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Within a class of superstring vacua which have an additional nonanomalou$ gage factor, we address
the scale of the U(2)symmetry breaking and constraints on the exotic particle content and their masses. We
also show that an extra gauge U(Igrovides a new mechanism for generating a naturally small effegtive
term. In general, existing models are not consistent with all phenomenological constraints; however, they do
provide a testing ground to address the above issues, yielding a set of concrete scenarios. Under the assump-
tions that the spontaneous U(1hreaking takes place in the observable sector and that the supersymmetry-
breaking scalar mass square terms are positive at the string scale, the breaking’ cfywidetry is radiative.
It can take place when the appropriate Yukawa couplings of exotic particles are of order 1, which occurs for
Z,XZ, fermionic orbifold constructions at symmetric points of moduli space. Zhemass is either of
O(M3), when the symmetry breaking is due to a single standard model singlet, or of a scale intermediate
between the string and electroweak scales, determined by the radiative corrémtiopgompeting nonrenor-
malizable operatojs when the breaking is due to two or more mirrorlike singlets. In the former case, the
Mz, IM, hierarchy achievable without excessive fine-tuning is within future experimental reach.
[S0556-282196)01115-0

PACS numbgs): 12.60.Jv, 11.25.Sq, 12.10.Kt

. INTRODUCTION an order of magnitude beloWlgyng. The actual value of
as(My) is still controversial, with determinations generally
One of the challenges of string theory is to make a sucin the range 0.11-0.12F3]. In any case, when properly
cessful connection to the observable world. Attempts to conviewed as predictions for IM,/M;) and 1k, the gauge
struct realistic models have not been completely successfulnification works to within 10—15 %.
at satisfying all of the phenomenological constraints. The The gauge group atl yng is generically not a grand uni-
two major problems of string models are the following. fied gauge group, but a product of semisimple group factors.
Degeneracy of vacua: there are by now a large number ofhere are frequently additional factors beyond the standard
string models, which in general have a large gauge symmetryhodel group, such as extra(l)’s.
which is difficult to break to the standard model, a large There are a very large number of possible string models,
number of families, and other exotic particles. which correspond to consistent perturbative vacua of string
Supersymmetry breaking: presently, we do not have aheory. It is not at present feasible to examine them all, but
fully satisfactory scenario for supersymmetry breaking, ei-one can take a less ambitious attitude and consider only
ther at the level of world-sheet dynamics or at the level of thehose vacua which have the potential to be realistic. There
effective theory. are no known fully realistic models, but nevertheless there
Both problems are believed to have an ultimate resolutiorare specific issues that can be addressed within semirealistic
in nonperturbative string dynamics. However, in spite of themodels, which may in turn provide a pattern of general string
absence of a unique string vacuum the string theory doesodel predictions.
provide certain generic and, for a certain class of string |n particular, we study a class of specific string vacua,
vacua, specific predictions. which at M ging possesN=1 supersymmetry, the standard
One of the string predictions is the gauge couplingmodel(SM) gauge group as a part of the gauge structure, and
unification atM gying~ gy X 5x 10" GeV [1], wheregy is  a particle content that includes three SM familigs-7] and
the gauge coupling at the string scale. The observedt least two SM Higgs doublets, i.e., the string vacua which
couplings are approximately consistent with this predictionhave at least the ingredients of the MSSM. Specific models
Taking the observedr and weak angle sty as inputs  often contain additional matter multiplets as well, often with
and extrapolating assuming the particle content of the miniexotic standard model quantum numbers. In general, we do
mal supersymmetric standard modMSSM), one finds[2]  not want to give up the approximate unification of gauge
that the running S() and U1) couplings meet at a couplings. This severely restricts the possibilities for new
scale My~3x10® GeV. One can then predict exotic matter[8]. However, we will sometimes relax the
as(M2)~0.130=0.010 for the strong couplindd, is about  gauge unification constraint in discussing specific models
which illustrate interesting scenarios.
A number of such modelgot necessarily consistent with
“On sabbatical leave from the University of Pennsylvania. gauge unificationwere constructed as orbifold modgig]
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with Wilson lines, as well as models based on the freghe electroweak range. Each specific model leads to calcu-
(world-sheex fermionic constructiong10,6,11. The latter lable predictions(which, however, depend on the assumed
set of models are based on tgx Z, orbifold at special ~SOft supersymmetry-breaking termgor the masses, cou-
points of toroidal and Wilson line moduli space. As for the Plings, and mixing with theZ of the new bosofs), as wellas
issue of supersymmetry breaking, we may parametrize odpr the masses and quantum numbers of the associated exotic

; ; ; ; atter.
ignorance by introducing soft supersymmetry breaking term&" . . -
in the observable sectdr. The paper is organized as follows. In Sec. Il we specify in

