlaf)/(h2). If
we identify hy, h, as the lepton doublets of the third and
second familiesm,=32 GeV, andm,=27 GeV, where
the difference is due to thef; ;hch, terms inWj3. The ratio
m,/m_ is larger than in the usudl-r unification because of
the ratio 1:14/2 of the Yukawa couplings at the string scale,
and is probably inconsistent with experimgd1]. Of course,
the high value fom, is unphysical.

50405 There is no mechanism to generate significad,c,s,

0.23 0.13 0.03 ande™ masses for this direction.
t

Py

1.56+06

m’ (GeV?)

1e+06

5e+05

FIG. 3. Running of the soft mass-squared parameters for 2. Squarks and sleptons

P1P5P3 direction. The non-universal initial conditions are chosen The squark and slepton masses take the valugs
to yield a realistic example for low energy symmetry breaking. =2540 GeV, nm;g=2900 GeV; mi =2600 GeV, mpg
=2780 GeV, nr; =2760 GeV, n,z=3650 GeV; m;
remain positive. Minimization of the potential requires all =2790 GeV, m;z=3670 GeV. The large values are
four of these fields to acquire VEV's, which take the vaIuescgﬁiidatc‘?[u‘;?@urr;; lt?)r?ﬁé’rr;r;stgIZig?;%(js?;t(;rshewrr]]lijcmheazlrcea:nix
<hg>:90 GeV, <Hg>:163 GeV, <hb0>:161 GeV, and tures of theL andR states. However, the-R mixing terms
(¢ =3560 GeV. are small compared to the diagonal terms for this example;
The small values of the doublet VEV’s compared g,  so the mixing effects are small. The other squark and slepton
involve a degree of fine-tuning. From Table IV it is apparentmasses depend on initial values for the soft supersymmetry
that the typical scale of all soft parameters, and therefore dfreaking mass parameters that approximately decouple from
the VEV's andZ andZ’ masses, is several TeV. The much the symmetry breaking pattern, and are not presented.

smaller values ofh?) and (h.% come about because the

point (hQ)=(h;{®)=0 of the potential is a saddle point, with - _ o

large positive curvature in one direction and a small negative The positively charged gauginos and Higgsinos are

curvature(caused by a near cancellation between the large\w* h. h,}, and the negatively charged gauginos and
. 2 2 . . . ~ ~ o~

posmvemﬁC and mhé terms with the slightly larger negative Higgsinos ardW~,h,,h.}. The mass matrix is given by

A term) in the other direction. The smalh?) is due to the

3. Charginos

L o : 1 1
§mall negativem;, and the absence of a trilinear term involv- M, gy, ——=Qovs
ing h.. V2 V2
M= i9202 0 I‘si 2
C. Mass spectrum \/5 \/5
We now address the mass spectrum of the model associ- 0 0 0

ated with this particular low-energy solution. The large sin-
glet VEV scenario was explored for models with two Higgs

doublets and a singlet connected by a canonjcaerm in 3Smaller and more realistic values fiog, andm.. could have been
[14]. In the present deeL there are three Higgs doublets anghtained by further adjustment of parameters to yield a smaller
one singlet involved in the symmetry breaking, and one ofn%) This would violate our strategy of presenting a typical model
the doublets i) does not have trilinear couplings to the with a realisticZ-Z’ hierarchy without further adjustment. Smaller
singlet, so that it enters the potential only througtterms.  (h2) would also have resulted in still smaller masses for the lightest
We find that while the pattern of the masses obtained geneeharged and scalar Higgs particles.
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There is one massless chargino, and the other two are mastring-scale mass and decoupled from the low-energy theory.
sive, with massesn = =591 GeV andm-=826 GeV. Therefore, there is no mechanism fof to acquire a VEV.

The massless state involvag (and a linear combination
of the negative statgsand is due to the absence@c cou-
plings in the superpotential. In particular, there is no non- The neutralino sector consists of

canonicalu termh,h,¢ in this flat direction; the only gauge- {~B’,~B,\7V3,T1? .Y h/° ,?Péo:ﬁg}- In this basis(neglecting?lg,
allowed term of this type H h.¢,5) was in fact in the which has no couplingsthe neutralino mass matrix is given

original trilinear superpotential, but,; has acquired a by

4. Neutralinos

M1 0 0 9:1Qov2 9:Q1v1 91Qsv3 9:Qss
1 1 1
0 M 0 Egvvz _59\(01 _Egvva 0
1 1 1
0 0 M, _59202 59201 59203 0
0:1Q ! ! 0 0 ! r ! T
1¥2V2 S0vu2 — 50202 ——=1s$8s =143
Mso= 2 2 V2 V2 . (29
, 1 1
9:Q1w1 —50vw; 50201 0 0 0 0
2 2
9 1 1 1 r 0 0 1 r
91303 Egvva Egzvs E sS E sU2
g1Qss 0 0 ! r 0 1 r 0
-—I'w -—TI'w
1S \/E sV3 \/E svV2