A set of models of that type constitutes a starting point tom(?[.re deltanSthe fﬁlatures g:; the string '?o%eli under t|nvest|-
address specific phenomenological issues. Here, we wou lon. In Sec. [l we address specific ( ”mme -
like to derive the consequences of an enhanced gauge sy reaking scenarios, achievable W|_thout excessive fine-tuning
metry in the observable sector of the above class of strin f the SOfF sup(_arsymmetry_-_breaI,(mg parameters. We show
ﬁamples in which the additionZl' mass is(a) comparable

vacua. For the sake of concreteness we shall concentrate
" , . to that of theZ (already excluded (b) in the 300 GeV to 1
| nonanomal U(1$ymmetry. A generaliza- ) ) .
an additional nonanomalous U(13y y- A9 TeV range, which may be still barely allowed but easily

tion to more than one U(1) symmetry factor is straightfor- "> " .
(1) sy y 9 within the range of future or present colliders, aloi at an

ward. .
- intermediate scalée.g., 16—10* GeV). It is argued that in
The phenomenology of heavy gauge bosons in gaug@ se(b) it is difficult though not impossible to satisfy exist-

theories has been extensively studied in the past. There afé . 7.7 mixi v for | |
stringent limits on the mass and mixings of such bosons fron{'9 constraints orz-Z" mixing, especially for lower values

precision electroweak experimen{43] and from direct Of.MZ" and thatz’ massgi above 1 TQV afrg not (_axpected
searcheg15]. The limits vary significantly from model to (9iven our asslumpuomw;t outzéaxcr?ssve '”e't%”]l:”g-_ In
model because of the different chiral couplings to the ordi-S€C: IV several issues related Z6 physics are briefly dis-

nary fermions, but typically the mass of a heaZy must cussed. In parti(;ular, it is argued that in the case.of u(1)
exceed~ 400 GeV, while theZ-Z' mixing angle must be symmetry breaking at the 100 GeV to 1 TeV scale it may be
smaller than a few times 16. possible to generate a naturally small effectivéerm by the

Furthermore, the identification and diagnostic study ofvacuum expectation value of a standard model singlet field

heavy gauge bosons at future colliders has been investigaté{1ich is charged under U(1) On the other hand, in the
in detail[16]. There have also been studies of the present angPSeNce of an extended gauge symmegnd assuming posi-
future constraints on possible exotic matfa®7]. For ex-  Uve Soft supersymmetry-breaking scalar mass-square terms
ample, some models predict the existence of a heavy vectstandard model .smglets generqlly e|th.er will not acquire
[SU(2), singlei charge— 1/3 quark D, — Dy, which could _Yacuum expectation values, or will acquire vacuum expecta-

be produced at a hadron collider by ordinary QCD processe@On vaIues(VE\/_’s) at an intermgdiate scale._ Such singlets
and decay byD, —b, ,s, ,d, mixing into, e.g.,cW, bZ, or would not be suitable for generating an effectivéerm, and
bH. whereH is a neliltra,l Higgs boson ’CurréntlﬁD; g5  Wwould yield intermediate scale masses for the exotic matter

GeV if it mixes mainly withb [17]. However, heavy gauge to Which they couple. Cpnc_lusions are given in Sec. V. In the
bosons and exotic matter have rarely been addressed toget _pendlx _the renormalization group equations ar!d the ana-
[18]. Additionally, on purely phenomenological grounds lytic solutions for the soft supe_r;ymmetry-breaklng mass-
there is no particular reason for the mass scale of new bosofguare terms are given f‘?F specific examples of Yukawa in-
or matter to be in the windove.g., up to a few TeYacces- teractions under specn‘lc assumptions for the soft
sible to present or future experiments. supersymmetry-breaking terms Msying.

In contrast, a class of string models with the features men-
tioned above and an additional U(13ymmetry provides a
testing ground to address the following aspects of an en-
hanced Abelian gauge symmetrfy) a scenario specifying Let us first specify the generic features W&=1 super-
the scale of U(1) symmetry breakingfii) the mass scale symmetric string models with the standard mod&iM)
and phenomenological implications of the exotic particlesgauge group SU(2XU(1)yXSU(3)c, three ordinary

Il. GENERAL FEATURES OF A CLASS
OF STRING MODELS

associated with an enhanced gauge symméitrythe impli-  families, and at least two SM doublets, i.e., a set of models
cations of U(1) symmetry for generating a naturally small with at least the particle content of the minimal supersym-
effective . term. metric standard modéMSSM). Those models are primarily

We have identified several distinct scenarios, each obased on fermioni@,Xx Z, orbifold constructions at a par-
which is illustrated by a specific model. A thorough analysisticular point in the toroidal and Wilson line moduli space.
within a large class of such models awaits further investiga- Such models in general also contain a non-Abelian
tion. “shadow” sector group and a number of additional

A major conclusion of this paper is that a large class ofU(1)’s, one of them generically anomalous. The shadow
string models considered here not only predict the existencgector is a set of SM singlets that transform nontrivially un-
of additional gauge bosons and exotic matter particles, budler the non-Abelian shadow gauge group. However, they
often imply the masses of the new gauge bosons and theommunicate to the observable sector through additional
exotic particles which necessarily accompany them to be itU(1) factors. The shadow sector non-Abelian gauge group

may play a role in dynamical supersymmetry breaking. In
addition, there are a large number of additional matter mul-
IFor different scenarios, in which supersymmetry is broken in thetiplets, which transform nontrivially under the(l)’s and/or
moduli-dilaton sector, see RdfL2] and references therein. the standard model symmetry.