The mass eigenvalues aremgl=963 GeV, m?(z E@ficr:‘antdr.nass.lln plarticular, fermiolr(lj rsasses assoc(ijatbed with

0 0 0 igher-dimensional operators would be suppressed by pow-
=825 GeV, my =801 GeV, my =592 GeV, My o5 of the ratio of the TeV scale to the string scale, and are
=562 GeV, m»?—(6=440 GeV, m?(7=2 GeV, andmgszo. therefore negligible.(Such operators could be a viable
mechanism for other flat directions that allow an intermedi-
ate scale, howeverAnother possible mechanism would be
Mo invoke a non-minimal Kialer potential. However, that is
CBéyond the scope of the present analysis.

% corresponds t?, which (as previously mentioned
does not enter the superpotential. The hierarchy of the no
zero masses can be understood in the large singlet VEV s
nario I'3( ¢5)?>M?,M2 (in which M; denotes the gaugino
massef which yields the patteriy; ,= (h2=h;%)/2, with
masses- T ho); x3.4=(B' = ¢050/\/2, with masses-My;
Xs.6=B’, WP, with masses~|M,|, |M,|; and’y;=h?, with
mass~0.

6. Higgs sector

The non-minimal Higgs sector of three complex doublets
and one complex singlet required for this scenario leads to
additional Higgs bosons compared to the MSSM. In this sce-
_ nario, 4 of the 14 degrees of freedom are absorbed to become

5. Exotics the longitudinal components of th&*, Z, andZ’; in addi-

In addition to the massless quarks, leptons, chargino, anton, there is a global(1) symmetry present in Eq11)
neutralino discussed above, there are a number of exot@ssociated with the phase lof which is broken, leading to a
states, including th&U(2), singlet down-type quark, four massless Goldstone boson in the spectrum. It would acquire
SU(2), singlets with unit chargéthe e and extrae® states, a small mass at the loop level due to couplings in the full
and a number of SM singlets) states. There are additional theory which do not respect the gloda(1).
exotics associated with the hidden sector. The scalar compo- The spectrum of the physical Higgs bosons after symme-
nents of these exotics are expected to acquire TeV-scalgy breaking consists of two pairs of charged Higgs bosons
masses by soft supersymmetry breaking. However, there islfz, four neutralCP even Higgs scalarsh{’,i =1,2,3,4),
no mechanism for this direction to give the fermions a sig-and oneCP odd HiggsA®°.
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In the basis{h?'=\2Imh?,h%' h/°" s}, the CP odd
(tree-level mass matrix is given by

Sv g

— 0 S U3
U2
0O 0 O 0
M2,= Al's sv, . (24)
A \/5 S 0o —= [2p)
U3
U3 0 Vo UZSU3.

PHYSICAL REVIEW 69 115003

are absorbed to become the longitudinal components d the
and theZ'. The third massless state is the Goldstone boson
corresponding to the breakdown of the globHll) symme-

try present in Eq(11), due to the absence of trilinear cou-
plings involvingh.. The physicalCP odd Higgs boson has

2 AFS Sv, Svuz UoU3
Myo= —+ —

\/E U3 Uy S '

(25

which takes the valuen,o=1650 GeV in this particular
case.

There are one massive and three massless eigenstates. Twol he mass matrix of the charged Higgs bosons in the basis

of the massless eigenstates are the Goldstone bosons whifthy , h ™,

hy "} takes the form

9% . g5 93
4 vy U3) 4 Vb2 7 Vv
2 2 2 2
[oF} Svz 0> U3 9> 0203 S
2 _ — Al —— 4 == (v240v2)-T2=2 — Uy 1—~2 +Al'c—
. VU .
M- 2 V12 N 4( 1tv3) =TI > 2 V2Vs ™ SR (26)
g_g g_% —FZ%-FAF i Al —— SU2 +%( )_I‘Zﬁ
4 U1U3 4 U3l2 s 2 s\/z \/503 4 U™ U3 s 92

There is one massless state, which is the Goldstone boson absorbéd hfter theSU(2) symmetry is spontaneously
broken; the two physical charged Higgs bosonsra,qelz= 10 GeV andnH5= 1650 GeV. The extra light mass bf; is due

to an accidental cancellation betweenandu s for the specific example considered; in general, #-i®(My).
The masses for the four neutral scalars can be obtained by diagonalizing the mas$|mt¢!tte1>ba5|s{_°r h2" h 0", s'})

U3
K2U2+AFSS

K12U01U2
V2v,
2.2
K12U01U2 KU1
Mﬁo: S
K230203—Arsﬁ K13U1U3
U3
Kzsvzs—AFSE K15V 1S
with KZ_ 2/4+g 1 |, Klj 2,37 g lQlQJ G2/4, K1s
=0'1Q:0Qs,  ko=[c49"101Q; =G4, Kjs=T

+9'1Q;Qs, andx3=g'7Q3.
In the numerical solut|on obtained, the values of
masses of the four scalars armh(l)=33 GeV, myo

=47 GeV, mhg=736 GeV, andnhg=1650 GeV.

In general supersymmetric models, one of the physic

S U3
K2302U3_AI‘SE Kzsvzs_Arsﬁ
K130 103 K1sU1S

v v , 27

K§v§+AFSS\/§—Z Kgsvgs—AFS\/—%
3

Uo [ %)
K3Sv3S—AF5E S +AF503\/§S

termined by thdJ (1) breaking scale. This scale is therefore
comparable to the electroweak scale, which indicates that in
the decoupling limit not only one but two Higgs scalars will

thebe light. In this particular example, the VEV bf, happens

to be small compared with that of the other two Higgs dou-
blets, and hence the lightest Higgs boson is mainly associ-
Thus, the lightest Higgs boson mass satisfies

ted withh,. ,
ai?he (tree-leve] bound

Higgs bosons has a mass controlled by the electroweak scale

from the breaking o5U(2), XU(1)y, while the others may G2

have masses at the scale of the soft supersymnigtpYy) m2e< — v 24 9%,Q%2=(35 GeV)?, (28)
breaking. In this model, an additional gloha{1) symmetry hj— 4 "1 P

is broken wherh, acquires a non-zero VEV, and the mass of

the Higgs scalar associated with this direction is mainly de-obtained from analyzing the potential in the field direction

115003-11



G. CLEAVERet al. PHYSICAL REVIEW D 59 115003

that breaks the globall(1) symmetry(i.e., the field direc- TABLE V. List of massless states for tf&,Ps|e flat direction,
tion hy) [22]. In the larges limit, the mass saturates this whereN;,=g*x?/4+ (af"?x%2M%))2.
bound.
It is also possible to place a bound on the second-lightest Massless fields
neutral Higgs scaldi22]
Qa 1Qb 1QC

c ,,C ,C
uz,Uy,ug

c 4C AC c
daldbvdw dd:Da

GZ 1/2

¢ i R

as''brllcylldy Hesllg

es,ef,el, el, ef, e, €f

€., €3, €, €
‘PS:(PG!‘PlS:@141‘P181<P191‘P201(P21:@22!@2314’241‘)0251‘1028:()029
11 =(p3— <P11)/ 2,

2 gx ( ) 3
=(85 GeW)2. (29 ‘P17’:(7‘Pl7 2 2 ¢16 VN,

2 2

9y
2_ 2 22 2 2 2\2
402(02_01_03) +?(Q1U1+Q202+Q303)

2 1/2
S 2 2 2
+2 2021)3 mhg
v

gx alt
Poe = *7@26*—23901 \/_1

A suitable rotation in field space demonstrates that the Mb
second-lightest Higgs bosoh)) is basically the real part of D;,D;,D03,0,
the Higgs doublet that is involved in th@U(2) breaking, F3,F4,Fs5,Fg,F7,Fg,Fg,Fo
while the other two Higgs doublets do not participate. One of H,,H,,H3,H,,Hs,Hg,H7,Hg

£ A0 i i =
the two rotated doublet$hf ,H5 ,A%) consists of the heaviest E,,E,,Es,E,,Es,E;

scalar, pseudoscalar and charged Higgs boson, and is com-g s, s. S, S,S;,S;,Ss
posed mainly oh andh/, with mass roughly given b};nA T,,T,, T3

(naturally expected to be large in this limiThe other dou-
blet (hO,Hf, massless pseudoscalas basicallyh., and
hence the associated fields are light due to the absence of |<¢27>|2=2X2,
couplings to the singlet. The second-heaviest neutral Higgs

boson hg) has mass governed W, , and is primarily the

singlet. |<<P30>|2=2|<<P2>|2=2|<<P4>|2=2|<<P10>|2=2|<<P12>|2=>((;b)
IV. P,P3|r FLAT DIRECTION where x=0.013Mp,;, and (¢ and {¢,) have opposite

signs.
The massless states are presented in Table V. The effec-
The fields involved in the P,P;|c direction are tive trilinear couplings for the observable sector states are

A. Effective superpotential

192,904,010, ®12, @27, P30}, With VEV's given by
(3) 2 (4) 2 (5) 2 (6)y2
Ws=gQuuhe + gQudSh, + ——— QudShy + th 55 Qudhy+ 2 Qudch
3= c c \/EMP| a \/5 b \/EMM b b 2M'23| aYc!'b
Viaf)2+(ai)) g Via?)2+ (i) ay%?
+ YN uS ddg+ —= J— eghahe+ \/Ee?hdhc+ e eg hghy+ szlef,hgha
adx? g— — — — — a'P\2x
+Wei hgha+ Ehahc%s"‘ ghchpeoot ghghpeagt+ ghchgeoi+ ghdhg<P29+M—m<P25¢21€D29
PI
(3')\/5
ay X
T ML 25020928, (31)
Pl
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in which B. Electroweak scale symmetry breaking