3572 MIRJAM CVETIC AND PAUL LANGACKER 54

Most of the available models of that type correspond totrum which could mediate a too fast proton de¢ag,27).
the level 1 KaeMoody algebra for the non-Abelian gauge (i) The detailed mass spectrum of the ordinary fermions
group factors, which in turn ensures that the chiral supert5,7] is not realistic.(iii) In the case of an enhanced symme-
multiplets are all in the fundamental or singlet representatry in the observable sector a scenario for the enhanced sym-
tions of the SM and the non-Abelian shadow sector gaug&etry breaking may not be consistent with phenomenologi-
group. In addition, from a set of models we select only thosecal constraints on the exotic multiplets, such as gauge
with SU(3)c, SU(2), and U(1), all embedded into the coupling unification(iv) There is nou term in the superpo-
SU(5) gauge group, since for other types of embedding théential; i.e., the coupling between the two SM Higgs doublets
normalization of the U(1,) gauge group coupling is different is absent, since these SM doublets are masslesssgf.
from the one leading to the gauge coupling unification in theAn effective x term of the order of soft supersymmetry-

MSSM model. breaking mass parameters is needed for the low energy phe-
The fact that aM gy,g the observable sector gauge groupnomenology{28]. _
is not SU(5), but the SMjauge group, implieg19] that the Here, we shall concentrate on phenomenological conse-

theory in general contains fractionally charged color singletsguences of an additional U(1)symmetry. We shall not at-

A generic prediction for fractionally charged color singlets tempt to solve all the problems of such a class of models, but

may have important phenomenologi¢aD] consequences.  rather address the specific aspects of U(@mmetry break-
Due to an anomalous U(1) symmetry at genus 1, there i#19.

an additional contribution db(M?2 ¢ [21,228)] to the cor-

strin

respondingD term? The contribution of such a term is can- Il U (1)’ SYMMETRY-BREAKING SCENARIOS
celed[22(b),21,22a)] by giving nonzero vacuum expecta- _ _
tion values(VEV's) of O(Mgying to certain multiplets in We shall confine the analysis to the set of models whose

such a way that th® flatness and- flatness condition is features were specified in the previous section. In addition,
maintained at genus-1 level of the effective string theoryWwe do not address dynamics associated with the shadow sec-
thus providing a mechanism for “restabilizing” the vacuum tor, and we parametrize the supersymmetry breaking by in-
at genus 1. At the same time, the nonzero VEV’s can bdroducing soft supersymmetry-breaking terms. Within that
chosen(at least in principlgin such a way that, while the context we are ignoring aspects of dynamical symmetry
SM gauge group remains intact, a number of additionaPreaking due the formation of condensates in the non-
nonanomalous [1)'s arebroken atMging as well. In addi- Abelian shadow sector, which could at the same time break
tion, a number of multiplets become massive. Thus the enthe additional U(1) at a large scale.
hanced gauge symmetry and the exotic particle content of the Under these assumptions the U(1gymmetry breaking
observable sector are in general drastically reduced. Nevefust take place via the Higgs mechanism, in which the sca-
theless, there are often one or more nonanomaloiy'dJ lar componer(s) of chiral supermultipletsS;, which carry
and associated exotic matter that are left unbroken. Theonzero charges under the U(1)cquire nonzero vacuum
study of symmetry-breaking scenarios of these leftover nonaexpectation values(VEV’s) and spontaneously break
nomalous W1)’'s symmetries is the subject of this paper.  U(1)'. The low energy effective action, responsible for
However, such models in general suffer from one or morespontaneous symmetry breakitgSB), is specified by the
of the following deficiencies{i) It is not clear that for a superpotential, Klaler potential, and soft supersymmetry-
desired gauge group choice there always exists a choice bFeaking terms.
VEV’s which would ensure th€& flatness to all orders in the Assuming that the soft supersymmetry-breaking mass-
nonrenormalizable termis{ii) it is also not clear how the square terms for the scalar fields are positivéglig, the
supersymmetry breaking scenario can be implementedinly way of achieving SSB is via a radiative mechanism.
Namely, the gaugino condensation in the “shadow” sectorNamely, since such SM singlets are masslesd gy, they
may not be possible, due to a large number of additionahave no bilinear term in the superpotential, and their soft
shadow sector matter multiplets which may render thesupersymmetry-breaking mass-square terms need to be
shadow sector non-Abelian gauge group nonasymptoticallgriven negative at lower energies to ensure a global mini-
free. We shall not address the dynamical origin of supersymmum with nonzero VEV'’s for such fields. Since the soft
metry breaking—in particular, the difficulties with gaugino supersymmetry-breaking mass-square terms are assumed to
condensation or related issues of dynamical symmetry brealbe positive(and often taken to be univergat Mgyiyg, the
ing in the shadow sector of the thedry. radiative breaking scenario can be achieved if there are large
There are also other, phenomenological, probledn Yukawa couplings of th&’s to a sufficient number of other
general the models have additional color triplets in the specfields. This is most easily achieved if there are couplings to
SM doublets or color triplets. In this case the renormalization
group equations ensure that the corresponding mass-square
2In certain models there may be an additional numerical suppregerms forS; can be driven negative.
sion factor of 102, causing the scale of the genus-1 contributionto ~ Thus the scale of U(1)symmetry breaking depends both
be smaller thaM ginq by One to two orders of magnitude. on the type of SM singlets responsible for the U(Eym-
3In certain instances such constraints can be obtained by applying
selection rules for the corresponding string amplitudes, as devel-
oped for orbifold[22(c)] and blown-up orbifold compactifications ~ 5For the explicit form of the renormalization group equations
[23]. See alsd5]. which can be applied to this case, see, for example, Appendix A of
4See, however24,25. Ref.[29]. See alsd30].
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metry breaking and on the Yukawa couplings of such mul- An illustration of this scenario is provided by a particular
tiplet(s) to other exotic particles. Interestingly, for the fermi- version of theZ,x Z, orbifold model specified in Ref7], in
onic constructions based or,xZ, orbifolds at special which the vacuum at genus 1 is restabilized by giving non-
points of toroidal and Wilson line moduli space, the corre-zero  VEV's to the SM singlets®ys15 ®i, P17,
sponding Yukawa couplings are eithiesf O(g) or zero! <I>2‘,3,c1>23,13,§112.8 In this case there are no massless SM sin-
Thus, if the relevant coupling is nonzero it may be suffi-glets that are charged under the surviving U(1Jhe SM
ciently large to ensure radiative breaking of the U($ym-  Higgs doublets) responsible for the electroweak SSB have
metry. Qf,=—1. The model contains the relevant Yukawa coupling
For each of these possibilities the pattern of U(3ym-  petween the third family quarks and leptons to the SM Higgs
metry breaking and the running of the gauge couplings stiljoublet, thus allowing for radiative symmetry breaking.
dgpend on the specific_exotic particle content and. their cousijpce thd Q/,| charge is not large enough, this SSB scenario
plings. We shall now discuss the possible scenarios for olys jncompatible with current experimental bounds. In addi-
servable sector U(1)symmetry breaking. For the sake of tion, the model has a number of additional light SM doublets
simplicity we shall address scenarios in which the elecyng color triplets as well as fractionally electrically charged