To highlight the unique features of the,P;|- case as
compared with the previous example, we choose to study

Mp, . . . .
ug’ = scenarios which a!low for the maximum amount_of texture in
\/(a21><¢4>)2+(a5‘1 )<(p12>)2 Ee quark sector, i.e., scenarios |n. wh|ch. the Higgs doublets
" " he, he, hg andh,, as Wellyas the smglet flel_dszo and ey,
ay . . all acquire non-zero VEV'8.We again restrict ourselves to
X M—<<P4>Ub+ M (p12Ug |, scenarios which lead to experimentally allow2d masses
Pl Pl andZ-Z’ mixing angles.
With these assumptions, an inspection of the resulting
M scalar potential reveals that not all of the phases of the fields
et = Pl which acquire VEV’s can be eliminated by suitable rotations.
© 2) 2 (2" 2 By redefining the phases of the fields, the Yukawa couplin
V(@@ (1) 2+ (a? ) (ga)) y g the p  the fields, wa coupling
, and theA parameter associated with the coupling,¢sq
a? . a'?) . can be taken to be real and positive. In the most general case,
X P|<‘P12>ee+ Mp, (ea)en . (32 (h% and (¢, can be chosen to be real and positive by

SU(2),xU(1)y and U(1)’ rotations, respectively. Simi-
larly, (h%) and(¢,;) can be taken to be real and positive
The superpotential31) displays the same unrealistido  sing globalu(1) symmetries of the scalar potential. There-
and 7-p unification, absence of the canonical effectie fore there are in general three phases that will remain non-
term (though non-canonicalu terms are presentand a0 at the minimum of the potentialyy,, ¢, and b,

L-violating couplings as in the previous case. .
However, there are new featurésee[3] for a detailed which are the phases Gihb>_' {hg), and theA parameter

discussiop In particular, there ar8-number violating cou- ~associated with the couplingchye,,. We will take theA
plings in the superpotential, with implications for possible parameter to be real and positiiee., we ignore possible
proton decay processes aNeN oscillations. There is also a explicit CP violation associated with the soft supersymmetry
texture in the down-quark sector, with a possibly realisticoréaking. ¢, and ¢, may be non-zero at the minimum of

ms/m, ratio due to the contribution of the original fifth order the potential, leading to spontaneod$ violation and the
operators. associated difficulties of cosmological domain walls. How-

An inspection of Table V shows that there are, in fact, a8Ver: ¢p and ¢, vanish at the minimum for the particular
larger number of massless states in the observable sect@#merical example that we consider.
than in theP; P, P flat direction. Once again, there is some
ambiguity in how to identify the three MSSM lepton dou-
blets (each possible set from the list of massless states leads We adopt the same strategy for the running of the gauge
to L-violating coupling$. However, in this case there is an couplings as the previous model. Tigefunctions for the

additional pair of fields Ifg,hy) which can play the role of gauge groups are presented in Table Ill. At the electroweak

1. Running of the gauge couplings and Yukawa couplings

Higgs doublets. scale, one obtaing;=0.40 (which includes the factoky
In addition, @5 remains massless at the string scale in this= 11/3) andg,=0.46 k,=1), yielding sirf4,=0.17.
model. Therefore, there is a possibility that thél)’ break- This model displays a rich set of Yukawa couplings for

ing may occur along ® flat direction, and hence takes place the observable sector. The initial values of the coupling con-
at an intermediate scale. This scenario requires that the maStants are fixed by string calculations. In Fig. 4, we show the
square of the field relevant along the flat direction be drivervariation of the coupling constants with the scale.

negative at a scale much higher than the electroweak scale.

We investigate this possibility in Sec. IV C, and show that it

is possible with mild tuning of the soft supersymmetry 4. s aiso possible thab,, hy, and the singlet field®s, ©ss,

breaking parameters at the string scale. On the other hand, if,4 20 acquire non-zero VEV's, due to the presence of the non-
this condition is not satisfied, tHg(1)" symmetry breaking canonical effectivex terms involving these fields, if the singlet
is naturally at the electroweak scale, coupled to the breakingeids involved develop negative mass squares at the electroweak

of SU(2), X U(1)y; we examine this possibility in the fol- g 51e. with the non-canonicak terms h,h.ess, hghyess and

lowing subsection. _dhg<p29 taking active roles in the symmetry breaking, the massless

o i s ) arginos and neutralindassociated with the Higgs doublets that
initial boundary conditions for the hidden sector fields arey, not have VEV'3 as well as the massle@P odd Higgs scalars

adjusted to keep their mass squares positive at the observablgsociated with the Higgs doublets that do not have effegiive
sector symmetry breaking scaléin this case, the hidden termg can be eliminated. However, this implies that the minimum
sector is more involved since the singlet figld; couples  of the potential has a very complicated structure, which may result
both to the hidden sector fields and the Higgs douljlEts  in a larger amount of fine-tuning. We do not investigate such com-
(27 in [3]]) plicated scenarios in this paper.
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With universal soft mass-squared parameters at the string

scale, the soft mass-squared parametersi.ond h, are
driven to negative values, while the mass squares of all the
other fields remain positive. This scenario results in a light
Z' and largeZ-Z' mixing angle at the electroweak scale,
which is excluded by experiments. We therefore have to con-
sider non-universal boundary conditions for a realistic solu-
tion, in whichhg, hy, @29, ande,; also acquire VEV’s. As

in the previous example, the effects of the Yukawa coupling
involving hidden sector fieldgEq. (27) of [3]] are included

in the running Yukawas and soft parameters.

One numerical example we found involves a set of tuned
initial conditions which do not deviate substantially from
universality. In Table VI, we present the numerical values of
s the parameters for this example, in which the VEV's of the
T, fields are (h))=223 GeV, (h%=124 GeV, (hQ)
04r T T ] =17.3 GeV, (h0)=24.8 GeV, (¢,)=24.8 GeV, and
T (p21)=4950 GeV. In this particular example with, real
and positive,¢,= =0 at the true minimum of the poten-
02 - | 0 os’ " 08 . tial, and hence there is no spontaned@B violation. For

these valuesM ,,=1.00 TeV anday,.,,=0.004.
T, We now consider the quark masses and mixings in this
model. The mass matrix for the down-type quark§3ik

1.2

@
®

Yukawa couplings
[=]
»

T,

W

8.2 013 0.03 o o
t Faa(hg)  Toe(hp) 0

_ 0 0
FIG. 4. Running of the Yukawa couplings for tRg P3| direc- M=| Tqalhg) Tos(hp) 0
tion. The naming and the ordering of the Yukawa coupling con- 0 0 T ox(hd)
stants are the same as in the previous mobgly refers to the

us dsds coupling; T'ss4 » refer to the last two terms in E§31). 416 304 0
- =| 416 3.04 0], (33
In addition to the large Yukawa couplings lof andh, to 0 0o 11

the top and bottom quarkéwhich take the valued o,

=0.98 andl’o,=0.93 at the electroweak scal¢he effective  after the electroweak scale symmetry breaking. The masses
Yukawa couplings from the fifth ordefwhich involve the  of the down-type quarks arey=0 GeV,m¢=7 GeV, and
other two quark families haye the non—trivi_al value$' oz m,=115 GeV, wherel, sandb stand for the down, strange,
=I'qs=T'qgs=I'q¢=0.17. With the assumption thaéy, and  and bottom quarks, respectively. These are running masses
h, have non-zero VEV's, these couplings naturally provide aevaluated aM. Just as in the example in Sec. Il for the
hierarchy of the quark masses and mixings in the dOWﬂ-typ©ipépé direction, the scale fam, andm, (as well as fom.

quark sector. andm,) is much too high. Again, we have made no attempt

The 7-p unification is slightly broken, sinc&}1=0.34 4 frther adjust the parameters to obtain a logreh. How-
andI';=0.35 at the electroweak scale. The Yukawa COU-g o the hierarchy of the relative massegly (Mg :my)
plings of the non-canonicgk terms are non-trivial as well, ~(0,:1:17) isquite encouraging. This hierarchy ass well as
with typical values of a few times 0.1 at low energy. Hence.tha form of the Cabibbo-Kobayashi—MaskavﬁGK’M) ma-
these couplings can be actively involved in the symmetry,.. -2 be understood from the analytic discussiofidh
breaking, as will be manifest in our numerical example. Thé CKM matrix, obtained from diagonalizifig M ™, since

2. Running of the soft mass parameters there is no contribution from the up-quark sector, is given by

The mass squares bf, andh,, tend to remain positive, as 071 071 O
thglr couplings to qqarks arise from fifth order terms in the cm_ | —071 071 o0
original superpotential and are therefore suppressed. How- u-t=
ever, the couplindi;hye,; may forcehy to acquire a non-
zero VEV. Similarly, h, may acquire a VEV due to the
Fchb‘on Coup”ng_ There are then two distinct e|ectroweakThe maximal mixing betWeen the fiI‘St two fami”es |S not
symmetry breaking patterns, one in whiech has a non-zero realistic. It results from the comparable magnitude Ofdigé
VEV (i.e., h, is naturally identified as a Higgs fieldnd one  coefficients. As discussed i8], one can obtain a realistic
in which h, has zero VEV b, could also be identified as a Myg/Ms#0 and a realistic Cabibbo-like mixing by allowing
lepton doublet a®P#al) and o+ a®. The observed relationd,

(34)
0 0 1.00

115003-14



PHYSICS IMPLICATIONS OF FLAT ...