troweak symmetry is broken due to the nonzero VEV of theco|or singlets, which affect the running of the gauge cou-
Higgs doublet that couples to the top quark, i.e., a Iargeb”ng&

tanB scenario of the MSSM. A generalization to scenarios

that accommodate other ranges of gais straightforward. B. Symmetry breaking due to one W1)’ charged standard

We will emphasize the general features which hold in each model singlet

scenario. However, we emphasize that in each specific model Now suppose that the radiative breaking of U(13 due
theZ’ mass, mixing, and couplings, as well as the propertiego one SM singles. Namely, onlyS has its effective mass

of the exotic matter, are in principle calculable, though insquare driven to a negative value in the infrared regime, thus
practice they depend on the details of the soft supersymmetiyjowing for a nonzero VEV. Th&-Z' mass-square matrix
breaking. is then

A. U(1)’ breaking without U(1)’ charged standard 12142 Ga' O/ H?2
model singlets M2 2 G°H 9'Qy

z-2'~ YAV 12,2142 122
This is the case in which the low energy spectrum of the Gg'QuH" 20"(Q'HH+Q’SS))
theory contains no SM model singlets that are charged undgjnere H and S now denote the VEV's for the SM Higgs

U(ll)_’, orin w_hich their ef_fe_ctive mass-square terms remainy, plet and singlet, respectively, aq,  are the corre-
positive. In this case radiative breaking of the electroweaksponding U(1) charges :

symmetry, due to nonzero VEV OT _the SM,Higgs doutdkt The exotic matter to whicl® couples acquires a mass of
would ensure the SSB of the additiona{1)'s aswell, pro- ;e HS, whereH is the relevant Yukawa coupling be-

vided that Ehey are charged “r!d?‘r u1) tween the particular exotic matter ai®l In general, there
The Z-Z' mass-square matrix is then of the form will be an additional soft supersymmetry-breaking mass term
16242 Gg'QH? contributing to the mass of the exotic matter even in the
M2 .= ? H 1) absence of the relevant Yukawa couplig)g
72\ Gg'Q|H? 29'2Q'EH?)’ The nature of the&Z-Z' hierarchy now crucially depends
on the allowed VEV'sS andH, which are constrained by the
whereG= /—Zgz+gY_ Hereg,gy, andg’ are the gauge cou- fqrm pf thg potential, and can be written for the particular
plings at the SSB scale for SU(2) U(1)y, and U(1)y, direction with nonzero VEV's as
respectivelyH is the VEV of the SM Higgs doublé&t), and g'2
Q/, is its U(1) charge[There is an obvious generalization V=—|m?|H2—|m2/S?+ } G?H*+ T(QQH2+ QLS?)?,
for the case of two Higgs doublets with different U(1) 3)
charges.
In this case, th&’ mass is necessarily @(M;) and the where we have extracted explicit minus signs from the nega-
Z-Z' mixing is of order(1). Such a scenario is likely not to tive mass-square terms.
be compatible with the current bounds bty, [13]. An ex- One encounters the following two scenarios.
ception would be thehighly unlikely) possibility that the (i) The relative signs o}, and Qg are opposite. In this
SM Higgs doublets) have U(1) chargesQy,|>1. In this  case the minimum of the potential is for
case the mass d¥1,, may be large enough and theZz’ , 4(|mﬁ|+(|Q,'4|/|Q’SI)|m§|)
mixing sufficiently suppressed to evade the current bounds. = a2 ,

, Imd |Q{IH?
5There is still uncertainty about the precise value of the Yukawa - |Q5’3|29’2 |Q§| J (4)
coupling, since the latter is related to the corresponding three-linear
term in the superpotential by a factor due to théhkéa potential  and theZ-Z’' mass-square matrix is
contribution.
"The same is true for the Yukawa coupling of the ordinary fami-
lies to the Higgs doublets. 8For notation and quantum number assignments, see[Ref.