TABLE VI. P,P;|¢ flat direction: values of the parametdfer
1008 GeV

the observable secfoat Mgying and Mz, with My,
and ., =0.004. All mass parameters are given in GeV.

Mz M string Mz M string
o1 0.40 0.80 M, 251 1000
9> 0.46 0.80 M, 330 1000
s 1.23 0.80 M, 2380 1000
g5 0.42 0.80 M) 225 1000
To 0.98 0.80  Ag 828 702
| 0.93 080  Ag 2120 1227
Tos 0.17 007  Ag 3290 1510
Tos 0.17 007  Ag 3290 1510
Tos 0.17 007  Ag 4570 1308
Tos 0.17 007  Ag 4570 1308
Tudd 1.29 0.82 Ay 2910 3239
I 0.34 0.56 A —240 1234
| 0.35 0.56 A —-197 1234
| 0.58 0.82 A 419 1659
T 0.05 0.05 A 807 1351
Ts 0.05 0.05 A 807 1351
Iy 0.46 0.56 Aq 893 1381
I's 0.16 0.80 A, 350 3336
| 0.49 0.80 A 394 1357
Ig 0.16 0.80 A, 3500 6789
I'ss 0.54 0.80 Ags 361 1351
| 0.24 117 Agg —-938 1477
| S 0.26 117 Aso -763 1671
mgc (1890  (2252F% m2Qb (3110% (19347
mga (3110¢  (1934Y mﬁc (2010f (23527
mﬁg (14607  (4382¢ mgb (1500F (21727
mgd (4370¢ (6155 mgc (1460F (43827
mZ (531  (4624Y mﬁd (1040F (45497
me (1250  (1817F mj  (1390¢ (1828
mﬁ: —(311¢  (4177f mp (1400 (1833
mﬁg (49507 (7639 mﬁb —(2997 (49397
mga (1920  (2590% mgf (1890%  (2590Y
mgb (1750 (17647  m;, (1500F (53147
mgi (1750¢ (1764 mi; — (7152  (5177F%
mim — (7187  (6328y mizs (1630F (43377
m2 (4470 (5982 m? (2210% (63987

~(my/m)Y4~0.2) can be obtained for specifies’s, but
Ugé(M: U%:I”(M: UCKM_

does not hold in general

due to the form oM. ) ; - . .
We do not present the Higgs, chargino, or neutralinotential (either from the original couplings from the effective

spectra for this example, as they do not exhibit any qualita-String theory or be induced either after vacuum restabiliza-
tively new features compared to tig P, P4 direction.

C. Intermediate scale symmetry breaking

We now investigate the possibility that thi1)’ is bro-
ken at an intermediate scale, alon®dlat direction. This is
possible in this model because the fietds, which has a
U(1)’ charge opposite in sign to the rest of the singfatish

CKM _

23

PHYSICAL REVIEW 69 115003

scale. The viability of this scenario requires that ihdlat
direction be alsd- flat at the trilinear ordef15]; otherwise,
the F terms lead to quartic couplings in the scalar potential
which force the VEV's to be at the electroweak scale.
addition, we require the absence of renormalizable couplings

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

With these criteria in mind, an inspection of Table V and
Eqg. (31) demonstrates that from the list of singlet fields
(p15—922) that haveU(1)’ charges equal and opposite to

@45, the trilinear couplings ofp,5 and ¢, (to h;) do not
allow for a realistic implementation of the intermediate scale
symmetry breaking. However, the fieldspig,®19, 922}
(which do not have effective trilinear couplingsan be in-
volved in viable intermediate scale scenarios.
To achieve theJ (1)’ breaking, the effective mass square
2 2

m;_+m must be driven negative at a scale higher
$25 18/19/22

than the electroweak scale. With non-universal boundary
conditions, the mass square @§s can be driven negative,
while keeping the mass squaresgf, and ¢, positive. The
mass squares abig 19 2,do not run, due to the absence of
Yukawa couplings involving these fields. Therefore, we can

choose initial values of these mass squares suchnﬂj%t

+ mfplg/lg/zzis driven negative at an intermediate scaldile

keeplngm¢25+ M orn1 positive. These conditions ensure that

the minimum occurs along th flat direction involvingeos
andeqg/19/20- A range of intermediate scalggap, at which

m2_+m? crosses zero, can be obtained by adjusting
$25 $18/19/22

the initial values of the parameters. In Fig. 5 we display the
scale variation of the mass squares with initial values that
lead tourap~ 10 GeV. This example requires nonuniver-
sal initial values, witrmfp20 ” larger by factors of around 2 —

9 than the others.