)
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|Qi] 29'Qy, Q4
(Imﬁl+@lm§| G |mﬁ|+@|m§|
2
Mz.z,=2 zg/Q(_'(|m2|+|Ql’_|||m2|) 49,2Q,|2‘*<1+|Q,S|)(|m2|+|Qi,-l||m2| +|m2| (5
G oy e G? 1Qul/1 M Qe T S

It is difficult to achieve the needed hierarchy betwéép andM,, unless|Q4|>|Q/,| and|m3/>|m3|, in such a way that
|Q//Q4 =0(|mZ|/|m3). The first condition is not normally expected to hold, except in the limiting €& 0.
(i) The relative signs 0@/, and Qg are the same. The minimum of the potenfi@)l now occurs for

L2 AAmE - (QUIQEIME) — , Img [ QulH?

, =TS22 a0 (6)
G* |Qs|292 Q4|
and theZ-Z' mass-square matrix becomes
|Qy| 29'Qjj Q4
méi| = 7= [mg m| = = Img]
v ( "olQd T G "olQd T -
=7 29,Q{"(|m2|_|Q|"|||m2|) 4gI2Q,£{(1_|Q,S|)(|m2|_|QI,-I||m2| +|m2|
G "olQd e G* QA1 Qg ) R

In this case one encounters an interesting possibility focoupling is of the typén,H¢H7). Thus, its mass square can
achieving a hierarchy without an unusually small ratio ofbecome negative in the infrared regireee the Appendix
|Q//QY, provided 0<|m2|—(|Q//|Q4)|m3<|m3. In  The additional U(1) charged SM singlets, e.gH,5, again

this limit, the Z-Z’ mixing angle is have mass-square terms which remain positive in the infrared
regime.
29'Qy, M2 This is the case in which a reasonable hierarchy can be

07.7 S M2 (8) achieved without fine tuning of the soft supersymmetry-
Z/

breaking parameters. In the case of simplified assumptions
o . for the soft supersymmetry-breaking parametse® the Ap-

For smallg’Q}/G the Z-Z' mixing could be sufficiently pendix, i.e., only universal soft supersymmetry-breaking
suppressed to be consistent with the experimental bounds fefiass-square terms are assumed to be nonzero, the

M,=<1 TeV. model vyields the mass parametersm?|=0.4073,,
One can also illustrate the above scenarios in a particule}q«ng =0.25m2,, and |m3|—|md|QLl/|QL=0.2am2,,
class ofZ, X Z, models discussed in Ref7]. which unfortunately do not yield the necessary hierarchy.

Case(i). In this case the vacuum at genus 1 is restabilizedqowever, a minor deviation from the above assumptions for
by nonzero VEV’s of the following SM singletsb,3,®,3,  the soft supersymmetry-breaking parameters, or just an ex-
while the following SM model singlets should necessarilyample of a model with a slightly different ratio of
have zero VEV'si{;,£,,£5.° The relevant SM singleS is |Qu1/Qgl, can provide for a hierarchymg|—[mg||Qy,|/
identified with the fieldH ;g with Qs=5/4, and thus has the |Qz/<|mg, say,|m3|—|mZ|Q/|/|QY ~|md/10. If, in ad-
oppositesign fromQy,= —1. In addition,H,ghas a Yukawa  dition, one taked® e.g., g'|Q}|/G~1/4, one obtains
coupling of order 1 to two color tripletén the notation of M2~ 1OM§ and the mixing angl#, _,,~0.05. In this ex-
Ref.[7], the coupling is of the typ®,sH1gH21), and thus its  gmple M, is barely within the current experimental bounds,
mass square can become negative in the infrared regie® hile g, . is too large for most choices @' couplings
the Appendix. The additional U(1) charged SM singlets, 113 15 Somewhat larger values &1, and smaller values

e.g.,_H17, have mass-square te_rms _Which remain positive Ny 9'|Q/|/G may be consistent with observations.
the infrared regime. However, in this case the magnitude of

chargesQ), s is such thaino hierarchyis possible, and thus
the model is excluded by experiment. o , This ratio depends on the exotic particle content, which, in ad-
Caseii). The vacuum at genus 1 is restabilized with non-iio 1o the particles contributing to the radiative breaking, may
zero VEV's for the SM singlets &, &5, o3, While  ihejyde additional exotic particles. The full exotic particle content
&2,® 12, P23 should have zero VEV'SSis identified with the  depends on the nonzero VEV's of the SM singlets restabilizing the
field Hy7, which hasQg= —5/4 and has a Yukawa coupling vacuum at genus 1. In the above analysis we specified the minimal
of order 1 to two SM doublet§n the notation of Ref 7], the  choice of nonzero and zero VEV's of the corresponding SM sin-
glets, in order to ensure radiative breaking of U(1n general, one
also has to ensure that the exotic particle content is compatible with
%We have checked the flatness of these and subsequent choicesthe unification of the SM gauge coupling constants. This imposes
of VEV's only at the level of renormalizable terms. another stringent constraint on the allowed exotic particle content.
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This particular scenario is most interesting, since it ina coupling of order 1 to two color triplet¢of the type
principle allows, without excessive fine-tuning of the soft D,sHgH,;), and thus its mass-square term can become
supersymmetry breaking parameters, for predictiorivigh negative for both fields in the infrared reginigee the Ap-
within the experimental reach of present or future colliderspendiX. Again, additional U(1) charged SM singlets, e.g.,
However, when the experimental boundsinr, exceed the H,5, have mass-square terms which remain positive in the
1 TeV region, this scenaricannotbe implemented without infrared regime.
excessive fine-tuning of the soft supersymmetry-breaking pa-
rameters or unusual choices of the U(lgharge assign- IV. OTHER IMPLICATIONS OF U (1)’

ments.
In this section we briefly discuss other consequences of an

extended U(1) gauge symmetry.
One of the generic problems of the MSSM is the so-called

problem[32]. In the usual scenario for radiative elec-

In this case, negative mass-square terms are induced f{)’f . . ;
’ , . roweak breaking, the renormalizable terms in the superpo-
two (or mor§ U(1)" charged SM singletsS, ;, whose = o o) % alovant '?o the Higgs mechanism, are Pep

Q’Sl,Sz charges have opposite sign. One has flatness of the
D term along the directio@g Si=— Qg S;=S°. One now W= uh,h,+H,Q, Qghy, (10)

has to include the renormalization group improved potential, . . .
which along the flat direction is of the form whereh, andh, are the two SM Higgs doublets which give

mass to thé andb quarks, respectively. The quark doublet

C. Symmetry breaking due to mirrorlike pairs
of U(1)’ charged standard model singlets

V=mj(u=9)S. (99 Qu and singletQg are identified with the third family, and
'H, is the[large-order-]1 Yukawa coupling.
Thus the minimum occurs near the scalg; at which m3 h, and h, are assumed to acquire positive mass-square

turns negative. In the case of radiative breaking with Yukawaerms ofO(m%,z) at a large scale. The mass-square term for
couplings of order 1, it turns out thes( uy) is much larger h; is driven negative at low energies due to the large
than the soft supersymmetry-breaking mass terms. For théukawa couplingH;. However, to achieve a realistic mass
examples in the Appendiy. is typically four to ten orders spectrum, the bilinear term is needed, which yields super-
of magnitude belowM ging. Therefore, in the case of flat symmetric mass contributions fér; and contributes to the
directions the scale of symmetry breaking, i.e., the VEV ofchargino and neutralino masses. Also, the soft
S, is ~ (10 1%-10"*) M gying~ 10°—10"* GeV. supersymmetry-breaking term of the tyBach;h,, where

Nonrenormalizable terms in the superpotential of the formB is a soft supersymmetry-breaking parameter, leads,; to
SK*3IMK anek (K=1) could in principle compete with the h, mixing and to a nonzero VEV foh,, yielding theb
radiative corrections included i®) and determine the scale quark mass.

to be of the ordet! of O([M ;M ., d Y& V). For example, For a realistic mass spectrum in Eq. (10) should be
for K=1 the symmetry breaking scale is of the ordet!10 O(m3,). However, since it is a coupling in the supersym-
GeV. metric Lagrangian, then, at least in the context of the MSSM,

In either case th&' acquires mass of the order of the there is no reason for it not to be much larger. This problem
intermediate scale. On the other hand, it is straightforward tés referred to as thg. problem
show that the mass of the physical Higgs boson associated In the next to minimal supersymmetric mod&lIMSSM)
with S is of the order of the soft supersymmetry-breaking[33], the u problem is addressed in the following way. One
mass terms. The exotic matter to whiGhcouples via the assumes that tha term is absent due to a symmetry, and
Yukawa couplings of magnitude/ acquires mass of order that it is replaced by an effective given by the VEV of a
HS, i.e., that of the intermediate scale. In the absence of thetandard model singled. That is, one replaces the superpo-
relevant Yukawa couplings, the exotic matter would have dential (10) by
mass set by soft supersymmetry-breaking mass terms, and
thus of the weak scale.
An illustration of this scenario of symmetry breaking is
again provided by a version of th&,x Z, orbifold model
[7], in which the vacuum at genus 1 is restabilized by givinglt is assumed that the scalar componenSaicquires a non-
nonzero VEV's to the SM singlet®,; and ®,5, while the ~ zero VEV due to a negative soft supersymmetry-breaking
SM model singletst, ,&,,&; should necessarily have zero mass-square term @(m3,) at the electroweak scale. The
VEV's. The relevant mirror-pair SM single, , are identi-  cubic « term in Eq.(11) yields a quartic term fo6 in the
fied with the fields Hy;16, respectively, with charges scalar potential, so that for of order 1, the VEV ofS s of
QL= ¥5/4. In additionH,, has a Yukawa coupling of order O(m3,), thus yielding an effectivex parameter of
1 to two SM doubletgof the typeh,HqgH17), while Highas  O(m3,).
Another possibility is thaj is absent in the superpoten-
tial due to a symmetry, but that an effectipyeterm is gen-
1sych a scenario, with interplay of the nonrenormalizable supererated by nonrenormalizable operatfi4,35. In particular,
potential terms and the negative mass-square terms, has been implerms in the Kaler potential, which are proportional to
mented in a related context of breaking of &mmetry for Calabi- hih,, are transmitted to the observable sector as effective
Yau compactification§31]. © terms, due to gravitational effects after the spontaneous