In the intermediate scale symmetry breaking scenario
[15], the potential can be stabilized by radiative corrections
or by nonrenormalizable self-couplings of the singlet fields
in the flat direction, i.e., terms of the form
(250181029 /M2 3. Such  nonrenormalizable — self-
couplings have a number of sources. For example, they can
be present in the original superpotential or induced by
vacuum restabilization from higher-dimensional operators.
In addition, these terms can arise from the decoupling of the
heavy fieldg12], as well as from a nonminimal ‘Kéer po-

tion or due to decoupling effegts

SIn principle, it is possible that total singlets can acquire interme-
diate scale VEV'’s, because the absenc®dérms leads to a simi-
lar situation as the case that arises foDdlat direction. In this
model, the relevant singlets,g 9 also couple top,s, which pro-
vide effectiveF terms that push the VEV's to the electroweak scale,

nonzero U(1)’ charge$ remains massless at the string and hence this scenario is not vialpsj.
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1.0e+07 . analysis, since the renormalization group equations are af-
fected when the fields with intermediate scale masses de-
couple. The determination of the complete set of such opera-
tors and the subsequent electroweak symmetry breaking
patterns is beyond the scope of this pafimrt is the subject

of a future investigation

5.00406 V. CONCLUSIONS
This paper is the culmination of a program that sets out to
derive the phenomenological implications of a class of quasi-
realistic string models. We have determined the observable
sector gauge symmetry breaking patterns and the mass spec-

P

Pra1022 trum for a class of representative string-scale flat directions
of a prototype model by merging the top-down approach
0.0e+00 (employing the string results for the effective superpotential
/ couplings and the bottom-up approachdding the soft su-
Pos persymmetry breaking mass parameters by hand

The set of top-down inputs builds on the results of our
previous works(i) the classification of th® flat directions of
the model that cancel the anomalobDsterm and can be
proved to beF flat to all orderd 1] and(ii) the determination
5.06406 . of the effective_ f[heory along such fl_at dir_ections. In particu-
) 0.2 0.1 0.0 lar, we have utilized the results 8], in which the complete
t mass spectrum and effective trilinear couplings of the ob-
ervable sector were presented for two representative flat di-

. S
FIG. 5. Running of the relevant mass-squared parameters for the ™. . .
P,P3|e flat direction, for theU(1)’ symmetry breaking scenario rections of model 5 of9] (CHLS), which leave an additional

along theD flat direction @,s+ @15/190 With rap~ 102 GeV. U(l)’ as vv_eII as thg SM gauge group unbroken. The first
representative flat direction has a minimal number of cou-
Within our assumption of a minimal Kéer potential, we plings of the observable sector fields, while the second flat
have checked to determine if these nonrenormalizable selflirection has a richer structure of couplings, with implica-
couplings are in fact present and found that these couplingsons for fermion textures.
do not survive the string selection rulgd. To determine if The mass spectrum and couplings of these effective theo-
such terms can be induced at the leading order in the supefies are not realistic, as expected. We found that in general
potential from decouplin§l12], it is necessary to check that there are a number of superfields which remain massless at
there are no trilinear terms in the effective superpotential thathe string scale, and that while the scalars acquire masses
involve two powers of the fields in the intermediate scale flatfrom the soft supersymmetry breaking terms, within our as-
direction and one power of a heavy field. In this case, gaugeumptions there is no mechanism for some of the fermions to
invariance restricts these terms to be of the typeacquire masses. The gauge coupling unification is not realis-
PasP1g19220, IN Which ¢ is a heavy gauge singlet under tic (although better than expected due to the amount of ad-
U(1)y andU(1)’ (¢ can be one of the fields in the,P5|¢ ditional matter superfields and the higher Kdoody level
flat directior). We find that in this example there are no suchin the mode), and the hidden sector gauge groups are not
terms. Therefore, the symmetry breaking is purely radiativeasymptotically free, thus disallowing an implementation of
in origin, and the VEV's are very close to the scalgap. dynamical supersymmetry breaking scenarios. In addition,
The next step is to investigate the electroweak symmetryhe effective trilinear couplings have a number of nonstand-
breaking after the intermediate scdlg1)’ breaking. The ard features which were examined in detail31, such as the
electroweak symmetry breaking has different features than iabsence of a canonical effectigeterm and the presence of
the previous case. For example, the fiald which played baryon and lepton number violating couplings, as well as
an important role in the electroweak symmetry breaking dudpotentially realisti¢ hierarchies of fermion masses.
to its Yukawa couplings to the bottom quark and thend Since the purpose of this program is to explore the general
leptons, acquires an intermediate scale mass and decouplesitures of this class of quasi-realistic models systematically,
from the theory, which seems to leave these MSSM fieldsind not to search for a specific, fully realistic modeh
massless. However, it may be possible that effective mass famlikely possibility), we continue the analysis by investigat-
the exotics and effective Yukawa couplings for the MSSMing the gauge symmetry breaking patterns and the low en-
fields are generated from nonrenormalizable operators inergy spectrum for the representative examples. However, this
volving the fields in the intermediate scdlg5]. Similarly,  study requires the implementation of supersymmetry break-
effective u terms may be generated by non-renormalizabléng, which we parametrize by soft supersymmetry breaking
operators(NRQ’s). In principle, the determination of the masses put in by hand at the string scale, due to the absence
complete set of such NRO's is a necessary first step in thef a satisfactory scenario for supersymmetry breaking in