K
W=Shh,+H,Q Qgh;— 553. (12)
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supersymmetry breaking, and are therefore of the same ordarodels. This mechanism is complementary to the mecha-
of magnitude as the soft supersymmetry-breaking t¢84s  nism [36] based on nonrenormalizable teri&4,35. The
Remarkably, in string modelg =0 at Mgy, Since by  latter mechanisms can occur if there is no additional U(1)
definitionh; andh, belong to the massless sector and do nosymmetry. However, if such a U(1)s present it will forbid
have bilinears in the superpotential. It was shown in Refsthe needed terms proportionaltigh, in the Kéhler potential
[36] that a number of string models possess nonrenormalizer higher order terms in the superpotential.
able terms in the Kaler potential, which are proportional to Let us briefly comment on a few related topics. Even in
hih,, and may thus provide a resolution to theproblem in  the absence of a U(1)gauge symmetry it is possible for SM
the manner of34]. singlet scalar fields to acquire negative mass-square values at
On the other hand, the NMSSM mechanism is difficult tolow energies due to the radiative mechanism if they have
implement directly in string models. There may be an addisufficiently large Yukawa couplings to other fields. As was
tional singlet(or singlet3 S which has the appropriate cou- discussed above in connection with thgroblem, such sca-
pling Shih,, andS may acquire a negative mass square atars generally will not have quartic terms in the potential, and
the electroweak scale if it has additional Yukawa couplingghus they would acquire intermediate scale VEV's.
to exotic matter. However, the underlying symmetries gen- We have seen that under a certain set of assumptions the
erally forbid the appearance of the needed3)S® term in  VEV’s of standard model scalars will typically be either at
the superpotential, so there is no quartic termSinin the  the electroweak scale, if there is an additional U(v)th no
potential. The situation is analogous to that ddlat direc-  dangerous flat directions, or at an intermediate scale. Inter-
tion discussed in Sec. lll C. In particular, one expestty ~ mediate scales are of interest in implementing the seesaw
acquire an intermediate scale VEV either due to higher ordemodel of neutrino mass. However, one may still need non-
terms in the effective potentiaewhenmg goes through) or  renormalizable terms in the superpotential to implement re-
by nonrenormalizable terms in the superpotential. In eitheglistic neutrino mass scenari¢88]. Also, one promising
case, the VEV 08, and thus the scale of electroweak break-scenario for baryogenedi89] is that a large lepton asymme-
ing, would be many orders of magnitude abawg,, which  try is generated by the decays of the heavy Majorana neu-
is clearly not satisfactory. trino associated with the seesaw, and then converted to a
The situation changes in the presence of an additiondt@ryon asymmetry during the electroweak transition. Such
U(1)’ gauge symmetry? provided the termh;h, is not a  Scenarios, while very attractive, cannot occur if there is a
gauge singlet® Then anSh;h, term can generate an effec- U(1)" which is only broken at the electroweak to TeV scale
tive u that is naturally of ordemy,, providedS develops a [40], unless, of course, the heavy Majorana neutrino is a
VEV by the radiative mechanism. The soft supersymmetryJ(1)" singlet.

breaking termAShh, generates the needég-h, mixing. The radiative mechanisms discussed in this paper require
For example, suppose the superpotential contains the existence of sufficiently large Yukawa couplings to drive
the mass-square values of the SM sin@etegative. This is
W~ Shyh,+ H,Q,_Qgh; + HeE;E,S, (12) most easily implemented if there exists exotic matter which

transforms nontrivially under the SM gauge group. The ex-
otic matter will then acquire mass terms given by the rel-
é/ant Yukawa coupling times the VEV & as well as con-
ributions from soft supersymmetry breaking. Such exotic
- i o matter typically exists in string models. However, if it carries
sufficiently large Yukawa coupling®(; e and a sufficiently M quantum numbers it can destroy the success of the gauge
Iagge representation d&; under the SM gauge group, both coupling unification[8]. Such effects largely cancel if the
mg and mj, are driven negative at low energies. Two ex- |ight exotic matter corresponds to complete(Stnultiplets,
amples, in which thé&; are respectively S(2) doublets and but that is not typically expected in the types of semirealistic
SU(3) singlets, are described in the Appendix. As discussednodels we are discussing. There are many ways in which
above, without U(1) symmetry the VEV ofS will be at an ~ cancellations betweeQ different multiplets or with other ef-
unacceptably large intermediate scale. Howeves dfarries ~ fects, such as higher Kedoody levels, can occur. However,

a nonzero charge under an extended gauge symmetry, th@feserving gauge unification without fine-tuning is a strin-
the U(1Y D term will provide, in the the absence of flat gent constraint on string model building, with or without an
directions(scenarios discussed in Sec. Il),Aa quartic po- additional U(1).

tential for S, ensuring that the VEVS will be of order

whereE, , represent additional exotic matter. Assuming that
the corresponding soft supersymmetry-breaking mass-squa
terms m3, mﬁl, and mﬁz are positive atMgying, then for

Maa. V. CONCLUSIONS
Thus, the existence of an additional gauge U(firpovides '
a scenario which leads to an effectiyeterm of O(mg)), We have explored the possible scenarios for nonanoma-

thus providing a resolution to the problem within string  lous U(1) symmetry breaking, as is expected for a class of
string compactifications with the standard model gauge
group and additional U(1) gauge factors. This is the case for
2For scenarios addressing the problem within anomalous a large number of string vacua based on orbifold mofi&ls
U(1)’, see Ref[37]. or based on the free fermionic constructi¢®8,6,11. Under
3This is not the case for the models[ifi, but is expected in, e.g., the assumption that the symmetry-breaking takes place in the
models for which the U(2) is associated with the embedding of observable sector and that the soft supersymmetry-breaking
SO(10) into . scalar mass-square terms are positive, the breaking is neces-
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sarily radiative and requires the existence of additional matwe replace the Yukawa couplings with a constant value close
ter, most easily associated with standard model nonsingletso the infrared fixed point, and the three-linear soft
Then, within a particular model with definite soft supersymmetry-breaking terms as well as the gaugino
supersymmetry-breaking terms, the symmetry-breaking patmasses are assumed to be smaller than the soft
tern, the couplings and the masses of the new gauge bosorssipersymmetry-breaking mass-square terms. The first ap-
and those of the accompanying exotic particles are calcysroximation is in general a good one, since the Yukawa cou-
lable. In that sense the string models yield predictions for theplings, which are of order 1 a4, reach the infrared
new physics associated with the new gauge bosons. fixed point, which is also of order 1, quickly. On the other

It turns out that for the class of string models considerechand, neglecting the three-linear soft supersymmetry-
the radiative U(1) symmetry breaking is either d®(My) breaking terms and gaugino masses may not be a good ap-
or the intermediate scale of order1(®~1* GeV. However, proximation in general. However, the qualitative picture is
in both cases the mass of the associated physical Higgsot drastically changed with the inclusion of such tefrhs.
bosons is in the electroweak region. Our major conclusion, For simplicity we shall also assume universal positive
therefore, is that a large class of string models considerethass-square ternms3, at Msying @nd take the infrared fixed
here not only predict the existence of additional gaugepoint value of the corresponding Yukawa coupling to be 1.
bosons and exotic matter, but often imply that their masseFor different infrared fixed point value®(y of the corre-
should be in the electroweak range. Many such models areponding Yukawa couplings, the parametén the analytic
already excluded by indirect or direct constraints on heavyexpressions is replaced bﬁt.

Z' bosons, and thg-Z' mixing is often too large, especially e discuss the results for the following types of Yukawa
for lower values oM ,,. The scenario in whicM,, isinthe  jnteractions.

electroweak range allows, without excessive fine-tuning of Yyykawa couplingh;h,S. In this case the RGE’s assume
the soft supersymmetry-breaking parameters, for predictionge form
of M2, within experimental reach of present or future collid-

ers. On the other hand, when the experimental bounds on dm2 2

. . . X h,, dmg
M, exceed the 1 TeV region, this scenatemnotbe imple- 2— L= —_2=43, (A1)
mented without excessive fine-tuning of soft supersymmetry- dt dt
breaking parameters, or unusual choices of U(tharge 5 ) ) ,
assignments. wheret=(1/167°)In(1/Mgying andX=mj +mi +mg. At

In addition, U(1) symmetry, broken at the electroweak scaleu the solution is
scale, provides a simple mechanism for generating an effec-
tive u term of the order of the electroweak scale. ﬁlvhzz Imi,t 2m3e®, mi=—3im3,+ 3m3.ef.
The analysis has set the stage for detailed investigation of (A2)
the potentially phenomenologically viable string models with

additional U(1) gauge symmetry. For u~100 GeV,e®~0.17, and thusm3 is negative.m3

goes through zero ai;~2x 10 GeV.
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2 2 2
QdeL 3 deR_ dmy,

fo} = A = = A
dt 2 dt at o (A5)
whereX,=mg +mg_+mj . One obtains

mﬁ1= — 3 M3t §mget (A6)

Yukawa couplingQ, Qgh;+h;h,S. This coupling is rel-
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2

52 4 1202 14 2_1.2 o 6 m2 aldt
Mh, == 7 M3t 7 M37",  Mg=7 M3+ 7 M3 L7,

(A8)

indicating that aju~ 100 GeV the Higgs doublét; acquires
negative mass-square terms, while the SM sin§ldtas a
mass-square term that remains positive.

Yukawa coupling Q, Qgh;+h;h,S+EE>S. This ex-
ample is relevant to the generation of an effectiveaerm.
h; has the normal Yukawa coupling to the third generation

evant when the same SM Higgs doublet couples to both thef quarks, the second term will play the role ofuaterm
SM singletS as well as through another Yukawa coupling towhen S acquires a VEV, and thg&;E,S coupling to exotic
the left-handed quark doubl€}, and the right-handed quark particlesE, andE, can drivem? negative at an intermediate

Qr. In this case the RGE's are

2 2
2deL—deR—42
dt ~— dt 7Y
dmg dm2
2: S 422,
dt dt
dmy,
m =63,+23,, (A7)

—m2 2 2 — 2 2 2
where3;=mg +mg_+m; andZ,=mj +mj +mg. The
solution formp andmg is

scale. The resulting set of coupled RGE’s can easily be
solved numerically. We find that in the case tEatrepresent
a second pair of S(2) doublets bothm2 and mﬁl are indeed

negative(and are equal within the approximationand that

at u~100 GeV
mg=mp =—0.52m3,, m; =+0.7m3,, (A9)

thus allowing the generation of an effectiye term. Simi-
larly, when theE; are SU3) triplets,
mg=—0.74m3,, mp =—0.48m3,, m; =+0.84n3,
(A10)
at u~100 GeV.
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