h, h bar P18,19,00 P25
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string theory. This introduces free parameters in the effectivébreaking can be either at the electroweak scale or at an in-
theory, and thus the unique predictive power of a particulatermediate scale. Once again, the electroweak scale scenario
string vacuum is lost. In particular, the concrete results forequires an extended Higgs sector to obtai# dhat is con-
the low energy spectrum depend on the initial conditions forsistent with experiment. In addition, to study the fermion
the soft masses at the string scale. texture in the down-quark sector of this model, additional
We chose to analyze scenarios which lead to a realistitliggs doublets are needed to acquire VEV’s. In contrast to
Z-Z' hierarchy; as argued on general groundfli®,14, the  the previous model, there may BeP-violating phases in the
breaking scale of th&)(1)’ is at the electroweak scale or at Higgs sector of the model, though these are absent for the
an intermediate scal@ the symmetry breaking occurs along specific example considered. The electroweak scale symme-
a D flat direction. For each representative flat direction we try breaking scenario is achievable with mildly nonuniversal
determine the low energy spectrum explicitly for a typical boundary conditions. There is a fairly realistics:b mass
choice of initial conditions that yield a realist®&>Z’ hierar-  hierarchy, although the absolute scale is much too high. The
chy. The emphasis was on the study of the Higgs sector, inorresponding CKM matrix has no mixings of the first two
order to contrast its features with that encountered in botlfiamilies with the third, and an unrealistic maximal mixing
the MSSM and string motivated models with an additionalbetween the first and second generations.
U(1)' [14]. In the symmetry breaking scenarios for these The intermediate scale symmetry breaking scenario can
two representative examples, the novel feature is that thbe achieved with mild nonuniversality of the soft supersym-
number of Higgs fields that participate in the symmetrymetry breaking mass parameters, at a range of intermediate
breaking is larger than that assumed1d] (there are at least scales. It is purely radiative in origin, because of the absence
three Higgs doublets and one SM singlet participating in theof the relevant nonrenormalizable terrf@nd trilinear terms
symmetry breaking processin addition, the presence of involving the heavy fieldsin the superpotential. We plan to
some and absence of other non-canonjcalerms implies address the electroweak symmetry breaking in this scenario
new patterns in the low energy mass spectrum. after decoupling the heavy fields, which requires a detailed
For the first representative flat direction, the symmetryanalysis of a class of nonrenormalizable operators, in a future
breaking scale of th&J(1)’ is at the electroweak scale, be- paper.
cause all of theJ (1)’ charged singlets that remain massless Although the analysis of the low energy implications for
at the string scale have charges of the same sign. To obtaintbe representative examples studied in this paper reveals a
realisticZ-Z' hierarchy, we found it is necessary to have anumber of additional unacceptable phenomenological conse-
nonminimal Higgs sector, with three Higgs doublets and onejuences, it nevertheless demonstrates new features of the
singlet (which has a large VEY This scenario can be ob- gauge symmetry breaking patterns, in particular that associ-
tained with mildly nonuniversal soft supersymmetry break-ated with the Higgs sector of the theory. The type of non-
ing mass parameters at the string scale. We present the commnimal extensions of the Higgs sector and their specific
plete mass spectrum, including that of the supersymmetricouplings, which we encountered in the analysis of the spe-
partners, for a typical choice of initial conditions. The result-cific string models, should be of general interest in the phe-
ing mass spectrum at the electroweak scale includes masslegsmmenological investigation of models beyond the MSSM,
and ultralight charginos, neutralinos, and Higgs bosons, duand thus deserves further study.
to the absence of enough canonical or non-canonical effec-
tive u terms. In particular, the absence of an effective
term involving one of the Higgs doublets provides an addi-
tional globalU(1) symmetry in the scalar potential that is  We would like to thank J. Lykken for making available to
spontaneously broken, resulting in a Goldstone bosomis the program that generates the massless spectrum of free
present in the low energy spectrum. In addition, the mass dermionic string vacua as well as the original program that
lightest neutral Higgs boson is controlled by the scale of thecalculates the superpotential couplings. L.E. acknowledges
breakdown of this global symmetry, and thus obeys a differG. Kane for useful discussions. This work was supported in
ent bound than the traditional bound in the MSSM. part by U.S. Department of Energy Grant No. DOE-EY-76-
For the second representative flat direction, thel)’ 02-3071.
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